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ABSTRACT 

Morbidity and mortality rates from seasonal and pandemic influenza virus infections occur 

disproportionately in high-risk groups, including Indigenous people globally. Although adaptive 

immunity is essential for combating viral infections, it is largely understudied in Indigenous 

populations, including Aboriginal Australians. To rationally design a protective vaccine against both 

seasonal and pandemic influenza viruses for both Indigenous and non-Indigenous people, in-depth 

knowledge about B cell and T cell responses is needed. Therefore, the aim of this PhD thesis was to 

identify and characterise CD8+ T cell responses restricted by HLA alleles dominant in Indigenous 

Australians as well as understand CD4+ T cell, B cell and humoral responses to the inactivated influenza 

vaccine in Indigenous and non-Indigenous Australians. The data generated in this PhD thesis provide 

key insights into a rational design of a cross-protective influenza vaccine. 

The HLA-A*24:02 allele was associated with a higher mortality during the 2009 influenza 

pandemic and is highly expressed in Indigenous populations globally. In Chapter 3, we identified novel 

influenza A and B virus (IAV and IBV, respectively) CD8+ T cell targets presented by HLA-A*24:02 and 

characterised their immunogenicity in HLA-A*24:02 transgenic mice, and HLA-A*24:02+ Indigenous 

and non-Indigenous individuals. We discovered the first IBV-derived CD8+ T cell epitopes presented by 

HLA-A*24:02. A total of 6 novel immunogenic IBV epitopes were identified, with one epitope, 

A24/PB2550-558 being cross-reactive between IBV and the IAV variant, making it especially important 

for a cross-protective universal vaccine. We defined epitope-specific CD8+ T cells ex vivo in the blood 

of healthy Indigenous, non-Indigenous and acutely-infected donors. These newly identified 

epitope-specific CD8+ T cells were readily detected during acute infection, mainly of an effector 

memory phenotype and expressed activation markers such as PD-1, CD38, HLA-DR and CD71, thus 

highlighting their involvement during influenza virus infection. Sub-cutaneous vaccination of 

transgenic mice with three immunogenic IBV peptides resulted in reduced viral titres, reduced 

pro-inflammatory cytokines MIP-1, MIP-1 and RANTES in the lung as well as reduced weight loss in 

comparison to unvaccinated mice. These data highlight the importance of identifying novel CD8+ T cell 

epitopes for their potential use as a universal influenza vaccine in the context of a highly prevalent 

HLA allele in Indigenous people globally. 

Indigenous Australians express a unique HLA class I profile which includes high frequencies of 

HLA-A*24:02, A*11:01, A*34:01, B*13:01 and B*15:21. Except for HLA-A*24:02 and HLA-A*11:01, no 

influenza virus-derived epitopes have been identified for the Indigenous-associated HLAs. In Chapter 

4, we generated single HLA-expressing cell lines to use as antigen-presenting cells for identifying and 

characterising CD8+ T cell responses towards the Indigenous-associated HLAs. We optimised an 

influenza virus infection assay, instead of using peptide pool cultures, to stimulate and expand rare 
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influenza-specific CD8+ T cells, and thus allow sufficient numbers for the sequential dissection of single 

epitope candidates. As such, we identified the first IAV and IBV epitopes presented by HLA-B*13:01. 

While responses to IAV were dominated by the highly variable B13/NP404-412 epitope, IBV-responses 

were directed towards a variety of epitopes, including the dominant and highly conserved 

B13/HA371-379 and B13/HA427-435 peptides. We sequenced IAV- and IBV-specific CD8+ T cell receptors 

and identified unique TCR signatures between the different epitopes. While B13/NP404-412-specific 

CD8+ T cells showed a limited bias for the expression of TRBV19 with a public TCR, 

B13/HA371-379-specific CD8+ T cells almost uniquely expressed TRAV3 paired with a variety of different 

TCRβ-chains. The developed tools proved to be an efficient method to identify and characterise IAV 

and IBV epitopes presented by Indigenous-associated HLAs to further develop a universal influenza 

vaccine that can protect Indigenous Australians. 

Current influenza inactivated vaccine strategies delivered intramuscularly induce mainly B cell 

and antibody responses. Responses to the influenza vaccine are studied extensively but not fully 

understood in high-risk populations. Despite the strong recommendations for annual influenza 

vaccination, Indigenous Australians are completely underrepresented in studies that analyse vaccine 

responses. In Chapter 5, we defined cellular and humoral responses to the inactivated influenza 

vaccine in Indigenous Australians vaccinated between 2016 and 2018, and compared these responses 

to non-Indigenous Australians. We identified robust antibody responses to the vaccine that were 

comparable to non-Indigenous donors and were cross-reactive with viruses circulating more than 10 

years ago. Antibody responses on day 23+ post vaccination correlated with acute activation of 

circulating T follicular helper cells type 1 (cTFH1) in line with previous studies. System serology of 

selected Indigenous and non-Indigenous donors revealed significant reduction of the contribution of 

IgG3 to influenza-specific antibodies in Indigenous Australians, which correlated with a higher 

frequency of the G3m21 allotype. The generated data are important to support vaccine 

recommendations for Indigenous Australians, but also highlight the need to improve influenza 

vaccinations by harnessing the protective capacity of CD8+ T cells in future vaccine designs. 

Overall, this PhD thesis provides highly important knowledge of T and B cell immunity to IAV 

and IBV in Indigenous Australians. The findings of this PhD thesis provide key insights into the 

development of a universal influenza vaccine that also protects Indigenous Australians, one of the 

high-risk groups of developing severe influenza disease.  
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CHAPTER 1: INTRODUCTION 

1.1 Influenza viruses 

Influenza A and B viruses (IAV and IBV, respectively) belong to the family of Orthomyxoviridae. In 

healthy adults, infections with these viruses mainly cause a respiratory illness with fever and muscle 

pain, although some infections can be also asymptomatic (1). However, in high-risk groups such as the 

elderly, pregnant women, children, individuals with chronic underlying conditions and Indigenous 

populations, influenza viruses can cause more severe disease, resulting in hospitalization and even 

fatal outcomes (2, 3). With up to 650,000 deaths annually related to seasonal influenza infections, the 

virus constitutes a major health burden (4). Pandemics, such as the Spanish Influenza Pandemic in 

1918, which killed an estimated 61 million people globally (5), are an on-going threat to modern 

society and difficult to predict. With an estimated cost of 115 million dollars annually, influenza virus 

infections also represent a large economic burden to the Australian society (6). IAV and IBV 

co-circulate and cause similar symptoms with IBV causing the majority of infections every 2-4 years 

(7). IAV are generally subclassified by their expression of antigenically different glycoproteins 

hemagglutinin (HA) and neuraminidase (NA) (e.g. H1N1). So far, 18 HA and 11 NA subtypes have been 

identified for IAV (8, 9), whereas IBV viruses are differentiated into the two distinct lineages 

B/Yamagata and B/Victoria based on antigenic differences (10). IAV are found across several different 

hosts. Interestingly, these viruses are often restricted to their host species (11). Wild birds and poultry 

represent the largest IAV reservoir with viruses of the H1-H14 and N1-N9 being isolated from this 

reservoir. In humans, the only viruses capable of human-to-human transmission are H1-H3 and N1 

and N2 subtypes. Interestingly both, avian and human influenza viruses, were isolated in pigs (11). 

Other mammalian hosts besides pigs such as dogs, horses, ferrets and seals have been identified, 

although the potential of these as intermediate hosts is not clear but seems unlikely (12). Viruses 

capable of crossing the host species barrier, like the H7N9 or H5N1 viruses, showed a high 

pathogenicity but were not able to transmit efficiently in the new host species. Several mutations in 

the H5N1 genome coding for the surface as well as polymerase genes are necessary for airborne 

transmission, limiting the likelihood of this event, but showing also its possibility (13).  

1.1.1 Structure and replication cycle of influenza A and B viruses 

Influenza viruses are enveloped particles with a pleomorphic shape ranging from spherical to 

filamentous and a diameter between 84-170 nm (14). IAV and IBV both contain a genome consisting 

of eight negative sensed single stranded RNA segments. For both genera, those segments code for at 

least 11 proteins, with 10 of them common between IAV and IBV (11, 15, 16). Two glycoproteins 
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Hemagglutinin (HA) and Neuraminidase (NA) are found on the surface of influenza viruses (Figure 1.1) 

(14). The influenza virus membrane contains the M2 proton-channel and is coated from the inside 

with the Matrix 1 (M1) protein. The eight RNA segments combine with the Nucleoprotein (NP) and 

the polymerase proteins, including Polymerase Basic 1 (PB1) and 2 (PB2) and Polymerase Acid (PA), to 

form viral ribonucleoprotein complexes (vRNPs).  

Figure 1.1 Schematic structures of IAV and IBV.  
HA = Hemagglutin, NA = Neuraminidase, M1 = Matrix protein 1, (B)M2 = Matrix protein 2, 
NEP/NS2 = Nuclear export protein/Non-structural protein, NB = NB protein, PB1 = Polymerase (basic) 
protein 1, PB2 = Polymerase (basic) protein 2, PA = Polymerase (acid) protein, NP = Nucleoprotein 
 

The HA binds sialic acids on the host cell, which then mediates clathrin-dependent 

and -independent endocytosis of the viral particle to enable viral entry into the host cell (Figure 1.2). 

While avian viruses have a preference for terminally α2,3-linked sialic acid, found on ciliated cells on 

the respiratory tract, human influenza viruses use terminally α2,6-linked sialic acids, enabling them to 

infect both ciliated and non-ciliated cells (17, 18). Protons pumped into the endosome for acidification 

can travel through the M2 (BM2 for IBV) into the viral particle and induce dissociation of the M1 

protein with the vRNPs for facilitated release (19–21). Acidification of the endosome is also crucial for 

the induction of structural changes in the HA, bringing the endosomal and viral membranes in close 

proximity to induce membrane fusion (22, 23). After membrane fusion, vRNPs are released into the 

cytoplasm and are actively transported into the nucleus for replication and transcription (24). As the 

viral polymerase requires capped primers for transcription, which it cannot synthesise itself, 

transcription of viral RNA depends on host cell RNA. While all proteins of the polymerase complex 

PB1, PB2 and PA are required for cap-snatching, the PA protein seems to be responsible for the 

endonuclease activity (25–27). The PB1 subunit then transcribes viral RNA and adds the poly A tag (28, 

29). Viral proteins are translated by the host cell transcription complex in the cytoplasm and viral 

proteins are transported back into the nucleus or to the cell membrane for assembly. Replication of 

vRNA is achieved by generation of an intermediate positive stranded cRNA that is used as a template 
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for the generation of vRNA and different to mRNA (30). While the Non-Structural 1 (NS1) protein 

interacts with and inhibits the host immune response (31), the Non-Structural 2 (NS2/NEP) protein 

mediates export of the RNPs out of the nucleus (32). In addition to the NEP, M1 also seems to play a 

crucial role in the export of vRNPs from the nucleus (33). In contrast to IBV, some IAVs express 

additionally the PB1-F2 protein, which is produced from an alternative reading frame of the PB1 gene, 

induces cell death and is associated with a more severe influenza infection outcomes (15, 34). 

Conversely, only IBVs express the surface NB glycoprotein, shown to be able to work as an ion 

channel (35) but its function in viral infection remains far from clear (36). Viral proteins and vRNPs 

accumulate at the cell membrane and new viral particles bud out of the cell from lipid rafts (37, 38). 

The second viral glycoprotein, NA, cleaves sialic acids on the host cell, which facilitates viral release by 

cleaving sialic acids close to the receptor binding site to preventing of rebinding of newly synthesized 

viruses to the progenitor cell (39, 40). Thus, a balance between the HA receptor binding capability and 

NA receptor destroying capability is crucial for efficient replication (40).  

Figure 1.2 Influenza virus replication cycle. 
Viral particles bind to sialic acid receptors on the cell surface to undergo endocytosis. Acidification in 
the endosome induces fusion of viral and endosomal membranes to release vRNPs into the cytosol. 
vRNPs are imported into the nucleus for viral replication and transcription. Translated proteins are 
transported to the cell membrane for assembly and budding of viral particles. 
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1.1.2 Influenza disease 

Seasonal influenza virus infections usually occur during the winter months (May to September in the 

Southern hemisphere and November to March in the Northern Hemisphere), potentially due to lower 

humidity in the air stabilising the virus. In close proximity to the equator, it seems however that virus 

infections occur during humid-rainy seasons (41). Due to differential receptor specificity, human 

influenza viruses preferentially infect the upper respiratory tract including the trachea, whereas avian 

viruses infect the lower respiratory tract (42, 43). Human influenza viruses rely on extracellular 

cleavage of the HA by host proteases found in the respiratory tract, which limits viral infections 

locally (44). This is in contrast to highly pathogenic avian influenza viruses (HPAI), which possess a 

multi-basic cleavage site in their HA that can be cleaved by intracellular proteases and allows systemic 

infection (44). One to three days after infection, first disease symptoms can be observed (45, 46). In a 

meta-analysis from clinical studies of healthy adults, 66% of the participants reported symptoms after 

influenza virus infection (46). Upper respiratory symptoms (runny nose, sore throat, sneezing, 

earache) were reported by 59% of participants and were more prominent than lower respiratory 

symptoms (cough, breathing difficulty, chest discomfort) at 21% (46). Systemic symptoms, such as 

fever, were reported in 35% of infected individuals. Average disease symptoms lasted for 4.4 days and 

no virus shedding was detected 8 days after inoculation (46). Dysregulation of the immune response 

can lead to a cytokine storm that can cause pathology in the lung and lead to death (47). In people 

aged 75 years and older, influenza mortality rates are up to 99.4 per 100.000 individuals (4). These 

mortality rates can be much higher when humans are infected with avian influenza viruses. For H5N1, 

a mortality rate of 53% has been reported (48) and a mortality rate of 34-47% for H7N9 (49). This high 

mortality was associated with an imbalanced immune response with early hypercytokinemia and 

prolonged prevalence of activated CD8+ T cells (50, 51). Therefore, a rapid and balanced response of 

the immune system is crucial for efficient viral clearance without immune pathology.  

1.2 Innate immune responses to influenza A viruses 

A review about immune responses to IBV has been already published as a first-author manuscript 

(Hensen L et al, Future Microbiol, 2020) and is attached in Section 1.4. Therefore, Section 1.2 focuses 

solely on immune responses to IAV viruses.  

The innate immune system is the first line of defence against influenza virus infection and consists of 

three arms: a physical barrier, a soluble barrier and cellular mediators (Figure 1.3). The mucus in the 

respiratory tract acts firstly as a physical barrier, trapping viral particles for transport out of the 

respiratory tract by movement of ciliated cells. Additionally, the mucus contains soluble reagents 

capable of interacting with the virus. Scavenger receptor glycoprotein-340 binds the virus HA and 
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thereby prevents the virus from binding to and infecting lung epithelia cells (52). As a counter 

mechanism, NA has the ability to cleave scavenger receptors to enable the virus to infect host 

cells (53). Besides this, the Surfactant Protein D can aggregate viral particles as well as enhance 

neutrophil binding to influenza viruses (54). Natural immunoglobulin M (nIgM) is secreted by 

unstimulated B1-cells, can bind influenza viruses and activate the complement system to protect 

against influenza (55, 56). The complement system, which consists of several different plasma proteins 

found in the alveolar lining fluid (57), can mediate an antiviral influenza response by coating of the HA 

receptor, leading to neutralization of the viral particle (58).  

An additional important step in the response to influenza is the activation of innate anti-viral 

responses in infected epithelial cells and innate leucocytes as a response to conserved 

pathogen-associated molecular patterns (PAMPs) by pattern recognition receptors (PRRs). Toll-like 

receptors 3 and 7 (TLR3 and 7), and RIG-I identify viral infection by recognition of viral RNA either in 

the endosome or cytoplasm, respectively (59–61). Signalling from the TLRs as wells as RIG-I leads to 

the activation of the transcription factor nuclear factor kappa-light chain enhancer of activated B cells 

(NF-κB), which activates genes responsible for a pro-inflammatory response (62, 63). Interestingly, 

influenza viruses have adapted to activation of NF-κB and viral replication is dependent on the 

activation of NF-κB (64). Besides NF-κB activation, activation of Interferon regulatory factors 3 and 7 

(IRF-3 and 7) leads to the activation of an anti-viral state via auto- and paracrine secretion of type 1 

and type 3 interferons (IFN I or III, respectively) activating the same signal pathway to induce 

production of interferon-stimulated genes (ISGs) (62, 65). The antiviral proteins have a plethora of 

different targets of the viral replication cycle to prevent viral production (Figure 1.3). The 

interferon-induced transmembrane proteins 2 and 3 (IFITM2/3) are predominantly located in the late 

endosome and prevent fusion of viral and endosomal membranes by blocking the formation of the 

fusion pore, leading to viral degradation in the endosome (66, 67). The Mx protein family was also 

shown to efficiently limit viral replication. The MxA GTPase in humans binds to the NP protein and 

retains vRNPs in the cytoplasm to limit vRNA transcription and replication in the nucleus. However 

MxA expression alone is not sufficient for retention of cRNPs in the cytoplasm, indicating that other 

factors that have not been identified yet are needed in addition (68). In mice, Mx1 inhibits PB2-NP 

interaction which also leads to a reduced polymerase and limits viral replication (69, 70). In humans, 

Tripartite motif-containing protein 32 (TRIM32) plays a similar role by ubiquitination of PB1 in the 

nucleus and thus degradation of the protein (71). The protein kinase R (PKR) becomes activated by 

detection of double-stranded RNA (dsRNA), an intermediate of vRNA replication and mRNA 

transcription in the nucleus, leading to the phosphorylation of the eukaryotic translation initiation 

factor 2α (eIF-2α) which inhibits protein translation in the cytosol (72). Additionally, activation of PKR 
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can also induce upregulation of death receptors in infected cells to block viral production by induced 

apoptosis (73). Translated proteins are degraded by the ubiquitin-like protein ISG15 that is induced by 

type I IFNs and inhibits viral gene expression at an early stage of infection, crucial in the control of viral 

infection in mice and human cell culture (74, 75). TRIM22 polyubiquitinates NP in the cytosol, inducing 

its degradation and leading to reduced production of influenza viruses in human airway epithelial cells 

(76). Viral release from the plasma membrane is inhibited by viperin through disruption of lipid-raft 

microdomains that influenza viruses need for efficient budding (77). 

Innate leucocytes also play an essential role in the defence against infecting viruses (Figure 

1.3). Natural killer (NK) cells are the first line of defence in the innate immune system and make up 

10% of leucocytes in the lung of resting mice (78). Within 1-2 days post infection, they accumulate in 

the lung and show upregulated activation markers (79). They provide essential protection against 

influenza virus infections via the NKp46 receptor, which recognizes viral HA on infected cells and lyses 

these cells, thereby preventing further spread of the virus (80). A knock-out of this receptor in mice 

highlights the importance of this mechanism, as challenge with A/Puerto Rico/8/1934 virus (PR8) leads 

to 100% death of knock-out mice compared to 34% death of wild-type mice (81). However, NK cells 

do not only play a role in the elimination of influenza infected cells, but also in lung regeneration 

post-infection. Secretion of the pro-constructive cytokine interleukin 22 (IL-22) induces high 

proliferation in tracheal epithelial cells to facilitate recovery from damage (82). 

Dendritic cells (DCs) form a network in the airway lumen screening for invasive pathogens. 

DCs are differentiated by their expression of CD11c with classical DCs (cDCs) being CD11chigh and 

plasmacytoid DC (pDCs) CD11clow. Pulmonary DCs (CD103+) have a critical role in viral clearance but 

also bridge the innate and adaptive immune systems by interaction with CD4+ and CD8+ T cells. 

Dendritic cells recognise N-linked glycans on the influenza glycoproteins with DC-SIGN (SIGN-R1 in 

mice), triggering the secretion of a variety of different cytokines and chemokines that are crucial for 

recruitment of NK cells (83). After uptake of viral particles, cDCs migrate to the draining lymph node 

(LN) to activate CD4+ T helper 1 (Th1) cells and CD8+ T cells (Section: 1.3) in an TLR independent 

way (84, 85). Plasmacytoid DCs (pDC) secrete high amounts of IFN I after contact with virus to raise 

alarm in lung epithelial cells and activate/attract immune cells (86). There are, however, also studies 

in mice that showed involvement of pDCs, similar to cDCs, in priming of CD4+ and CD8+ T cells, 

potentially due to their resistance against natural infection (87).  

Macrophages and neutrophils also play an important role in phagocytosing apoptotic cells and 

viral particles and can enhance influenza virus clearance in a mouse model (88, 89). Activated 

macrophages secrete a variety of different cytokines and chemokines to induce inflammation, 

including IFN type I, IL-1α, IL-1β, IL-6, TNFα, Macrophage chemoattractant protein (MCP-1/CCL2), 
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Macrophage inflammatory protein 1α (MIP-1α/CCL3), MIP1β/CCL4, CXCL8, CXCL9 and CXCL10 (90–

93). These pro-inflammatory molecules are major drivers of immunopathology in the lung but are also 

important for efficient recruitment and activation of immune cells (94–98). Macrophages, however, 

also play an important role in the recovery after resolution of the infection by production of 

anti-inflammatory proteins such as SOCS1, SOCS3 and IL-1R antagonist (91, 99). Depletion of 

macrophages in mice leads to exacerbated tissue damage and delayed viral clearance with systemic 

manifestations of inflammation (100, 101). Activated neutrophils secrete different immune mediators 

in the lung such as defensins, nitrogen species and reactive oxygen, which induce an antiviral 

surrounding (102). Despite all these protection mechanisms, influenza viruses are often nevertheless 

able to manifest an infection and replicate in the respiratory tract due to evasion strategies of the 

innate immune response (Section 1.5) (67, 103). Furthermore, these mechanisms are non-specific and 

do not offer enhanced protection against future infection with the same strain. Thus, an adaptive 

immune response, with the fine degree of specificity is essential for viral clearance and generation of 

immunological memory, which can protect against future infections with the same or different strains 

of influenza. 

Figure 1.3 Overview of innate immune responses to influenza A virus infection. 
(legend on next page) 
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Figure 1.3 Overview of innate immune responses to influenza A virus infection. 
Decoy receptors such as Scavenger receptor glycoprotein-340 or surfactant protein D in the 
extracellular fluid bind to influenza HA to block cell attachment. Cell attachment can be also blocked 
by binding of nIgM or physical barriers such as mucus produced by goblet cells in the epithelium. 
IFITM2 and 3 in the endosome block fusion of viral particles. If the viral particle can fuse and release 
its vRNPs, MxA GTPase binds to the vRNPs and retains them in the cytosol. Mx1 and TRIM32 interact 
with the polymerase complex to reduce transcription of the viral genome in the nucleus. Activation of 
PKR leads to the phosphorylation of eIF-2α which downregulates mRNA translation in the cytosol 
while ISG15 and TRIM22 induce degradation of viral proteins by polyubiquitination. Viperin disrupts 
the formation of lipid rafts in the cell membrane, important for viral budding. NK cells recognize HA 
with their NKp46 receptor and induce apoptosis of infected cells. Neutrophils, dendritic cells, and 
macrophages can phagocytose viral particles or infected cells and secrete pro-inflammatory cytokines 
or inhibitors of viral growth. 
 

1.3 Adaptive Immunity to influenza A viruses 

While the innate immune system can respond rapidly upon recognition of PAMPs to viral infection, it 

has only limited ability to form memory responses called trained immunity (104). The adaptive 

immune system, consistent of CD3+ T cells and CD19+ B cells, in contrast forms antigen-specific 

memory responses that can become quickly reactivated upon epitope re-encounter and can provide 

greater protection against infection. However, the adaptive immune system is not only important for 

reinfection but also important for the control the influenza viruses during primary infection (105–107). 

1.3.1 B cell immunity 

B cells can recognize proteins, peptides, and polysaccharides as their cognate antigen with their B cell 

receptor (BCR). To enable recognition of all potential different antigens, B cells need a variety of 

different BCRs.  

1.3.1.1 B cell development 

B cell maturation is a highly complex and coordinated procedure to generate a diverse BCR repertoire 

without alloreactivity. B cells originate from hematopoietic stem cells (HSC) that also give rise to T 

cells and myelomonocytic cells (108). Interaction of bone marrow HSCs with bone marrow stromal 

cells seems to be crucial for the development of HSCs into B cells (109). With continuing differentiation 

of HSCs into Pro-B cells, the dependence of stromal contact for growth decreases and dependence of 

signalling through IL-7R increases. The Pro-B cell does not express a BCR on the cell surface at this 

stage. The BCR is generated in several stages starting in the pro-B cell stage. Although every B cell 

expresses only one specific BCR, the overall repertoire of BCRs expressed across B cells needs to be 

highly diverse to cover all potential circulating pathogens. The BCR consists of a homodimer of a heavy 

and a light chain. To generate a high diversity of BCRs, different methods are utilized. Genetic 
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recombination of different receptor gene segments from the human genome is responsible for the 

first stage of diversity generation (Figure 1.4). The heavy chain, localised in the heavy chain locus (Igh 

locus) of the BCR gene, is assembled through recombination of single IGHV-IGHD-IGHJ gene segments, 

selected from amongst 44 functional IGHV genes, 23 functional IGHD genes and 6 functional IGHJ 

genes (110). Somatic gene recombination is performed by the recombination activating gene 1 and 2 

proteins (RAG1/2). Every gene segment is flanked by a spacer with a recombination signal sequence. 

The RAG complex binds to this signal in genomic DNA and in a first step introduces a single strand nick 

in the spacer. The 3’ hydroxyl(OH) group of the single strand can then interact with the opposite DNA 

strand to form a hairpin-sealed coding end. The two blunt ends are then joined again by the 

non-homologous end joining (NHEJ) DNA repair (111). This method, however, is imprecise and can 

lead to loss or addition of new nucleotides (nt) in the joining region that can frame shift the expressed 

protein. There are two different ways of nt addition that can be observed. Palindromic nucleotides 

(P-nucleotides) are added when the hairpin is nicked, but not fully trimmed before joining of the two 

segments, which leaves a palindromic single stranded tail that is refilled during repair (112). 

Additionally, non-template nucleotides (N-nucleotides) can be added by the terminal 

deoxynucleotidyl transferase to increase BCR diversity (113). First during B cell development, the DH
 

and the JH segment are joined, followed by the VH segment (114). This pairing has major implications 

on the BCR specificity which is mostly restricted by three complementary-determining regions (CDRs) 

that form a loop to interact with the antigen (115). While the CDR1 and CDR2 regions are germline 

encoded, the CDR3 region is spanning across the V, D, and J segment and therefore highly variable 

(Figure 1.4). As the first constant segment following the JH segment is the M segment (Cµ), all BCR in 

immature B cells are of the IgM isotype. Before the light chain is rearranged, B cells enters the pre-B 

cell stage expressing a pre-BCR, which has a surrogate light chain that consists of the VpreB and λ5 

proteins (116, 117). Expression of the pre-BCR on the B cell surface is a critical checkpoint to control 

that heavy chain rearrangement was successful. The pre-BCR associates on the cell membrane with 

signalling molecules Igα and Igβ. preBCR signalling is thought to be responsible for the decreased 

dependence of pre-B cells on IL-7 and stromal bone marrow cells. While pre-BCR signalling can be 

autonomous, ligands have been also identified in humans and mice (118–120). Pre-BCR signalling has 

two important functions. Firstly, it provides B cells with proliferation and survival signals (121). In a 

human who had a mutation in both of his λ5 genes, agammaglobulinemia and a complete B cell 

deficiency was detected (122). Additionally, pre-BCR signalling is also crucial to ensure that a B cell 

expresses only one specific BCR, the so-called allelic exclusion. For a long time, it was not fully 

understood how it was guaranteed that a B cell would only arrange and express one B cell allele. VDH 

recombination can happen in a B cell on both alleles at the same time. As soon as VDJH recombination 
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is successful and a functional pre-BCR is produced, pre-BCR signalling down-regulates RAG1/2 to 

prevent expression of a second BCR (123). If the first BCR is unproductive, the second BCR can still be 

recombined explaining why some B cells have two rearranged B cell alleles but are only expressing 

one functional BCR. There are two different loci for light chains, the Igκ and the Igλ locus, which can 

be both rearranged for pairing with the heavy chain. After successful rearrangement of one of the 

light chains (either Igκ or Igλ, whichever occurs first), the complete IgM BCR is highly expressed on the 

surface of the immature B cell. Immature B cells exit the bone marrow and travel to the spleen to run 

though several transitional stages and develop to mature B cells that express both IgM and IgD BCRs. 

These development stages seem to be highly important for further quality assessment of the BCR and 

prevention of autoreactive B cells (124). 

 

Figure 1.4 Schematic of somatic recombination of TCR and BCR genes. 
The BCR and TCR contain two different chains each. This is the heavy chain (Igh locus) and one of the 
two light chains (Igκ and Igλ locus). For the TCR, it is the TCRα- and TCRβ- chain. All chains contain 
three complementary-determining regions (CDRs) of which CDR1 and CDR2 are germline encoded in 
the V segment, while high diversity of the CDR3 region is generated by V(D)J pairing and 
N/P-nucleotide additions. 
 

1.3.1.2 B cell activation and memory formation 

Localisation of B cells in specific immune compartments such as LNs increases the likelihood of antigen 

encounter and provides a microenvironment that is crucial to orchestrate the activation and 

differentiation of naïve B cells. The antigen can be transported passively through collecting ducts into 

the LN or actively by immune cells. Upon first contact with influenza viruses, DCs recognize influenza 
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viruses via SIGN-R1, take up viral particle (Section 1.2) and activation of TLRs induces migration to the 

draining LN to present antigens to B and T cells (83, 84). Macrophages can also capture complexed 

influenza virus particles and can transfer these particles then to follicular dendritic cells (FDCs) in the 

LN (125). FDCs internalize the native antigen into an non-degrative cycling department from where 

they can be transported back to the surface for presentation to B cells over a long period (126). 

Additionally, naïve B cells in the lung are also capable of transporting their antigen directly to B cell 

follicles in the spleen and LN in a BCR specific and unspecific manner (127, 128). Type I IFN primes 

naïve B cells to upregulate anti-viral proteins and can thereby increase responsiveness to innate 

signals to enhance potential interaction with T cells in the LN and might be crucial for rapid B cell 

responses (129). BCR cross-linking leads to the phosphorylation of the cytoplasmic tail inducing 

downstream an activated status in the naïve B cells (130). Following activation, B cells downregulate 

expression of CXCR5 and upregulate CCR7, whilst influenza-specific CD4+ T follicular helper cells (TFH) 

that are also activated in response to viral antigens presented on migrating DCs (Section 1.3.3.3), do 

the opposite to facilitate interactions between B cells and TFH cells (131). Activated B cells follow either 

an extrafollicular (EF) or germinal centre (GC) pathway of differentiation, and while the determinant 

of which pathway a B cell follows is not fully understood, one hypothesis is that BCR affinity for antigen 

can play a role (132). EF-responding B cells proliferate quickly and differentiate into plasmablasts, 

which secrete high amounts of soluble BCRs, so called antibodies or immunoglobulins (Ig). Indeed, the 

first antibody secreting cells (ASCs: CD27hiCD38hi) can be detected 3 days after infection in the LN of 

mice, while in the lung and blood, they are not detected until 7 days post infection (133). 

EF-responding B cells undergo genetic deletion of their CH locus leading to class switching of the 

antibody (Section 1.3.2.1) (134, 135). 

Although B cells undergoing EF differentiation produce antibodies rapidly and are important 

as a first line of defence, they are short-lived and thought to not participate in B cell memory 

formation (136). B cells that follow the GC pathway of differentiation undergo rapid expansion and 

form the dark zone of the GC. Critical for GC B cell formation is expression of the transcriptional 

regulator BCL-6 (137). BCL-6 suppresses cell-cycle arrest and enables B cells to tolerate genotoxic 

stress the cell experiences (138). GC B cells express an enzyme activation-induced cytidine deaminase 

(AID) which introduces point mutations, insertions and deletions in the Ig V gene, a process called 

somatic hypermutation (SHM) (139, 140). This either improves or impairs the affinity of the antibody 

for the epitope or, in the worst-case scenario, results in the production of autoreactive antibodies. 

This step therefore needs to be tightly regulated and autoreactive B cells that recognise auto-antigens 

in the GC receive a signal through their BCR that induces apoptosis (141). It is not fully understood 

how B cells that generate high affinity BRCs (high affinity B cells) through SHM outcompete the B cells 
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with lower affinity BCRs (low affinity B cells). An intriguing model proposes that high affinity B cells 

can capture more antigen from FDCs, enabling them to present more antigen on MHC II molecules 

(Section 1.3.3.3) to TFH cells, winning the competition for TFH help (142). TFH cells can provide help by 

the upregulation of membrane bound molecule CD40L and secreted cytokines IL-10 and IL-21 

interacting with receptors on the surface of B cells to promote survival and differentiation of B 

cells (143, 144). In this model, both antigen availability and CD4+ T cell help is limiting, which explains 

why there is no direct threshold of BCR affinity for undergoing positive selection, but rather out 

competition of B cell with the highest relative antigen affinity. The process of proliferation, SHM and 

TFH feedback can be repeated several times until B cells exit the GC to differentiate into either 

long-lived plasma cells (LLPC) (CD38loCD21loCD27+) or memory B cells (CD21hiCD27+). Although most 

of the long-lived plasma cells express CXCR4 inducing bone marrow migration, lung-located memory 

B cells persist lifelong in mice and antibodies in the blood can be detected decades after virus infection 

providing protection against future infection (145–147). Upon re-encounter of antigen, memory B 

cells are quickly reactivated to differentiate into plasmablasts and secrete high amounts of antibodies 

to protect against reinfection (148). This can be most easily observed through tracking B cell 

populations in the blood following vaccination. Following seasonal influenza vaccination, plasmablasts 

can be identified in the peripheral blood by their high expression of surface markers CD38 and CD27, 

and peak at 7 days after vaccination (149–151). Studying the formation of pathogen-specific memory 

B cells is much more complicated, as these cannot be differentiated easily from other memory B cells. 

Recent advances have made it possible to track influenza HA-specific B cell responses using 

fluorescently labelled recombinant HA (rHA) tetramers that bind to the cell surface BCRs to identify 

antigen-specific B cell populations (149, 152). Reactivation of memory B cells can be detected on day 

7 post vaccination and peak 14 on day with a significant increase in the number of resting 

(CD27+CD21hi), and to a greater degree, activated memory B cells (CD27+CD21lo) after vaccination. In 

contrast to plasmablasts which peak at day 7 and retract in frequency to day 14, increased numbers 

of HA-specific memory B cells persist in the blood at least 12 months, but decrease to baseline within 

a year (149).  

 

1.3.2 Antibodies 

Antibodies are the soluble form of the BCR (Figure 1.5) and have a plethora of functions to combat 

influenza virus infection. Influenza-specific antibodies can be detected more than 50 years after 

influenza virus infection, although human antibodies have a half-life time less than a month (147, 153). 

The major antibody-inducing influenza viral proteins are the HA and NA glycoproteins. Antibodies can 

either provide protection by inhibiting the functions of viral proteins or by directing immune functions 
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via the Fc portion. The globular head of the HA is the strongest target of antibodies as its binding can 

neutralize the virus and protect against infection (154). Most HA-specific antibodies are directed to 

epitopes close to the receptor binding site in the HA and can therefore block the ability of the influenza 

virus to infect the host cells (Figure 1.6) (155–157). Protection against influenza virus infection is 

correlated with the neutralization capability of the antibody repertoire, which is usually measured via 

a Hemagglutination-inhibition (HAI) assay. In this assay, donor serum and virus are mixed, allowing 

specific antibodies to bind the HA and block the receptor binding site. In the presence of this binding, 

the virus loses its ability to cross-link red blood cells (RBCs), which can be detected by observing the 

RBCs sinking to the bottom of the assay well and forming a halo or a dot depending on the species of 

RBCs used. The HAI titre is defined as the reciprocal of the highest serum dilution that is capable of 

neutralizing hemagglutination of RBCs. An HAI titre of 18 to 36 is considered to represent a 50% 

protective dose (158). The HAI titre is also used to assess seroconversion which is defined as a ≥4-fold 

titre rise. 

Figure 1.5 Simplified structure of the naïve B cell receptor (BCR) and IgM antibody  
BCR of naïve B cells (IgM) is a homodimer of a paired heavy and a light chain. The heavy chain consists 
of one Variable (VH) and four conserved regions (CH1-4) connected to a transmembrane domain. The 
light chain consistent of the variable region (VL) and constant region (VH) makes up in combination 
with the VH and CH1 the antigen binding fragment (Fab), while CH2 to CH4 make up the constant 
fragment (Fc). The antibody is structurally identical to the BCR but is missing the transmembrane 
domain which enables secretion. The number of constant heavy regions differs between different 
antibody regions as well as the flexibility of the hinge. 
 

HA head-specific antibodies can not only prevent infection of cells but also interfere with 

release of viral particles from an infected cell by cross-linking the virus with the host cell and other 

newly budded virus particles (159). Due to low conservation of the HA1 subunit between different 

influenza virus subtypes, head-specific antibodies do not provide any protection against different HA 

subtypes, which is in part responsible for the low protection against reassorted viruses and novel 

avian-derived viruses that express distinct HA subtypes (Section 1.5). Antibodies directed against the 
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HA stem cannot be detected with the HAI assay as they are not affecting the sialic acid binding capacity 

of the HA. Nevertheless, they can be neutralizing by stabilizing the HA and thereby preventing viral 

fusion with the endosomal membrane and infection of the host cell (159, 160). Additionally, HA 

stem-specific antibodies can block access of host cell proteases to prevent cleavage of the HA0 into 

the functional cleaved form, rendering viruses non-infectious (159). Due to its important function, the 

HA stem is highly conserved, meaning that antibodies generated against this region can often bind 

different HA subtypes and are more cross-protective than antibodies directed against the HA head 

region (161). Indeed, broadly neutralising HA stem antibodies that bind IAVs and IBVs have been 

identified, indicating a potential for highly cross-reactive antibody immunity that could be harnessed 

by vaccination (162). Recently, cross-reactive antibodies directed against the HA stem were reported 

to block virus exit but not entry, thereby preventing viral spread (163). The neutralization capability 

of HA stem antibodies can be determined in a cell culture assay and conferred protection tested in a 

mouse model (164). However, as this is associated with a higher workload and more difficult to 

standardize, it is usually not the first method of choice to assess serology, which means that these 

antibodies are often missed with usual serological analysis (165).  

The protective effect of non-neutralizing, non-hemagglutinin-inhibiting antibodies is currently 

understudied. In contrast to the previously mentioned antibodies, their function is mainly mediated 

via interactions between the Fc region and other cells or components of the immune system. 

Antibodies binding the glycoproteins on the surface of infected cells can be detected with the Fc 

gamma receptor (FcγR) of NK and other immune cells to induce antibody-dependent cellular 

cytotoxicity (ADCC) to kill influenza-infected cells (166). During the 2009 H1N1 pandemic, higher levels 

of cross-reactive ADCC inducing antibodies were detected in adults <45 years old, which might explain 

why they were protected from severe influenza virus infections (167). In macaques, non-neutralising 

antibodies that could induce ADCC were associated with the control of infection with the pH1N1 virus 

(168). Phagocytes such as monocytes, macrophages, neutrophils and dendritic cells can also bind to 

antibodies bound on viral particles with their FcγRIIa to induce antibody dependent cellular 

phagocytosis (ADCP) and degradation of free viral particles (169, 170).  

Besides activation of immune cells that have an FcγR, antibodies can also mediate immune 

function by interaction with soluble components of the blood. Interaction of the Fc portion of IgM or 

IgG with the C1q molecule initiates a cascade of responses leading to complement activation that can 

lyse viral particles or infected cells. The importance of the complement system was highlighted when 

its critical effect was demonstrated in protecting mice from a lethal influenza virus infection (171). 

Antibodies against viral proteins other than HA might rely especially on complement activation. In a 

mouse model with complement knock-out, antibodies against the M2 ectodomain (M2e) were not 
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able to protect mice against infection. In mice with a functional complement system however, even 

low antibody levels were able to protect mice from influenza infection (172). The complement system 

however seems not to be the only way that M2e antibodies protect against infection. Additionally to 

the complement, interaction with FcγR on alveolar macrophages was crucial to protect mice from 

lethal IAV infection (173). NA-specific antibodies showed varying degrees of protection by inhibition 

of the NA enzymatic activity (174, 175). Antibodies binding the more conserved internal virus proteins, 

such as NP or M1, could confer very broad protection against influenza subtypes. However, due to the 

location of these proteins inside the viral particle or host cell, Greenbaum et al. denied these 

antibodies could have a protective effect (176). Nevertheless, the protective effect of non-neutralizing 

antibodies against the NP protein has been shown in several mouse studies (177, 178).  

 

Figure 1.6 Impact of antiviral antibodies on viral replication 
Antiviral antibodies can inhibit viral replication at different stages of the life cycle. Neutralizing 
antibodies bind to the globular head of the virus and inhibit receptor binding. Antibodies directed to 
the HAstalk stabilize the HA and block conformational changes that are necessary for fusion of the viral 
and endosomal membranes. NA-specific antibodies can inhibit NA enzyme function necessary for 
budding of newly produced viral particles, while HA specific antibodies can cross-link newly budded 
particles with HA on the cell surface to retain and prevent the release of viral particles. 
Non-neutralizing antibodies targeting membrane associated proteins (HA, NA, M2) can be recognized 
on the cell surface to active NK cells and induce antibody-dependent cellular cytotoxicity (ADCC) or on 
viral particles to induce antibody depended cellular phagocytosis (ADCP) by dendritic cells. 
Influenza-specific antibodies can also bind to membrane associated viral proteins to activate lysis by 
the complement system. 
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1.3.2.1 Antibody isotypes 

During B cell activation and memory formation, B cells undergo genetic rearrangement of their heavy 

chain, which involves AID activation to rearrange the genome (134, 139). Mutations introduced in the 

switch region of the IGH C region can result in DNA double strand breaks which can be joined with one 

of the downstream regions (Cγ, Cε or Cα). This leads to the exchange of the constant region while the 

variable region stays consistent resulting in antibody isotypes switching (179). Different antibody 

isotypes display distinct properties, which can have important implications on their functions, ranging 

from interactions with FcγR to transport through mucosal membranes. 

There are five different Ig isotypes (IgM, IgD, IgG, IgA, IgE), of which IgG (IgG1, IgG2, IgG3, 

IgG4) and IgA (IgA1, IgA2) have further subtypes. IgM is the antibody first produced on immature B 

cells as well as innate B-1 cells. In contrast to the cell surface BCR, secreted IgM forms a pentamer 

through disulphide-bond bridges in the Fc portion of the antibody, which increases its avidity and might 

make up for the lower relative affinity of the antibody, as most B cells secreting IgM have not 

undergone SHM. While most IgM comes from naïve or acute responses or B-1 cells, formation of 

memory B cells that have not class switched can also occur (180). In addition to neutralisation of the 

influenza viruses, IgM can also confer protection through interaction with Fc receptors. IgM can be 

recognized by the Fcα/µR on the surface of follicular dendritic cells and some B cells in the GC, and 

therefore could have important implications for facilitating antigen endocytosis and trafficking the 

LN (181, 182). Additionally, IgM can activate the complement cascade to lyse influenza viruses. The 

function of IgD in combating infection is still poorly understood. It seems to play a role in modulating 

humoral responses as a BCR, as well as interacting with the IgD-receptor on activated T cells (183, 

184). In humans, the frequency of T cells capable to upregulate their IgD receptor after IgD stimulation 

predicted antibody responses to influenza viruses at four weeks post-vaccination (184). IgG, also a 

monomeric antibody, is the highest concentrated antibody subtype in serum with the different 

subclasses decreasing in concentration from IgG1 to IgG4 (185). IgG1, which makes up around 60% of 

total IgG in human plasma, is mostly directed against soluble protein antigens and can bind to all FcγR 

in humans as well as interact with complement proteins (186). IgG2 is important for the recognition 

of polysaccharides, for example on the surface of the bacterial cell wall, and is therefore less important 

for protection against influenza virus infection (187). During the 2009 pH1N1 however, severe 

infection was correlated with an IgG2 deficiency, indicating that that contribution of the different IgG 

subclasses to protection against different pathogens is not fully understood (188). One potential 

explanation for the IgG2 involvement could be the contribution of IgG2 to protect against secondary 

bacterial infection found in severe influenza cases and be therefore only indirectly correlated with 

influenza disease severity. IgG3 is functionally the most effective antibody, with high affinity for all 



39 
 

FcγR and a high potential for complement activation (189). IgG3 has also the lowest half-life, 

potentially to prevent over-activation of the immune system. Despite the relatively low abundance of 

IgG3 in comparison to IgG1 or IgG2, its importance was highlighted during the pH1N1 infection, where 

IgG3 deficiency was associated with significantly longer hospitalisation and increased inflammation 

compared to controls (190). IgG4 seems to play a minor role in protection against pathogens and 

seems to be rather involved in responses to repeated or continuous exposure to antigens and 

development of immunotolerance (191). IgA levels in plasma are between IgG and IgM in humans 

(185). Both IgA1 and IgA2 can be found in a monomeric as well as a dimeric form where the Fc regions 

are connected by a J(Joining)-chain, with IgA1 making up most of the IgA in the serum. Dimeric IgA can 

be bound by the polymeric IgR and transported from the basal membrane of the cell to the apical site 

to be secreted into the mucosa at the site of infection, and also in breastmilk for transfer to newborns, 

hence its alternative name secretory IgA (sIgA) (192). While IgA knock-out in mice did not show any 

impact on lethality of influenza virus infection upon challenge, it was shown that transfer of IgA 

antibodies was able to protect against lethal influenza virus challenge and that IgA antibodies tend to 

be more cross-reactive than their IgG counterpart (157, 193). IgE is the last antibody isotype and is 

found in the lowest abundance in blood. It is mostly involved in allergic reactions and activation of 

eosinophils and mast cells, and therefore needs tight regulation. Although influenza-specific IgE 

antibodies have been detected, studies showed their involvement in vaccine-related anaphylaxis and 

thus thought not to be beneficial for influenza defence (194, 195). 

Following primary infection of humans with influenza viruses, significant increases in 

virus-specific IgA, IgM and IgG were observed, while only IgA and IgG increased significantly following 

secondary challenge (196). In general, the strongest and longest lasting influenza-specific antibody 

responses induced by infection in humans are derived from IgG antibodies, with IgG1 being the 

highest, then significant titre increases for IgG3 (in seven out of 10 participants), IgG4 (eight out of 

10), IgA1 (six out of 10) and IgM (three out of 10) (197–199). Further dissection of antibody responses 

induced by influenza viruses can be analysed by measuring vaccine responses. While there is a 

consensus in the detection of robust IgG1 and smaller IgG3 responses, the contribution of the other 

IgG isotypes is still debatable. While some groups detected IgG2 responses following vaccination, but 

no IgG4 responses, others report the exact opposite (200–203). The route of administration as well as 

the age of participants and vaccine components might contribute to such differences. 

1.3.2.2 Antibody allotypes 

Antibody allotypes were first described in the context of antibodies detected in humans that reacted 

with foreign human antibodies bound to red blood cells (204). Sequencing of the constant antibody 

regions revealed polymorphisms, resulting in the so called allotypes that were responsible for this 
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reactivity. Labelling of antibody allotypes has changed since the years of its discovery. Nowadays 

allotypes are categorised as their Genetic marker (Gm) in combination with their isotype and allotype 

number, including G1m3 for an IgG1 allotype or G3m5 for an IgG3 allotype. Allotypes are of interest 

in research as they can affect the half-life of antibodies, their concentrations as well as their functions 

(205–207). As allotype frequencies differ across populations and ethnicities, specific allotypes might 

have implications for the efficacy of adaptive immune responses (208, 209). An interesting question 

arise whether individuals who express IgG3 allotypes, commonly associated with decreased serum 

concentration or impaired engagement of FcγR, display different immune outcomes given the strong 

effector mediation of IgG3.  

1.3.2.3 Glycosylation 

The asparagine at position 297 of the antibody heavy chain can be the anchor residue for 

N-glycosylation. Several additional carbohydrate structures can be added to the N-acetylglucosamine 

attached, such as galactose, sialic acid, mannose or fucose in a biantennary fashion (210). Knowledge 

of different glycosylation patterns on IgG antibodies is still very limited. While vaccination itself does 

not impact on the total IgG glycosylation patterns, the glycosylation profile of antibodies before 

vaccination could predict seroconversion (211). Although no impact on total IgG glycosylation profiles 

was detected after influenza vaccination, affinity purification of HA-specific antibodies revealed 

changes in the glycosylation pattern of influenza-specific antibodies following vaccination. While 

levels of galactosylation and sialylation increased, bisecting N-acetylamine was significantly reduced 

21 days following vaccination. In the following weeks, these levels slowly approached baseline levels 

again (212). This is of great importance as these different antibody modifications can alter the effector 

function of antibodies. A terminal galactose, for example, can improve the binding activity of the Fc 

portion to FcγRIIIa (213), while afucosylation and hypergalactosidation enhance ADCC induced by 

antibodies (214). Conversely, sialylation of the Fc receptor has an anti-inflammatory effect on the 

immune system and is especially relevant for the treatment of rheumatoid arthritis (215, 216). Several 

factors can influence antibody glycosylation patterns such as age, sex as well as pregnancy (217). Of 

particular interest are also differences in the Fc glycosylation profile across different populations in 

the world. This can be exemplified by people in Kenya and Rwanda displaying lower levels of sialylation 

on their Fc, while in South Africa the frequencies of Fc with bisecting N-acetylamine was significantly 

increased (218). As these differences can be overcome by vaccination, it would be of interest to 

determine whether differences in the baseline antibody glycosylation between different populations 

can impact vaccine responses, as observed in influenza vaccine responders vs. non-responders within 

a population (211). 
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1.3.3 T cell immunity 

T cells are a crucial part of the adaptive immune system. While they cannot recognize the virus directly, 

they are involved in the recruitment of innate leukocytes, B cell activation and memory formation as 

well as direct killing of virus infected cells in the lung. In contrast to B cells, they do not recognize 

native proteins but rather peptides presented on the cell surface by the major histocompatibility 

complex (MHC I and MHC II). After viral clearance they can form memory T cells that can become 

rapidly reactivated upon reencounter of their epitope to facilitate viral clearance. 

1.3.3.1 T cell development and T cell receptor generation 

Like B cells, T cells originate from HSC in the bone marrow (219). However, in contrast to B cells, T cell 

progenitors leave the bone marrow to mature in the thymus. Expression of Notch1 seems to be crucial 

in the determination of T cell fate as Notch1 knock-out in mice leads to development of B cells instead 

of T cells in the thymus (220, 221). T cells can be differentiated by the T cell receptor (TCR) on their 

surface, which is expressed either as an αβ or γδ heterodimer. Similar to the BCR in B cells 

(Section 1.3.1), TCRs are generated through somatic rearrangement of gene segments to produce a 

diverse range of clonally expressed TCRs. While the γδ TCR chains are both rearranged at the same 

time and expressed together, rearrangement of the TCRα- and β-chains occurs separately in an 

ordered sequence. The β-chain is generated from a variable region consisting of V, D and J gene 

segments (47, 12 and 2, respectively) joined with a C gene segment, while the α chain is generated 

from a variable region containing only V and J gene segments (42 and 61 respectively) joined with a C 

gene segment (Figure 1.4). Similar to the BCR, the variable part of each TCR chain contains three CDRs. 

CDR1 and CDR2 are germline encoded on the V gene segment, while the CDR3 region spans the V(D)J 

joining region where mechanisms of imprecise joining and nt addition create non-germline encoded 

sequence diversity (Section 1.3.1). The TCR β-chain undergoes rearrangement first and this occurs via 

a similar mechanism to somatic gene recombination described for BCR generation (Section 1.3.1). 

Once a functional TCR β-chain is generated, it is expressed on the cell surface paired with an invariant 

pre-TCR α-chain and along with the CD3 complex to form the preTCR (222). Signalling through the 

preTCR is a crucial checkpoint in T cell development as knock-out of various proteins involved in TCR 

receptor signalling retains the T cell in a preTCR expressing stage (223–225). PreTCR signalling 

stimulates proliferation and induces rearrangement at both loci of the TCR α-chain and expression of 

the CD4 and the CD8 co-receptor. Correctly rearranged TCR α-chains can be associated with the TCR 

β-chain to form a complete TCRαβ heterodimer that is expressed at the cell surface. Due to incomplete 

allelic exclusion at the TRA gene locus, some T cells can express two α-chains. A critical stage in T cell 

development is the selection process in the thymus where newly assembled TCRs are assessed for 

their ability to interact with self-MHC molecules, which is essential to guarantee effective T cell 
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immunity. While the TCR needs to interact with the MHC molecule, so that it can recognise and 

respond to foreign peptides presented by the MHC, a strong interaction between a TCR and MHC 

molecule presenting a self-peptide would generate an autoreactive T cell. TCR selection is therefore 

tightly regulated within a window of TCR affinity for self-pMHC. TCR-MHC interactions above a lower 

affinity threshold provide essential survival and differentiation signals to T cells in a process known as 

positive selection (226). The MHC molecules and peptides involved in positive selection of T cells are 

presented on cortical thymic epithelial cells (cTECs), medullary thymic epithelial cells (mTECs) and DCs. 

cTEC express a variety of specific proteins such as cathepsin L, thymus-specific serine proteases and a 

specific thymoproteasome to be able to present a variety of different peptides to T cells and are 

essential for the survival of a broad range of T cells expressing different TCRs (227). Commitment to 

the CD4+ of CD8+ T cell linage also occurs at this stage and depends on whether the TCR engages with 

the MHC I or MHC II molecules and the corresponding CD8 or CD4 co-receptor induces signalling 

driving differentiation of either CD8 or CD4 single-positive cells (228). Single-positive cells then traffic 

to the thymic medulla for an autoreactivity check in a process of negative selection. mTEC in the 

medulla express the autoimmune regulator (Aire) gene which allows expression of self-antigens, 

otherwise only found in the periphery, and their presentation in a combination with MHC (229). Aire 

knock-out mice present with a defined profile of auto-immunity (230). In humans, mutation of Aire 

leads to autoimmunity associated with the autoimmune polyendocrine syndrome type I (231, 232), 

highlighting the importance of this mechanism in controlling autoimmune regulation. While T cells 

expressing a TCR with low affinity for self-peptides presented by MHC can leave the thymus as mature 

naïve T cells, cells with higher TCR affinity have one out of two fates. T cells that fall within a window 

of medium TCR affinity can develop into regulatory T cells (Treg CD4+CD25+) that are important for 

tolerance of self-antigens. However, T cells with a high TCR affinity for self-antigens undergo apoptosis 

and are deleted in the thymus in a process called negative selection (233). Thymic selection of T cells 

has strong impact on the functional TCR repertoire expressed in the periphery. While somatic 

recombination can generate a theoretical diversity of 1015 TCRs, on estimate, only 2x107 different TCRs 

are found in a human, largely due to the requirements of positive and negative selection in the 

thymus (234). 

1.3.3.2 T cell receptor-epitope recognition 

T cell responses are restricted by reaction of the TCR and CD4/8 co-receptor with peptides presented 

on MHC I or II molecules. MHC I molecules are expressed on almost every cell and typically present 

endogenous-derived self-peptides in healthy cells. During viral infection, peptides derived from viral 

proteins expressed during replication are cleaved by the cellular immunoproteasome, loaded onto the 

MHC I molecule in the endoplasmic reticulum and transported to the cell surface for 
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presentation (235). Although most cells are limited to presenting endogenous viral peptides 

generated during infection of the cell, a specialised population of DCs have the capacity to take up 

exogenous viral peptides into endosomes and translocate them to the ectoplasmic reticulum in a 

process called cross-presentation, which enables these DCs to present viral peptides on MHC I 

molecules without being infected (236). This process, however, is still not fully understood. The MHC 

I molecule consists of a chain containing the α1, α2 and α3 subunit non-covalently linked to a β2m 

subunit. The α1 and α2 subunits form a β-pleated sheet with two parallel α-helixes on either side to 

form the peptide binding cleft. The amino acid (aa) residues within the peptide binding cleft determine 

the peptide repertoire that can be bound and presented. The α3 subunit is not involved in peptide 

presentation but anchors the molecule to the membrane (Figure 1.7.A). As both ends of the binding 

cleft are closed, peptide binding length is relatively limited with a preference of 8-11 aa. Hydrogen 

bonds between the binding pocket and side chains of the peptide stabilize the peptide in the binding 

cleft. Peptide position 2 and Ω anchor the peptide in the binding cleft and are therefore restricted to 

aa that share similar properties, while the other positions are more diverse (237). The MHC I molecule 

is polymorphic and polygenic. Each individual expresses three different types of classical MHC I; 

human leucocyte antigen A (HLA-A), HLA-B and HLA-C, which, due to inheritance of maternal and 

paternal genes, can lead to expression of up to 6 different MHC I in an individual. Additionally, 

non-classical MHC I genes encode for HLA-E, HLA-F and HLA-G. The MHC region is located on 

chromosome 6p21 and is the most polymorphic region in the human genome. To date, there is a total 

of 20,182 different MHC I alleles known, with much of the polymorphism between these alleles 

clustering around the peptide binding groove, resulting in the selection of different peptides for 

binding and presentation to T cells (238). Population-specific differences are seen in the frequency 

and distribution of particular MHC I alleles (239–242). HLA-A*24:02, for example, is found at an 

allele-frequency of 2.4% in African Americans, compared to 23% in North American Natives (242). The 

diversity of MHC alleles expressed in a population can be influenced by patterns of migration and 

genetic bottlenecks. However, there seems to be a required minimum MHC I polymorphism to 

maintain appropriate levels of heterozygosity (243). Co-evolution with pathogens might also impact 

on MHC-expression and diversity within a population, as MHC I diversity (especially HLA-B) is positively 

correlated with pathogen richness in populations (244). In our globalised society, this millennia long 

co-evolution between pathogen exposure and protective MHCs can be disrupted, with severe 

consequences for certain populations or ethnicities exposed to new pathogens, which are poorly 

presented by their dominant MHCs. This is of a great interest for influenza viruses given their fast 

genetic evolution and ability to reassort their genome and evade B cell immunity (Section 1.5). In 

Caucasoid populations, MHC I alleles capable of presenting highly conserved influenza peptides 
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(HLA-A2, A3, B8, B18, B27, B57), and thus offering cross-protective immunity, can be found in 57% of 

individuals. However, in Indigenous Australians these alleles are only found in 16% of the population, 

leaving a high percentage of this population without known broadly cross-reactive CD8+ T cell 

responses (245). Instead, MHC I alleles prevalent in Indigenous populations, including HLA-A*24:02, 

are predicted to present less conserved peptides and thus might not induce cross-protective CD8+ T 

cell responses, leaving individuals at risk of more severe influenza disease (246).  

The TCR of CD8+ T cells binds MHC I in a diagonal fashion, interacting with the α1 and α2 

subunits as well as the presented peptide. The exact footprint of the interaction between the TCR and 

the MHC molecule has some variability, depending on the sequence of the TCR chains involved. In 

general, the CDR1 and CDR2 loops of the TCR α- and β-chain interact with the α1 (TRBV) or α2 (TRAV) 

subunits, while the highly variable CDR3 loops interact with the exposed peptide. The basis for this 

binding mode is thought to be influenced by germ-line encoded residues in the CDR1 and 2 loops that 

are used to contact MHC, while the more variable CDR3 loop provides specificity for various peptide 

ligands. There are however, also reports of inverted docking TCRs, where the TRBV interacts with the 

α2 subunit and the TRAV interacts with the α1 subunit, although whether these reverse docking TCRs 

actually impose any functional role is not understood (247). The CD8 co-receptor binds to the α3 

subunit and can stabilise the TCR pMHC interaction (248). As the peptide is buried in the MHC binding 

cleft, only few aa that are exposed can interact with the TCR and are involved in its recognition. For a 

9mer peptide, these are predominantly aa positions 5, 7 and 8. As other aa might have structural 

implications for the presentation of the peptide, substitutions in other aa positions might still have 

implications for TCR binding. Structural requirements for specific TCR-pMHC binding mean that only a 

few of the available TCRs will be able to recognise a particular pMHC epitope, and these TCRs will 

often be characterised by patterns of TCR biases for specific epitopes. There are three different biases 

that are described in order of TCR conservation. In a type I bias, a particular TCRα or TCRβ variable 

region is preferentially expressed by epitope-specific T cells, however the aa sequence of the CDR3 

region can be highly variable. In contrast, in type II bias, not only is the variable region conserved, but 

additional aa in the CDR3 region are also conserved. In the strongest bias, type III, the TCR repertoire 

is characterised by conservation of a single TCRα- or TCRβ-chain sequence that is highly shared 

between epitope-specific T cells (234). For example, for T cells that recognize the IAV M158-66 peptide 

presented by HLA-A*02:01, a type II bias was detected with a preferential expression of TRBV19 and 

some conserved aa in the CDR3 region (249). The diversity of an epitope-specific TCR repertoire may 

impact the efficacy of the T cell response, with T cell responses showing strong TCR bias and limited 

TCR diversity potentially less able to prevent the emergence of epitope escape mutations. The 

importance of TCR usage in T cell responses has been shown for HIV-1 infection, where expression of 
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the protective alleles B*27 and B*57 alone is not sufficient, instead the right TCR clonotypes 

recognizing conserved peptides of the Gag protein are necessary for efficient viral control (250). This 

highlights that not only presentation of peptides by the MHC, but also the expression of a 

corresponding TCR for efficient CD8+ T cell immunity is necessary. 

MHC II molecules are only expressed on specialised antigen presenting cells (APCs) such as 

DCs, B cells and macrophages but can be also found on other immune cells such as CD8+ T cells during 

immune activation (50). They typically present exogenous-derived self-peptides and, during viral 

infection, peptides generated from viral proteins taken up by endocytosis and loaded in the endosome 

onto the MHC II molecule. The MHC II molecule consists of an α- and β-chain containing α1, α2 and 

β1, β2 subunit. In contrast to MHC I, both ends of the binding cleft are open, permitting binding of 

peptides up to 25 aa long. Like the MHC I molecule, MHC II is also polymorphic and polygenic. Each 

individual expresses three different types of classical MHC II; HLA-DR (including 2xHLA-DR1 and 2x 

HLA-DR3,4 or 5), HLA-DQ and HLA-DP, which, due to inheritance of maternal and paternal genes, can 

lead to up to 8 different MHC II in an individual. Additionally, non-classical genes encode for HLA-DM 

and HLA-DO. To date, there is a total of 7,407 different MHC II alleles known, with much of the 

polymorphism between these alleles clustering around the peptide binding groove, resulting in the 

selection of different peptides for binding and presentation to T cells (238). MHC II polymorphisms 

can have implications on immune responses during autoimmunity but also viral infection. The aa 

found in the P4 pocket of the HLA-DR molecule have been associated with multiple sclerosis as well 

as rheumatic arthritis (251, 252). Specific MHC II allomorphs are also associated with strong or weak 

influenza vaccine responses. HLA-DRB1*07 was found in a higher frequency in influenza vaccine non-

responders, while HLA-DRB1*13 was found in a higher frequency of sero-responders (253). 

During TCR-MHC binding, the TCR α-chain interacts with the β1 subunit of the MHC II chain 

and the TCR β-chain interacts with the α1 subunit (Figure 1.7.B) (254). Similar to TCR-MHC I binding, 

the CDR3 loops of the TCR on CD4+ T cells typically interacts with the peptide presented by the MHC 

II, while the CDR1 and CDR2 loops interact with the MHC II molecule. The CD4 co-receptor can bind to 

both the β2 as well as the α2 subunit to stabilize TCR binding (248).  

Once the TCR interacts with its epitope a signal cascade is unfolding to activate the T cell. 

Firstly, Lck is recruited to phosphorylate the cytoplasmic tail of the CD3 molecule which creates a 

binding site for Zap70. This leads to the activation of additional down-stream factors such as IP3 which 

causes a Ca2+ influx into the cytoplasm activating transcription factor NFAT and MAP kinases that 

regulate T cell activation and differentiation (255). 
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Figure 1.7. pMHC and TCR interaction in CD8+ and CD4+ T cells. 
A) The α-chain of the TCR of a CD8+ T cell interacts with the MHC I α2 subunit while the β-chain interacts 
with the α1 MHC I subunit. While the CDR1 and CDR2 loops typically interact with the MHC I molecule, 
the CDR3 loops contact the presented peptide. The TCR-pMHC I interaction is stabilised by interaction 
of the CD8 co-receptor with the MHC II α3 subunit. B) The α-chain of the TCR of a CD4+ T cell interacts 
with the MHC II β1 subunit while the β-chain interacts with the α1 MHC I subunit. While the CDR1 and 
CDR2 loops typically interact with the MHC II molecule, the CDR3 loops contact the presented peptide. 
The TCR-pMHC II interaction is stabilised by interaction of the CD4 co-receptor with either the MHC II 
α2 or β2 subunit. 
 

While there is potential for vast diversity in the peptides presented on MHC molecules for 

recognition during infection, T cell responses usually focus only on a few pMHC epitopes, with 

responses to the same epitopes often conserved across individuals expressing the same HLA allele. 

Responses to different epitopes can differ in magnitude, either being defined as large 

(immunodominant) or small (subdominant) (256). Whilst patterns of epitope-specific 

immunodominance are often similar across individuals with the same HLA, they can be perturbed by 

co-expression of other HLA alleles. For instance, in mice that express the H-2Db molecule, the largest 

CD8+ T cells responses are directed equally to the influenza-derived IAV DbNP366-374 and DbPA224-233 

epitopes (257). However, co-expression of H-2Db and H-2Kk dramatically alters this immunodominance 

hierarchy, resulting in significantly smaller responses to the DbPA224-233 epitope (257). A similar 

phenomenon was also observed in HLA-A*02:01+ humans and influenza. HLA-A*02:01-expressing 

individuals generally establish immunodominant CD8+ T cell responses to the IAV M158-66 epitope. 

However, in HLA-A*02:01/B*27:05+ individuals there is a shift in immunodominance towards NP383-391 

presented by HLA-B*27:05. The remaining HLA-A*02:01/M158-66 specific CD8+ T cells do not express 

the public TRBV19/TRAV27 clonotype, indicating a potential deletion of M158-66 specific CD8+ T cells 

possibly during T cell development due to the negative selection (258). The relationship between HLA 

profiles and immunodominance hierarchy in CD8+ T cell responses clearly warrants further study. 

1.3.3.3 CD4+ T cell immunity 

CD4+ T cells make up the majority of T lymphocytes in the blood. They recognize their antigen 

presented on DCs in the LN and become activated. Besides presenting antigen, activated DCs also 
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express co-stimulatory receptors such as CD80/CD86 and members of the TNF receptor family, which 

can interact with CD28 or the inducible co-stimulator (ICOS) on the surface of the T cell (259). This 

secondary signal is crucial to prevent anergy after the initial TCR signal (260). Signalling through CD28 

induces a similar activation of NF-κB, NFAT and AP-1 but seems to be important to overcome an 

activation threshold (261). Cytokines secreted from innate immune cells such as DCs induce 

differentiation of CD4+ T cells into distinct effector subtypes that fulfil specific functions to combat 

infection. One subset of CD4+ T cells are T-helper (Th) cells that can be further differentiated into Th1, 

Th2, Th9 and Th17 populations in response to cytokine signalling that leads to expression of 

lineage-determining transcription factors. For instance, IFN-γ and IL-12 expressed by APCs and NK cells 

induce activation of the T-box transcription factor (T-bet) that promotes expression of genes that 

facilitate Th1 functions and supress development into Th2 and Th17 cell lineages (262).  

Th1 cells are mainly involved in combating intracellular pathogens such as influenza 

viruses (263). Th1 cells mainly secrete IFN-γ, TNFβ and IL-2. Secreted IFN-γ acts on one hand as a 

positive feedback loop on the activation of Th1 cells, but is also important as an activator of phagocytic 

cells such as macrophages (264). Another major function of Th1 cells is licencing of DCs to enable the 

DCs to activate CD8+ T cells, a step that is necessary for an efficient CD8+ T cell response and formation 

of CD8+ T cell memory (265). Activated Th1 cells upregulate CD40L on their surface which interacts 

with CD40 on dendritic cells, leading to their activation and upregulation/secretion of various CD8+ T 

cell activating molecules such as IL-12, CD80/CD86 and IL-15 (266). By secretion of IL-2, Th1 cells can 

induce production of IL-10 in CD8+ T cells to enhance their effector function (267). IFN-γ-secreting 

CD4+ T cells can also express perforin and granzyme B and are capable of directly killing virus-infected 

cells to help control virus infection. Such multifunctional cells can protect naïve mice following their 

transfer prior to lethal influenza virus infection (268) and can elicit cross-strain activation in humans 

after heterologous influenza challenges (269). In the absence of neutralizing antibodies, pre-existing 

CD4+ T cells correlate with reduced symptoms and reduced viral titres after influenza virus challenge 

in humans (269).  

As mentioned above (Section 1.3.1.2), a subset of CD4+ T cells called TFH cells are required for 

the formation of the GC and a robust, specific and long-lived antibody response (270). TFH cells can be 

identified by expression of CXCR5 and downregulation of CCR7, which allows migration to the B cell 

follicle. In the GC, TFH cells express CD40L, ICOS and are crucial for production of IgA and IgG (271). 

Interaction with TFH cells in the B cell follicle gives B cells a survival signal and additional signals for 

re-entry into the dark zone to undergo antibody class-switching and somatic hypermutation. Signalling 

of TFH cells with B cells can also induce differentiation into LLPC or memory B cells (Section 1.3.1.2). 

TFH cell are therefore crucial for efficient affinity maturation as well as memory formation of B cells. In 
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the periphery, TFH cells can be also detected. These circulating TFH (cTFH) cells have variable levels of 

ICOS and express CCR7, which allows them to migrate to the LN. It is far from clear how these cells are 

related to their GC located counterparts. Results from He et al. suggest that commitment to circulation 

is made before entering the GC and cTFH cells are important for TFH memory formation (272). Similar 

to Th cells, TFH cells can be further subtyped by secretion of cytokines, transcription factors and 

expression of chemokine receptors into cTFH1(CXCR3+CCR6-), cTFH2 (CXCR3-CCR6-) and cTFH17 (CXCR3-

CCR6+). After encounter with their antigen, activated cTFH cells can be detected via upregulation of 

ICOS, CD38 and PD-1. Responses to influenza viruses are generally dominated by activation of cTFH1 

cells. After influenza virus infection, activated cTFH1 cells rapidly increase in the blood and peak at 

around 10 days after disease onset (273). Activation of cTFH1 cells is also observed after influenza virus 

vaccination. Seven days after vaccination, specific activation of cTFH1 cells can be observed, which 

correlates with antibody titres and also with affinity maturation of antibodies (274, 275). The rise in 

activated cTFH1 cells also correlated with an increase in antibody secreting cells after influenza virus 

infection and vaccination (149, 273). The specificity of the CD4+ T cell response is a key factor shaping 

the characteristics and neutralizing capacity of the B cell response (276–278). CD4+ T cell influenza 

virus epitopes are currently understudied. While there is a consensus that CD4+ T cells recognize 

peptides derived from internal proteins, some studies showed high conserved CD4+ T cell epitopes, 

while other studies show that immunodominant CD4+ T cell epitopes are accumulating mutations, 

potentially due to immune pressure (279–281). 

1.3.3.4 CD8+ T cell immunity 

Naïve CD8+ T cells become activated in the LN by TCR recognition of antigen presented on MHC I on 

the surface of licensed DCs in conjunction with co-stimulatory signals. Upon activation, CD8+ T cells 

proliferate, differentiate and traffic to the site of infection. There, they can fulfil a plethora of functions 

to combat viral infection, including the secretion of various cytokines such as IL-2, IFN-γ and TNFα to 

recruit innate and adaptive immune cells and also induce anti-viral responses in infected cells (282, 

283). A major role of CD8+ T cells during infection is pathogen clearance through directly killing 

infected cells via perforin or death-receptor pathways. These pathways are tightly regulated and 

dependent on interaction between the TCR on CD8+ T cells with pMHC-I on infected cells. In the 

perforin-dependent pathway, this interaction induces the formation of an immunological synapse into 

which cytotoxic molecules such as perforin and granzymes are released from the CD8+ T cell (284, 

285). Perforin forms a pore in the membrane of the infected cell to give granzymes access to the 

cytoplasm of the infected cells and induce apoptotic death. Different granzymes induce cell death in 

different ways and with different efficacy. Granzyme B cleaves proteins after specific aspartate 

residues, similar to caspases, and induces apoptosis in 5-8 minutes. Granzyme A on the other hand, 
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cleaves proteins after basic aa, inducing a much slower cell death (286). In the death-receptor 

pathway, expression of the TNF-related apoptosis-inducing ligand (TRAIL) and FAS ligand on CD8+ T 

cells can induce cell death in virally-infected pulmonary epithelial cells and is associated with 

decreased mortality and viral titres in mouse models of influenza infection (284, 287).  

After viral clearance, effector CD8+ T cells undergo apoptosis or form long-lived memory cells 

which can be rapidly recalled, providing protection against re-encounter of the same pathogen. 

Indeed small-pox-specific CD8+ T cells induced by vaccination have a half-life of 8-15 years and were 

detected up to 75 years post vaccination (288). Single dose vaccination with the yellow fever strain 

17D is also able to induce memory CD8+ T cells that persist for at least 25 years after vaccination and 

these CD8+ T cells seem to be a main driver of life-long immunity against yellow fever after 

vaccination (289). Memory CD8+ T cells can be differentiated by expression of surface markers/homing 

receptors into stem cell memory (TSCM, CD45RA+CD27+CCR7+CD95+), central memory (TCM, CD45RA-

CCR7+CD27+), effector memory (TEM, CD45RA-CCR7-CD27-) and terminally differentiated (TEMRA, 

CD45RA+CCR7-CD27-) T cells. TEM and TCM differ in their localization and response to antigen 

re-encounter. TCM patrol tissues, but are also found in the LN and spleen, while TEM are found only in 

the blood and tissues. Upon antigen encounter, TCM have a higher proliferative capacity and IL-2 

production compared to TEM (290). In addition to circulating CD8+ T cells, memory CD8+ T cells that 

reside in the tissue after infection can be detected as tissue resident memory cells (TRM, CD45RA-

CD69+CD103+). These cells remain in the lung after influenza virus infection and monitor cells to rapidly 

acquire effector function after secondary antigen exposure (291). In vitro analysis of stimulated lung 

TRM revealed that these cells were highly activated, producing significantly more cytokines and 

cytotoxic molecules after expansion compared to their CD69-CD103- circulating CD8+ T cell 

counterparts (292). Thus, TRM cells are ideally situated and suited to combat the earliest stages of 

influenza infection.  

Instead of targeting surface glycoproteins such as influenza HA and NA, which are highly 

diverse, CD8+ T cells target peptides derived from highly conserved viral proteins such as the NP, M1 

and M2 (293). Thus, even though CD8+ T cells cannot neutralize viral particles and provide sterilizing 

immunity like B cells, they can provide cross-strain protective immunity to a broader range of influenza 

virus strains and enhance viral clearance (294). The M158-66 peptide presented by the HLA-A*02:01 

molecule is one of the best characterised CD8+ T cell epitopes (295, 296). This epitope is highly 

conserved across human and also avian IAV, potentially due to the impact of mutations on viral fitness 

(245, 297, 298). Other highly conserved epitopes such as HLA-A*03:01/NP265-273, 

HLA-B*08:01/NP225-233, HLA-B*18:01/NP219-228, HLA-B*27:05/NP383-391 and HLA-B*57:01/NP199-207 have 

been identified in addition to the HLA-A*02:01/M158-66 epitope (245). Recently, Koutsakos et al. 
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identified an influenza epitope capable of eliciting CD8+ T cell responses with unprecedented breadth. 

The PB1413-421 peptide presented on HLA-A*02:01 is not only conserved in IAV, but also in IBV and 

influenza C viruses (ICV). Peripheral blood mononucleated cells (PBMCs) of human donors acutely 

infected with either IAV or IBV showed increased frequencies of activated A2/PB1413-421-specific CD8+ 

T cells, clearly demonstrating their cross-protective potential (299). 

Recognition of highly conserved epitopes and formation of long-lived memory responses 

renders CD8+ T cells ideal protectors against seasonal and especially pandemic influenza viruses. 

Heterologous protective potential has been extensively studied in mice. For example, primary 

challenge with a H9N2 virus was shown to induce cross-protection against lethal high virulent H5N1 

infection in mice (300). Vaccination with a virus-like particles expressing influenza HA and M1 induced 

influenza-specific CD8+ T cells and protected against lethal influenza virus infection. The importance 

of CD8+ T cells in the protection was highlighted by depletion of CD8+ T cells, which resulted in a 

significantly increased mortality that was absent in non-depleted, vaccinated mice (301). In humans, 

the first evidence of cross-protective influenza immunity was provided by McMichael at al. who 

showed that pre-existing cross-reactive CD8+ T cells correlated with lower symptom scores after 

influenza virus infection (294). Further evidence was provided during the emergence of new pandemic 

viruses in 1957 and also 2009 as natural experiments (Section 1.5). In 1957 in a Cleveland family study, 

adults who had a recent (between 1950-1957) influenza virus infection were much less susceptible to 

infection with the pandemic H2N2 virus, as compared to adults who had no recent infections (302). 

More recently, during the 2009 H1N1 pandemic, Sridhar et al. showed that pre-existing cross-reactive 

IFN-γ+IL-2- CD8+ T cells correlated with a less severe illness after pH1N1 infection (303). This was also 

observed during zoonotic H7N9 transmissions in China, where a higher CD8+ T cell response correlated 

with a faster recovery in infected patients (304). Therefore, CD8+ T cells are of a great interest for a 

rational vaccine development to provide protection against newly-emerging unpredictable 

pandemic strains.  
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1.4 Innate and adaptive immunity toward influenza B viruses 

The following first-author Review article was published in Future Microbiology (2020). It summarized 

innate and adaptive immune responses to IBV as well as potential approaches to protect against IBV 

including cross-reactive antibodies and CD8+ T cell responses. 

Hensen L, Kedzierska K, Koutsakos M (2020), “Innate and adaptive immunity towards influenza B 

viruses”. Future Microbiology, doi: 10.2217/fmb-2019-0340. 
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Despite annual vaccination, influenza B viruses (IBV) cause significant disease with substantial health and
socio-economic impacts. Novel vaccination strategies inducing broadly protective and long-lasting immu-
nity across IBV lineages are needed. However, as immune responses toward IBV are largely understudied,
host–virus interactions and protective immune mechanisms need to be defined to rationally design such
vaccines. Here, we summarize recent advances in our understanding of immunological mechanisms un-
derpinning protection from IBV. We discuss how innate antiviral host factors inhibit IBV replication and
the ways by which IBV escapes such restriction. We review the specificity of broadly cross-reactive antibod-
ies and universal T cells, and the mechanisms by which they mediate protection. We highlight important
knowledge gaps needing to be addressed to design improved IBV vaccines.
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Seasonal influenza epidemics constitute a significant public health problem, causing approximately 3–5 million
cases of severe illness annually. These seasonal epidemics are caused by influenza A and influenza B viruses (IAV
and IBV, respectively), which co-circulate annually around the world. IAV from animal reservoirs, mainly domestic
animals and birds, can gain the capacity to infect humans, causing severe disease with high fatality rates [1]. When
these IAV acquire the ability of sustained human-to-human transmission and spread rapidly across the globe, they
can get classified by the WHO as a pandemic. Due to the lack of an established animal reservoir for IBV, and
therefore lack of a pandemic potential, research has been largely focused on IAV, leaving IBV understudied [2].
However, IBV still has a significant clinical and socio-economic impact, as IBV infections account on average for
approximately 25% of influenza cases annually, and up to 50–80% of infections in some seasons [2,3].

The effectiveness of the current vaccines against IBV is modest (on average ∼50%). This can result from a mis-
match between circulating and selected vaccine strains. The situation is further complicated by the co-circulation
of two antigenically distinct lineages (called B/Victoria/2/1987 – B/Victoria, and B/Yamagata/16/1988 –
B/Yamagata), which emerged in the 1980s and have evolved separately and distinctly since. Additionally, IBV
infections often peak later during seasonal epidemics [4–6] by which time vaccine-mediated protection has started
declining [7]. It is thus evident that new improved vaccine formulations are needed that can provide broadly
cross-protective and long-lasting immunity against IBV. To achieve this, a thorough understanding of the immune
mechanisms that mediate protection against IBV is needed. Here, we summarize such mechanisms and highlight
avenues of future research that are needed to establish universal and long-lasting vaccine-mediated immunity to
IBV.

The clinical & socio-economic impact of IBV
IBVs may be understudied yet they are not uncommon. In fact, on average IBV infections account for approximately
25% of influenza cases annually [3,8], although this number can vary greatly across influenza seasons. For instance,
surveillance data, collected as part of the Global Influenza B Study from 31 countries around the world between
2000 and 2018, show that on average 23.4% of influenza cases can be attributed to IBV in each season [8].
Consistently, in the USA between 2001 and 2011, IBV accounted for 24% of influenza cases [3]. However, in some
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years IBV can be the dominant circulating type and account for up to 80% of influenza cases [9,10]. For instance,
in Australia in 2015, 60% of case were attributable to IBV [11]. Therefore, IBV accounts for a considerable portion
of influenza cases every year.

Epidemiological studies also demonstrate that, overall, IBV is more frequent in children. Data from 29 countries
between 1999 and 2014 demonstrate that IBV is the most frequent influenza type in older children (5–17 years
old), while H1N1 and H3N2 viruses are the most frequent in young children (0–4 years) and elderly (65+ years),
respectively [12]. For example, in Japan between 2007 and 2014, 74% of IBV cases were in children and adolescents
(<17 years), with the majority being between 5 and 14 years old. It is important, however, to note that the
two lineages exhibit different rates of infection across age groups, with B/Victoria viruses being most prevalent
in children and young adolescent, while B/Yamagata viruses are prevalent in both children and some adult age
groups (∼50–60+) [11–14]. Thus, IBV is more common in children but can also significantly impact adults, in a
lineage-specific manner.

Importantly, IBV has a significant clinical and socio-economic impact. IBV infections can result in severe
complications, including neurological and muscular complications, cardiac complications [15] as well as secondary
bacterial pneumonia [15,16]. As a result, IBV significantly contributes to influenza-related mortality. For example, in
the USA between 2004 and 2011 (not including the 2009 H1N1 pandemic), between 22 and 44% of influenza-
related pediatric deaths were attributable to IBV infections [9]. Consequently, IBV has a great economic impact,
with up to 66%, on overage 37%, of influenza-related healthcare cost in the US between 2001 and 2009 being
attributed to IBV [17].

Overall, IBV occurs frequently during annual seasonal epidemics, is more prevalent in children and has a great
clinical and socio-economic impact. This occurs, despite annual vaccination strategies against influenza viruses,
including IBV. Therefore, a deeper understanding of immune mechanisms which underpin protection from IBV
are needed for the rational design of novel treatment and vaccination strategies to reduce the impact of IBV.

Life cycle of influenza viruses
Understanding the mechanisms of immune protection needs to be placed in a context of the influenza virus life cycle
(Figure 1). Briefly, the hemagglutinin (HA) protein of IAV and IBV binds to sialic acids on surface glycoproteins,
mediating attachment and entry into airway epithelial cells [18]. Once in the endosome, the low pH triggers a
conformational change in the HA, which results in fusion of the virion membrane with the host membrane [18].
The low pH of the endosome also activates the Matrix 2 (BM2) ion channel, which acidifies the interior of
the virion, resulting in the dissociation of viral ribonucleoprotein complexes (vRNPs) from the Matrix 1 (M1).
Combined with HA-mediated membrane fusion, these steps result in the release of eight vRNPs into the cytoplasm.
The vRNPs are transported into the nucleus via host-machinery due to their nuclear localization signals [18]. In
the nucleus, the viral RNA-dependent RNA polymerase, comprising of the Polymerase Basic protein 1 and 2 (PB1
and PB2) subunits and the polymerase acidic protein (PA) subunit, generates viral mRNA, in a process involving
cap-snatching [19]. Viral mRNA is then used to synthesize viral proteins, which co-ordinate the amplification of the
viral genome through a cRNA intermediate, and mediate immune evasion, like the nonstructural proteins 1 (NS1),
which inhibits the interferon response [19]. Newly formed vRNPs can feed back into the amplification of vRNA and
the production of viral mRNA, or exit the nucleus in a process involving the viral M1 and nonstructural 2 (NS2)
proteins as well as host nuclear export factors [19]. The vRNPs traffic to the cell surface in a process involving the host
protein Rab-11. Concomitantly, viral proteins traffic to the cell surface and along with the eight vRNPs assemble
into visions which then bud-off [19]. It is pertinent to note that although the NS1 and NS2 proteins were originally
considered nonstructural, these are in fact incorporated into virions for both IAV and IBV, although their role in
the virion remains unknown [20]. Following budding, the ability of HA to bind sialic acids on the cell surface tethers
new virions on the cell, but this is counteracted by the viral neuraminidase (NA), which cleaves the sialic acids. The
released virions can then infect new cells, although this requires proteolytic cleavage of the HA, by host proteases. It
is important to note that much of this information is based on studies from IAV and differences exist between the
viral replication cycle of IAV and IBV [2]. This is likely, given the low conservation between IAV and IBV proteins
and the fact that IBV encodes a unique protein, NB, whose function is currently unknown [21]. Nonetheless, innate
and adaptive immune mechanisms intervene at various steps of the IBV lifecycle to limit viral spread and eliminate
virally infected cells.
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Figure 1. Replication cycle of influenza B virus. The IBV virion attaches to the cell surfaces and enters by endocytosis.
The low pH of the endosome induces conformational changes in the HA triggering fusion and the release of the
vRNPs in the cytosol. The vRNPs are transported to the nucleus, where vRNA is transcribed in mRNA and also
replicated via a cRNA intermediate. The viral proteins are translated from viral mRNA and a subset of them re-enter
the nucleus to promote vRNA replication. Interactions between the assembled vRNPs and the viral BM1 and BNS2
(NEP) proteins facilitate exit of the vRNPs from the nucleus. vRNPs traffic to the plasma membrane likely on a
vesicular compartment. At the plasma membrane, the HA, NA, BM2, NB and BM1 proteins come together with the
vRNPs for virion assembly and budding. Proteases in the extracellular space cleave the BHA protein and activate it.
HA: Hemagglutinin; IBV: Influenza B virus; NA: Neuraminidase; vRNP: Viral ribonucleoprotein complex.

Innate recognition & inhibition of influenza B virus
The first line of defence against IBV is innate immunity (Figure 2). This includes lectins present in the glycocalyx
of airway epithelial cells. For instance, the surfactant protein D (SP-D) can neutralize IBV infection by inhibiting
the attachment of IBV on airway epithelial cells, as suggested by in vitro studies using recombinant human and
porcine SP-D [22]. After cell entry, innate signaling is initiated within infected epithelial cells. Following release
from the early endosome, the IBV vRNP is sensed via the RIG-I/MAVS axis. Signaling through this axis leads
to phosphorylation of IRF3 and IFR7, and along with NF-κB, these transcription factors drive the expression of
interferon (IFN), including IFN-α/β and IFN-λ as well as inflammatory cytokines and chemokines, like CXCL10,
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Figure 2. Innate recognition, responses and evasion by influenza B virus. The antiviral protein IFITM3 restricts IBV
and the stage of entry. Incoming vRNPs in the cytosol are recognized by RIG-I in a process involving TRIM25 and
Riplet, and which is counteracted by the viral BNS1 protein. RIG-I activation leads to IRF3, IRF7 and NF-κB activation
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and induces expression of IFN-stimulated genes, which then can restrict viral replication at different stages. TRIM56
inhibits the conversion of vRNA to cRNA while Mx1 inhibits the transcription of vRNA to mRNA. ISG15 inhibits the
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PKR which then inhibits translation, while the viral BNS1 protein inhibits PKR activation.
IBV: Influenza B virus; IFN: Interferon; vRNP: Viral ribonucleoprotein complex.

10.2217/fmb-2019-0340 Future Microbiol. (Epub ahead of print) future science group



Innate & adaptive immunity toward influenza B viruses Review

CCL5 and TNF. Interestingly, this occurs as early as 2 h after infection of macrophages in vitro compared with 4–8 h
needed for IAV [23]. This early burst of antiviral mediators is dependent on RIG-I and IRF3/7 and reflects RIG-I
mediated recognition of incoming vRNPs released from the early endosomes, in the absence of newly synthesized
vRNA [24]. IBV infection leads to robust K63-linked polyubiquitination of RIG-I resulting to its activation and
subsequent IFN response. Recent studies suggest that the initiation of the RIG-I antiviral response and subsequent
IFN response is dependent on the E3-ubiquitin ligase Riplet, but not TRIM25, as measured by phosphorylation
levels of STAT1, reflecting downstream IFN receptor signaling [25], although TRIM25 might have other roles in
restricting IBV replication [26].

Secreted Type I IFN acts in an auto- and para-crine manner through the IFN-α receptor on infected as well as
neighboring uninfected cells. Signaling through IFN-α receptor leads to the expression of IFN-stimulated genes
(ISGs), a class of genes with potent antiviral activity. While more than 25 antiviral factors have been described for
IAV [27], antiviral function against IBV has also been demonstrated for a handful of these.

Upon entry, IBV encounter the antiviral molecule IFITM3, which can limit IBV infection. Specifically, ectopic
expression of IFITM3 in the airway epithelial A549 cell line can reduce IBV infection levels [28]. Furthermore,
the rs512252 CC single nucleotide polymorphism, which results in a truncation of the IFITM3 protein, has been
associated with severe IBV infection in a Chinese population, while the TT and CT genotypes were associated with
milder disease [29], similarly to what happens in IAV disease [30]. Consistent with these findings, the E3 ubiquitin
ligase NEDD4 can promote IBV, as well as IAV, infection by targeting IFTIM3 for degradation by ubiquitination.
Thus, IFITM3 is an antiviral factor that limits entry of IBV in cells and reduces disease severity.

IBV infection is also inhibited at the level of viral replication by various antiviral mediators. For instance,
TRIM56 can inhibit vRNA synthesis [31]. Specifically, ectopic expression of TRIM56 in vitro significantly reduced
viral replication. Consistently, knockdown of TRIM56 resulted in higher levels of IBV replication. Interestingly,
TRIM56 antiviral activity, observed for both IAV and IBV, is independent of its E3 ligase activity and mediated
by the C-terminus of the proteins, although the exact mechanism of action is unclear [31]. While TRIM56 targets
the inter-conversion of vRNA to cRNA, another antiviral factor, Mx, targets the transcription of vRNA to mRNA.
Specifically, murine Mx1 inhibits IBV polymerase activity in an in vitro minireplicon system, in a manner dependent
on residue K49 of Mx1 [32], which is necessary for antiviral activity against IAV [33], although the mechanistic details
are unclear. In addition to TRIM56 and Mx1, IBV replication can be inhibited by ISG15. ISG15 is a small protein
that is conjugated to other proteins similarly to ubiquitin. ISG15-ylation of proteins is mediated through the
sequential action of E1 (UbE1L), E2 (UbcH8) and E3 (Herc5), which are induced by Type I IFN [34]. ISG15-
ylation prevents the oligomerization of the IBV nucleoprotein (BNP), which is necessary for its functions, vRNP
formation and vRNA synthesis [35]. Mice lacking ISG15 [36,37] and mice lacking UbE1L [36] show increased viral
replication and higher susceptibility to infection. As discussed below, the antiviral effects of ISG15 are counteracted
by the BNS1 protein of IBV. However, BNS1 only interacts with human and nonhuman primate ISG15, but not
with ISG15 from other mammals like dogs and mice [38–40]. Thus, ISG15 is an antiviral as well as host-restriction
factor for IBV.

The IBV life cycle is also inhibited at the stage of mRNA translation into proteins. Specifically, double-stranded
vRNA from the IBV vRNP is a potent activator of Protein Kinase R (PKR) [41]. Activation of PKR results in
phosphorylation of elongation initiation factor 2α (eIF2α) and therefore inhibition of translation [42]. Overall,
multiple antiviral factors can inhibit IBV at various stages of infection, including entry, genome replication and
translation. Given the large number of antiviral factors described for IAV [27], it is reasonable to assume that more
than the currently described exist for IBV. Identification and characterization of these antiviral factors is critical to
our understanding of innate control of IBV.

IBV countermeasures against innate immunity
Due to the existence of potent antiviral host factors, IBV has evolved ways to counteract the effects of the innate
immune system, many of which are mediated by the BNS1 protein (Figure 2). BNS1 consists of an N-terminal
domain with the ability to bind dsRNA, a linker region and a C-terminal effector domain. These domains have
distinct roles in evading innate immunity.

BNS1 is a strong inhibitor of IFN signaling in IBV infected cells and can act at multiple stages of the antiviral
response. First, IBV, similarly to IAV, inhibits RIG-I mediated signaling to evade innate recognition and induction
of the IFN response. Specifically, the C-terminal domain of BNS1 protein can inhibit RIG-I ubiquitination and
subsequent activation [43]. However, TRIM25 can bind to the N-terminal domain of BNS1, which in turn, prevents
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BNS1-mediated inhibition of RIG-I. While TRIM25, BNS1 and RIG-I can form a tripartite complex [43], the
mechanistic details and functional outcomes are unclear and complicated by recent evidence that IFN signaling
(measured by STAT1 phosphorylation) is not affected by TRIM25 deletion [25].

The overexpression of BNS1 inhibits the translocation of IRF3 in the nucleus and the activation of the IFNβ

promoter, in a manner independent of BNS1 binding to dsRNA [44,45]. BNS1 can also sequester dsRNA to prevent
the activation of PKR [42]. Binding of dsRNA is mediated by clusters of basic amino acids in the N-terminal domain
of the BNS1 protein. Alanine substitutions in these clusters results in PKR activation and eIF2α phosphorylation
and attenuation of IBV in vitro as well as in vivo in wild-type, but not PKR-/- mice [41,42]. BNS1 can also
sequester ISG15-ylated BNP, allowing unconjugated BNP to be incorporated functional into vRNPs [35]. Binding
of ISG15 by BNS1 is mediated by the N-terminal RNA-binding domain and multiple species-specific residues of
ISG15 [38–40,46].

These examples demonstrate the importance of the BNS1 protein in counteracting the innate response to IBV
infection. Indeed, deletion of NS1 severely attenuates IBV in vitro [41,42,44] and in vivo [41]. However, it is likely
that BNS1 have important functions other than antagonizing the IFN response, as �BNS1 viruses are significantly
attenuated in Vero cells, which are devoid of functional IFN signaling. Understanding such mechanisms that IBV
mediate to counteract innate immunity is needed for our understanding of immune protection and disease during
IBV infection.

Antibody-mediated protection against IBV
Antibody responses are primarily targeted to the BHA and BNA surface glycoproteins (Figure 3). Within the
BHA, antibodies can target the receptor-binding site (RBS), the vestigial esterase domain or the stem domain. The
antigenic site targeted by different clones of antibodies determines its breadth of cross-reactivity and often relates
to the effector functions that can be initiated by that antibody.

Neutralizing antibodies with hemagglutination inhibition activity are heavily focused on four major antigenic
sites of the BHA (also called canonical antigenic sites): the 150 loop, the 160 loop, the 190 loop and the 120
helix [47]. All four sites lie on the BHA head and the 150, 160 and 190 loops are in very close proximity to the
RBS, while the 120 helix is more distant. Neutralizing antibodies can also bind to noncanonical sites, outside the
four major loops, including the highly conserved BHA stalk region.

In an elegant study by Sun et al. [48], a set of modified BHA constructs, in which only one of the four major
antigenic sites are displayed, and the rest are replaced by those from an H5 IAV, were used to determine the
immunodominance among the canonical sites. A BHA construct in which all four canonical sites were replaced
by H5 IAV sites was also used to measure antibodies to the noncanonical sites. In mice and ferrets, the four
canonical sites were immunodominant over noncanonical sites. Within the four canonical sites, the 120 loop
was subdominant in terms of antibody titres measured by HAI, but not by ELISA measuring total IgG whereby
the four canonical sites were comparable with each other and greater than noncanonical sites. In humans, adults
aged 30–39 years had significantly greater HAI titres against canonical sites than noncanonical sites. However,
individuals aged >40 had comparable levels of HAI antibodies against canonical and noncanonical sites [48]. These
are speculated result from multiple exposures to different IBV strains that boost antibodies toward the otherwise
subdominant but highly conserved noncanonical sites in both the BHA head and stem domains. Consistently with
this idea, sequential exposure of mice to the B/Lee/40 virus followed by the B/Malaysia/2506/2004 virus followed
by the B/Yamagata/16/88 HA protein led to the generation of broadly cross-reactive antibodies predominantly
targeting the BHA stalk domain. While these antibodies exhibited strong binding, they were unable to mediate
virus neutralization, consistent with their binding to the RBS-distal HA stem region. However, these antibodies
could mediate in vivo protection against both IBV lineages in a way that correlated with the potential of these
antibodies to induce antibody-dependent cell-mediated cytotoxicity (ADCC) in vitro [49].

Over the last few years, important progress has been made in identifying broadly cross-reactive antibodies against
IBV, summarized in Table 1 (recently reviewed [50]). These antibodies can bind to and often neutralize diverse
IBV strains across both lineages and provide variable levels of protection from infection or severe disease in vivo,
depending on the dose of antibody administered [51–55]. Additionally, many of them can offer superior protection
than the standard-of-care treatment with oseltamivir and combination treatment with antibody, and oseltamivir
offers superior protection than either regiments alone [51,53,54,56].

Two interesting observations have risen from characterization of such broadly cross-reactive antibodies. Firstly,
broad-cross-protection against IBV can be provided by targeting a variety of antigenic epitopes. Indeed, while
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Figure 3. Adaptive immune responses to influenza B virus. Antibodies against the BHA protein inhibit virus
attachment by blocking the RBS on the BHA protein. Additionally, some antibodies can prevent vRNP release by
inhibiting the conformational changes required for fusion of the viral membrane or prevent the cleavage and
activation of the BHA protein by host proteases. Antibodies binding to the BHA on the surface of infected cells can
induce complement activation and complement-dependent cytotoxicity or FcR-mediated effector functions like ADCC
by activating innate cells (e.g., NK cells), resulting in apoptosis of the infected cell. Antibodies against the BNA
protein can inhibit virion budding and also activate FcR-mediated effector functions. Processing of viral proteins
through the proteasome and presentation of viral peptides in complex with MHC-I on the cell surface engages
cytotoxic CD8+ T cells which induce apoptosis of the target cells. At the late stages of IBV infection, the surface MHC-I
expression levels are reduced, although the mechanisms are unclear.
ADCC: Antibody-dependent cell-mediated cytotoxicity; CDC: Complement-dependent cytotoxicity; IBV: Influenza B
virus; vRNP: RBS: Receptor-binding site; Viral ribonucleoprotein complex.
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Table 1. Broadly cross-reactive antibodies against influenza B virus.
Screening/generation method Clone Epitope target Mechanism of action In vivo efficacy Ref.

Combinatorial display libraries of B cells from
vaccinated human donors and phage screens of
IAV and IBV HA

CR8071

CR8033
CR9114

VE domain

RBS
HA stem

-in vitro neutralization (MDCK
infection) of both lineages
-in vitro neutralization (MDCK
infection) of both lineages
-HAI activity against Yam but
not Vic viruses
No in vitro neutralization
-Suspected Fc-mediated ADCC

Prophylactically protection against
both lineages
-CR9114 protective against IAV

[52]

1) Plasmablast isolation from vaccinated
individual and in vivo expansion
2) Screening for cross-lineage binding (ELISA) and
neutralization (MDCK infection)

46B8 VE domain -No HAI activity
-Blocks membrane fusion
-ADCC activity in vitro
-No CDC in vitro

-Therapeutic protection across both
lineages
-Superior to oseltamivir at 72 hpi
-Co-administration with oseltamivir
beneficial

[51]

1) Hybridoma generation from PBMCs of
vaccinated individuals
2) In vitro neutralization screening (MDCK
infection)

5A7 HA stem -HAI activity
-Blocking membrane fusion

-Therapeutic protection against
mouse-adapted B/Ibaraki/85 and
B/Florida

[55]

1) Sequential immunizations of mice with IBV
2) Cross-lineage binding by ELISA
3) Cross-lineage neutralization by HAI

C1266 RBS -HAI activity
-Blocks viral entry and egress
-ADCC & CDC in vitro

Prophylactically and therapeutically
in mice and ferrets
Superior to oseltamivir
Co-administration with oseltamivir
beneficial

[56]

1) CellSpot screen of memory B cells from healthy
adults
2) Screen for cross-reactivity against B/Florida and
B/Malaysia
3) Screen for cross-reactivity against B/Vic/87 and
B/Yam/88
4) Exclude mAbs with HAI activity

TRL845
TRL847
TRL848
TRL849
TRL854

HA stem
HA stem
HA stem
HA stem
HA stem

in vitro neutralization of
MDCK infection

-Therapeutic protection against both
lineages

[53]

1) Hybridoma generation from splenocytes of a
mouse serially infected with IBV
2) Screening for binding to B/Lee virus, B/Yam
recombinant NA and NI activity against
B/Wisconsin

1F2
4F11

NA
NA

-NA activity inhibition
-ADCC activity in vitro

-Prophylactic and therapeutic across
both lineages
-Superior to oseltamivir

[54]

1) Single cell sequencing of BHA-specific B cells
from healthy vaccinated adults
2) Screen for cross-reactivity and neutralization
against a panel of IBV strains for both lineages

Panel of mAbs
with variable
breadth across
the two lineages

HA RBS and
stem

-HAI activity†

-in vitro neutralization
(MDCK infection)†

-Prophylactic against severe disease
-Protection dependent on FcR
engagement

[57]

1) Sequential immunizations of mice with IBV
2) Cross-lineage binding by ELISA

Panel of mAbs
with high
breadth across
the two lineages
and ancestral
strains

HA stem -ADCC activity in vitro -Prophylactic against
B/Florida/04/2006 and
B/Malaysia/2506/2004

[49]

1) Plasmablast isolation from an H3N2-infected
individual
2) Screening for binding across IAV and IBV NA

1G04
1E01
1G01

NA -NA activity inhibition
-ADCC activity in vitro

-Prophylactic against
B/Malaysia/2506/2004

[58]

†mAb clone-specific activity.
ADCC: Antibody-dependent cell-mediated cytotoxicity; CDC: Complement-dependent cytotoxicity; HA: Hemagglutinin; HAI: Hemagglutination inhibition; IAV: Influenza B virus; IBV:
Influenza B virus; NA: Neuraminidase; NI: NA inhibition; RBS: Receptor-binding site; VE domain: Vestigial esterase domain.

some of these broadly cross-reactive antibodies (e.g., CCR9114 and MA7) target the stem region of the BHA
protein [52,53,55], others may target the vestigial esterase domain of the BHA (e.g., CR8071 and 46B8) [51,52],
conserved areas of the RBS of BHA (like CR8033 and C1266) [52,56]) or the BNA protein [54,58]. The second
observation pertains to the multifunctional nature of many of these antibodies. In fact, all of the broadly cross-
reactive antibodies for which a mechanism of action has been described, act in more than one manner. This is best
exemplified by the C1266 clone, which can block virus entry and egress as well as induce ADCC and complement-
dependent cytotoxicity [56]. Similarly, at least in vitro, the 1F2 and 4F11 clones targeting the BNA protein can both
inhibit NA activity and induce ADCC activity [54]. Additionally, a panel of human monoclonal antibodies isolated
after IIV was recently characterized. These antibodies can mediate broad cross-lineage recognition and mediated
protection either by RBS-targeted neutralization or Fc-mediated effector functions [57]. It remains unclear why
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some broadly cross-reactive antibodies against the BHA stalk are neutralizing while others are not, and this may
relate to the exact binding site within the BHA stalk as well as their ability to block membrane fusion.

Despite the identification of these broadly cross-reactive antibodies, the extent to which such antibodies are
induced by human IBV infection and contribute to protection, as well as how best to elicit them by vaccination
are not entirely clear and warrant further investigation. However, it is pertinent to note that vaccination strategies
that employ chimeric BHA constructs can boost antibodies against the stem and provide protection from lethal
challenge in mice [59]. Furthermore, the induction of mucosal antibodies against the BNA results in less efficient
contact and airborne IBV transmission in a guinea pig model of infection [60]. Lastly, primary human IBV infection
of children aged 1–7 years old resulted in an increase of antibodies against the BHA stalk which mediated ADCC
in vitro [61].

Universal T-cell epitopes & T cell-mediated protection against IBV disease
The roles of CD8+ cytotoxic T cells as well as CD4+ helper T cells in protection against seasonal, pandemic
and avian IAV are well-established in both animal models and humans [62,63]. However, there is a relative paucity
of data on the role of T cells in IBV infection. Epstein et al. demonstrated that, in the absence of antibodies,
depletion of CD8+ or CD4+ T cells resulted in prolonged viral shedding of IBV during a primary infection [64].
Consistently, in primed mice undergoing a secondary infection CD8+ and CD4+ T cells were necessary for efficient
viral control [64]. These data from mouse models of IBV demonstrate an important role for CD8+ and CD4+

T cell in controlling IBV replication and infection. Although the activation of other T cell subsets like mucosal
associated T cells (MAIT cells) has been reported for IAV [63,65,66], little is known about their role in IBV infection.
Similarly, while γδ T cells are activated by IBV infection and upregulate the expression cytotoxic molecules [67],
their contribution to protection from severe disease is unknown.

CD8+ and CD4+ T cells recognize peptide fragments derived from viral proteins and presented in by the MHC-I
and -II, respectively (Human Leukocyte Antigen or HLA in humans [68]. As these peptide fragments are often
well conserved across antigenically distant influenza strains, CD8+ and CD4+ T cells can provide considerably
greater cross-reactivity and cross-protection against influenza viruses than antibodies. Specifically, for IBV CD8+

T cell-mediated cross-reactivity across the two lineages has been demonstrated in humans, ferrets and mice. Studies
in Balb/c mice identified a novel H2-Kd peptide, NP166–174, which differs in sequence between the two lineages
(FSPIRVTFLin B/Vic and FSPIRITFLin B/Yam). However, CD8+ T cells could cross-recognize both epitopes
efficiently [69,70]. Similarly, a highly conserved peptide from the BHA stalk region (BHA2-190, YYSTAASSL) is
also immunogenic in the context of H2-Kd in DBA.2 mice and is conserved across both lineages [71]. Importantly,
CD8+ T cell-mediated cross-reactivity across IAV, IBV and influenza C virus (ICV) has also been reported [72].
Such great breadth of cross-reactivity makes CD8+ T cells attractive targets for the design of universal T cell-based
influenza vaccines that do not require annual reformulation and that complement antibody-mediated protection
against IAV and IBV.

A comprehensive understanding of the peptide fragments presented during viral infection and recognized by T
cells in the context of varying MHC allomorphs is critical for the design of efficient T cell-based vaccines. However,
while almost 200 different peptides across 24 HLA allomorphs have been described for IAV, only a handful are
known for IBV. We recently used immunopeptidomic analysis of IBV-infected cells and identified immunogenic
CD8+ T-cell peptide targets in the context of the highly prevalent HLA-A*02:01 allele [72]. While peptides from all
IBV proteins (except BM2 and NB) were presented by HLA-A*02:01, CD8+ T-cell responses in HLA-A*02:01+

individuals as well as HLA-A*02:01-transgenic mice were directed against the immunodominant BHA543–551

(GLDNHTILL) and subdominant BNS1266–274 (SQFGQEHRL) peptides. These two peptides are highly con-
served (>98% amino acid identity) in IBV strains from both lineages as well as the ancestral strain B/Lee/40.
Additionally, vaccination of HLA-A*02:01-transgenic mice with these two peptides in the presence of an adju-
vant could accelerate viral clearance of IBV from the airways and reduce the cytokine storm, demonstrating their
protective potential. In addition to these two novel peptides, CD8+ T cells also recognize a highly conserved
peptide from the PB1 protein. This peptide, PB1413–421 (NMLSTVLGV, PB1414–422 in IBV), is conserved across
IAV, IBV and ICV and is thus the broadest influenza epitope known. Importantly, PB1413–421-specific CD8+ T
cells had an activated phenotype (CD38+ Ki-67+) following both IAV and IBV infection of children and adults,
indicating that these universal CD8+ T cells are actively recruited into the immune response to IAV and IBV.
HLA-A*02:01-transgenic mice lack PB1413–421-specific CD8+ T-cell precursors, likely due to a hole in their TCR
repertoire, which precluded us from assessing the cross-protective capacity of these universal CD8+ T cells in vivo.
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Besides the PB1413–421 epitope, we also identified several other peptides conserved across IAV, IBV and to some
degree ICV, that could induce cross-reactive CD8+ T cells [72]. While our study identified novel CD8+ T-cell
epitopes from IBV and demonstrated the potential of immunopeptidomics in facilitating such endeavors, there is
still a need to identify peptides presented by other HLA allotypes to ensure global and equal population coverage
across ethnicities. It is also important to understand how IBV may escape the CD8+ T-cell response. Recently,
we reported that at the late stages of infection, IBV downregulates the expression of surface protein including
MHC-I, although the exact mechanism and functional consequences of IBV-induced MHC-I downregulation are
unclear [73].

It is pertinent to define the antigenic origin of the immunogenic peptides recognized by CD8+ and CD4+ T
cell directed to IBV. In our human study of HLA-A*02:01-restricted responses [72], in H2-Kd-responses in DBA.2
mice [71] as well as in human CD4+ T cell responses [74], a considerable proportion of immunogenic peptides
originates from the BHA protein, as opposed to CD8+ and CD4+ T-cell immunogenic peptides derived from
IAV-M1 and IAV-NP [74,75]. It is possible that the BHA protein is inherently more immunogenic with regards to
CD4+ and CD8+ T cells than the IAV HA protein, although further studies are needed to test this hypothesis
and it is likely that other human and murine MHC molecules present immunogenic peptides from a variety of
IBV proteins other than the BHA. This observation, however, further highlights the need for the identification
of immunogenic peptides to ensure appropriate antigenic composition of vaccines that aim to efficiently engage
CD8+ and CD4+ T cells. It would also be pertinent to understand how this may affect the evolutionary pressure
imposed by adaptive immunity on the different proteins of IAV and IBV.

Conclusion
In the last decade, considerable progress has been made in our understanding of innate and adaptive mechanisms
that can mediate protection during IBV infection. However, important questions remain with regards to innate
host factors that restrict IBV replication, as well as the breadth of immunity conferred by antibodies and T cells
and how best to induce universal and long-lasting immunity against IBV. Given the substantial disease burden and
socio-economic impact of IBV infections, addressing these questions to rationally design universal IBV vaccines
would be of a great health and societal benefit.

Future perspective
As IBV infections are a constant component of seasonal influenza epidemics, over the next 5–10 years, research
on IBV should focus on identifying novel antiviral host factors that can mediate protection and that may lead to
antiviral targets. Furthermore, the field requires a better understanding on how best to elicit broadly cross-reactive
antibodies against the BHA and BNA by vaccination. Additionally, as more T-cell epitopes are identified vaccine
composition and formulations may need to be devised that capitalize on the ability of CD8+ and CD4+ T cells to
provide broad cross-protection. Such research efforts will greatly benefit from novel experimental setups like new
animal models of infection and transmission as well as innovative methods for epitope identification.
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Executive summary

Innate immunity to influenza B virus
• Influenza B virus (IBV) infection induces the upregulation of antiviral host factors (interferon (IFN)-stimulated

genes).
• IFN-stimulated genes can limit IBV replication at the stages of entry, genome replication and translation.
• The BNS1 protein exerts multiple functions to counteract the IFN response to infection.
Antibodies against IBV
• Antibodies are primarily targeted to antigenic loops near the BHA receptor-binding site (RBS).
• Broadly cross-reactive antibodies can target the BHA stalk, the BHA RBS and the BNA protein.
• Broadly cross-reactive antibodies can mediate protection by RBS neutralization, inhibition of entry or egress and

by Fc-mediated effector function like antibody-dependent cell-mediated cytotoxicity and
complement-dependent cytotoxicity.

T cell immunity to IBV
• CD8+ and CD4+ T cells contribute to protection against IBV disease.
• CD8+ T cells can recognize peptides highly conserved across the two lineages.
• CD8+ T cells can provide universal immunity to IAV, IBV and influenza C virus.
Areas of future research
• A mechanistic understanding of antiviral host factors and their relation to disease severity, as well as

countermeasures mediated by IBV against such restriction factors is required.
• A greater understanding is needed on how best to elicit broadly cross-reactive antibodies against the BHA and

BNA by vaccination.
• More antigenic targets/epitopes for CD8+ and CD4+ T cells need to be identified.
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1.5 Viral evasion of human immune responses 

Despite multifactorial immune mechanisms to control influenza virus infection, the immune system is 

locked in an eternal arms race with ever-changing influenza viruses. Through production of viral 

proteins that inhibit innate immune responses and antigenic changes that evade adaptive immunity, 

influenza viruses continue to challenge human immune responses, both seasonally and, more 

worryingly, through pandemics. 

Viral NS1 proteins interact in several stages in the recognition of vRNA by RIG-I as well as 

subsequent signal transduction to block production of IFNβ (305–308). Recombinant viruses 

expressing a RIG I-binding-defective NS1 are attenuated in mice and pigs and induce high levels of 

IFNβ (309, 310). The influenza virus M2 protein interacts with Hsp40, a regulator of the PKR, inducing 

apoptosis in the host cell to potentially enhance release of viral particles (311). The NP protein also 

interacts with the Hps40 protein, but leads to inhibition of PKR in contrast to the M2-Hsp40 

interaction (312). Influenza viruses differ in their pH of membrane fusion due to mutations in the HA 

protein (313). A higher pH of fusion allows earlier fusion with the endosomal membrane to evade 

restriction of IFITM2 and IFITM3 and facilitates entry in IFITM endogenously expressing cells that are 

otherwise resistant to viruses with low pH of fusion (67, 314). 

A lack of proof-reading function in influenza virus RNA polymerases results in a high error rate 

of 10-4 to 10-3 errors per nt during transcription (315). This leads to a substitution rate of 1.8 to 8.4x10-3 

substitutions per site per year (316). In the context of strong adaptive immune pressure focused on 

specific regions of the virus targeted by neutralizing antibodies, this leads to selection of genetically 

drifted viruses with mutations that allow evasion of antibody binding and continued virus circulation 

in the human population, so called antigenic drift (Figure 1.8). This results in high sequence and 

antigenic variability in regions of the HA targeted by neutralizing antibodies and, as such, protective 

antibodies against the HA head are effective, but strain-specific. Interestingly, IBVs have a lower 

substitution rate than IAVs (0.14-3.32x10-3 substitutions per site per year), resulting in a slower rate 

of virus evolution (317, 318). Dependent on their impact on the viral fitness and immune evasion, viral 

mutants are naturally selected. Differences in the speed of antigenic drift are however not only found 

between IAV and IBV, but also found within IAV. H3N2 viruses have had a 17-times higher rate of 

antigenic change compared to H1N1 viruses since 2009, which can have also impact on vaccine 

effectiveness (319) (Section 1.6.1.1). The viral HA gene exhibits the highest rate of adaptive evolution 

as it is a major target of the host antibody response to the virus and mutations that enable evasion of 

neutralizing antibodies are positively selected in the presence of this immune pressure (320). In 

particular, 18 codons that are probable to be the key targets of neutralizing antibodies are found to 

be under a positive selective pressure (321). Mutations in other genes like the polymerase are, due to 
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their specific function, less often advantageous. Therefore, these genes are more conserved across 

influenza viruses. This is one of the reasons why evasion of CD8+ T cell immunity is much less likely. 

Additionally to this, HLA-polymorphism means that CD8+ T cell selective pressure is variable between 

individuals, as opposed to selective pressure by B cells (322). However, there have been mutations 

described that impacted upon recognition of virus by CD8+ T cells, either through disrupted HLA 

binding or altered TCR recognition. For example, a substitution of the arginine to glycine (G) at position 

384 in the IAV NP that occurred naturally was shown to abrogate CD8+ T cells responses to the NP383-391 

peptide in HLA-B27:05+ Individuals in vitro (323). The substitution of the Arginine (R) at position 384 is 

interesting as it occurred two times independently but needs an additional compensatory mutation 

at position 375 (324, 325). Although it cannot be proven that escape of CD8+ T cell immunity is 

responsible for the selection of the R384G mutant, it must be positively selected given that it replaced 

rapidly the previously circulating strain (325). In recent strains however, the R384 variant can be found 

co-circulating. Besides mutations in the anchor residues that reduce peptide presentation, mutations 

have also been identified that affect TCR recognition. For the immunodominant NP418-426 epitope 

presented by HLA-B*07/B*35 more than 20 variants have been identified that alter TCR interaction 

and are therefore recognized by different TCRs and might therefore evade pre-existing CD8+ T cell 

immunity (326).  

Figure 1.8 Genetic evolution of influenza viruses. 
Pre-existing antibody immunity induces constant immune pressure on HA to select escape mutants 
that are antigenically different to the progenitor virus. This steady evolution is called antigenic drift. 
Genetic reassortment of animal and human influenza viruses can occur when the two viruses co-infect 
the same cell. The newly generated virus can express the animal influenza virus HA and be therefore 
antigenically highly distinct to the human progenitor virus. This fast change in antigenicity by genetic 
reassortment is called antigenic shift. 
 

IAV are found in a range of animal hosts (Section 1.1). Both IAV and IBV viruses are able to 

reassort their gene segments within, but not in between, their genera when two viruses infect the 

same cell, so called antigenic shift (Figure 1.8) (327). This antigenic shift is majorly concerning for IAVs 

as they are circulating in several different species besides humans (11). As human and avian influenza 
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viruses have been isolated in pigs, they are assumed to be a mixing vessel. Scientists are concerned 

that a new virus containing the internal already adapted human influenza virus genes, but the avian 

surface glycoprotein genes could emerge. Such a virus would escape neutralizing B cell immunity and 

could cause a new pandemic with a highly pathogenic, rapidly spreading influenza virus. Emergence 

of novel pandemic IAVs occurred at least 4 times in modern history beginning 1918 with the Spanish 

Flu (H1N1), 1957 the Chinese Flu (H2N2), 1968 the Hong Kong Flu and 2009 the Swine Flu The 

reassortment of avian IAVs with human or porcine viruses was reported for at least three of the last 

four pandemic outbreaks (328, 329). This was also observed in the most recent pandemic H1N1 virus, 

which reassorted from four different viruses in pigs (330). As the only known reservoir of IBVs are 

humans and seals (331), it possesses little potential for generation of completely novel viruses via 

genetic reassortment and thus has reduced pandemic potential compared to IAV. 

1.6 Treatment and protection of influenza virus infection 

Influenza virus infections pose a high risk of developing into a severe disease in the elderly, pregnant 

women, Indigenous populations, children below the age of 5 and people with underlying chronic 

diseases. Protective strategies against severe influenza disease can be preventative, such as a 

vaccination, or therapeutic, such as the administration of anti-viral medications before or after the 

development of symptoms.  

1.6.1 Influenza vaccination 

1.6.1.1 Currently available vaccine approaches 

In general, there are two different types of influenza vaccines currently available: the inactivated 

influenza vaccine (IIV) and the live attenuated influenza vaccine (LAIV). The IIV contains a 

representative circulating H1N1, H3N2 IAV and either one of the two IBV lineages (trivalent), or one 

of each of the two co-circulating IBV strains (quadrivalent). The IIV can be further divided into split 

vaccines, which contain virus particles disrupted by ether treatment, β-propiolactone inactivated viral 

particles or recombinantly expressed glycoproteins. The LAIV virus contains the internal genes of a 

cold adapted strain, which allows only limited viral replication restricted to the upper respiratory tract. 

The virus is administrated intranasally and infects and replicates in cells in the nasal turbinates but not 

in the lower respiratory tract including the lung (332). Thus, LAIV induces IgA and weak cellular 

immunity in addition to the induction of IgG, which is the major Ig induced by IIV (149, 333). In 

contrast, the current IIV does not contain infectious particles and therefore does not induce CD8+ T 

cell responses (149). Interestingly, in one study IIV could only induce a humoral response in ferrets 

with prior influenza exposure, but not in naïve ferrets (334). There are however studies that showed 
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that IIV can also induce robust antibody responses in naïve ferrets and protect them from developing 

severe symptoms after influenza virus challenge (335). The LAIV on the other hand can induce humoral 

as well as cellular immune responses in naïve ferrets, protecting against a heterologous influenza 

challenge (334). While the LAIV showed studies increased VE compared IIV in several studies in 

children and adolescents, superiority of the LAIV over the IIV is debated in adults (336).Thus LAIV was, 

until 2016, the vaccine of choice for children and adolescents in some countries including the US, 

Canada and the UK (337–339). However, vaccination studies for several years in the US showed a 

lower protection rate of LAIV for the 2009 pH1N1 virus in children compared to IIV, which changed 

the recommendation to IIV (340–342). Such difference in protection could not be detected in the UK, 

raising discussions about the effect of previous vaccinations on antibody response (343).  

In a meta-analysis of 32 studies between 1970-2009, LAIV and IIV vaccine efficacy (VE) for 

antigenically-matched vaccines (the strain in the administered vaccine antigenically matching the 

circulating strain) ranged between 65%-83%, but dropped down to 42-75% in mismatched seasons 

(344). VE differs greatly between vaccine components. While VE of the H1N1 (pre- and post-2009 

pandemic) and IBV are relatively high at 54%-67%, pooled vaccine effectiveness for H3N2 viruses was 

only 33% (345). The reasons for this reduced H3N2 VE appear to be multivariate. Increased antigenic 

drift (Section 1.5) clearly contributes to vaccine mismatches, which reduces overall VE but also 

necessitates more frequent updates of the H3N2 vaccine strains (Table 1.1). Additional factors that 

could contribute to low H3N2 VE include increased HA glycosylation masking antigenic sites and 

egg-adaptations during virus manufacturing (346). Some studies also showed reduced vaccine 

responses observed in the elderly, although these observations do not appear to be cohesive (347). 

These contrary results from different studies can be explained by additional factors that impact on 

vaccine effectiveness and cannot be separated by study designs. For example, can the virus exposure 

history by previous vaccination or infection impact on responses to the vaccine strain? VE depends on 

prior virus exposure, similarity of current vaccine strain to prior exposed strains and antigenic distance 

of vaccine strain to the infecting strain (348). Antibody decay and genetic drift in virus strains 

necessitate continuous surveillance of circulating strains and regular reformulation of vaccine 

components is important to guarantee protective immunity against influenza (349, 350). Influenza 

vaccination, although far from being perfect, is still the best and most cost-effective way to protect 

the population against severe disease (351, 352). However, compared to other vaccines like the yellow 

fever and measles vaccine that have a VE of >95% and induce life-long immunity, the influenza vaccine 

still needs considerable improvements (353, 354). Therefore, global efforts are underway to improve 

influenza VE by modifications of the vaccine formula or rationally developing novel vaccine 

approaches. 
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Table 1.1 Vaccine strains incorporated into the Southern Hemisphere influenza vaccine in the past 
10 years.  

Year H1N1 component H3N2 component B/Yamagata lineage B/Victoria lineage 

2010 A/California/7/2009 A/Perth/16/2009 - B/Brisbane/60/2008 
2011 A/California/7/2009 A/Perth/16/2009 - B/Brisbane/60/2008 
2012 A/California/7/2009 A/Perth/16/2009 - B/Brisbane/60/2008 
2013 A/California/7/2009 A/Victoria/361/2011 B/Wisconsin/1/2010 B/Brisbane/60/2008 
2014 A/California/7/2009 A/Texas/50/2012 B/Massachusetts/2/2012 B/Brisbane/60/2008 
2015 A/California/7/2009 A/Switzerland/97152

93/2013 
B/Phuket/3073/2013 B/Brisbane/60/2008 

2016 A/California/7/2009 A/Hong 
Kong/4801/2014 

B/Phuket/3073/2013 B/Brisbane/60/2008 

2017 A/Michigan/45/2015 A/Hong 
Kong/4801/2014 

B/Phuket/3073/2013 B/Brisbane/60/2008 

2018 A/Michigan/45/2015 A/Singapore/INFIMH-
16-0019/2016 

B/Phuket/3073/2013 B/Brisbane/60/2008 

2019 A/Brisbane/02/2018 A/South 
Australia/34/2019 

B/Phuket/3073/2013 B/Washington/02/201
9-like 

2020 A/Brisbane/02/2018 A/South 
Australia/34/2019 

B/Phuket/3073/2013 B/Washington/02/201
9-like 

Grey boxes indicate IBV strains that were only included in the quadrivalent but not the trivalent 
vaccine. 
 

1.6.1.2 New influenza vaccine strategies  

One way to improve influenza VE is by inducing more robust B cell responses. This can be achieved by 

increasing the glycoprotein content in the vaccine. While standard vaccines contain 15 mg HA per 

viral strain, Fluzone (Sanofi Pasteur), a high-dose vaccine available for elderly (>65 years old), contains 

60 mg, 4-times the typical amount of HA. Vaccination with a high dose vaccine induces significantly 

increased antibody titres for the H3 component, although the frequency of individuals with 

seroprotective titres was comparable to participants vaccinated with the standard regimen (355). If 

the increased antibody titres are sustained for a longer period after vaccination or spike only shortly 

after vaccination is unknown. However, in the 2012-2013 season when H3N2 viruses dominated in 

circulation, influenza mortality was reduced by 36.4% in elderly participants vaccinated with the high 

dose vaccine compared to standard regimen (356). As this vaccine approach requires production of 

much higher virus levels, it might not be feasible for a whole population or for new virus strains. 

Another way to improve B cell responses without requiring more virus is the inclusion of an 

adjuvant such as the oil-in-water emulsion. Inclusion of MF59 increases antigen presentation in the 

LN for improved B cell responses (357, 358). An adjuvanted vaccine is already available for the elderly 

(FluAd, Sequirus) and can reduce influenza-related hospitalisations and laboratory-confirmed 

influenza cases (359). Also, in small children between 6 and 23 months of age who might be influenza 

naïve, an adjuvanted vaccine had significantly increased vaccine effectiveness compared to a standard 

one (150, 360–363). During the 2009 pandemic, usage of an oil-in-water emulsion adjuvanted vaccine 
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(AS03) was associated with narcolepsy in the young. This association was however only found in the 

Pandemrix but not Arepanrix vaccine formulation, which also contained AS03. It is therefore proposed 

that narcolepsy originated rather from a structurally altered NP in Pandemrix than the adjuvant (364, 

365). These side-effects although not necessarily related to the adjuvant nevertheless clearly 

impacted on its reputation in the public. The use of adjuvants is also of high importance for the 

development of pandemic influenza vaccines. During the development of pandemic vaccines, 

capacities are limited and adjuvants can ensure robust immune responses despite usage of smaller 

antigen amounts or fewer vaccine doses (360, 366–368). Additionally, including adjuvants into a 

vaccine can induce cross-specific antibody responses. Vaccination with an adjuvanted vaccine 

containing clade 0 H5N3 and following boost with an adjuvanted clade 1 H5N1 vaccine induced high 

levels of antibodies that were cross-neutralising against clade 0, 1 and 2 H5N1 viruses (369–371). 

A different approach to induce cross-reactive HA antibodies is by directing antibody responses 

towards conserved HA epitopes in the stem. While heterosubtypic protection could be induced by 

vaccination with either group 1 HA stem (H1 and H5) or group 2 HA stem (H3 and H7) in mice, group 

2 stem vaccination failed to induce cross-protective immunity in larger animals such as ferrets (372, 

373). Although the HA stem is relatively conserved new studies also suggest that this conservation is 

due to a lack of targeting antibodies, as culture with stem targeting antibodies induces escape mutants 

that are resistant to stem-specific antibodies (374, 375). Therefore, modifying B cell responses 

towards the HA stem might, in the long term, only lead to the same evasion of neutralising antibodies 

as observed for HA head-specific antibodies. 

An additional way to improve influenza VE, especially against drifted or shifted viruses, is the 

generation of memory CD8+ T cells targeting conserved influenza-derived peptides. Different 

approaches are already in clinical or pre-clinical testing. The simplest method of inducing CD8+ T cells 

is by the injection of peptides or polypeptides. One approach using this method is the Flu-v CD8+ T 

cell-activating vaccine. It contains four 21-35 aa long polypeptides from internal influenza proteins, 

which include multiple epitopes presented by human and murine HLA alleles, including the 

immunodominant HLA-A*02:01/M158-66 epitope. This vaccine was shown to be protective in mice 

without induction of antibodies and also could induce in all participants a more than 2-fold increase 

in Flu-v specific IFN-γ-secretion after peptide restimulation in a human phase Ib vaccine trial (376, 

377). A second study with this vaccine showed no reduction of viral titre or the symptom score after 

H3N2 viral challenge compared to an unvaccinated control group (378). Additionally, these vaccines 

require knowledge of immunogenic epitopes to guarantee their inclusion into the polypeptide. While 

the vaccine covers up to 63% of HLA alleles found in the Caucasian population, only few of the HLA-

alleles, such as HLA-A*11:01 are also found in a high frequency in Indigenous Australians (240, 379). 
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Thus, it is uncertain whether it would be protective in these populations. Furthermore, these CD8+ T 

cell peptide vaccines could be further improved by modifications such as addition of Pam2Cys to the 

peptide, which showed improved capacity to induce memory lung TRM which were rapidly reactivated 

upon viral challenge to protect quickly against pulmonary infection in mice (380). 

Instead of peptide injection, DNA coding for whole proteins can also be applied via various 

routes including intra nasal, intra muscular or cutaneous (381). DNA vaccine plasmids are taken up by 

host cells to produce viral proteins that can be presented to immune cells. Administration of a plasmid 

coding for the Matrix protein or an M2e-HA fusion protein was shown to provide 70 to 100% 

protection against mortality after homologous and heterologous lethal influenza virus challenge (382, 

383). Depletion of CD8+ T cells after vaccination significantly reduced the protective effect of the 

vaccine, indicating the importance of CD8+ T cells in the induction of cross-reactive immunity (383).  

A different approach is vaccination with replication-deficient particles. Baculovirus-derived 

virus like particles (VLPs) containing IAV HA and M1 cannot induce either long-lasting cross-protective 

B cell immunity or CD8+ T cells in vaccinated mice (301, 384). Depletion of CD8+ T cells resulted in, 

similar to the DNA vaccines, a 40% reduction of survival rate after lethal challenge (301). Other vectors 

that have recently gained attention are replication deficient adenovirus-based vaccines. Genes for 

different influenza virus proteins can be inserted into the viral genome to generate immune 

responses. Adenoviruses expressing H5N1 HA were used for immunization in BALB/c mice and could 

induce not only B cell responses, but also increase CD8+ T cell responses up to eight-fold to the HA518 

epitope. Vaccination protected against disease and death after viral challenge with an antigenically 

distant H5N1 viruses (385). Vaccination of mice with a chimp adenovirus expressing an H1N1 NP 

protein elicited strong (3-4% IFN-γ+ after intracellular cytokine staining) NP-specific CD8+ T cells in the 

spleen 30 days following vaccination. However, after challenge survival was only increased towards 

one out of two tested H5N1 virus strains (386). Adenoviruses can also express modified viral proteins. 

Mice vaccinated with an adenovirus expressing the M2e from three divergent IAV strains fused to a 

NP generated strong (30% tetramer positive) NP-specific CD8+ T cell responses and moderate (6-fold 

of background) M2e antibody responses (387). To protect against lethal IAV challenge, both antibodies 

and CD8+ T cells were crucial. Although not approved yet, adenoviral vector vaccines are of high 

interest for vaccine production against newly emerging pandemic viruses as they are relatively easy 

to modify and their production does not rely on chicken eggs. Several phase II and phase III human 

trials with adenoviral vector vaccines against the pandemic SARS-CoV2 are running that already show 

antibody and CD8+ T cell induction in human participants (388, 389). 

An alternative approach to adenovirus-based vaccines was developed by Du et al. using a 

modified influenza virus instead of a replication defective adenovirus, which is infectious but cannot 
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replicate due to a strong IFN induction paired with a high IFN sensitivity. This virus can induce a CD8+ 

T cell response in mice comparable to natural infection, without clinical signs and induces 

cross-protection (390). The advantage of this approach is that a whole virus can be used without 

identifying HLA restricted targets. It is however questionable whether this virus can infect 

immunosuppressed individuals and potentially cause disease or might gain mutations that restore its 

infectivity.  

1.6.2 Anti-viral treatments 

While vaccination is the best way to prevent influenza virus infection, it does not protect when 

infection is already established. This might be the case for individuals who were not vaccinated, 

individuals who are immunocompromised, vaccine failures and when new unpredicted viruses 

emerge. In these cases, antiviral drugs that reduce viral replication and, with this, disease severity and 

transmission, are of high interest for treatment. 

The first influenza-specific antiviral compounds identified were M2 inhibitors such as 

amantadine and rimantadine. They block the IAV proton channel and therefore release of the vRNPs 

and infection of the host cell, but are not effective against IBVs (391, 392). Prophylactic administration 

of amantadine and rimantadin reduced the risk of developing influenza disease by up to 91%. 

However, constant administration of especially amantadine appeared to have central-nervous-system 

side effects (393). Additionally, usage of amantadines also induces rapidly escape mutations in the M2 

and HA proteins that reduce sensitivity and therefore its protective effects (394, 395).  

Another target of antiviral compounds is NA activity. Sialic acid analogues like oseltamivir and 

zanamivir bind to the active centre of the neuraminidase and competitively inhibit its activity to 

prevent replication of IAV and IBVs (396). Treatment with oseltamivir in mice, even when 

administrated late, improved survival from 0% to 75% and reduced the frequency of mice that 

acquired secondary bacterial pneumonia even without administration of antibiotics (397). In humans, 

early administration of oseltamivir within 36 hours after fever during seasonal infection, reduced 

severity of disease by 38%, secondary complications such as bacterial pneumonia by 50% and time to 

alleviation of symptoms by 2 to 3 days (398). Neuraminidase inhibitors are of particular interest to 

treat severe cases observed in high-risk groups or during zoonotic or pandemic virus infections. 

Treatment was shown to be beneficial in children with reduced symptoms, complications and duration 

of illness compared to placebo group (399). In other high-risk populations such as elderly, early 

treatment was also shown to reduce morbidity and induce faster recovery (400). Oseltamivir was also 

shown to reduce H5N1 mortality when applied early, making it of high interest for treatment against 

pandemic viruses (401). However, similar to previously mentioned proton channel blockers, influenza 

viruses can escape its protective effect by mutation. A single point mutation (H1N1 H275Y) is sufficient 
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to reduce susceptibility to oseltamivir. In 2008 up to 68% of H1N1 viruses sequenced in Europe were 

carrying this mutation (402). Oseltamivir resistance is not only observed in seasonal influenza viruses, 

but was also observed in two patients infected with H5N1 after treatment (403). Therefore, it might 

not be the ideal drug for prevention and protection, but might be effective for household prophylaxis 

of risk groups (404). 

Recently, several new drugs have been developed that target the viral polymerase to block 

replication. Favipiravir acts as a pseudo purine nucleic acid and chain terminator of incorporation of 

vRNA (405). It is therefore not specific for influenza viruses and might also be of interest to treat other 

RNA viruses such as SARS-CoV2. In mice, it was shown to cure a lethal infection with HPAI (406). So far 

no escape mutations have been identified in mice, cell culture or human isolates generating a lot of 

interest (405). Goldhill et al., however showed that mutations in the RNA polymerase can confer 

resistance and, if accompanied with compensatory mutations, reduced viral fitness can be 

restored (407).  

Availability of antiviral treatments targeting various steps in replication cycles might be able 

to reduce viral escape mutations as seen for example for HIV-1, where combinational treatment is 

highly efficient (408). In mouse experiments, combinational treatment of mice with favipiravir and 

oseltamivir increased the protective efficiency, even when using doses that showed little to no 

protection in a single treatment (409). Beneficial effects of combinational therapy of oseltamivir and 

favipiravir were also observed in critically ill humans with influenza infection (410). However, studies 

in immunocompromised mice, showed that while combinational therapy could increase survival 

compared to monotherapy, it failed, to protect against the development of neuraminidase inhibitor 

escape mutations and, after termination of treatment, mice succumbed as virus was still able to persist 

and replicate in the lung (411). Additionally, favipiravir was teratogenic in rats and is therefore 

contraindicated in women who are or might be pregnant, one of the groups at high risk of developing 

severe influenza disease (412). 

Additional antivirals targeting influenza virus polymerase are Baloxavir, which targets 

endonuclease activity of the PA, and Pimodivir, which prevents binding to 7-methyl GTP cap by PB2 

subunit (413). Several clinical trials showed that a single dose treatment can reduce viral load and time 

to alleviation of symptoms in both uncomplicated healthy patients and higher-risk patients for IAV 

and IBV. However, after treatment with Baloxavir, emergence of escape mutations were observed 

that have reduced sensitivity (412). 

Antiviral therapies may play an important piece in the puzzle to protect against severe 

influenza disease during pandemics, for individuals that cannot receive a vaccination or when 
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vaccination fails. Emergence of escape mutations and dependence on early therapy onset mean that 

vaccination, if available, is still superior in protective capacity. 

1.7 Indigenous populations and influenza virus infections 

Indigenous Australians are highly susceptible to influenza virus infections. From 2010 to 2013 the 

seasonal influenza related hospitalisation rate for 50-64-year-old Indigenous Australians was shown 

to be 4.3 times higher compared to non-Indigenous Australians. Overall, the hospitalization rate was 

increased for all age groups of Indigenous Australians compared to their non-Indigenous counterparts 

from 2010-2013 (414). Blyth et al. also detected an association of longer ICU admission, although this 

was not significant (415). More striking is the impact of new emerging pandemic influenza virus 

infections on Indigenous Australians. This was highlighted by a 7.9 times higher hospitalization rate 

associated with Indigenous status in Queensland during the swine flu pandemic outbreak (416). The 

relative risk for Indigenous Australians for the incidence of hospitalization, ICU admission or death 

compared to non-Indigenous Australians was 6.6, 6.2, or 5.2 respectively (417). In the Northern 

Territory, the pH1N1 attack rate was 1.85-fold higher in Indigenous compared to non-Indigenous 

Australians, although the pre-pandemic baseline H1N1 antibody immunity did not differ (418). This 

disproportionate impact was not confined to Indigenous populations in Australia. In fact, similar 

phenomena were detected in American Indian/Alaska Natives, native Brazilians, as well as Maori and 

Pacific Islanders (419–422). Not only was this observed during the 2009 pandemic, but also for the 

Spanish Influenza in 1919, where up to 20% of Indigenous Australians compared to <1% on 

non-Indigenous Australians died (423). 

The origin of this disproportionate impact of influenza virus infections on Indigenous 

populations, especially during a pandemic outbreak, is still broadly discussed. Several studies conclude 

that the highest associated factors for more severe influenza disease progression that leads to 

hospitalization and ICU admission were lung and heart diseases as well as diabetes, risk factors that 

are highly elevated in several Indigenous populations (415, 424–427). Obesity, elevated in Indigenous 

Australians also alter immune responses to influenza virus infection as well as vaccination which might 

affect susceptibility (428, 429). While these factors could explain the disproportionate impact of 

influenza virus infections on Indigenous Australians, they fail to explain why this is so prominent in 

pandemic seasons, but not that strong with seasonal influenza infections. Additionally, Verall et al. did 

not detect any comorbidities that could explain the higher hospitalization rate of Maori and Pacific 

Islanders in New Zealand during the 2009 pandemic (421). Another explanation could be an underlying 

genetic susceptibility in Indigenous populations around the globe. In contrast to high expression of 

IFITM3 rs12252 single nt polymorphism (SNP) in Chinese individuals, linked to a higher susceptibility 
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to severe influenza disease, we have already shown that the IFITM3 SNPs is not enriched in the 

Indigenous population from the Northern Territory compared to non-Indigenous Australians (240, 

430). However, there are other genetic differences found in Indigenous populations that might be 

linked to the higher susceptibility. Duvvuri et al. identified conserved peptides across H1N1, H3N2 and 

H7N9 viruses predicted to bind MHC I and MHC II, which could thereby activate T cell immunity in a 

cross-protective manner (431). Interestingly Indigenous populations seem to lack the most potent 

MHC II alleles, which could be responsible for a lack of cross-protection against new emerging 

pandemic viruses. As their study is limited in the number of HLA alleles that were available for 

screening, it does not provide sufficient data for the disproportionate impact of pandemic viruses, but 

it shows that there is some evidence of a potential genetic predisposition relating to peptide 

presentation and T cell activation that could be responsible. More importantly, we have already shown 

that some HLA-alleles (A*02:01, A*03:01, B*08:01, B*18:01, B*57:01) are capable of inducing 

universal cross-protective CD8+ T cell immunity, whereas others (HLA-A*01:01, A*24:02, A*68:01, 

B*15:01) can escape pre-existing CD8+ T cell memory responses. Interestingly, only 16-17% of 

Indigenous Australians and Alaskans express these so-called universal HLA alleles capable of 

presenting highly conserved influenza peptides and protecting against new emerging strains. This 

indicates that a lack of cross-reactive T cells might make Indigenous populations more susceptible to 

new viruses (245). Additionally, we demonstrated that Indigenous Australians expressing the universal 

HLA-A*02:01 allele (~15%) can mount a strong CD8+ T cell response to the immunodominant M158-66 

peptide that was equivalent in magnitude, phenotype, function and TCR repertoire to responses in 

non-Indigenous Australians (240). This indicates that Indigenous Australians can mount robust CD8+ T 

cell responses when immunogenic epitopes are presented but also raises the question whether 

Indigenous-associated HLA alleles such as HLA-A*24:02 can present highly conserved influenza virus 

peptides. Interestingly, Indigenous Australians express a distinct HLA profiles, including HLA alleles 

found rarely in European populations such as HLA-B*13:01 and the HLA-A*24:02 allele (240). HLA-

A*24:02 was reported to have poor capacity for cross-reactive CD8+ T cell immunity to the 2009 

pH1N1, and it was associated with a lower influenza-specific CD8+ T cell response and a higher 

mortality from pH1N1 virus infection (246). This allele is found worldwide but in high frequency in 

other Indigenous populations, such as native Alaskans and Pacific Islanders 

(www.allelefrequencies.net; accessed on the 14.10.2020) that were also highly affected during the 

2009 pandemic (432). Conversely, the A*24:02 allele is also found at high frequency in Taiwanese 

populations, where no association with increased influenza burden was reported (433). For the other 

five of the top seven HLA-alleles, A*11:01, A*34:01, B*13:01, B*15:21, B*56:01 (additionally to 

A*02:01 and A*24:02) found in Indigenous Australians, no influenza peptides are known, except for 
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A*11:01 where 81 IAV epitopes were predicted and screened (www.iedb.org; accessed on the 

14.10.2020). For six out of the seven (excluding A*02:01), no IBV epitopes have been identified. 

Although the reason behind high influenza burden in Indigenous populations remains unclear, and is 

in all likelihood multifactorial, it highlights the need to improve Indigenous health and find a way to 

protect Indigenous Australians and other Indigenous populations from severe influenza infections. 

1.8 Rationale and objectives 

Indigenous Australians are highly susceptible to severe influenza disease after infection. Knowledge 

of adaptive immune responses is essential for the development of next-generation broadly-protective 

influenza vaccines but greatly understudied in this high-risk population. This PhD thesis (i) examines 

CD8+ T cell responses to peptides presented by the mortality-associated HLA-A*24:02 allomorph, (ii) 

identifies novel influenza-specific CD8+ T cell epitopes presented by Indigenous-associated HLAs and 

(iii) defines adaptive immune responses to the current influenza vaccine in Indigenous Australians. 

Knowledge of the aforementioned themes provides guidance on how to protect against developing 

severe influenza virus infection. 

 

Specifically, the objectives of this PhD thesis were: 

1. To identify novel influenza-specific cytotoxic CD8+ T-cell targets for the HLA-A*24:02 allele 

that was linked with higher mortality during the 2009 H1N1 pandemic. 

2. To develop and use a high throughput screening method for identification of immunogenic 

influenza-derived peptides presented by common Indigenous HLAs such as HLA-B*13:01. 

3. To evaluate humoral and cellular immune responses induced by seasonal influenza 

vaccination in Indigenous and non-Indigenous Australians. 
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CHAPTER 2: MATERIAL AND METHODS 

2.1 Materials 

2.1.1 Media and buffers 

Complete Dulbecco’s Modified Eagle’s Medium (DMEM) (cDMEM): DMEM (Gibco, ThermoFisher 

Scientific, Carlsbad, CA, USA) supplemented with 10% heat-inactivated fetal calf serum (FCS) (Gibco), 

100 µM MEM non-essential aa (Gibco), 2 mM L-glutamine (Gibco), 55 µM 2-mercaptoethaol (Gibco), 

1 mM sodium pyruvate (Gibco), 100 U/ml penicillin, 100 µg/ml streptomycin and 5 mM HEPES buffer 

(Gibco). 

Complete Roswell Park Memorial Institute (RPMI) (cRPMI): RPMI-1640 (Gibco) supplemented with 

10% heat-inactivated FCS (Gibco), 100 µM MEM non-essential aa (Gibco), 2 mM L-glutamine (Gibco), 

55 µM 2-mercaptoethaol (Gibco), 1 mM sodium pyruvate (Gibco), 100 U/ml penicillin, 100 µg/ml 

streptomycin and 5 mM HEPES buffer (Gibco). 

2x Digestion mix: 2 mg/ml Collagenase III (Worthington Biochemical Corporation, Lakewood, NJ, USA) 

and 1 mg/ml DNase I (Roche, Basel, Switzerland) mixed in RPMI (Media Preparation Unit (MPU), 

Department of Microbiology and Immunology (DMI), University of Melbourne). 

0.5 M EDTA: 93.05 g of EDTA (Ajax Finchem, Surrey Hills, NSW, Australia) was dissolved in 400 ml of 

MilliQ, adjusted to pH 8.0 with NaOH and then topped up to 500 ml for autoclaving. 

Freezing media: 10% DMSO (Sigma Aldrich, MO, USA) diluted in heat-inactivated FCS (Gibco). 

MACS buffer: 0.5% BSA (Gibco) and 0.2 mM EDTA (Ajax Finchem, NSA, Australia) diluted in phosphate 

buffered saline (PBS) (MPU). 

1% Paraformaldehyde (PFA): 16% PFA (Electron Microscopy Sciences, PA, USA) diluted to 1% 

concentration in MACS buffer. 

OptiMEM (Gibco). 

Red blood cell removal buffer (RBCL): 41.7 g Ammonium Chloride (BDH, laboratory supplies, Poole, 

England), 0.185 g EDTA (Sigma-Aldrich), 5 g Sodium Bicarbonate (Merck) filled up to 5 L with MilliQ 

water. 

50x Tris-acetate-EDTA (TAE) buffer: 57.1 ml of glacial acetic acid (BDH laboratory supplies) (1 M), 

242 g of Tris-base (MP Biomedical, Seven Hills, NSW, Australia) (2 M) and 100 ml of 0.5 M EDTA 

(50 mM) was made up to 1 L in distilled water. The final concentration for running gels (1x TAE) was 

40 mM Tris, 20 mM acetic acid and 1 mM EDTA. 
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2.1.2 Cell lines 

293 T cells 

293T cells (derived from ATCC) are human embryotic kidney cells that were used for transfection and 

subsequent production of retroviral vectors by retroviral transduction as described in Section 2.2.4. 

Cells were passaged in cDMEM at 37℃/5% CO2
 in sterile T75 cell culture flasks. When grown to 

confluent, cells were rigorously washed with media and an appropriate volume transferred into a new 

tissue culture flask for passaging. 

C1R cells 

HLA class I-reduced (C1R) cells are derived from an EBV-transformed human B cell line and were kindly 

provided by Dr Zhenjun Chen (DMI, University of Melbourne). Cells were generated by three rounds 

of γ-irradiation and immunoselection to suppress HLA-I expression (434). C1R cell lines stably 

transfected with the HLA-A*24:02 allele have been kindly provided by Prof Anthony Purcell (Monash 

University) and were cultured in the presence of 300 µg/ml Hygromycin B (Invitrogen) to ensure stable 

expression. C1R cell lines generated with retroviral transduction, as described in Section 2.2.4, are 

listed in Table 2.1.  

Table 2.1 Panel of stably transduced C1R cell lines generated in Chapters 3 and 4. 
Cell line HLA 

C1R-A11:01^ A*11:01 

C1R-A24:06 A*24:06 

C1R-A24:13 A*24:13 

C1R-A34:01^ A*34:01 

C1R-B13:01^ B*13:01 

C1R-B15:21 B*15:21 

C1R-B15:25 B*15:25 

C1R-B40:01 B*40:01 

C1R-B40:02 B*40:02 

C1R-B56:01 B*56:01 

C1R-B56:02 B*56:02 

C1R-B56:56 B*56:56 

^Cell lines abbreviated to C1R-A11, C1R-A34 and C1R-B13 hereafter. 
 

2.1.3 Influenza virus strains 

Influenza viruses were grown in the allantoic cavity of day-10 embryonated chicken eggs or 

propagated in MDCK cells. Virus origin and source of all viruses used are listed in Table 2.2. To 

propagate viruses in MDCK cells, a confluent monolayer of cells was inoculated with 20 µl of virus in 

1 ml of serum-free (SF)-DMEM for 1 hour at 37℃/5% CO2. 10 ml of SF-DMEM with 1.5 µg/ml Trypsin 

Worthington (Worthington Biochemical Corporation) was added and incubated for 72 hrs. Virus was 

harvested and purified by centrifugation of supernatant at 2500g for 10 min. 
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Table 2.2 Influenza viruses used in this PhD thesis. 
Strain Subtype/Lineage Chapter Origin Source 

A/PuertoRico/8/1934 H1N1 3/5 Egg Lab stock*/ WHO CC 
A/Brazil/11/1978 H1N1 5 Egg WHO CC 

A/Fukushima/141/2006 H1N1 5 Egg WHO CC 
A/Brisbane/59/2007 H1N1 5 Egg WHO CC 
A/California/07/2009 pH1N1 5 IZP WHO CC 
A/Michigan/45/2015 pH1N1 5 Egg WHO CC 

A/Hong Kong/1/1968 (X31) H3N2 3 Egg Lab stock* 
A/Port Chalmers/1/1973 H3N2 5 Egg WHO CC 

A/Panama/2007/1999 H3N2 5 Egg WHO CC 
A/Brisbane/10/2007 H3N2 5 Egg WHO CC 

A/Perth/16/2009 H3N2 5 Egg WHO CC 
A/Victoria/361/2011 H3N2 5 Egg WHO CC 

A/Texas/50/2012 H3N2 5 Egg WHO CC 
A/Switzerland/9715293/2013 H3N2 5 Egg WHO CC 

A/Newcastle/22/2014 H3N2 5 MDCK WHO CC 
A/New Caledonia/71/2014 H3N2 5 Egg WHO CC 
A/Hong Kong/4801/2014 H3N2 5 Egg WHO CC 

A/Brisbane/47/2015 H3N2 5 Egg WHO CC 
A/Singapore/INFIMH-16-

0019/2016 
H3N2 

5 
Egg WHO CC 

B/Malaysia/2506/2004 Victoria 3 Egg SR 
B/Brisbane/60/2008 Victoria 5 Egg WHO CC 
B/Brisbane/46/2015 Victoria 5 Egg WHO CC 

B/Massachusetts/02/2012 Yamagata 5 Egg WHO CC 
B/Phuket/3073/2013 Yamagata 3/5 Egg SR/WHO CC 

B/Sydney/7/2014 Yamagata 5 MDCK WHO CC 

*Lab Stock: originally derived from Department of Immunology, St Jude Children’s Hospital, Memphis, 
TN, USA. WHO CC: World Health Organisation (WHO) Collaborating Centre for Reference and Research 
on Influenza, Melbourne. SR: A/Prof Steve Rockman, Seqirus. IZP: influenza zonal pool. 
 

2.1.4 Antibodies 

Monoclonal antibodies used in this study are listed in Table 2.3 and Table 2.4. Antibody dilutions and 

panels are indicated in the Method sections for the individual panels. 

Table 2.3 Anti-mouse antibodies. 
Antigen Clone Fluorochrome Vendor 

CD4 GK1.5 PE-Cy7 Biolegend 
CD8α 53.6.7 PerCP-Cy5.5 BD 
IFN-γ XMG1.2 FITC Pharmingen 
TNF MP6-XT22 APC BD 
IL-2 JES6-5H4 PE Pharmingen 
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Table 2.4 Anti-human antibodies. 
Antigen Clone Fluorochrome Vendor 

CCR6 11A9 BV650 BD Horizon 
CXCR3 1C6 APC BD Pharmingen 
CXCR5 RF8B2 BV421 BD Horizon 

CD3 UCHT1 PECF-594 BD 
CD3 OKT3 BV510 Biolegend 
CD4 RPAT4 APC-H7 BD 
CD8 OKT8 FITC eBioscience 
CD8 RPA-T8 BV510 Biolegend 
CD8 SK1 PerCP-Cy5.5 BD 

CD10 HI10a BV510 Biolegend 
CD14 M5E2 BV510 Biolegend 
CD14 MΦP9 APC-H7 BD Pharmingen 
CD16 3G8 BV510 Biolegend 
CD19 HIB19 BV570 Biolegend 
CD19 J3-119 ECD Beckman 
CD19 SJ25C1 APC-H7 BD Pharmingen 
CD20 2H7 BV711 BD Horizon 
CD21 B-ly4 BUV737 BD 
CD27 O323 AF700 eBioscience 
CD27 O323 BV605 Biolegend 
CD27 L128 BV711 BD Horizon 
CD38 HIT2 BV786 BD Horizon 
CD45 2D1 PerCP-Cy5.5 BD 

CD45RA HI100 FITC BD Pharmingen 
CD45RO UCHL1 APC-H7 eBioscience 

CD69 FN50 BV421 Biolegend 
CD103 Ber-ACT8 FITC BD Biosciences 

CD107a eBioH4A3 AF488 Invitrogen 
ICOS DX29 PE BD Pharmingen 
IFN-γ B27 V450 BD Horizon 
IgD IA6-2 PE0Cy7 BD 
IgG G18-145 BV786 BD 
IgM G20-127 BUV395 BD 

HLA-DR L243 BV605 Biolegend 
LiveDead  NIR ThermoFisher 
LiveDead  Aqua ThermoFisher 
MIP1β D21-1351 APC BD Pharmingen 
PD-1 EH12.1 PE-Cy7 BD Pharmingen 

PanHLA-I  W6/32 PE-Cy7 Biolegend 
TNF Mab11 AF700 BD Pharmingen 

 

2.1.5 Peptides 

Peptides used in Chapters 3 and 4 were synthesised by GenScript (Hong Kong) at a purity of >80% and 

are listed in Table 2.5. Lyophilised peptides were reconstituted in DMSO and stored at -20℃.  

Table 2.5 Peptides screened for CD8+ T cell immunogenicity. 
Peptides Sequence Virus origin HLA-I restriction Chapter 

A/PA47-53 MYSDFHF IAV HLA-A*24:02 3 
A/PA47-60 MYSDFHFINEQGES IAV HLA-A*24:02 3 
A/PA48-53 YSDFHF IAV HLA-A*24:02 3 

A/PA130-138 YYLEKANKI IAV HLA-A*24:02 3 
A/PA457-465 EYIMKGVYI IAV HLA-A*24:02 3 
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Peptides Sequence Virus origin HLA-I restriction Chapter 

A/PA649-658 LYASPQLEGF IAV HLA-A*24:02 3 
A/PB12-10 DVNPTLLFL IAV HLA-A*24:02 3 
A/PB119-26 STTFPYTG IAV HLA-A*24:02 3 

A/PB1216-222 SYLIRAL IAV HLA-A*24:02 3 
A/PB1216-224v1 SYLIRALTL IAV HLA-A*24:02 3 
A/PB1216-224v2 GYLIRALTL IAV HLA-A*24:02 3 
A/PB1430-438v1 RYTKTTYWW IAV HLA-A*24:02 3 
A/PB1430-438v2 KYTKTIYWW IAV HLA-A*24:02 3 
A/PB1430-438v3 KYTKTTYWW IAV HLA-A*24:02 3 
A/PB1482-490v1 SYINRTGTF IAV HLA-A*24:02 3 
A/PB1482-490v2 SYINKTGTF IAV HLA-A*24:02 3 
A/PB1482-492v1 SYINRTGTFEF IAV HLA-A*24:02 3 

PB1482-492v2 SYINKTGTFEF IAV HLA-A*24:02 3 
A/PB1496-505 FYRYGFVANF IAV HLA-A*24:02 3 
A/PB1498-505 RYGFVANF IAV HLA-A*24:02 3 
A/PB1500-505 GFVANF IAV HLA-A*24:02 3 

A/PB1-1746-755 QYKGKLCL IAV HLA-A*24:02 3 
A/PB1+28-16 EWMSIRPYF IAV HLA-A*24:02 3 
A/PB1+324-32 CYKHNFPLY IAV HLA-A*24:02 3 

A/PB1+3682-689 QYGGGYGF IAV HLA-A*24:02 3 
A/PB289-98 VMVSPLAVTW IAV HLA-A*24:02 3 

A/PB2110-119v1 HYPKIYKTYF IAV HLA-A*24:02 3 
PB2110-119v2 HYPKVYKTYF IAV HLA-A*24:02 3 
A/PB2112-119 PKIYKTYF IAV HLA-A*24:02 3 

A/PB2114-122v1 IYKTYFERV IAV HLA-A*24:02 3 
A/PB2114-122v2 VYKTYFEKV IAV HLA-A*24:02 3 
A/PB2114-122v3 IYKTYFEKV IAV HLA-A*24:02 3 
A/PB2114-122v4 VYKTYFDKV IAV HLA-A*24:02 3 
A/PB2117-125v1 TYFERVERL IAV HLA-A*24:02 3 
A/PB2117-125v2 TYFEKVERL IAV HLA-A*24:02 3 
A/PB2117-125v3 TYFDKVERL IAV HLA-A*24:02 3 

A/PB2204-212 AYMLERELV IAV HLA-A*24:02 3 
A/PB2227-234v1 VYIEVLHL IAV HLA-A*24:02 3 
A/PB2227-234v2 IYIEVLHL IAV HLA-A*24:02 3 
A/PB2227-234v3 MYIEVLHL IAV HLA-A*24:02 3 

A/PB2322-330 SFSFGGFTF IAV HLA-A*24:02 3 
A/PB2437-446 HFQKDAKVLF IAV HLA-A*24:02 3 

A/PB2463-471v1 ILPDMTPSI IAV HLA-A*24:02 3 
A/PB2463-471v2 ILPDMTPST IAV HLA-A*24:02 3 
A/PB2463-471v3 VLPDMTPST IAV HLA-A*24:02 3 

A/PB2549-555 TYQWIIR IAV HLA-A*24:02 3 
A/PB2549-557 TYQWIIRNW IAV HLA-A*24:02 3 
A/PB2549-559 TYQWIIRNWET IAV HLA-A*24:02 3 
A/PB2552-559 WIIRNWET IAV HLA-A*24:02 3 

A/PB2591-599v1 QYSGFVRTL IAV HLA-A*24:02 3 
A/PB2591-599v2 RYSGFVRTL IAV HLA-A*24:02 3 
A/PB2591-600v1 QYSGFVRTLF IAV HLA-A*24:02 3 
A/PB2591-600v2 RYSGFVRTLF IAV HLA-A*24:02 3 

A/PB2594-600 GFVRTLF IAV HLA-A*24:02 3 
A/PB2703-710 RYGPALSI IAV HLA-A*24:02 3 

A/HA176-184v1 TYPVLNVTM IAV HLA-A*24:02 3 
A/HA176-184v2 KYPALNVTM IAV HLA-A*24:02 3 
A/HA176-184v3 TYPALNVTV IAV HLA-A*24:02 3 
A/HA176-184v4 KYPVLNVTM IAV HLA-A*24:02 3 

A/HA248-259 IYWTIVKPGDVL IAV HLA-A*24:02 3 
A/HA506-516 VYRDEALNNRF IAV HLA-A*24:02 3 
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A/HA507-516 YRDEALNNRF IAV HLA-A*24:02 3 
A/HA508-516 RDEALNNRF IAV HLA-A*24:02 3 

A/M199-109v1 LYRKLKREITF IAV HLA-A*24:02 3 
A/M199-109v2 LYKKLKREITF IAV HLA-A*24:02 3 
A/M1108-117 TFHGAKEISL IAV HLA-A*24:02 3 
A/M1239-248 AYQKRMGVQM IAV HLA-A*24:02 3 
A/NP39-47 FYIQMCTEL IAV HLA-A*24:02 3 

A/NP138-148 IWHSNLNDATY IAV HLA-A*24:02 3 
A/NP257-265v1 TFLARSALI IAV HLA-A*24:02 3 
A/NP257-265v2 IFLARSALI IAV HLA-A*24:02 3 
A/NP257-265v3 IFSARSALI IAV HLA-A*24:02 3 

A/NP296-304 YSLVGIDPF IAV HLA-A*24:02 3 
A/NP417-425 NLPFDRTTI IAV HLA-A*24:02 3 
A/NP419-429 PFDRTTIMAAF IAV HLA-A*24:02 3 
A/NP456-464 VSFQGRGVF IAV HLA-A*24:02 3 

A/NS298-106v1 TFMQALHLL IAV HLA-A*24:02 3 
A/NS298-106v2 TFMQALQLL IAV HLA-A*24:02 3 

B/PA146-156 MIFSYNQDYSL IBV HLA-A*24:02 3 
B/PA453-461 TVMMKYVLF IBV HLA-A*24:02 3 
B/PA457-465 KYVLFHTSL IBV HLA-A*24:02 3 

B/PB1495-504 FYRDGFVSNF IBV HLA-A*24:02 3 
B/PB1503-511v1 NFAMELPSF IBV HLA-A*24:02 3 
B/PB1503-511v2 NFAMEIPSF IBV HLA-A*24:02 3 

B/PB2103-113 TYGPIGDTEGF IBV HLA-A*24:02 3 
B/PB2245-253 IYHPGGNKL IBV HLA-A*24:02 3 
B/PB2405-413 VFSQDTRMF IBV HLA-A*24:02 3 
B/PB2433-441 MYQLQRYFL IBV HLA-A*24:02 3 

B/PB2439-448v1 YFLNRSNDLF IBV HLA-A*24:02 3 
B/PB2439-448v2 YFLSRSNDLF IBV HLA-A*24:02 3 
B/PB2550-558v1 TYQWVLKNL IBV HLA-A*24:02 3 
B/PB2550-558v2 TYQWVMKNL IBV HLA-A*24:02 3 
B/HA219-228v1 LYGDSKPQKF IBV HLA-A*24:02 3 
B/HA219-228v2 LYGDSNPQKF IBV HLA-A*24:02 3 

B/HA238-246 HYVSQIGGF IBV HLA-A*24:02 3 
B/HA338-346 IWVKTPLKL IBV HLA-A*24:02 3 
B/HA339-346 WVKTPLKL IBV HLA-A*24:02 3 
B/HA370-380 GFLEGGWEGMI IBV HLA-A*24:02 3 
B/HA552-560 YYSTAASSL IBV HLA-A*24:02 3 
B/HA571-579 VYMVSRDNV IBV HLA-A*24:02 3 

B/HA+3276-284 NYLSKRYFI IBV HLA-A*24:02 3 
B/M1131-140v1 MYLNPGNYSM IBV HLA-A*24:02 3 
B/M1131-140v2 MYLNRGNYSM IBV HLA-A*24:02 3 
B/M1131-140v3 MYLNPENYSM IBV HLA-A*24:02 3 

B/NA1-12 MLPSTIQTLTLF IBV HLA-A*24:02 3 
B/NA32-39 LYSDILLK IBV HLA-A*24:02 3 

B/NA32-40v1 LYSDILLKF IBV HLA-A*24:02 3 
B/NA32-40v2 LYSDVLLKF IBV HLA-A*24:02 3 
B/NA209-217 AYTDTYHSY IBV HLA-A*24:02 3 

B/NA213-221v1 TYHSYANNI IBV HLA-A*24:02 3 
B/NA213-221v2 TYHSYAKNI IBV HLA-A*24:02 3 
B/NA213-221v3 TYHSYANKI IBV HLA-A*24:02 3 
B/NA213-221v4 TYHSYAHNI IBV HLA-A*24:02 3 

B/NA402-411 SMEEPGWYSF IBV HLA-A*24:02 3 

B/NA458-466v1 TVTGVNMAL IBV 
HLA-A*24:02 
HLA-B*13:01 

3 
4 

B/NA+3480-489 PFVPILFEQL IBV HLA-A*24:02 3 
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B/NP79-89 VYNMVVKLGEF IBV HLA-A*24:02 3 
B/NP164-173v1 IYFSPIRVTF IBV HLA-A*24:02 3 
B/NP164-173v2 IYFSPIRITF IBV HLA-A*24:02 3 
B/NP165-173v1 YFSPIRVTF IBV HLA-A*24:02 3 
B/NP165-173v2 YFSPIRITF IBV HLA-A*24:02 3 

B/NP181-191 MYKTTMGSDGF IBV HLA-A*24:02 3 
B/NP218-228 VGLDPSLISTF IBV HLA-A*24:02 3 
B/NP338-345 IYAKIPQL IBV HLA-A*24:02 3 
B/NP338-347 IYAKIPQLGF IBV HLA-A*24:02 3 
B/NP392-400 AAYEDLRVL IBV HLA-A*24:02 3 
B/NP399-408 VLSALTGTEF IBV HLA-A*24:02 3 
B/NS178-90 KAIGVKMMKVLLF IBV HLA-A*24:02 3 

B/NS1211-218 AYDQSGRL IBV HLA-A*24:02 3 
B/NS1211-219 AYDQSGRLV IBV HLA-A*24:02 3 
B/NS228-37 VLMKDIQSQF IBV HLA-A*24:02 3 

A/PA22-30v1 KEYGEDLKI IAV HLA-B*13:01 4 
A/PA22-30v2 KEYGEDPKI IAV HLA-B*13:01 4 

A/PA46-54 FMYSDFHFI IAV HLA-B*13:01 4 
A/PA62-72v1 VVELDDPNALL IAV HLA-B*13:01 4 
A/PA62-72v2 IVELDDPNALL IAV HLA-B*13:01 4 
A/PA62-72v3 IVEPEDPNALL IAV HLA-B*13:01 4 
A/PA62-72v4 IVESGDPNALL IAV HLA-B*13:01 4 

A/PA282-290v1 FLLMDALKL IAV HLA-B*13:01 4 
A/PA282-290v2 FLLMDSLKL IAV HLA-B*13:01 4 
A/PA391-400v1 KQYDSDEPEL IAV HLA-B*13:01 4 
A/PA391-400v2 KQYDSEEPEL IAV HLA-B*13:01 4 
A/PA391-400v3 RQYDSDEPEL IAV HLA-B*13:01 4 
A/PA391-400v4 KQYDSDEPEP IAV HLA-B*13:01 4 
A/PA391-400v5 KQYDSDEPKL IAV HLA-B*13:01 4 
A/PA433-441v1 APIEHIASM IAV HLA-B*13:01 4 
A/PA433-441v2 APIEYIASM IAV HLA-B*13:01 4 

A/PA648-658 SLYASPQLEGF IAV HLA-B*13:01 4 
A/PB12-10v1 DVNPTLLFL IAV HLA-B*13:01 4 
A/PB12-10v2 DVNPTLLFI IAV HLA-B*13:01 4 
A/PB114-22 AQNAISTTF IAV HLA-B*13:01 4 
A/PB117-30 AISTTFPYTGDPPY IAV HLA-B*13:01 4 
A/PB122-30 FPYTGDPPY IAV HLA-B*13:01 4 

A/PB147-55v1 HQYSEKGKW IAV HLA-B*13:01 4 
A/PB147-55v2 HQYSERGKW IAV HLA-B*13:01 4 
A/PB147-55v3 HQYSERGRW IAV HLA-B*13:01 4 
A/PB194-102 FLEESHPGI IAV HLA-B*13:01 4 
A/PB1123-131 TQGRQTYDW IAV HLA-B*13:01 4 
A/PB1142-150 ALANTIEVF IAV HLA-B*13:01 4 
A/PB1589-598 LLVSDGGPNL IAV HLA-B*13:01 4 
A/PB1630-639 IQVKEEYLRM IAV HLA-B*13:01 4 
A/PB1670-678 RLWFPEPEL IAV HLA-B*13:01 4 
A/PB1670-679 RLWFPEPELM IAV HLA-B*13:01 4 
A/PB1681-689 IQYGGGYGF IAV HLA-B*13:01 4 

A/PB1727-736v1 RIDFESGRI IAV HLA-B*13:01 4 
A/PB1727-736v2 RVDFESGRI IAV HLA-B*13:01 4 
A/PB1734-743v1 RIKKEEFSEI IAV HLA-B*13:01 4 
A/PB1734-743v2 RIKKEEFTEI IAV HLA-B*13:01 4 
A/PB1734-743v3 RIKKEEFAEI IAV HLA-B*13:01 4 
A/PB1734-745v1 RIKKEEFSEIM IAV HLA-B*13:01 4 
A/PB1734-745v2 RIKKEEFTEIM IAV HLA-B*13:01 4 
A/PB1734-745v3 RIKKEEFAEIM IAV HLA-B*13:01 4 
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A/PB217-28 REILTKTTVDHM IAV HLA-B*13:01 4 
A/PB219-28 ILTKTTVDHM IAV HLA-B*13:01 4 
A/PB220-28 LTKTTVDHM IAV HLA-B*13:01 4 
A/PB221-28 TKTTVDHM IAV HLA-B*13:01 4 

A/PB2355-362v1 RVHEGYEE IAV HLA-B*13:01 4 
A/PB2355-362v2 KVHEGYEE IAV HLA-B*13:01 4 
A/PB2355-362v3 TVHEGYEE IAV HLA-B*13:01 4 
A/PB2355-362v4 NVHEGYEE IAV HLA-B*13:01 4 
A/PB2355-363v1 RVHEGYEEF IAV HLA-B*13:01 4 
A/PB2355-363v2 KVHEGYEEF IAV HLA-B*13:01 4 
A/PB2355-363v3 KVHEGFEEF IAV HLA-B*13:01 4 
A/PB2355-363v4 NVHEGYEEF IAV HLA-B*13:01 4 
APB2355-363v5 TVHEGYEEF IAV HLA-B*13:01 4 
A/PB2385-394 IVSGRDEQSI IAV HLA-B*13:01 4 

A/PB2464-473v1 LPDMTPSTEM IAV HLA-B*13:01 4 
A/PB2464-473v2 LPDMTSSTEM IAV HLA-B*13:01 4 

A/PB2493-501 RVVVSIDRF IAV HLA-B*13:01 4 
A/PB2609-616v1 TFDTAQII IAV HLA-B*13:01 4 
A/PB2609-616v2 TFDTTQII IAV HLA-B*13:01 4 
A/PB2609-616v3 TFDTIQII IAV HLA-B*13:01 4 
A/PB2609-616v4 TFDTVQII IAV HLA-B*13:01 4 

A/PB2630-638 AQLEWSPLF IAV HLA-B*13:01 4 
A/PB2724-732 VLIGQGDVV IAV HLA-B*13:01 4 
A/PB2727-735 GQGDVVLVM IAV HLA-B*13:01 4 
A/HA74-82v1 ILDGENCTL IAV HLA-B*13:01 4 
A/HA74-82v2 ILDGKNCTL IAV HLA-B*13:01 4 
AHA74-82v3 ILDGINCTL IAV HLA-B*13:01 4 
A/HA86-94v1 LLGDPQCDGF IAV HLA-B*13:01 4 
A/HA86-94v2 LLGDPHCDGF IAV HLA-B*13:01 4 

A/HA114-124v1 YPYDVPDYASL IAV HLA-B*13:01 4 
A/HA114-124v2 YPGDFIDYEEL IAV HLA-B*13:01 4 
A/HA184-193v1 MPNNEKFDKL IAV HLA-B*13:01 4 
A/HA184-193v2 MPNNEQFDKL IAV HLA-B*13:01 4 
A/HA184-193v3 MPNNGKFDKL IAV HLA-B*13:01 4 
A/HA409-418v1 HQIEKEFSEV IAV HLA-B*13:01 4 
A/HA409-418v2 QQIEKEFSEV IAV HLA-B*13:01 4 
A/HA409-418v3 TAVGKEFNKL IAV HLA-B*13:01 4 
A/HA409-418v4 TAVGKEFNHL IAV HLA-B*13:01 4 
A/HA428-437v1 YVEDTKIDLW IAV HLA-B*13:01 4 
A/HA428-437v2 KVDDGFIDIW IAV HLA-B*13:01 4 

A/HA452-460 TIDLTDSEM IAV HLA-B*13:01 4 
A/M136-43v1 NTDLEALM IAV HLA-B*13:01 4 
A/M136-43v2 NTDLEALT IAV HLA-B*13:01 4 

A/M1134-144v1 RMGAVTTEVAF IAV HLA-B*13:01 4 
A/M1134-144v2 RMGAVTTEAAF IAV HLA-B*13:01 4 
A/M1134-144v3 RMGAVTTESAF IAV HLA-B*13:01 4 
A/M1134-144v4 RMGTVTTEAAF IAV HLA-B*13:01 4 
A/M1136-144v1 GAVTTEVAF IAV HLA-B*13:01 4 
A/M1136-144v2 GAVTTEAAF IAV HLA-B*13:01 4 
A/M1136-144v3 GAVTTESAF IAV HLA-B*13:01 4 
A/M1136-144v4 GTVTTEAAF IAV HLA-B*13:01 4 
A/M1163-173v1 RQMVATTNPLI IAV HLA-B*13:01 4 
A/M1163-173v2 RQMIATTNPLI IAV HLA-B*13:01 4 
A/M1163-173v3 RQMVTTTNPLI IAV HLA-B*13:01 4 
A/M1163-173v4 RQMVITTNPLI IAV HLA-B*13:01 4 
A/M1163-173v5 RQMATTTNPLI IAV HLA-B*13:01 4 
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A/M1229-240v1 LRDDLLENLQTY IAV HLA-B*13:01 4 
A/M1229-240v2 LKDDLLENLQTY IAV HLA-B*13:01 4 
A/M1229-240v3 LKDDLLENLQAY IAV HLA-B*13:01 4 
A/M1229-240v4 LKNDLLDNLQAY IAV HLA-B*13:01 4 
A/M1229-240v5 LKNDLLENLQAY IAV HLA-B*13:01 4 
A/M1233-242v1 LLENLQAYQK IAV HLA-B*13:01 4 
A/M1233-242v2 LLENLQTYQK IAV HLA-B*13:01 4 
A/M1233-242v3 LLDNLQAYQK IAV HLA-B*13:01 4 
A/NA205-215v1 FIYDGRLVDSI IAV HLA-B*13:01 4 
A/NA205-215v2 FIYNGRLVDSI IAV HLA-B*13:01 4 
A/NA205-215v3 FIYNGRLVDSV IAV HLA-B*13:01 4 
A/NEP19-28v1 MQLGSSSEDL IAV HLA-B*13:01 4 
A/NEP19-28v2 MQLGSSSEGL IAV HLA-B*13:01 4 
A/NEP19-28v3 MQLGSSSGDL IAV HLA-B*13:01 4 
A/NEP20-28v1 QLGSSSEDL IAV HLA-B*13:01 4 
A/NEP20-28v2 QLGSSSEGL IAV HLA-B*13:01 4 
A/NEP20-28v3 QLGSSSGDL IAV HLA-B*13:01 4 
A/NEP30-38v1 GMITQFESL IAV HLA-B*13:01 4 
A/NEP30-38v2 GMITQFKSL IAV HLA-B*13:01 4 

A/NEP30-38 GMVTRFESL IAV HLA-B*13:01 4 
A/NEP70-78v1 GQKFEEIRW IAV HLA-B*13:01 4 
A/NEP70-78v2 GQKFEEVRW IAV HLA-B*13:01 4 
A/NEP89-97v1 TTENSFEQI IAV HLA-B*13:01 4 
A/NEP89-97v2 ITENSFEQI IAV HLA-B*13:01 4 
A/NEP89-97v3 ATENSFEQI IAV HLA-B*13:01 4 

A/NEP104-113v1 QLLFEVEQEI IAV HLA-B*13:01 4 
B/NEP104-113v2 QLLLEVEQEI IAV HLA-B*13:01 4 
A/NEP105-113v1 LLFEVEQEI IAV HLA-B*13:01 4 
A/NEP105-113v2 LLLEVEQEI IAV HLA-B*13:01 4 

A/NP57-66v1 IQNSLTIERM IAV HLA-B*13:01 4 
A/NP57-66v2 IQNSLTIEKM IAV HLA-B*13:01 4 
A/NP57-66v3 IQNSLTVERM IAV HLA-B*13:01 4 
A/NP57-66v4 IQNSITIERM IAV HLA-B*13:01 4 

A/NP363-371v1 VQIASNENM IAV HLA-B*13:01 4 
A/NP363-371v2 VQIASNENV IAV HLA-B*13:01 4 
A/NP363-374v1 VQIASNENMDNM IAV HLA-B*13:01 4 
A/NP363-374v2 VQIASNENMDTM IAV HLA-B*13:01 4 
A/NP363-374v3 VQIASNENMETM IAV HLA-B*13:01 4 
A/NP363-374v4 VQIASNENMDAI IAV HLA-B*13:01 4 
A/NP363-374v5 VQIASNENVETM IAV HLA-B*13:01 4 
A/NP404-412v1 GQISIQPTF IAV HLA-B*13:01 4 
A/NP404-412v2 GQISVQPTF IAV HLA-B*13:01 4 
A/NP404-412v3 GQTSVQPTF IAV HLA-B*13:01 4 
A/NP404-412v4 GQISVQPAF IAV HLA-B*13:01 4 
A/NP404-412v5 GQISTQPTF IAV HLA-B*13:01 4 
A/NP418-426v1 LPFEKSTIM IAV HLA-B*13:01 4 
A/NP418-426v2 LPFEKSTVM IAV HLA-B*13:01 4 
A/NP418-426v3 LPFDKSTIM IAV HLA-B*13:01 4 
A/NP418-426v4 LPFDKSTVM IAV HLA-B*13:01 4 
A/NP418-426v5 LPFDKTTIM IAV HLA-B*13:01 4 
A/NP418-426v6 LPFERATVM IAV HLA-B*13:01 4 
A/NP418-426v7 LPFDKATIM IAV HLA-B*13:01 4 
A/NP418-426v8 LPFDRTTIM IAV HLA-B*13:01 4 

A/NPalt. frame 400-408 VLSTEKSPF IAV HLA-B*13:01 4 
A/NS1-1-8 IMDPNTVSSF IAV HLA-B*13:01 4 

A/NS167-77v1 KILKEESDEAL IAV HLA-B*13:01 4 
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A/NS167-77v1 RILKEESDEAL IAV HLA-B*13:01 4 
A/NS167-77v2 RILKEESDEAF IAV HLA-B*13:01 4 
A/NS167-77v3 WILKEESSETL IAV HLA-B*13:01 4 
A/NS167-77v4 RILKKESDEAF IAV HLA-B*13:01 4 
A/NS167-79v1 KILKEESDEALKM IAV HLA-B*13:01 4 
A/NS167-79v2 RILKEESDEALKM IAV HLA-B*13:01 4 
A/NS167-79v3 RILKEESDEAFKM IAV HLA-B*13:01 4 
A/NS167-79v4 RILKKESDEAFKM IAV HLA-B*13:01 4 
A/NS167-79v5 WILKEESSETLRM IAV HLA-B*13:01 4 
A/NS168-77v1 ILKEESDEAL IAV HLA-B*13:01 4 
A/NS168-77v2 ILKEESDEAF IAV HLA-B*13:01 4 
A/NS168-77v3 ILKEESSETL IAV HLA-B*13:01 4 
A/NS168-77v4 ILKKESDEAF IAV HLA-B*13:01 4 
B/PA21-30v1 MAEFSEDPEL IBV HLA-B*13:01 4 
B/PA21-30v2 MAEFMEDPEL IBV HLA-B*13:01 4 

B/PA46-54 YVISDMNFL IBV HLA-B*13:01 4 
B/PA65-73 EGQGKEQNL IBV HLA-B*13:01 4 

B/PA125-133 KGLADDYFW IBV HLA-B*13:01 4 
B/PA126-133 GLADDYFW IBV HLA-B*13:01 4 
B/PA148-156 FSYNQDYSL IBV HLA-B*13:01 4 
B/PA161-171 SLDEEGKGRVL IBV HLA-B*13:01 4 
B/PA283-291 LLMSDELGL IBV HLA-B*13:01 4 
B/PA464-473 SLLNESNASM IBV HLA-B*13:01 4 

B/PA484-493v1 RVVNETGESF IBV HLA-B*13:01 4 
B/PA484-493v2 RVVNEKGESF IBV HLA-B*13:01 4 
B/PA484-493v3 RVVNEEGESF IBV HLA-B*13:01 4 
B/PA484-495v1 RVVNETGESFDM IBV HLA-B*13:01 4 
B/PA484-495v2 RVVNEKGESFDM IBV HLA-B*13:01 4 
B/PA484-495v3 RVVNEEGESFDM IBV HLA-B*13:01 4 

B/PA586-594 AIVEQESSI IBV HLA-B*13:01 4 
B/PA644-654 YVFGNAQLEGF IBV HLA-B*13:01 4 
B/PB194-102 RMDEEHPGL IBV HLA-B*13:01 4 
B/PB1107-115 SQNAMEALM IBV HLA-B*13:01 4 
B/PB1113-122 ALMVTTVDKL IBV HLA-B*13:01 4 
B/PB1123-131 TQGRQTFDW IBV HLA-B*13:01 4 
B/PB1350-357 RLGKGFMI IBV HLA-B*13:01 4 
B/PB223-32 KQTTVDQYNI IBV HLA-B*13:01 4 
B/PB223-33 KQTTVDQYNII IBV HLA-B*13:01 4 

B/PB2168-176 ILFPKEAGI IBV HLA-B*13:01 4 
B/PB2243-253 RQIYHPGGNKL IBV HLA-B*13:01 4 
B/PB2245-253 IYHPGGNKL IBV HLA-B*13:01 4 
B/PB2273-281 IVASNPLEL IBV HLA-B*13:01 4 
B/PB2346-356 ILIGNGTIQKI IBV HLA-B*13:01 4 
B/PB2357-365 GIWDGEEEF IBV HLA-B*13:01 4 
B/PB2440-448 FLNRSNDLF IBV HLA-B*13:01 4 
B/PB2443-451 RSNDLFDQW IBV HLA-B*13:01 4 

B/PB2460-469v1 SELYGINESM IBV HLA-B*13:01 4 
B/PB2460-469v2 SELHGINESM IBV HLA-B*13:01 4 

B/PB2563-573 AQFLLGKEDMF IBV HLA-B*13:01 4 
B/PB2565-573 FLLGKEDMF IBV HLA-B*13:01 4 
B/PB2565-575 FLLGKEDMFQW IBV HLA-B*13:01 4 
B/PB2746-755 ALSNDISQGI IBV HLA-B*13:01 4 
B/PB2759-767 RMTVESMGW IBV HLA-B*13:01 4 

B/HA4-14 IIVLLMVVTS IBV HLA-B*13:01 4 
B/HA8-18 LMVVTSNADRI IBV HLA-B*13:01 4 

B/HA124-132v1 NLLRGYEHI IBV HLA-B*13:01 4 
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B/HA124-132v2 NLLRGYENI IBV HLA-B*13:01 4 
B/HA124-132v3 NLLRGYERI IBV HLA-B*13:01 4 

B/HA218-228 KLYGDSKPQKF IBV HLA-B*13:01 4 
B/HA246-255v1 FPNQTEDGGL IBV HLA-B*13:01 4 
B/HA246-255v2 FPNQAEDEGL IBV HLA-B*13:01 4 
B/HA301-311v1 SLPLIGEADCL IBV HLA-B*13:01 4 
B/HA301-311v2 SLPLIGERDCL IBV HLA-B*13:01 4 
B/HA301-312v1 SLPLIGEADCLH IBV HLA-B*13:01 4 
B/HA301-312v2 SLPLIGERDCLH IBV HLA-B*13:01 4 

B/HA371-379 FLEGGWEGM IBV HLA-B*13:01 4 
B/HA371-380 FLEGGWEGMI IBV HLA-B*13:01 4 
B/HA427-435 RLSGAMDEL IBV HLA-B*13:01 4 
B/HA445-454 KVDDLRADTI IBV HLA-B*13:01 4 
B/HA476-484 HLLALERKL IBV HLA-B*13:01 4 
B/HA487-495 MLGPSAVEI IBV HLA-B*13:01 4 
B/HA543-551 GLDNHTILL IBV HLA-B*13:01 4 
B/HA556-564 AASSLAVTL IBV HLA-B*13:01 4 

B/M1132-140v1 YLNPGNYSM IBV HLA-B*13:01 4 
B/M1132-140v2 YLNRGNYSM IBV HLA-B*13:01 4 
B/M1132-140v3 YLNPENYSM IBV HLA-B*13:01 4 
B/M1200-209v1 KLAEELQSNI IBV HLA-B*13:01 4 
B/M1200-209v2 RLAEELQNNI IBV HLA-B*13:01 4 

B/M1224-233 GIAKDVMEVL IBV HLA-B*13:01 4 
B/M1234-243 KQSSMGNSAL IBV HLA-B*13:01 4 
B/NA31-41 LLYSDILLKF IBV HLA-B*13:01 4 

B/NA192-201v1 GVDGPDNNAL IBV HLA-B*13:01 4 
B/NA192-201v2 GVDGPDSNAL IBV HLA-B*13:01 4 
B/NA260-270v1 RIIKEIFPTGRI IBV HLA-B*13:01 4 
B/NA260-270v2 RIIKEILPTGRV IBV HLA-B*13:01 4 
B/NA399-408v1 VMVSMEEPGW IBV HLA-B*13:01 4 
B/NA399-408v2 VMVSMKEPGW IBV HLA-B*13:01 4 

B/NA402-411 SMEEPGWYSF IBV HLA-B*13:01 4 
B/NA429-438v1 MVHDGGKETW IBV HLA-B*13:01 4 
B/NA429-438v2 MVHDGGKTTW IBV HLA-B*13:01 4 
B/NA429-438v3 MVHDGGKKTW IBV HLA-B*13:01 4 
B/NA458-466v2 TVTGVNMTL IBV HLA-B*13:01 4 

B/NP85-93 KLGEFYNQM IBV HLA-B*13:01 4 
B/NP108-117v1 IQNAHAVERI IBV HLA-B*13:01 4 
B/NP108-117v2 IQNAYAVERI IBV HLA-B*13:01 4 

B/NP156-166 KMVRDDKTIYF IBV HLA-B*13:01 4 
B/NP219-228 GLDPSLISTF IBV HLA-B*13:01 4 
B/NP352-360 YSMVGYEAM IBV HLA-B*13:01 4 
B/NP399-408 VLSALTGTEF IBV HLA-B*13:01 4 
B/NP433-441 ALMSIKLQF IBV HLA-B*13:01 4 
B/NS11-10 MANNMTTTQI IBV HLA-B*13:01 4 
B/NS119-27 ATINFEAGI IBV HLA-B*13:01 4 
B/NS136-48 WQRALDYPGQDRL IBV HLA-B*13:01 4 
B/NS139-46 ALDYPGQD IBV HLA-B*13:01 4 
B/NS139-48 ALDYPGQDRL IBV HLA-B*13:01 4 
B/NS142-48 YPGQDRL IBV HLA-B*13:01 4 
B/NS188-97 LLFMDPSAGI IBV HLA-B*13:01 4 
B/NS190-100 FMDPSAGIEGF IBV HLA-B*13:01 4 
B/NS1211-218 AYDQSGRL IBV HLA-B*13:01 4 
B/NS1211-219 AYDQSGRLV IBV HLA-B*13:01 4 
B/NS1238-247 RILNSLFERL IBV HLA-B*13:01 4 
B/NS1239-247 ILNSLFERL IBV HLA-B*13:01 4 
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B/NS1260-268 TAVGVLSQF IBV HLA-B*13:01 4 
B/NS1266-274 SQFGQEHRL IBV HLA-B*13:01 4 
B/NS1267-274 QFGQEHRL IBV HLA-B*13:01 4 
B/NS1268-316 FGQEHRL IBV HLA-B*13:01 4 
B/NS228-37 VLMKDIQSQF IBV HLA-B*13:01 4 
B/NS264-72 RLVTEELYL IBV HLA-B*13:01 4 
B/NS264-73 RLVTEELYLL IBV HLA-B*13:01 4 

 

2.1.6 Recombinant Influenza proteins 

Recombinant influenza proteins used in Luminex assays were produced by Sino Biological, Peking, 

China or Immune Technology, New York, USA and are listed in Table 2.6. Proteins were used for 

Chapter 5. 

Table 2.6 Recombinant influenza proteins used for Luminex assays. 
Protein Additional 

protein 
information 

Viral origin Subtype/ 
Lineage 

Manufacturer Cat. No 

HA HA1-subunit; 
His-Tag 

A/Hong Kong/4801/2014 H3N2 Sino Biological 40555-V08H 

NA ΔTM; His-Tag A/Hong Kong/4801/2014 H3N2 Sino Biological 40569-V07H 
HA ΔTM A/Singapore/INFIMH-16-

0019/2016 
H3N2 Immune 

Technology 
IT-003-

00434ΔTMp 
HA ΔTM A/Switzerland/9715293/2

013 
H3N2 Sino Biological 40497-V08B 

HA HAStem A/California/04/2009 H1N1 In house (Dr Adam Wheatley) 
HA ΔTM; His-Tag A/California/04/2009 H1N1 Sino Biological 11055-V08H 
NA ΔTM; His-Tag A/California/04/2009 H1N1 Sino Biological 11058-V08B 
NP Full protein; 

His-Tag 
A/California/04/2009 H1N1 Sino Biological 40205-V08B 

HA ΔTM A/Michigan/45/2015 H1N1 Immune 
Technology 

IT-003-
00105ΔTMp 

HA ΔTM B/Phuket/3073/2013 Yamagata In house (Dr Adam Wheatley) 

 

2.1.7 C1R HLA constructs used for generation of transduced C1R cell lines 

HLA-allele nt sequences were obtained from IPD-IMGT/HLA (www.ebi.ac.uk/ipd/imgt/hla/) and 

commercially synthesised in a pUC57 vector flanked by EcoR I and Xho I restriction enzyme site 

sequences for cloning and a CCG/CGG nt buffer on both ends. Nt sequences for the HLAs used in 

Chapter 4 are listed in Table 2.7. 
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HLA-allele Nt sequence 3’ – 5’ 

A*11:01 CCGGAATTCGCCACCATGGCCGTCATGGCGCCCCGAACCCTCCTCCTGCTACTCTCGGGGGCCCTGGCC
CTGACCCAGACCTGGGCGGGCTCCCACTCCATGAGGTATTTCTACACCTCCGTGTCCCGGCCCGGCCG
CGGGGAGCCCCGCTTCATCGCCGTGGGCTACGTGGACGACACGCAGTTCGTGCGGTTCGACAGCGAC
GCCGCGAGCCAGAGGATGGAGCCGCGGGCGCCGTGGATAGAGCAGGAGGGGCCGGAGTATTGGGA
CCAGGAGACACGGAATGTGAAGGCCCAGTCACAGACTGACCGAGTGGACCTGGGGACCCTGCGCGG
CTACTACAACCAGAGCGAGGACGGTTCTCACACCATCCAGATAATGTATGGCTGCGACGTGGGGCCG
GACGGGCGCTTCCTCCGCGGGTACCGGCAGGACGCCTACGACGGCAAGGATTACATCGCCCTGAACG
AGGACCTGCGCTCTTGGACCGCGGCGGACATGGCAGCTCAGATCACCAAGCGCAAGTGGGAGGCGG
CCCATGCGGCGGAGCAGCAGAGAGCCTACCTGGAGGGCCGGTGCGTGGAGTGGCTCCGCAGATACC
TGGAGAACGGGAAGGAGACGCTGCAGCGCACGGACCCCCCCAAGACACATATGACCCACCACCCCAT
CTCTGACCATGAGGCCACCCTGAGGTGCTGGGCCCTGGGCTTCTACCCTGCGGAGATCACACTGACCT
GGCAGCGGGATGGGGAGGACCAGACCCAGGACACGGAGCTCGTGGAGACCAGGCCTGCAGGGGAT
GGAACCTTCCAGAAGTGGGCGGCTGTGGTGGTGCCTTCTGGAGAGGAGCAGAGATACACCTGCCATG
TGCAGCATGAGGGTCTGCCCAAGCCCCTCACCCTGAGATGGGAGCTGTCTTCCCAGCCCACCATCCCC
ATCGTGGGCATCATTGCTGGCCTGGTTCTCCTTGGAGCTGTGATCACTGGAGCTGTGGTCGCTGCCGT
GATGTGGAGGAGGAAGAGCTCAGATAGAAAAGGAGGGAGTTACACTCAGGCTGCAAGCAGTGACAG
TGCCCAGGGCTCTGATGTGTCTCTCACAGCTTGTAAAGTGTGACTCGAGCGG 

A*24:06 CCGGAATTCGCCACCATGGCCGTCATGGCGCCCCGAACCCTCGTCCTGCTACTCTCGGGGGCCCTGGC
CCTGACCCAGACCTGGGCAGGCTCCCACTCCATGAGGTATTTCTCCACATCCGTGTCCCGGCCCGGCCG
CGGGGAGCCCCGCTTCATCGCCGTGGGCTACGTGGACGACACGCAGTTCGTGCGGTTCGACAGCGAC
GCCGCGAGCCAGAGGATGGAGCCGCGGGCGCCGTGGATAGAGCAGGAGGGGCCGGAGTATTGGGA
CGAGGAGACAGGGAAAGTGAAGGCCCACTCACAGACTGACCGAGAGAACCTGCGGATCGCGCTCCG
CTACTACAACCAGAGCGAGGCCGGTTCTCACACCCTCCAGATGATGTTTGGCTGCGACGTGGGGTCGG
ACGGGCGCTTCCTCCGCGGGTACCACCAGTACGCCTACGACGGCAAGGATTACATCGCCCTGAAAGA
GGACCTGCGCTCTTGGACCGCGGCGGACATGGCGGCTCAGATCACCAAGCGCAAGTGGGAGGCGGC
CCATGTGGCGGAGCAGTGGAGAGCCTACCTGGAGGGCACGTGCGTGGACGGGCTCCGCAGATACCT
GGAGAACGGGAAGGAGACGCTGCAGCGCACGGACCCCCCCAAGACACATATGACCCACCACCCCATC
TCTGACCATGAGGCCACTCTGAGATGCTGGGCCCTGGGCTTCTACCCTGCGGAGATCACACTGACCTG
GCAGCGGGATGGGGAGGACCAGACCCAGGACACGGAGCTTGTGGAGACCAGGCCTGCAGGGGATG
GAACCTTCCAGAAGTGGGCAGCTGTGGTGGTACCTTCTGGAGAGGAGCAGAGATACACCTGCCATGT
GCAGCATGAGGGTCTGCCCAAGCCCCTCACCCTGAGATGGGAGCCATCTTCCCAGCCCACCGTCCCCA
TCGTGGGCATCATTGCTGGCCTGGTTCTCCTTGGAGCTGTGATCACTGGAGCTGTGGTCGCTGCTGTG
ATGTGGAGGAGGAACAGCTCAGATAGAAAAGGAGGGAGCTACTCTCAGGCTGCAAGCAGTGACAGT
GCCCAGGGCTCTGATGTGTCTCTCACAGCTTGTAAAGTGTGACTCGAGCGG 

A*24:13 CCGGAATTCGCCACCATGGCCGTCATGGCGCCCCGAACCCTCGTCCTGCTACTCTCGGGGGCCCTGGC
CCTGACCCAGACCTGGGCAGGCTCCCACTCCATGAGGTATTTCTCCACATCCGTGTCCCGGCCCGGCCG
CGGGGAGCCCCGCTTCATCGCCGTGGGCTACGTGGACGACACGCAGTTCGTGCGGTTCGACAGCGAC
GCCGCGAGCCAGAGGATGGAGCCGCGGGCGCCGTGGATAGAGCAGGAGGGGCCGGAGTATTGGGA
CGAGGAGACAGGGAAAGTGAAGGCCCACTCACAGACTGACCGAGAGAACCTGCGGATCGCGCTCCG
CTACTACAACCAGAGCGAGGCCGGTTCTCACACCCTCCAGATGATGTTTGGCTGCGACGTGGGGTCGG
ACGGGCGCTTCCTCCGCGGGTACCACCAGTACGCCTACGACGGCAAGGATTACATCGCCCTGAAAGA
GGACCTGCGCTCTTGGACCGCGGCGGACATGGCGGCTCAGATCACCAAGCGCAAGTGGGAGGCGGC
CCATGTGGCGGAGCAGTTGAGAGCCTACCTGGAGGGCACGTGCGTGGACGGGCTCCGCAGATACCTG
GAGAACGGGAAGGAGACGCTGCAGCGCACGGACCCCCCCAAGACACATATGACCCACCACCCCATCT
CTGACCATGAGGCCACTCTGAGATGCTGGGCCCTGGGCTTCTACCCTGCGGAGATCACACTGACCTGG
CAGCGGGATGGGGAGGACCAGACCCAGGACACGGAGCTTGTGGAGACCAGGCCTGCAGGGGATGG
AACCTTCCAGAAGTGGGCAGCTGTGGTGGTACCTTCTGGAGAGGAGCAGAGATACACCTGCCATGTG
CAGCATGAGGGTCTGCCCAAGCCCCTCACCCTGAGATGGGAGCCATCTTCCCAGCCCACCGTCCCCATC
GTGGGCATCATTGCTGGCCTGGTTCTCCTTGGAGCTGTGATCACTGGAGCTGTGGTCGCTGCTGTGAT
GTGGAGGAGGAACAGCTCAGATAGAAAAGGAGGGAGCTACTCTCAGGCTGCAAGCAGTGACAGTGC
CCAGGGCTCTGATGTGTCTCTCACAGCTTGTAAAGTGTGACTCGAGCGG 
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A*34:01 CCGGAATTCGCCACCATGGCCATCATGGCGCCCCGAACCCTCGTCCTGCTACTCTCGGGGGCCCTGGC
CCTGACCCAGACCTGGGCGGGCTCCCACTCCATGAGGTATTTCTACACCTCCGTGTCCCGGCCCGGCC
GCGGGGAGCCCCGCTTCATCGCCGTGGGCTACGTGGACGACACGCAGTTCGTGCGGTTCGACAGCGA
CGCCGCGAGCCAGAGGATGGAGCCGCGGGCGCCGTGGATAGAGCAGGAGGGGCCGGAGTATTGGG
ACCGGAACACACGGAAAGTGAAGGCCCAGTCACAGACTGACCGAGTGGACCTGGGGACCCTGCGCG
GCTACTACAACCAGAGCGAGGACGGTTCTCACACCATCCAGAGGATGTATGGCTGCGACGTGGGGCC
GGACGGGCGCTTCCTCCGCGGGTACCAGCAGGACGCTTACGACGGCAAGGATTACATCGCCCTGAAC
GAGGACCTGCGCTCTTGGACCGCGGCGGACATGGCGGCTCAGATCACCCAGCGCAAGTGGGAGACG
GCCCATGAGGCGGAGCAGTGGAGAGCCTACCTGGAGGGCACGTGCGTGGAGTGGCTCCGCAGATAC
CTGGAGAACGGGAAGGAGACGCTGCAGCGCACGGACGCCCCCAAGACACATATGACTCACCACGCTG
TCTCTGACCATGAGGCCACCCTGAGGTGCTGGGCCCTGAGCTTCTACCCTGCGGAGATCACACTGACC
TGGCAGCGGGATGGGGAGGACCAGACCCAGGACACGGAGCTCGTGGAGACCAGGCCTGCAGGGGA
TGGAACCTTCCAGAAGTGGGCGTCTGTGGTGGTGCCTTCTGGACAGGAGCAGAGATACACCTGCCAT
GTGCAGCATGAGGGTCTGCCCAAGCCCCTCACCCTGAGATGGGAGCCGTCTTCCCAGCCCACCATCCC
CATCGTGGGCATCCTTGCTGGCCTGGTTCTCTTTGGAGCTGTGATCGCTGGAGCTGTGGTCGCTGCTGT
GATGTGGAGGAGGAAGAGCTCAGATAGAAAAGGAGGGAGCTACTCTCAGGCTGCAAGCAGTGACAG
TGCCCAGGGCTCTGATATGTCTCTCACAGCTTGTAAAGTGTGACTCGAGCGG 

B*13:01 CCGGAATTCGCCACCATGCGGGTCACGGCGCCCCGAACCCTCCTCCTGCTGCTCTGGGGGGCAGTGGC
CCTGACCGAGACCTGGGCCGGCTCCCACTCCATGAGGTATTTCTACACCGCCATGTCCCGGCCCGGCC
GCGGGGAGCCCCGCTTCATCACCGTGGGCTACGTGGACGACACCCAGTTCGTGAGGTTCGACAGCGA
CGCCACGAGTCCGAGGATGGCGCCCCGGGCGCCATGGATAGAGCAGGAGGGGCCGGAGTATTGGGA
CCGGGAGACACAGATCTCCAAGACCAACACACAGACTTACCGAGAGAACCTGCGCACCGCGCTCCGCT
ACTACAACCAGAGCGAGGCCGGGTCTCACATCATCCAGAGGATGTATGGCTGCGACCTGGGGCCGGA
CGGGCGCCTCCTCCGCGGGCATAACCAGTTAGCCTACGACGGCAAGGATTACATCGCCCTGAACGAG
GACCTGAGCTCCTGGACCGCGGCGGACACCGCGGCTCAGATCACCCAGCTCAAGTGGGAGGCGGCCC
GTGTGGCGGAGCAGCTGAGAGCCTACCTGGAGGGCGAGTGCGTGGAGTGGCTCCGCAGATACCTGG
AGAACGGGAAGGAGACGCTGCAGCGCGCGGACCCCCCAAAGACACACGTGACCCACCACCCCATCTC
TGACCATGAGGCCACCCTGAGGTGCTGGGCCCTGGGCTTCTACCCTGCGGAGATCACACTGACCTGGC
AGCGGGATGGCGAGGACCAAACTCAGGACACTGAGCTTGTGGAGACCAGACCAGCAGGAGATAGAA
CCTTCCAGAAGTGGGCAGCTGTGGTGGTGCCTTCTGGAGAAGAGCAGAGATACACATGCCATGTACA
GCATGAGGGGCTGCCGAAGCCCCTCACCCTGAGATGGGAGCCATCTTCCCAGTCCACCGTCCCCATCG
TGGGCATTGTTGCTGGCCTGGCTGTCCTAGCAGTTGTGGTCATCGGAGCTGTGGTCGCTGCTGTGATG
TGTAGGAGGAAGAGCTCAGGTGGAAAAGGAGGGAGCTACTCTCAGGCTGCGTGCAGCGACAGTGCC
CAGGGCTCTGATGTGTCTCTCACAGCTTGACTCGAGCGG 

B*15:21 CCGGAATTCGCCACCATGCGGGTCACGGCGCCCCGAACCGTCCTCCTGCTGCTCTCGGGAGCCCTGGC
CCTGACCGAGACCTGGGCCGGCTCCCACTCCATGAGGTATTTCTACACCGCCATGTCCCGGCCCGGCC
GCGGGGAGCCCCGCTTCATCGCAGTGGGCTACGTGGACGACACCCAGTTCGTGAGGTTCGACAGCGA
CGCCGCGAGTCCGAGGATGGCGCCCCGGGCGCCATGGATAGAGCAGGAGGGGCCGGAGTATTGGGA
CCGGAACACACAGATCTGCAAGACCAACACACAGACTTACCGAGAGAGCCTGCGGAACCTGCGCGGC
TACTACAACCAGAGCGAGGCCGGGTCTCACATCATCCAGAGGATGTATGGCTGCGACGTGGGGCCGG
ACGGGCGCCTCCTCCGCGGGTATGACCAGTCCGCCTACGACGGCAAGGATTACATCGCCCTGAACGA
GGACCTGAGCTCCTGGACCGCGGCGGACACGGCGGCTCAGATCACCCAGCGCAAGTGGGAGGCGGC
CCGTGAGGCGGAGCAGCTGAGAGCCTACCTGGAGGGCCTGTGCGTGGAGTGGCTCCGCAGATACCT
GGAGAACGGGAAGGAGACGCTGCAGCGCGCGGACCCCCCAAAGACACATGTGACCCACCACCCCATC
TCTGACCATGAGGCCACCCTGAGGTGCTGGGCCCTGGGCTTCTACCCTGCGGAGATCACACTGACCTG
GCAGCGGGATGGCGAGGACCAAACTCAGGACACCGAGCTTGTGGAGACCAGACCAGCAGGAGATAG
AACCTTCCAGAAGTGGGCAGCTGTGGTGGTGCCTTCTGGAGAAGAGCAGAGATACACATGCCATGTA
CAGCATGAGGGGCTGCCGAAGCCCCTCACCCTGAGATGGGAGCCATCTTCCCAGTCCACCATCCCCAT
CGTGGGCATTGTTGCTGGCCTGGCTGTCCTAGCAGTTGTGGTCATCGGAGCTGTGGTCGCTACTGTGA
TGTGTAGGAGGAAGAGCTCAGGTGGAAAAGGAGGGAGCTACTCTCAGGCTGCGTCCAGCGACAGTG
CCCAGGGCTCTGATGTGTCTCTCACAGCTTGACTCGAGCGG 
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HLA-allele Nt sequence 3’ – 5’ 

B*15:25 CCGGAATTCGCCACCATGCGGGTCACGGCGCCCCGAACCGTCCTCCTGCTGCTCTCGGGAGCCCTGGC
CCTGACCGAGACCTGGGCCGGCTCCCACTCCATGAGGTATTTCTACACCGCCATGTCCCGGCCCGGCC
GCGGGGAGCCCCGCTTCATCGCAGTGGGCTACGTGGACGACACCCAGTTCGTGAGGTTCGACAGCGA
CGCCGCGAGTCCGAGGATGGCGCCCCGGGCGCCATGGATAGAGCAGGAGGGGCCGGAGTATTGGGA
CCGGGAGACACAGATCTCCAAGACCAACACACAGACTTACCGAGAGAGCCTGCGGAACCTGCGCGGC
TACTACAACCAGAGCGAGGCCGGGTCTCACATCATCCAGAGGATGTATGGCTGCGACGTGGGGCCGG
ACGGGCGCCTCCTCCGCGGGTATGACCAGTCCGCCTACGACGGCAAGGATTACATCGCCCTGAACGA
GGACCTGAGCTCCTGGACCGCGGCGGACACGGCGGCTCAGATCACCCAGCGCAAGTGGGAGGCGGC
CCGTGAGGCGGAGCAGCTGAGAGCCTACCTGGAGGGCCTGTGCGTGGAGTGGCTCCGCAGATACCT
GGAGAACGGGAAGGAGACGCTGCAGCGCGCGGACCCCCCAAAGACACATGTGACCCACCACCCCATC
TCTGACCATGAGGCCACCCTGAGGTGCTGGGCCCTGGGCTTCTACCCTGCGGAGATCACACTGACCTG
GCAGCGGGATGGCGAGGACCAAACTCAGGACACCGAGCTTGTGGAGACCAGACCAGCAGGAGATAG
AACCTTCCAGAAGTGGGCAGCTGTGGTGGTGCCTTCTGGAGAAGAGCAGAGATACACATGCCATGTA
CAGCATGAGGGGCTGCCGAAGCCCCTCACCCTGAGATGGGAGCCATCTTCCCAGTCCACCATCCCCAT
CGTGGGCATTGTTGCTGGCCTGGCTGTCCTAGCAGTTGTGGTCATCGGAGCTGTGGTCGCTACTGTGA
TGTGTAGGAGGAAGAGCTCAGGTGGAAAAGGAGGGAGCTACTCTCAGGCTGCGTCCAGCGACAGTG
CCCAGGGCTCTGATGTGTCTCTCACAGCTTGACTCGAGCGG 

B*40:01 CCGGAATTCGCCACCATGCGGGTCACGGCACCCCGAACCGTCCTCCTGCTGCTCTCGGCGGCCCTGGC
CCTGACCGAGACCTGGGCGGGCTCCCACTCCATGAGGTATTTCCACACCGCCATGTCCCGGCCCGGCC
GCGGGGAGCCCCGCTTCATCACCGTGGGCTACGTGGACGACACGCTGTTCGTGAGGTTCGACAGCGA
CGCCACGAGTCCGAGGAAGGAGCCGCGGGCGCCATGGATAGAGCAGGAGGGGCCGGAGTATTGGG
ACCGGGAGACACAGATCTCCAAGACCAACACACAGACTTACCGAGAGAGCCTGCGGAACCTGCGCGG
CTACTACAACCAGAGCGAGGCCGGGTCTCACACCCTCCAGAGGATGTACGGCTGCGACGTGGGGCCG
GACGGGCGCCTCCTCCGCGGGCATAACCAGTACGCCTACGACGGCAAGGATTACATCGCCCTGAACG
AGGACCTGCGCTCCTGGACCGCCGCGGACACGGCGGCTCAGATCTCCCAGCGCAAGTTGGAGGCGGC
CCGTGTGGCGGAGCAGCTGAGAGCCTACCTGGAGGGCGAGTGCGTGGAGTGGCTCCGCAGATACCT
GGAGAACGGGAAGGACAAGCTGGAGCGCGCTGACCCCCCAAAGACACACGTGACCCACCACCCCATC
TCTGACCATGAGGCCACCCTGAGGTGCTGGGCCCTGGGTTTCTACCCTGCGGAGATCACACTGACCTG
GCAGCGGGATGGCGAGGACCAAACTCAGGACACTGAGCTTGTGGAGACCAGACCAGCAGGAGATAG
AACCTTCCAGAAGTGGGCAGCTGTGGTGGTGCCTTCTGGAGAAGAGCAGAGATACACATGCCATGTA
CAGCATGAGGGGCTGCCGAAGCCCCTCACCCTGAGATGGGAGCCGTCTTCCCAGTCCACCGTCCCCAT
CGTGGGCATTGTTGCTGGCCTGGCTGTCCTAGCAGTTGTGGTCATCGGAGCTGTGGTCGCTGCTGTGA
TGTGTAGGAGGAAGAGTTCAGGTGGAAAAGGAGGGAGCTACTCTCAGGCTGCGTGCAGCGACAGTG
CCCAGGGCTCTGATGTGTCTCTCACAGCTTGACTCGAGCGG 

B*40:02 CCGGAATTCGCCACCATGCGGGTCACGGCGCCCCGAACCCTCCTCCTGCTGCTCTGGGGGGCAGTGGC
CCTGACCGAGACCTGGGCTGGCTCCCACTCCATGAGGTATTTCCACACCTCCGTGTCCCGGCCCGGCC
GCGGGGAGCCCCGCTTCATCACCGTGGGCTACGTGGACGACACGCTGTTCGTGAGGTTCGACAGCGA
CGCCACGAGTCCGAGGAAGGAGCCGCGGGCGCCATGGATAGAGCAGGAGGGGCCGGAGTATTGGG
ACCGGGAGACACAGATCTCCAAGACCAACACACAGACTTACCGAGAGAGCCTGCGGAACCTGCGCGG
CTACTACAACCAGAGCGAGGCCGGGTCTCACACCCTCCAGAGCATGTACGGCTGCGACGTGGGGCCG
GACGGGCGCCTCCTCCGCGGGCATAACCAGTACGCCTACGACGGCAAGGATTACATCGCCCTGAACG
AGGACCTGCGCTCCTGGACCGCCGCGGACACGGCGGCTCAGATCACCCAGCGCAAGTGGGAGGCGG
CCCGTGTGGCGGAGCAGCTGAGAGCCTACCTGGAGGGCGAGTGCGTGGAGTGGCTCCGCAGATACC
TGGAGAACGGGAAGGAGACGCTGCAGCGCGCGGACCCCCCAAAGACACACGTGACCCACCACCCCAT
CTCTGACCATGAGGCCACCCTGAGGTGCTGGGCCCTGGGCTTCTACCCTGCGGAGATCACACTGACCT
GGCAGCGGGATGGCGAGGACCAAACTCAGGACACTGAGCTTGTGGAGACCAGACCAGCAGGAGATA
GAACCTTCCAGAAGTGGGCAGCTGTGGTGGTGCCTTCTGGAGAAGAGCAGAGATACACATGCCATGT
ACAGCATGAGGGGCTGCCGAAGCCCCTCACCCTGAGATGGGAGCCGTCTTCCCAGTCCACCGTCCCCA
TCGTGGGCATTGTTGCTGGCCTGGCTGTCCTAGCAGTTGTGGTCATCGGAGCTGTGGTCGCTGCTGTG
ATGTGTAGGAGGAAGAGCTCAGGTGGAAAAGGAGGGAGCTACTCTCAGGCTGCGTGCAGCGACAGT
GCCCAGGGCTCTGATGTGTCTCTCACAGCTTGACTCGAGCGG 
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HLA-allele Nt sequence 3’ – 5’ 

B*56:01 CCGGAATTCGCCACCATGCGGGTCACGGCACCCCGAACCCTCCTCCTGCTGCTCTGGGGGGCCCTGGC
CCTGACCGAGACCTGGGCCGGCTCCCACTCCATGAGGTATTTCTACACCGCCATGTCCCGGCCCGGCC
GCGGGGAGCCCCGCTTCATCGCAGTGGGCTACGTGGACGACACGCAGTTCGTGAGGTTCGACAGCGA
CGCCGCGAGTCCGAGAGAGGAGCCGCGGGCGCCGTGGATAGAGCAGGAGGGGCCGGAGTATTGGG
ACCGGAACACACAGATCTACAAGGCCCAGGCACAGACTGACCGAGAGAGCCTGCGGAACCTGCGCG
GCTACTACAACCAGAGCGAGGCCGGGTCTCACACTTGGCAGACGATGTATGGCTGCGACCTGGGGCC
GGACGGGCGCCTCCTCCGCGGGCATAACCAGTTAGCCTACGACGGCAAGGATTACATCGCCCTGAAC
GAGGACCTGAGCTCCTGGACCGCGGCGGACACCGCGGCTCAGATCACCCAGCGCAAGTGGGAGGCG
GCCCGTGTGGCGGAGCAGCTGAGAGCCTACCTGGAGGGCCTGTGCGTGGAGTGGCTCCGCAGATACC
TGGAGAACGGGAAGGAGACGCTGCAGCGCGCGGACCCCCCAAAGACACACGTGACCCACCACCCCAT
CTCTGACCATGAGGCCACCCTGAGGTGCTGGGCCCTGGGCTTCTACCCTGCGGAGATCACACTGACCT
GGCAGCGGGATGGCGAGGACCAAACTCAGGACACTGAGCTTGTGGAGACCAGACCAGCAGGAGATA
GAACCTTCCAGAAGTGGGCAGCTGTGGTGGTGCCTTCTGGAGAAGAGCAGAGATACACATGCCATGT
ACAGCATGAGGGGCTGCCGAAGCCCCTCACCCTGAGATGGGAGCCATCTTCCCAGTCCACCATCCCCA
TCGTGGGCATTGTTGCTGGCCTGGCTGTCCTAGCAGTTGTGGTCATCGGAGCTGTGGTCGCTACTGTG
ATGTGTAGGAGGAAGAGCTCAGGTGGAAAAGGAGGGAGCTACTCTCAGGCTGCGTCCAGCGACAGT
GCCCAGGGCTCTGATGTGTCTCTCACAGCTTGACTCGAGCGG 

B*56:02 CCGGAATTCGCCACCATGCGGGTCACGGCACCCCGAACCCTCCTCCTGCTGCTCTGGGGGGCCCTGGC
CCTGACCGAGACCTGGGCCGGCTCCCACTCCATGAGGTATTTCTACACCGCCATGTCCCGGCCCGGCC
GCGGGGAGCCCCGCTTCATCGCAGTGGGCTACGTGGACGACACGCAGTTCGTGAGGTTCGACAGCGA
CGCCGCGAGTCCGAGAGAGGAGCCGCGGGCGCCGTGGATAGAGCAGGAGGGGCCGGAGTATTGGG
ACCGGAACACACAGATCTACAAGGCCCAGGCACAGACTGACCGAGAGAGCCTGCGGAACCTGCGCG
GCTACTACAACCAGAGCGAGGCCGGGTCTCACACCCTCCAGAGGATGTACGGCTGCGACCTGGGGCC
GGACGGGCGCCTCCTCCGCGGGCATAACCAGTTAGCCTACGACGGCAAGGATTACATCGCCCTGAAC
GAGGACCTGAGCTCCTGGACCGCGGCGGACACCGCGGCTCAGATCACCCAGCGCAAGTGGGAGGCG
GCCCGTGTGGCGGAGCAGCTGAGAGCCTACCTGGAGGGCCTGTGCGTGGAGTGGCTCCGCAGATACC
TGGAGAACGGGAAGGAGACGCTGCAGCGCGCGGACCCCCCAAAGACACACGTGACCCACCACCCCAT
CTCTGACCATGAGGCCACCCTGAGGTGCTGGGCCCTGGGCTTCTACCCTGCGGAGATCACACTGACCT
GGCAGCGGGATGGCGAGGACCAAACTCAGGACACTGAGCTTGTGGAGACCAGACCAGCAGGAGATA
GAACCTTCCAGAAGTGGGCAGCTGTGGTGGTGCCTTCTGGAGAAGAGCAGAGATACACATGCCATGT
ACAGCATGAGGGGCTGCCGAAGCCCCTCACCCTGAGATGGGAGCCATCTTCCCAGTCCACCATCCCCA
TCGTGGGCATTGTTGCTGGCCTGGCTGTCCTAGCAGTTGTGGTCATCGGAGCTGTGGTCGCTACTGTG
ATGTGTAGGAGGAAGAGCTCAGGTGGAAAAGGAGGGAGCTACTCTCAGGCTGCGTCCAGCGACAGT
GCCCAGGGCTCTGATGTGTCTCTCACAGCTTGACTCGAGCGG 

B*56:56 CCGGAATTCGCCACCATGCGGGTCACGGCACCCCGAACCCTCCTCCTGCTGCTCTGGGGGGCCCTGGC
CCTGACCGAGACCTGGGCCGGCTCCCACTCCATGAGGTATTTCTACACCGCCATGTCCCGGCCCGGCC
GCGGGGAGCCCCGCTTCATCGCAGTGGGCTACGTGGACGACACGCAGTTCGTGAGGTTCGACAGCGA
CGCCGCGAGTCCGAGAGAGGAGCCGCGGGCGCCGTGGATAGAGCAGGAGGGGCCGGAGTATTGGG
ACCGGAACACACAGATCTACAAGGCCCAGGCACAGACTGACGGAGAGAGCCTGCGGAACCTGCGCG
GCTACTACAACCAGAGCGAGGCCGGGTCTCACACCCTCCAGAGGATGTACGGCTGCGACCTGGGGCC
GGACGGGCGCCTCCTCCGCGGGCATAACCAGTTAGCCTACGACGGCAAGGATTACATCGCCCTGAAC
GAGGACCTGAGCTCCTGGACCGCGGCGGACACCGCGGCTCAGATCACCCAGCGCAAGTGGGAGGCG
GCCCGTGTGGCGGAGCAGCTGAGAGCCTACCTGGAGGGCCTGTGCGTGGAGTGGCTCCGCAGATACC
TGGAGAACGGGAAGGAGACGCTGCAGCGCGCGGACCCCCCAAAGACACACGTGACCCACCACCCCAT
CTCTGACCATGAGGCCACCCTGAGGTGCTGGGCCCTGGGCTTCTACCCTGCGGAGATCACACTGACCT
GGCAGCGGGATGGCGAGGACCAAACTCAGGACACTGAGCTTGTGGAGACCAGACCAGCAGGAGATA
GAACCTTCCAGAAGTGGGCAGCTGTGGTGGTGCCTTCTGGAGAAGAGCAGAGATACACATGCCATGT
ACAGCATGAGGGGCTGCCGAAGCCCCTCACCCTGAGATGGGAGCCATCTTCCCAGTCCACCATCCCCA
TCGTGGGCATTGTTGCTGGCCTGGCTGTCCTAGCAGTTGTGGTCATCGGAGCTGTGGTCGCTACTGTG
ATGTGTAGGAGGAAGAGCTCAGGTGGAAAAGGAGGGAGCTACTCTCAGGCTGCGTCCAGCGACAGT
GCCCAGGGCTCTGATGTGTCTCTCACAGCTTGACTCGAGCGG 

GAATTC EcoR I; GCCACC Kozak; CTCGAG Xho I 
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2.1.8 Vector primers 

To sequence HLA DNA inserts in Chapter 4, laboratory stocks of vector primers listed in Table 2.8 were 

used.  

Table 2.8 Primer sequences used for sequencing of HLA DNA inserts (5’ to 3’). 
Primer Sequence 

MSCV for ACACCCTAAGCCTCCGCCTCC 
IRES rev AACGCACACCGGCCTTATTCC 

 

2.1.9 Plasmids used for retroviral transduction 

pMIG II, pVSVG and pPAM-E plasmids were used for retroviral transduction of parental C1R cell lines 

and were kindly provided by Drs Lars Kjer-Nielson and Zhenjun Chen (DMI, University of Melbourne). 

2.1.10 Recombinant HA probes 

Recombinant HA probes used to detect influenza-specific B cells in Chapter 5 were kindly provided by 

Dr Adam Wheatly and Prof Stephen Kent (DMI, University of Melbourne). Probes were validated 

previously in our Laboratory (149) and conjugated to the fluorochrome listed in Table 2.9. 

Table 2.9 Recombinant HA probes used in Chapter 5. 
HA virus origin Subtype/Lineage Fluorochrome 

A/Switzerland/9715293/2013 H3N2 PE 
A/Michigan/45/2015 H1N1 APC 
B/Phuket/3073/2013 Yamagata BV421 
B/Brisbane/60/2008 Victoria BV421 

 

2.1.11 Peptide/MHC-monomers 

Biotinylated peptide loaded MHC monomers were generated by A/Prof Stephanie Gras (Monash 

University, Vic, Australia) and are listed in Table 2.10. Monomers were stored at -80℃ until further 

use. For tetramerization, fluorochrome-conjugated streptavidin (SA-PE, SA-APC, BD Biosciences; 

SA-BV421, Biolegend) was added ten times to monomer (1 mg/ml) at 10 min intervals in the dark for 

a final 8:1 monomer:streptavidin molar ratio. 

Table 2.10 pMHC monomers. 
Monomer Peptide Virus origin HLA-restriction Chapter 

A24/PB1498 PB1498-505 IAV A*24:02 3 
A24/NP165 NP165-173v1 IBV A*24:02 3 
A24/NA32 NA32-40v1 IBV A*24:02 3 

B13/NP404 V5 NP404-412v2 IAV B*13:01 4 
B13/NP404 T5 NP404-412v5 IAV B*13:01 4 
B13/NP404 A8 NP404-412v4 IAV B*13:01 4 

B13/HA427 HA427-435 IBV B*13:01 4 
B13/HA371 HA371-379 IBV B*13:01 4 
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2.1.12 TCRαβ sequencing primers 

Primers used to amplify paired TCRα and TCRβ gene products were synthesised by Bioneer Pacific 

(Kew East, VIC, Australia) and were previously published (435) with minor modifications (Table 2.11 

and Table 2.12). Desalted primers were reconstituted in HPLC water (Sigma-Aldrich) with a stock 

concentration of 300 pmol and stored at -20℃ until further use. 

Table 2.11 Nucleotide sequences of TCRα primers (5’ to 3’) used in Chapter 4. 
Gene Segment External Internal 

TRAV1 AACTGCACGTACCAGACATC GCACCCACATTTCTKTCTTAC 
TRAV2 GATGTGCACCAAGACTCC CACTCTGTGTCCAATGCTTAC 
TRAV3 AAGATCAGGTCAACGTTGC ATGCACCTATTCAGTCTCTGG 
TRAV4 CTCCATGGACTCATATGAAGG ATTATATCACGTGGTACCAACAG 
TRAV5 CTTTTCCTGAGTGTCCGAG TACACAGACAGCTCCTCCAC 
TRAV6 CACCCTGACCTGCAACTATAC TGGTACCGACAAGATCCAG 
TRAV7 GCAAAATACAGGGATGGG TATGAGAAGCAGAAAGGAAGAC 

TRAV8-1 CTCACTGGAGTTGGGATG GTCAACACCTTCAGCTTCTC 
TRAV8-3 CACTGTCTCTGAAGGAGCC TTTGAGGCTGAATTTAAGAGG 

TRAV8-2,4 GCCACCCTGGTTAAAGG AGAGTGAAACCTCCTTCCAC 
TRAV8-6 GAGCTGAGGTGCAACTACTC AACCAAGGACTCCAGCTTC 
TRAV8-7 CTAACAGAGGCCACCCAG ATCAGAGGTTTTGAGGCTG 

TRAV9-1_2 TGGTATGTCCAATATCCTGG GAAACCACTTCTTTCCACTTG 
TRAV10 CAAGTGGAGCAGAGTCCTC GAAAGAACTGCACTCTTCAATG 

TRAV12-1_3 CARTGTTCCAGAGGGAGC AAGATGGAAGGTTTACAGCAC 
TRAV13-1 CATCCTTCAACCCTGAGTG TCAGACAGTGCCTCAAACTAC 
TRAV13-2 CAGCGCCTCAGACTACTTC CAGTGAAACATCTCTCTCTGC 
TRAV14 AAGATAACTCAAACCCAACCAG AGGCTGTGACTCTGGACTG 
TRAV16 AGTGGAGCTGAAGTGCAAC GTCCAGTACTCCAGACAACG 
TRAV17 GGAGAAGAGGATCCTCAGG CCACCATGAACTGCAGTTAC 
TRAV18 TCCAGTATCTAAACAAAGAGCC TGACAGTTCCTTCCACCTG 
TRAV19 AGGTAACTCAAGCGCAGAC TGTGACCTTGGACTGTGTG 
TRAV20 CACAGTCAGCGGTTTAAGAG TCTGGTATAGGCAAGATCCTG 
TRAV21 TTCCTGCAGCTCTGAGTG AACTTGGTTCTCAACTGCAG 
TRAV22 GTCCTCCAGACCTGATTCTC CTGACTCTGTGAACAATTTGC 
TRAV23 TGCTTATGAGAACACTGCG TGCATTATTGATAGCCATACG 
TRAV24 CTCAGTCACTGCATGTTCAG TGCCTTACACTGGTACAGATG 
TRAV25 GGACTTCACCACGTACTGC TATAAGCAAAGGCCTGGTG 

TRAV26-1 GCAAACCTGCCTTGTAATC CGACAGATTCACTCCCAG 
TRAV26-2 AGCCAAATTCAATGGAGAG TTCACTTGCCTTGTAACCAC 
TRAV27 TCAGTTTCTAAGCATCCAAGAG CTCACTGTGTACTGCAACTCC 
TRAV29 GCAAGTTAAGCAAAATTCACC CTGCTGAAGGTCCTACATTC 
TRAV30 CAACAACCAGTGCAGAGTC AGAAGCATGGTGAAGCAC 
TRAV34 AGAACTGGAGCAGAGTCCTC ATCTCACCATAAACTGCACG 
TRAV35 GGTCAACAGCTGAATCAGAG ACCTGGCTATGGTACAAGC 
TRAV36 GAAGACAAGGTGGTACAAAGC ATCTCTGGTTGTCCACGAG 
TRAV38 GCACATATGACACCAGTGAG CAGCAGGCAGATGATTCTC 
TRAV39 CTGTTCCTGAGCATGCAG TCAACCACTTCAGACAGACTG 
TRAV40 GCATCTGTGACTATGAACTGC GGAGGCGGAAATATTAAAGAC 
TRAV41 

 
AATGAAGTGGAGCAGAGTCC AATGAAGTGGAGCAGAGTCC 

TRAC GACCAGCTTGACATCACAG TGTTGCTCTTGAAGTCCATAG 
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Table 2.12 Nucleotide sequences of TCRβ primers (5’ to 3’) used in Chapter 4. 
Gene Segment External Internal 

TRBV2  TCGATGATCAATTCTCAGTTG TTCACTCTGAAGATCCGGTC 
TRBV3  CAAAATACCTGGTCACACAG AATCTTCACATCAATTCCCTG 
TRBV4  TCGCTTCTCACCTGAATG CCTGCAGCCAGAAGACTC 

TRBV5-1_4  GATTCTCAGGKCKCCAGTTC CTTGGAGCTGGRSGACTC 
TRBV5-5_8  GTACCAACAGGYCCTGGGT TCTGAGCTGAATGTGAACG 

TRBV6-1_3,5_9  ACTCAGACCCCAAAATTCC GTGTRCCCAGGATATGAACC 
TRBV6-4  ACTGGCAAAGGAGAAGTCC TGGTTATAGTGTCTCCAGAGC 

TRBV7-1_3  TRTGATCCAATTTCAGGTCA TCYACTCTGAMGWTCCAGCG 
TRBV7-4_9  CGSWTCTYTGCAGARAGGC TGRMGATYCAGCGCACA 

TRBV9  GATCACAGCAACTGGACAG GTACCAACAGAGCCTGGAC 
TRBV10-1  CAGAGCCCAAGACACAAG TGGTATCGACAAGACCTGG 
TRBV10-2  ACCTTGATGTGTCACCAGAC GGAACACCAGTGACTCTGAG 
TRBV11  CGATTTTCTGCAGAGACGC GACTCCACTCTCAAGATCCA 
TRBV12  ARGTGACAGARATGGGACAA CYACTCTGARGATCCAGCC 
TRBV13  AGCGATAAAGGAAGCATCC CATTCTGAACTGAACATGAGC 
TRBV14  CCAACAATCGATTCTTAGCTG ATTCTACTCTGAAGGTGCAGC 
TRBV15  AGTGACCCTGAGTTGTTCTC ATAACTTCCAATCCAGGAGG 
TRBV16  GTCTTTGATGAAACAGGTATGC CTGTAGCCTTGAGATCCAGG 
TRBV17  CAGACCCCCAGACACAAG TGTTCACTGGTACCGACAG 
TRBV18  CATAGATGAGTCAGGAATGCC CGATTTTCTGCTGAATTTCC 
TRBV19  AGTTGTGAACAGAATTTGAACC TTCCTCTCACTGTGACATCG 
TRBV20  AAGTTTCTCATCAACCATGC ACTCTGACAGTGACCAGTGC 
TRBV23  GCGATTCTCATCTCAATGC GCAATCCTGTCCTCAGAAC 
TRBV24  CCTACGGTTGATCTATTACTCC GATGGATACAGTGTCTCTCGA 
TRBV25  ACTACACCTCATCCACTATTCC CAGAGAAGGGAGATCTTTCC 

TRBV27,28  TGGTATCGACAAGACCCAG TTCYCCCTGATYCTGGAGTC 
TRBV29  TTCTGGTACCGTCAGCAAC TCTGACTGTGAGCAACATGAG 
TRBV30 

  
TCCAGCTGCTCTTCTACTCC AGAATCTCTCAGCCTCCAGAC 

TRBC  TAGAACTGGACTTGACAGCG TTCTGATGGCTCAAACACAG 

 

2.2 Molecular Methods 

2.2.1 Cloning of HLA-genes into pMIG II vector 

The pUC57 containing the HLA-gene and pMIG II vectors were digested with EcoRI and XhoI restriction 

enzymes (Table 2.13) for 2 hrs at 37℃. Samples (8 µl) diluted with 6x DNA loading Dye (1.6 µl) were 

loaded onto a 1% agarose gel (1% w/v agarose in 1x TAE buffer plus 1:20,000 RedSafe™, Nucleic Acid 

Staining Solution, iNtRON Biolechnologie, Gyeonggi-do, South Korea) for electrophoresis at 100 V for 

60 min. The slice of the corresponding product was cut out of the gel and purified using the QIAGEN 

Gel Extraction Kit according to the manufacturer’s protocol. Digested products were ligated at a 1:6 

ratio pMIG II vector:HLA-gene insert ratio for efficient ligation using a ligation mix (Table 2.14) and 

was incubated for 2 hrs at ambient temperature. The ligation product was then transformed into DH5α 

bacterial cells (Section 2.2.2). 
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Table 2.13 Digestion mix. 
Reagent Volume 

EcoR I 20 U/µl (NEB, Notting 
Hill, VIC) 

2 µl 

Xho I 20 U/µl (NEB, Notting 
Hill, VIC) 

2 µl 

10x EcoR I Buffer  4 µl 
Plasmid DNA (100-200 ng)  

HPLC water Add to 40 µl 

 

Table 2.14 Ligation mix. 
Reagent  Volume 

pMIG II (25 ng)  
Insert (HLA-gene or no insert)  

10x ligation buffer 1 µl 
T4 DNA ligase 1 µl 
HPLC water Top up to 10 µl 

 

2.2.2 Transformation of chemically competent bacteria 

Transformation competent E. coli (DH5α) (50 µl) were aliquoted in a cold 1.5 ml Eppendorf tube. Ten 

ng of plasmid DNA or 4 µl HPLC water (negative control) were added to the bacteria and mixed by 

gentle tapping. Cells were incubated for 30 min on ice and then heat shocked for 40 sec at 42°C on a 

heat block. Cells were cooled down for 2 min on ice and 950 µl warm LB-medium (MPU) added. 

Bacteria were incubated for 1 h at 37°C on a rotating platform. Hundred µl of this mix was added to 

LB agar plates containing Ampicillin (MPU) and incubated overnight up-side down. 

2.2.3 Isolation of plasmid DNA from bacteria (Mini- and Maxi-Prep) 

To isolate small amounts of Plasmid DNA from bacterial cultures, a Mini-prep was performed using 

the QIAprep Spin Miniprep Kit (Qiagen). DNA isolation was performed as per manufacturer’s protocol. 

Briefly, 1 ml of transformed overnight culture (total of 3 ml) was transferred into a 1.5 ml Eppendorf 

tube and bacteria pelleted by centrifugation at 20,000g for 5 min. The pellet was resuspended in 

250 µl cell resuspension solution and another 250 µl cell lysis buffer added. After 4 inversions of the 

tube, 10 µl Alkaline protease was added to the sample and after careful mixing, was incubated for 

5 min at ambient temperature. 350 µl neutralisation solution was added and after careful mixing spun 

at top speed (13,000g) for 10 min. Supernatant was transferred onto a spin column and spun at top 

speed for 1 min. DNA bound to the column was washed twice with washing solution before eluting in 

50 µl nuclease-free water. Sequence identity of the HLA gene insert was confirmed by Sanger 

sequencing using MSCV and IRES binding primers (Table 2.8) at AGRF (Melbourne, VIC). 

For high yield DNA isolation, QIAGEN ENDOfree maxi kit (Qiagen, Hilden, Germany) was used 

and DNA isolation performed as per manufacturer’s protocol. In brief, 100 ml of bacterial overnight 
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culture were split into 4x 50 ml tubes and spun for 10 min at 3220g. Pellets were resuspended and 

combined to a total of 10 ml in P1 buffer. P2 buffer (10 ml) was added, mixed 5 times and incubated 

for 5 min at ambient temperature. Ice-cold P3 buffer (10 ml) was then added and mixed 5 times 

vigorously, transferred into a QIAcartridge and incubated for 10 min to allow the precipitate to float 

to the top. Lysate was pushed with a plunger through the filter and 2.5 ml of ER buffer was added to 

remove endonucleases for 30 min on ice. Samples were transferred onto an equilibrated QIAtip and 

lysate allowed to drip. After two washes with QC buffer, QIAtip was transferred into a new 50 ml tube 

and DNA eluted in 15 ml QN buffer. Isopropanol (10.5 ml) was added to the eluate and spun 

immediately at 3220g for 30 min at 4℃. Supernatant was carefully aspirated, and the tube was rested 

up-side down for 2 min on a paper towel to air-dry the DNA pellet. DNA was subsequently washed 

with 5 ml 70% ethanol and spun at 3220g for 10 min at 4℃. Supernatant was aspirated and air-dried 

for 5-10 min. Warm HPLC water was then added to DNA and sample left at 4℃ overnight for 

reconstitution. Sequence identity of the HLA-gene insert was confirmed by sequencing using MSCV 

and IRES binding primers (Table 2.8) at AGRF (Melbourne, VIC). 

2.2.4 Transduction of parental C1R cell lines 

293 T cells (1x106) were plated in 10 ml of cDMEM into a 10 cm tissue culture plate and incubated 

overnight at 37℃/5% CO2. Ambient temperature OptiMEM (470 µl) was aliquoted into a 1.5 ml 

Eppendorf tube and 30 µl Fugene 6 (Roche Diagnostics) was directly added to the media and incubated 

for 5 min. In a separate tube, 4 µg pMIG II, 4 µg pPAM-E and 2 µg pVSVG were added. The 

OptiMEM/Fugene 6 mix was added dropwise to the plasmids and mixed by gentle tapping. After 

15 min incubation, the OptiMEM/Fugene 6/Plasmid mix was added dropwise to the 293T cells with 

the plate gently swirling, and further incubated for 24 hrs at 37℃/5% CO2. On the next day, 

supernatant was aspirated and 10 ml of fresh cDMEM added to 293T cells. Parental C1R cells (1x105) 

were plated out on a second 10 cm tissue culture plate. Twelve hrs post media change, C1R medium 

was aspirated. Then, 293T supernatant was transferred with a 10 ml syringe (Terumo Corp.) to the 

C1R cells after passing through a 45 µm nylon mesh filter. Fresh cDMEM was added to 293T cells and 

10 µl polybrene (Sigma, 6 mg/ml) was added to C1R cells. Media transfer was repeated every 12 hrs 

until day 7. Transduced C1R cells were transferred into a T25 tissue culture flask and grown until 

confluent in cRPMI. Afterwards, cells were expanded in T75 tissue culture flasks. Cells were bulk sorted 

on the LSR Aria III (BD Biosciences) for high pan-HLA-I and GFP expression. Sorted cells were expanded 

and purity reassessed after several passages.  
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2.3 Methods for studies in transgenic mice 

2.3.1 HHD-A24.2 mice 

HHD-A24.2 were kindly provided by François Lemonnier (Paris-L’est, France). These transgenic mice 

were generated from a C57BL/6 background and are triple knocked-out for the murine 

β2-microglobulin, H-2 Kb and Db (H-2 class I null). Instead, these mice express a chimeric HLA-A*24:02 

molecule, comprised of the human α1α2-domain fused with the murine α3-domain and covalently 

linked with the human β2-microglobulin. This allows screening of peptides presented by HLA-A*24:02 

in an in vivo mouse model. Mice were housed in the Bioresource Facility at the Peter Doherty Institute 

(University of Melbourne, VIC, Australia) and used for studies at an age between 8 and 12 weeks. Mice 

were culled by CO2 asphyxiation. Experiments were approved by the Animal Ethics Committee of the 

Department of Microbiology and Immunology at the University of Melbourne (#171408) and all 

experiments were conducted in line with the Australian National Health and Medical Research Council 

(NHMRC) Code of Practice. 

2.3.2 Intranasal influenza infection of mice 

Using an anaesthetic machine, mice were lightly anaesthetised with isoflurane (Veterinary Companies 

of Australia, Kinds Park, NSW, Australia). Using a positive displacement pipette, 30 µl of virus diluted 

in PBS (MPU) was administered intranasally (i.n.). For primary infections, mice were infected with 

either 200 pfu A/X-31 or 200 pfu B/Malaysia/2506/2004. Secondary infection was performed 8 weeks 

after primary infection with either 200 pfu A/Puerto Rico/8/1934 or 400 pfu B/Phuket/3073/2013. 

Mice were monitored daily for body weight loss for up to 10 days following virus infection.  

2.3.3 Isolation of mononucleated cells  

To assess immunogenicity in murine CD8+ T cells, cells were isolated from the spleen and 

bronchoalveolar lavage (BAL). BAL was sampled by incision in the trachea and washing three times 

with 1 ml of Hanks' Balanced Salt solution (HBSS) using a gavage catheter and a 1 ml syringe (Terumo 

Corp.). Whole spleen was isolated from mice and grinded through a 70 µm sieve (BD Bioscience). To 

increase the frequency of CD8+ T cells, single cell suspensions were incubated for 1 h at 37℃ on a B 

cell panning 15 cm round plate coated with anti-IgG and -IgM antibodies (The Jackson Lab, West 

Grove, PA, USA) and non-adherent non-B cells were harvested with RPMI (MPU) in 50 ml tubes.  
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2.3.4 Viable cell count 

The total number of lymphocytes per sample was quantified using a microscope and a Neubauer 

haemocytometer chamber (Lomb Scientific, Taren Point, NSW, Australia). To differentiate live and 

dead cells, cell suspensions were mixed 1:2-20 with 0.2% Trypan blue (in PBS) prior to loading.  

2.3.5 Peptide stimulation and intracellular cytokine staining of lymphocytes 

Single cell suspensions from lymphocytes of spleen or BAL in cRPMI were transferred into a 96-well 

round-bottom plate (Sigma-Aldrich). Individual peptides (1 µM) or total peptide pools plus 10 U/ml 

recombinant human IL-2 (Roche Diagnostic, Basel, Switzerland) and 1 µg/ml Golgi-Plug (BD 

Biosciences) were added and incubated for 5 hrs at 37℃/5% CO2. A non-peptide DMSO only control 

was added in parallel to assess background staining. After 5 hrs, cells were washed with PBS and 

surface stained with anti-mouse monoclonal antibodies (Table 2.3) for 30 min on ice. Cells were 

washed two times with MACS buffer. Afterwards, cells were fixed and permeabilised using the BD 

Cytofix/Cytoperm Kit as per manufacturer’s protocol (BD Biosciences). After fixation, cells were 

washed with Perm/Wash buffer and intracellularly stained in the same buffer (Table 2.3). Staining was 

acquired on the LSR Fortessa (BD Biosciences) after two more washes with MACS buffer. To calculate 

the total number of epitope-specific CD8+ T cells per sample, unenriched samples were surface stained 

and acquired. 

2.4 Methods for studies in human samples 

2.4.1 Isolation of peripheral blood mononucleated cells (PBMC) from whole blood 

PBMC were isolated from venous blood taken in sodium heparin vacuette tubes (Greiner Bio-One, 

Frickenhausen, Germany) or isolated from buffy coats prepared by the Australian Red Cross Lifeblood 

(Melbourne, Australia) and processed no later than 24 hrs after blood draw. Plasma was isolated from 

the top layer after centrifugation (300g, 10 min) and the remaining blood was diluted 1:1 with RPMI 

(MPU). Blood-RPMI mix (30 ml) was overlayed onto 15 ml of Ficoll-Paque (GE Healthcare, Uppsala, 

Sweden) in a 50 ml Falcon tube (BD). Cells were spun with low acceleration and zero deceleration (no 

brake) for 23 min at 800g. PBMC layer was isolated using a plastic transfer pipette and washed with 

RPMI. Cells were washed two times with RPMI and counted as described in Section 2.3.4 to freeze for 

further use (Section 2.4.3). For genetic analysis, the granulocyte layer on top of the red blood cells 

following the Ficoll step was harvested with a plastic transfer pipette. DNA was isolated using the 

QIAamp DNA Mini Kit (Qiagen, Hilden, Germany) according to manufacturer’s protocol. HLA typing 

was performed by the Victorian Transplant and Immunogenetics Service (VTIS, West Melbourne, VIC, 

Australia). All experiments with human samples were performed in line with the Declaration of 
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Helsinki Principles and the NHMRC Code of Practice. Details about donors, informed consent and 

ethics approvals are described in the Methods sections of the individual manuscripts.  

2.4.2 Isolation of mononucleated cells from human tissues 

Mononucleated cells from secondary lymphoid organs were isolated from deceased organ donors. 

Capsule and any fatty tissue were removed from whole spleen and a 3-4 cm3 cube cut off and put into 

a yellow lid specimen jar (Sarstedt, Nümbrecht, Germany) plus 5 ml of RPMI (MPU). 

Pancreatic/mesenteric lymph nodes were freed from fatty tissue and 1 ml of RPMI added in a Bijoux 

5 ml tube. Spleen and lymph nodes were finely chopped with scissors before adding equal amounts 

of 2x digestion mix to samples containing collagenase III and DNase I. Spleens were incubated for 1 h 

and lymph nodes for 45 min at 37℃/5% CO2 with gentle vortexing every 15 min. EDTA (2 mM) was 

then added to spleen and lymph nodes to stop the enzyme digestion reaction. Splenocytes were 

meshed through a 70 µm filter and topped up to 50 ml with RPMI. After a 5 min spin at 500g, 

supernatant was aspirated and cells were resuspended in 10 ml RBCL for 10 min at room temperature. 

Cells from lymph node and spleen were washed with RPMI and spleen samples were further filtered 

through a 70 µm filter. Cells were counted (Section 2.3.4) and cryopreserved for further use (Section 

2.4.3). Details about donors, informed consent and ethics approvals are described in the Methods 

section of Chapter 3. 

2.4.3 Freezing and thawing of mononucleated cells 

Mononucleated cell suspensions were counted as described previously (Section 2.3.4). Cells were spun 

at 500g for 5 min and supernatant aspirated. Ice-cold freezing buffer was used to resuspend cells at a 

concentration of 2x106-5x107 cells/ml and suspensions aliquoted into 1 ml cryovials. Cells were frozen 

in a freezing container (Mr. Frosty™, Thermo Fisher) for >4 hrs at -80℃ then transferred to a 

LN2-vapour tank. 

Frozen cells were thawed in a 37℃ water bath. Directly after thawing, using a plastic transfer 

pipette, 0.5 ml of cRPMI with 250 U of Benzonase® Nuclease (MerkMillipore, MA, USA) were added 

dropwise. Cells were then transferred dropwise to 8.5 ml of 37℃-warm cRPMI supplemented with 

Benzonase. Cells were washed with cRPMI and used for further experiments. 

2.4.4 Expansion of epitope-specific CD8+ T cells using peptide pools 

Human PBMCs (5x106) were thawed and resuspended in 30 µl RPMI (MPU). 100 µl of cells (stimulator 

cells) were transferred into a 10 ml tube and peptide pulsed with a total of 10 µM of peptide pool (up 

to 30 peptides per pool = 0.33 µM of each individual peptide). Cells were incubated at 37℃/5% CO2 

with the lids loosened for 60 min with gentle vortexing every 15 min. Following incubation, stimulator 
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cells were washed 2x with RPMI (MPU) and mixed with remaining cells (responder cells). Cells were 

resuspended in 1 ml of cRPMI and transferred into a 48-well plate. On day 4, 0.5 ml of supernatant 

was substituted with cRPMI supplemented with 40 U/ml human recombinant IL-2 (Roche Diagnostic, 

Basel, Switzerland) to achieve a final concertation of 20 U/ml IL-2 in the cell culture media. When 

necessary, a half media change was performed keeping IL-2 concentrations consistent. After 10 to 15 

days, cells were washed with cRPMI supplemented with 10 U/ml IL-2 and 2x105 cells aliquoted in a 

96-well plate per stimulation condition. C1R cells lines expressing the HLA of interest were washed 

two times with RPMI (MPU). Cells were counted and aliquoted in individual 10 ml tubes for each 

screened peptide. Peptides (10 µM) were added to each condition and C1Rs were peptide-pulsed for 

1 h. Afterwards, cells were washed two times with RPMI (MPU) and 1x105 of peptide-pulsed C1Rs 

were added to PBMCs. C1R/PBMC suspensions were mixed in a total volume of 200 µl stimulation mix 

(cRPMI with 10 U/ml human IL-2, 1 µg/ml Golgi-Plug (BD Biosciences), 0.26% Monensin (Golgi-Stop™, 

BD Biosciences) and 1 µl αCD107a AF488 antibody). As a negative control, cells were stimulated with 

non-peptide pulsed C1Rs. After 5 hrs at 37℃/5% CO2, intracellular cytokine staining was performed 

as described in Section 2.4.6. 

2.4.5 Expansion of epitope-specific CD8+ T cells using live virus 

C1R cell lines were washed 2x with RPMI (MPU) and 1x106 cells (in 100 µl RPMI) aliquoted into 10 ml 

yellow cap tubes. Cells were infected with IAV (A/X-31) or IBV (B/Malaysia/2506/2004) at a multiplicity 

of infection (MOI) of 5 for 1 h at 37℃/5% CO2. Afterwards, 1 ml of cRPMI was added and cells cultured 

for another 11 hrs before resting at 4℃ for 10 hrs. C1Rs were washed 2x and 5x105 C1Rs were mixed 

with 5x106 PBMCs in 1 ml of cRPMI and cultured in a 48-well plate. On day 4, 0.5 ml of supernatant 

was substituted with cRPMI supplemented with 40 U/ml IL-2 in the cell culture media. On day 7, 

PBMCs were counted and freshly infected C1Rs were added at a 1 in 10 concentration. On days 12 to 

15, cells were counted and resuspended at 5x105 cells/ml in stimulation mix (Section 2.4.4) and 200 µl 

of cell suspension aliquoted in a 96-well plate per condition. Cells were stimulated by addition of 

10 µM of peptide (pool or individual) or stimulation with 0.5x105 influenza virus-infected C1Rs. As a 

negative control for influenza virus infection, non-infected C1Rs were used while peptide dissolvent 

DMSO was used as negative control for peptide-stimulated PBMCs. 

2.4.6 Intracellular cytokine staining 

After stimulation, cells were washed 2x with PBS and surface staining (Table 2.15 and Table 2.4) 

performed in PBS for 30 min on ice. Cells were washed 2x with MACS buffer and resuspended in 100 µl 

BD Cytofix/Cytoperm Kit as per manufacturer’s protocol (BD Biosciences). Intracellular staining was 
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performed in BD Perm/Wash buffer for 30 min on ice. After staining, cells were washed 2x with MACS 

buffer and acquired on the LSR Fortessa (BD Biosciences). 

Table 2.15 Intracellular cytokine staining panel. 
Staining Antibody Fluorochrome Dilution 

Surface 

Live/Dead NIR 1:800 
CD3 PE-Cy7 1:50 
CD4 PE 1:50 
CD8 PerCP-Cy5.5 1:100 

CD107a AF488 1:200 

Intracellular IFN-γ BV421 1:100 

TNF AF700 1:50 

MIP-1β APC 1:40 

 

2.4.7 Tetramer-associated magnetic enrichment (TAME) of epitope-specific CD8+ T cells 

PBMCs (5x106-1x108) were used for the ex vivo detection of epitope-specific CD8+ T cells. Cells were 

resuspended at 1x107 cells/60 µl in MACS buffer before adding 20 µl/1x107 cells of αhuman FcR block 

(Miltenyi Biotech) for 15 min on ice in the dark. PE- and APC-labelled pMHC tetramers were added 

(1:100) and incubated at ambient temperature for 1 h in the dark with gentle mixing every 15 min. 

Cells were washed with 10 ml cold MACS buffer and resuspended in 320 µl MACS buffer. An aliquot 

of unenriched cells (20 µl) was saved before 100 µl of αPE and αAPC microbeads were added to the 

remaining 300 µl and incubated for 30 min on ice. After 2 washes with MACS buffer, cells were 

resuspended in 3 ml MACS buffer and passed 2x over a LS magnetic column (Miltenyi Biotech). Cells 

were washed 3 times with MACS buffer and eluted from the column using a plunger. Unenriched cells, 

flowthrough and enriched populations were surface stained (Table 2.16 for PBMCs and Table 2.17 for 

tissues) and analysed on the LSR Fortessa or sorted on the LSR Aria III (BD Biosciences). Lung samples 

were stained with tetramer without magnetic enrichment. In some HLA-A*24:02 TAMEs, tetramer 

binding by KIR3DL1 was blocked by addition of 1:100 anti-human NKB1 antibody (DX9, #555964, BD 

Pharmingen) during the FcR-blocking step.  
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Table 2.16 Human blood PBMC TAME staining panel. 
Antibody Fluorochrome Dilution 

CD71 BV421 1:50 
CD3 BV510 1:200 

HLA-DR BV605 1:100 
CD4 BV650 1:200 

CD27 BV711 1:200 
CD38 BV786 1:100 

Tetramer 1 APC  
CCR7 AF700 1:50 
CD14 APC-H7 1:100 
CD19 APC-H7 1:100 

Live/Dead NIR 1:800 
CD45RA FITC 1:200 

CD8 PerCp-Cy5.5 1:50 
Tetramer 2 PE  

CD95 PE-CF594 1:100 
PD1 PE-Cy7 1:50 

 

Table 2.17 Human tissue PBMC TAME staining panel. 
Antibody Fluorochrome Dilution 

CD69 BV421 1:100 
CD3 BV510 1:200 

HLA-DR BV605 1:100 
CD4 BV650 1:200 

CD27 BV711 1:200 
CD38 BV786 1:100 

Tetramer 1 APC  
CCR7 AF700 1:50 
CD14 APC-Cy7 1:100 
CD19 APC-Cy7 1:100 

Live/Dead NIR 1:800 
CD103 FITC 1:100 

CD8 PerCp-Cy5.5 1:50 
Tetramer 2 PE  

CD95 PE-CF594 1:100 
CD45RO PE-Cy7 1:100 

 

2.4.8 Single-cell multiplex-nested RT-PCR for paired analysis of TCRαβ repertoire 

Epitope-specific CD8+ T cells after TAME (Section 2.4.7) were sorted into cold 96-well Twin.tec® PCR 

plates (Eppendorf, Hamburg, Germany). Cells were spun for 1 min at 1159g and 2.5 µl of VILO RT mix 

(Table 2.18) was added to each well. RT-PCR was performed using the VILO RT PCR program (Table 

2.19). The CDR3αβ region was specifically amplified by addition of 22.5 µl external PCR mix (Table 

2.20), including primers for the 40 TRAV segments, 28 TRBV and a reverse primer for the TCRα and β 

constant region (Table 2.11 and Table 2.12). Multiplex TCR PCR program (Table 2.21) was run for 

specific amplification. An aliquot (2.5 µl) of the external TCR PCR product was transferred into 2 new 

Twin.tec® PCR plates for further TCRα- or TCRβ-specific amplification, respectively, by the addition of 

22.5 µl of internal PCR TCR mix (Table 2.22) and amplification with the multiplex TCR PCR program 
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(Table 2.21). To confirm PCR products, 5 µl of the internal product was run on a 2% agarose gel (in 1x 

TAE buffer with 1:20,000 RedSafe™) for 30 min at 100 V. PCR products with positive gel bands were 

cleaned by mixing 5 µl with 1 µl Exo-SAP-IT (Applied Biosystems, ThermoFisher Scientific) and 

remaining primers destroyed using the EXO-SAP PCR program (Table 2.23). TRAC and TRBC internal 

primers were added and sent for sequencing at AGRF (Melbourne, VIC, Australia).  

Table 2.18 VILO RT PCR mix. 
Reagent Vol (µl) per sample 

1-x Superscript RT 0.25 
1% Triton X-100 (Sigma) 0.275 

5x VILO reaction mix 0.5 
Nuclease-free water (provided with kit) 

 
1.5 

Total volume 2.5 

 

Table 2.19 VILO RT PCR program. 
Temperature Time 

25℃ 10 min 
42℃ 120 min 
85℃ 5 min 
16℃ hold 

 

Table 2.20 External TCR PCR mix. 
Reagent Vol (µl) per sample 

Taq DNA polymerase (Qiagen)  0.15 
dNTP mix (10 mM) (Promega)  0.5 

TRAV Ext primers  0.5 
TRAC Ext primers  0.5 
TRBV Ext primers  0.5 
TRBC Ext primers  0.5 

10x PCR buffer (containing MgCl2) (Qiagen)  2.5 
HPLC water 

 
 18.35 

Total volume  22.5 

 

Table 2.21 Multiplex TCR PCR program. 
Temperature Time Cycles 

95℃ 2 min  
95℃ 20 sec 

35 52℃ 20 sec 
72℃ 45 sec 
72℃ 7 min  
16℃ hold  
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Table 2.22 Internal TCR PCR mix. 
Reagent TRAV mix TRBV mic 

 Vol (µl) per sample 

Taq DNA polymerase (Qiagen) 0.15 0.15 
dNTP mix (10 mM) (Promega) 0.5 0.5 

TRAV Ext primers 0.5  
TRAC Ext primers 0.5  
TRBV Ext primers  0.5 
TRBC Ext primers  0.5 

10x PCR buffer (containing MgCl2) (Qiagen)  2.5 
HPLC water 

 
18.35 18.35 

Total volume 22.5 22.5 

 

Table 2.23 Exo-SAP program. 
Temperature Time 

37℃ 15 min 
80℃ 15 min 
16℃ hold 

 

2.4.9 Staining of influenza-specific memory B cells using recombinant HA probes 

PBMC (1x107) were thawed and washed with 4 ml of PBS (MPU) in a capped FACS tube (BD). Cells 

were resuspended in 50 µl LiveDead stain in PBS and incubated for 5 min at ambient temperature in 

the dark. Heat-inactivated FCS (Gibco) in PBS (1%, 50 µl) was added and another 50 µl antibody 

staining mix including recombinant HA probes as described in Methods of Chapter 5. After 30 min 

incubation on ice, samples were washed 2x with PBS and fixed in 1% PFA for 20 min on ice. Cells were 

analysed using a LSR Fortessa (BD Biosciences). 

2.4.10 Statistical analysis 

All statistical analyses are described in the Methods section of each Chapter.  
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CHAPTER 3: IDENTIFICATION OF NOVEL INFLUENZA-SPECIFIC CD8+ T 

CELL TARGETS FOR THE HLA-A*24:02 ALLELE  

This PhD Chapter is adopted and modified from my co-first-authored manuscript, accepted at Nature 

Communications (Appendix 1).  

 

Luca Hensen*, Patricia T. Illing*, E. Bridie Clemens*, Thi H.O. Nguyen, Marios Koutsakos, Carolien E. van 

de Sandt, Nicole A. Mifsud, Andrea Nguyen, Christopher Szeto, Brendon Y. Chua, Hanim Halim, Simone 

Rizzetto, Fabio Luciani, Liyen Loh, Emma J. Grant, Phillipa M. Saunders, Andrew G Brooks, Steve 

Rockman, Tom C. Kotsimbos, Allen C. Cheng, Michael Richards, Glen P. Westall, Linda M. Wakim, 

Thomas Loudovaris, Stuart I. Mannering, Michael Elliott, Stuart G. Tangye, David C Jackson, Katie L 

Flanagan, Jamie Rossjohn, Stephanie Gras, Jane Davies, Adrian Miller, Steven Y.C. Tong1†, Anthony W. 

Purcell and Katherine Kedzierska. CD8+ T-cell landscape in Indigenous and non-Indigenous people 

restricted by influenza mortality-associated HLA-A*24:02 allomorph. Nature Communications 

manuscript #NCOMMS-2-38696-T, accepted. 

 

I have performed all the CD8+ T cell analyses related to influenza B and HLA-A*24:02-restricted 

epitopes in Indigenous and non-Indigenous individuals, was involved in the mouse influenza A 

experiments, analysed 90% of the CD8+ T cell data presented in this Chapter and have written the first 

and complete draft of the manuscript. Mass-spectrometric analysis of peptides presented by 

HLA-A*24:02 was performed by Dr Patricia Illing (Figure 3.2 to Figure 3.4) (Monash University, Vic 

Australia). pMHC binary structures and analysis were generated by A/Prof Stephanie Gras and Andrea 

Nguyen (Figure 3.8.F and Figure 3.9) (Monash University). Primary IAV mouse infections and CD8+ T 

cell epitope-screening was performed by Dr Bridie Clemens (Figure 3.5.A). Screening of human IAV 

CD8+ T cell epitopes in non-Indigenous Australians has been performed by Dr Emma Grant (Figure 

3.8.A) (Monash University) and screening of Indigenous IAV CD8+ T cell epitopes was performed with 

Dr Bridie Clemens (Figure 3.8.A). scRNAseq of IAV-specific CD8+ T cells was performed with Dr Oanh 

Nguyen and Dr Carolien van de Sandt and analysed by Assoc Prof Fabio Luciani and Dr Simone Rizzetto 

(Figure 3.12.E). 
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3.1 Introduction 

Newly emerging respiratory viruses pose a major global pandemic threat, leading to significant 

morbidity and mortality, as exemplified by 2019 SARS-CoV2, avian influenza H5N1 and H7N9 viruses, 

and the 1918-1919 H1N1 pandemic catastrophe. IAV can cause sporadic pandemics when a virus 

reassorts and rapidly spreads across continents, causing millions of infections and deaths (436). 

Additionally, seasonal epidemics caused by co-circulating IAV and IBV result in 3-5 million cases of 

severe disease and 290,000-650,000 deaths annually (437, 438). Severe illness and death from 

seasonal and pandemic influenza occur disproportionately in high-risk individuals, including 

Indigenous populations. This is most evident when unpredicted seasonal or pandemic viruses emerge 

in the human circulation. During the 1918-1919 influenza pandemic, 100% of Alaskan adults died in 

some isolated villages, while only school-aged children survived (439). Western Samoa was the 

hardest hit with a total population loss of 19-22% (440). As many as 10-20% of Indigenous Australians 

died from pandemic influenza in 1919 (423) in comparison to <1% of other Australians, with some 

reports showing up to 50% mortality in Indigenous Australian communities (441).  

During the 2009 A/H1N1 influenza pandemic, Indigenous populations worldwide were more 

susceptible to influenza-related morbidity and mortality. Hospitalization and morbidity rates were 

markedly increased in Indigenous Australians (442, 443), with 16% of hospitalised pandemic H1N1 

(pH1N1) patients in Australia being Indigenous. The relative risk for Indigenous Australians compared 

to non-Indigenous Australians for hospitalization, ICU admission or death was 6.6, 6.2, or 5.2 times 

higher, respectively (417). This was mirrored in Indigenous populations globally, including American 

Indians and Alaskan Native people (4-fold higher mortality rate compared to non-Indigenous 

Americans) (419), native Brazilians (2-fold higher hospitalization rate) (420), New Zealand Maori 

(5-fold higher hospitalization rate) and Pacific Islanders (7-fold higher hospitalization rate) (421, 422). 

Although the impact of influenza pandemics is more pronounced in Indigenous populations globally, 

these disproportionate hospitalization rates also occur during seasonal infections. During 2010-2013, 

Indigenous Australians had increased influenza-related hospitalizations across all age groups 

(1.2-4.3-fold higher compared to non-Indigenous) (414). Indigenous populations, especially 

Australians and Alaskans, are also predicted to be at greater risk from severe disease caused by the 

avian-derived H7N9 influenza virus, with mortality rates being >30% and hospitalization >99% in China 

(245). While higher influenza infection rates could relate to overcrowded living conditions, increased 

severity and prolonged hospitalization most likely reflect differences in pre-existing immunity that 

facilitates recovery. However, the underlying immunological and host factors that account for severe 

influenza disease in Indigenous individuals are far from clear.  
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Antibody-based vaccines towards variable surface glycoproteins, HA and NA, are an effective 

way to combat seasonal infections, yet they fail to provide effective protection when a new, 

antigenically different IAV emerges (444). In the absence of antibodies, recall of pre-existing 

cross-protective memory CD8+ T cells minimizes the effects of a novel IAV, leading to a milder disease 

after infection with distinct strains (294, 303, 304, 445–447). Such pre-existing memory CD8+ T cells 

provide broadly heterotypic or cross-reactive protection and can recognize numerous IAV, IBV and 

influenza C viruses (ICV) capable of infecting humans (299), promoting rapid host recovery. During the 

2013 H7N9 IAV outbreak in China, recovery from severe H7N9 disease was associated with early CD8+ 

T cell responses (50, 304). Patients discharged early after hospitalization had early (day10) robust 

H7N9-specific CD8+ T cells responses, while those with prolonged hospital stays showed late (day19) 

recruitment of CD8+ and CD4+ T cells. Thus, with the continuing threat of unpredicted influenza strains, 

there is a need for targeting cellular immunity that provides effective, long-lasting and cross-strain 

protective immunity, especially for high-risk groups such as Indigenous populations. However, despite 

the heavy burden of disease in Indigenous communities, there is scant data on immunity to influenza 

viruses in Indigenous populations from around the world.  

As CD8+ T cell recognition is determined by the spectrum of human leukocyte antigens (HLAs) 

expressed in any individual, and HLA profiles differ across ethnic groups, defining T cell epitopes 

restricted by HLAs predominant in some Indigenous populations is necessary to understand 

pre-existing CD8+ T cell immunity to influenza. We previously analyzed the HLA allele repertoire in 

Indigenous Australians (240) and found that HLA-A*24:02 (referred to as HLA-A24 hereafter), 

associated with influenza-induced mortality during the 2009-pH1N1 outbreak (246), is the second 

most prominent HLA in Indigenous Australians (240, 243). HLA-A24 is also common to other 

Indigenous populations highly affected by influenza (245). Thus, analysis of prominent 

influenza-specific CD8+ T cell responses restricted by HLA-A24 is needed to understand the 

relationship between this allele and disease susceptibility. These specificities will also inform 

strategies to prime effective T cell immunity in vulnerable communities. Here, we defined CD8+ T cell 

immune landscapes against IAV and IBV, restricted by the mortality-associated HLA-A24 allomorph. 

We identified IAV- and IBV-specific HLA-A24 immunopeptidomes and screened immunogenicity of 

novel peptides in HLA-A24-expressing mice, peripheral blood of Indigenous and non-Indigenous 

HLA-A24+ healthy and influenza-infected individuals, and human tissues. Our studies provide evidence 

of the breadth of influenza-specific CD8+ T cell specificities restricted by a mortality-associated risk 

allomorph HLA-A24. These findings have implications for the incorporation of key CD8+ T cell targets 

in a T cell-mediated vaccine to protect Indigenous people globally from unpredicted influenza viruses. 
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3.2 Results 

3.2.1 High prevalence of HLA-A24 expression in Indigenous populations 

As HLA-A24 has been linked to pH1N1-related mortality (246), we first determined HLA-A24 

distribution in Indigenous and non-Indigenous populations worldwide using the published allele 

frequency database. Compared to the 10% global distribution of HLA-A24, the detected frequencies 

of HLA-A24 were the highest in Oceania (37%), North-East Asia (32.9%), Australia (21.4%) and Central 

and South America (20.6%) (Figure 3.1.A). This was mainly due to a particularly high HLA-A24 

prevalence in Indigenous populations in those regions, especially in the Pacific. HLA-A24 was highly 

prevalent in Indigenous Taiwan Paiwan (96.1%), Papa New Guinea Karimui Plateau Pawaia (74.4%), 

New Caledonia (60.7%), Alaskan Yupik (58.1%), New Zealand Maori (38%), American Samoans (33%), 

Chile Easter Island (35.8%) and some Australian Indigenous people (24%) (Figure 3.1.A), which 

highlights its key importance in shaping CD8+ T cell immunity in Indigenous populations.  

 

Figure 3.1 HLA-A24 expression and characterization of published IAV epitopes. 
(legend on next page) 
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Figure 3.1 HLA-A24 expression and characterization of published IAV epitopes. 
A) Allele frequency of HLA-A*24:02 according to geographic region (left panel) and Indigenous 
population in the pacific region (right panel) (source www.allelfrequencies.net; accessed 20/01/2020). 
B) Participant characteristics of the Looking into Influenza T cell Immunity (LIFT) cohort. C) 
Co-expression of HLA-A, B and C alleles with the HLA-A*24:02 allele in the LIFT cohort, where Circos 
plot is shown for HLA-A and pie charts are shown for HLA-C and B alleles that are co-expressed with 
the HLA-A*24:02 allele.  

 

To define influenza-specific CD8+ T cell responses in Indigenous Australians, we recruited 127 

participants from the Northern Territory, Australia into the LIFT (Looking Into influenza T cell 

immunity) cohort (240). The mean age of the participants was 39 years, with a standard deviation of 

14 years and 58% of female participants. 36% of the LIFT donors expressed at least one HLA-A24 

alleles, with 33% of those being HLA-A24 homozygous (Figure 3.1.B). Notably, HLA-A24 was most 

commonly expressed with HLA-A*11:01, -A*34:01, -B*13:01, -B*15:21, -B*40:01, -B*40:02, -B*56:01, 

-C*04:03, -C*03:03, -C*04:01 and -C*04:03 in Indigenous Australians, and were less expressed with 

alleles common in Caucasian populations, such as HLA-A*01:01, -A*02:01, -B*07:02 

and -B*08:01 (Figure 3.1.C). 

3.2.2 Identification of novel HLA-A24-restricted IAV and IBV epitopes 

To identify new A24/influenza-derived epitopes, we utilized an immunopeptidomics approach to 

sequence HLA-bound peptides on influenza-infected cells by liquid chromatography with tandem 

mass spectrometry (LC-MS/MS) (299). Experiments were performed with class I-reduced (CIR) 

B-lymphoblastoid cell line (minimal HLA-B*35:03 surface expression but normal levels of HLA-C*04:01 

expression (434)) and an HLA-A*24:02-transfected CIR cell line (CIR.A24) (448). Initial experiments 

were performed in both cell lines at 16 hrs post-infection with and without the HKx31 IAV virus, 

isolating peptide-bound HLA-I molecules post-lysis utilizing the pan HLA-I antibody W6/32. In 

subsequent experiments, to improve confidence of assignment of binding to HLA-A24, HLA-C*04:01, 

depletion of the lysates was performed with the HLA-C-specific antibody DT9 prior to isolation of the 

remaining HLA-I (A*24:02>>B*35:03) with W6/32 antibody. Utilizing this workflow (449), we assessed 

peptide presentation in CIR.A24 cells at 2, 4, 8 and 12 hrs post-infection with either A/HKx31 or 

B/Malaysia/2506/2004 viruses. Analyses were restricted to up to 12 hrs post-infection due to 

observations of marked HLA-I downregulation at 16 hrs post-infection (450).  
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Figure 3.2 Quality analysis of LC-MS/MS data sets. 
(legend on next page) 
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Figure 3.2 Quality analysis of LC-MS/MS data sets. 
A-D) Peptide length distributions identified at a 5% FDR in each HLA isolation performed shown as a 
proportion of the peptides identified in the data set (n=number of peptides in the data set). For 
uninfected and HKx31 samples, data shown are based on searches against the human proteome, 
HKx31 proteome and 6 reading frame HKx31 genome translation. For B/Malaysia samples, data are 
based on searches against the human proteome, B/Malaysia proteome and 6 reading frame 
B/Malaysia genome translation. A) Peptides from 12 data sets isolated from CIR.A24 using w6/32 (pan 
class I antibody) at different timepoints of infection with IAV or IBV (or uninfected). Asterisks represent 
data sets where DT9 was not used to deplete HLA-C*04:01 prior to w6/32 isolation and may contain 
increased levels of HLA-C*04:01 ligands. All data sets contain low levels of peptides presented by 
HLA-B*35:03 of CIR. B) 3 data sets containing peptides isolated from the endogenous HLA class I of 
the CIR cell line, either through isolation from non-transfected CIR using w6/32 (CIR 16 hrs HKx31 
(w6/32)), hence containing HLA-C*04:01 and HLA-B*35:03, or through specific isolation of 
HLA-C*04:01 from CIR.A24 using the DT9 antibody. C) HLA class II peptide ligands from 2 data sets 
isolated from CIR.A24 cell line using LB3.1 (HLA-DR), SPV-L3 (HLA-DQ), and B721 (HLA-DP) antibodies. 
D) The sequence logo generated from human-derived 9mer peptides isolated in (b) (non-redundant 
by sequence, 5% FDR), and filtered for peptides identified in HLA class II isolations (c). E,F) Pie charts 
showing the distribution of IAV (HKx31) derived peptides across the viral proteome potentially bound 
to HLA-B*35:03 and HLA-C*04:01 E) and HLA-II of CIR cells F).  
 

In total, 12 immunopeptidome data sets containing HLA-A24-restricted peptides were 

generated including 3 from uninfected CIR.A24 cells, 5 from HKx31-infected and 4 from 

B/Malaysia-infected CIR.A24 cells (Figure 3.2.A). An additional 3 data sets for endogenous HLA-I of CIR 

cells (CIR W6/32 isolation of HLA-B*35:03 and HLA-C*04:01 after 16 hrs HKx31 infection; CIR.A24-DT9 

isolation of HLA-C*04:01 from uninfected cells and after 12 hrs HKx31 infection) and 2 data sets for 

endogenous HLA-II (CIR.A24: HLA-DR12, -DPB1*04:01,04:02 and -DQ7 from uninfected and 12 hrs 

HKx31 infection) were also generated as comparators to help establish true HLA-A24 binders (Figure 

3.2.B,C). Comparisons to previously identified B/Malaysia-derived HLA ligands for CIR were also used 

(299) to distinguish of HLA-B*35:03 and HLA-C*04:01 binding peptides from those binding to 

HLA-A*24:02. Across the 12 data sets, a total of 9051 non-redundant peptide sequences were 

assigned as HLA-I ligands using a 5% false discovery rate (FDR). As expected for HLA-I ligands, the 

majority of peptides were 9-11 aa in length but dominated by 9mers (Figure 3.3.A). Consistent with 

the HLA-A24 peptide-binding motif generated by NetMHC4.0 (451, 452) motif viewer, enrichment of 

Tyr/Phe at P2 and Phe/Leu/Ile at P9 were observed (Figure 3.3.B). Peptides binding the endogenous 

HLA-I of CIR were not removed in this analysis due to the similar preference of HLA-C*04:01 for 9mer 

peptides possessing Phe/Tyr at P2 and Phe/Leu at P9 which may result in shared ligands (Figure 3.3.D). 

To maximize identification of potential virus-derived peptides, assignments to the viral proteome or 

6-frame translation of the viral genome were considered without a FDR cut-off. Instead, lack of 

appearance in uninfected data sets and predicted binding affinity (NetMHCpan4.0 (453–455)) for 

HLA-A24 were used to determine likely candidate epitopes. Thus, 52 HKx31-derived and 48 

B/Malaysia-derived peptides were identified as potential HLA-A24-restricted epitopes (Figure 3.3.C), 
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of which 26 IAV-derived and 29 IBV-derived peptides were identified at a 5% FDR. The identified 

peptides spanned the viral proteomes including frame-shift proteins, representing 6 IAV proteins and 

9 IBV proteins (Figure 3.3.D,E). Interestingly, most HKx31-derived ligands mapped to PB2>PB1>HA 

viral proteins and none were observed from NA or M1, while B/Malaysia-derived ligands 

predominantly mapped to NP/HA>NA. During the time course analyses, broadest peptide 

identification was achieved for both viruses between 8-12 hrs post-infection, while no 

influenza-derived peptides were identified at 2 hrs post-infection, and those identified at 4 hrs were 

of lower confidence (Figure 3.4.A,B). 10 potential HKx31-derived ligands were also identified for each 

of HLA-B*35:03 and HLA-C*04:01 based on predicted binding and/or appearance in control data sets 

(Figure 3.2.E). Furthermore, analysis of the peptides presented by HLA-II molecules showed 

domination of the virus-derived immunopeptidome by HA (Figure 3.2.F), as previously observed for 

IBV (299). A selection of 48 IAV and 41 IBV peptides were synthesised for subsequent screening (Table 

2.5). Notably, most synthetic peptides showed highly similar fragmentation patterns and retention 

times to the discovery data, supporting the original identifications.  

 

Figure 3.3 LC-MS/MS analyses of immunopeptidome from HLA-A*24:02+ influenza-infected cells 
reveal potential HLA-A*24:02-restricted T cell epitopes. 
A) Length distribution of human proteome-derived HLA-I ligands of CIR.A24 isolated using the pan 
HLA-I antibody w632. Numbers of non-redundant sequences of ≤20 aa identified at a 5 % FDR across 
the 12 experiments in which HLA class I was isolated from CIR.A24, filtered for peptides identified in 
HLA class II isolations at a 5% FDR. B) Sequence logo derived from human 9mer peptides in A) using 
Seq2logo2.0 (456). C) Peptide length distribution of IAV (HKx31) and IBV (B/Malaysia) derived peptides 
identified as likely HLA-A*24:02 ligands in this study (no FDR cut-off applied) as shown in 
Supplementary Data 1. D,E) Distribution of IAV- D) and IBV-derived E) A*24:02 ligands from C) across 
the viral proteomes, including potential identifications from alternate reading frames (PB1+2, PB1+3, 
PB1-1, HA+2, HA+3 and NA+3). In all panels, n=number of peptides. 
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Figure 3.4 Identification of presented IAV and IBV HLA-A*24:02 ligands at different time.  
Specific ligands derived from IAV A) and IBV B) in isolations performed at 2, 4, 8, 12 and 16 hrs (16 hrs 
IAV only) post infection. Coloured squares represent identification of each peptide derived from viral 
proteins. n=number of peptides. 
 

3.2.3 Broad CD8+ T cell responses in IAV-infected HLA-A24 mice are biased towards PB1- and 

PB2-derived peptides 

To determine the immunogenicity of novel IAV- and IBV-derived peptides during primary and 

secondary influenza virus infection in vivo, we utilized HLA-A24-expressing transgenic (HHD-A24) mice 

(457). These mice are not confounded by prior exposure to infections nor co-expression of other 

competing major histocompatibility complex I (MHC-I) molecules, and thus provide a valuable tool for 

screening peptide antigens in vivo. Previous experiments in our laboratory analysed CD8+ T cell 

responses induced by primary IAV infection. Six to ten-week-old mice were intranasally (i.n.) infected 
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with 200 pfu of H3N2 HKx31 virus, while secondary experiments were performed by an i.n. 

heterologous challenge with 200 pfu H1N1 PR8 6-8 weeks after the primary HKx31 infection. At day 

(d) 10 post-infection, spleen and bronchoalveolar lavage (BAL, combined from 4-5 mice) were 

stimulated with 54 peptides; including 48 novel peptides identified by mass-spectrometry and the 

previously published PB1496-505, M199-109, M1108-117, M1239-248, NP39-47 & NP419-429 peptides (Table 2.5). 

The responses were detected by 5 hrs ex vivo peptide stimulation and measurement of IFN- 

production by ICS. Our data revealed that A24/IAV-specific CD8+ T cell responses were 

immunodominant (>5% IFN-γ+ of CD8+ T cells) towards 2 PB1- and 3 PB2-derived peptides: PB1216-224 

(mean of 10.2% IFN-γ+ of CD8+ cells in spleen, 16.5% in BAL), the published PB1498-505 (14.8% spleen, 

23.3% BAL), PB2549-557 (10.1% spleen, 24.9% BAL), PB2549-559 (11.1% spleen, 24.4% BAL) and PB2463-471 

(6% spleen, 9.3% BAL) (Figure 3.5.A). Two additional subdominant (1%<IFN-γ+ of CD8+ T cells <5%) 

CD8+ T cell responses were directed towards PB2322-320 (3.9% spleen, 7.7% BAL) and previously 

published NP39-47 (2.1% spleen, 7.7% BAL), while marginal CD8+ T cell responses were detected, mainly 

in BAL, towards 6 other peptides (HA248-259, PA47-60, PA130-138, PB12-10, PB1500-505, PB2703-710). Total CD8+ T 

cell responses directed towards the identified epitopes (excluding overlapping peptide that present 

potentially the same epitope) in the spleen cover almost 50% of all CD8+ T cells indicating good 

coverage of immunogenic peptides identified by mass-spectrometry.  

 

Figure 3.5 Screening of immunogenic IAV peptides in HHD-A24 mice. 
(legend on next page) 
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Figure 3.5 Screening of immunogenic IAV peptides in HHD-A24 mice. 
A) Frequencies of IFN-γ+ CD8+ T cells in spleen (individual mice) and BAL (pooled mice) after primary 
infection with IAV (100 pfu/30 μl i.n. A/HKx31) from 6-10 week-old HLA-A24-expressing mice. Cells 
from spleen and BAL were isolated 10 days post-infection and restimulated with individual peptides 

(n=5-10 mice from 1-2 independent experiments). B) IFN-+ frequencies following a secondary 
heterologous challenge with IAV (200 pfu/30 μl of A/PR8) 6 weeks after primary infection. Cells were 
isolated 8 days post-infection for ICS assay (n=5 mice from 1 experiment). Bars indicate mean+SD for. 
Pie charts depict protein origin of immunogenic peptides and the average contribution to the total 
IFN-γ response in spleen for primary and secondary IAV responses. Coloured bars below bar chart 
indicate protein origin of characterised peptides. Representative concatenated FACS plots from 
splenocytes of immunodominant and subdominant responses compared to DMSO background control 
are shown in the top-right panels. 
 

We next assessed how these responses compare to immune responses induced by secondary 

viral challenge. During the acute phase (d8) of secondary challenge, CD8+ T cell responses were 

similarly directed at 6 immunogenic peptides found in the primary infection (PB1216-224, PB1498-505, 

PB2322-330, PB2463-471, PB2549-557 & PB2549-559) (Figure 3.5.B). CD8+ T cell responses towards the marginal 

epitopes observed in the primary infection were no longer detected. While the reason for the loss of 

HA248-259 could be explained by sequence variation between HKx31 and PR8 (IYWTIVKPGDVL vs. 

YYWTLVKPGDTI), all internal proteins are shared between both viruses. Analysis of influenza-specific 

CD8+ T cell numbers showed significant reductions in epitope-specific CD8+ T cells for 9 out of 11 

specificities (NP39-47, PA130-138, PB12-10, PB1216-224, PB1496-505, PB1498-505, PB2322-330, PB2703-710 & PB2549-559) 

following secondary infection (Figure 3.6).  

Thus, our in vivo screening in HHD-A24 mice identified 6 IAV-derived immunogenic peptides 

during primary and secondary IAV infection, with prominent CD8+ T cell responses being heavily biased 

towards PB1- and PB2-derived peptides. This is of key importance as the current T cell vaccines in 

clinical trials focus mainly on internal proteins like NP and M1 (301, 376, 458–460), which may be 

poorly immunogenic in HLA-A24-expressing individuals at risk of severe influenza disease. 
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Figure 3.6 Comparison of epitope-specific CD8+ T cells in primary and secondary IAV and IBV 
infection. 
Total number of epitope-specific CD8+ T cells calculated by the frequency of IFN-γ+CD8+ T cells in the 
INF-γ ICS assay multiplied by the total number of splenocytes per spleen. 

3.2.4 Prominent A24/CD8+ T cell specificities in IBV infection 

While the CD8+ T cell responses towards IBV have been studied in detail for HLA-A*02:01-expressing 

individuals (299), there remains a lack of known CD8+ T cell epitopes for other HLAs. Here, we 

determined the immunogenicity of newly identified IBV-derived peptides using primary and secondary 

infection in HHD-A24 mice. HHD-A24 mice were i.n. infected with 200 pfu B/Malaysia/2506/2004. On 

d10, spleen and BAL were restimulated with individual peptides (Table 2.5) to measure the 

corresponding CD8+ T cell responses. Novel immunodominant IFN--producing A24/CD8+ T cell 

specificities were found against a range of IBV peptides including NP164-173 (mean of 13.1% in spleen, 

31.15% in BAL), the shorter NP165-173 (12.6% spleen, 38.4% BAL) and NA32-40 (5.2% spleen, 17.3% BAL), 

while subdominant A24/CD8+ T cell responses were detected towards an additional four IBV-derived 

peptides (NA213-221, NP392-400, PB2245-253, PB2550-558) (Figure 3.7.A). Interestingly, although A24/CD8+ T 

cells could respond to the 10mer NP164-173 by peptide re-stimulation, peptide-loaded MHC-tetramers 

showed that these CD8+ T cells bound only the 9mer NP165-173 (data not shown), suggesting that the 

minimal epitope was the 9mer.  
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Figure 3.7 Screening of immunogenic IBV peptides in HHD-A24 mice. 
A) Frequencies of IFN-γ+ CD8+ T cells in spleen (individual mice) and BAL (pooled mice) after primary 
infection with IBV (200 pfu/30 μl i.n. B/Malaysia/2506/04), from 6-10 week-old HLA-A24-expressing 
mice. Cells from spleen and BAL were isolated 10 days post-infection and restimulated with individual 

peptides (n=9-14 mice from 2-3 experiments). B) IFN-+ frequencies following a secondary 
heterologous challenge IBV (400 pfu/30 μl of B/Phuket/3073/2013), 6 weeks after primary infection. 
Cells were isolated 8 days post-infection for ICS assay (n=4 mice from 1 experiment). Bars indicate 
mean+SD for spleen and BAL for A) only. Pie charts depict protein origin of immunogenic peptides and 
the average contribution to the total IFN-γ response in spleen for primary and secondary IBV 
responses. Coloured bars below bar chart indicate protein origin of characterised peptides. 
Representative concatenated FACS plots from splenocytes of immunodominant and subdominant 
responses compared to DMSO background control are shown in the top-right panels. 
 

To define IBV-specific CD8+ T cell responses following the secondary challenge, 

B/Malaysia/2506/2004-infected mice were challenged i.n. after 6-8 weeks with 400 pfu 

B/Phuket/3073/2013. At d8 after challenge, IBV-specific CD8+ T cell responses resembled those after 

primary IBV infection (Figure 3.7.B), but were focussed more towards the immunodominant epitopes, 

similar to IAV-specific A24/CD8+ T cell responses following secondary challenge. Although the 

B/Phuket virus differs in one aa in the NP164-173/NP165-173 and NA213-222 restimulating with the B/Malaysia 

variants showed cross-reactivity of CD8+ T cells between both variants. All other immunogenic 

epitopes were conserved between both strains. In contrast to IAV infection, the total number of 

epitope-specific CD8+ T cells for all immunogenic epitopes after secondary challenge remained 
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comparable in the spleen (Figure 3.6). Thus, our data identified prominent A24/CD8+ T cell responses 

directed towards IBV during primary and secondary influenza virus infection in HHD-A24 mice.  

3.2.5 IAV-specific CD8+ T cells in HLA-A24-expressing Indigenous and non-Indigenous 

individuals 

Having identified prominent IAV-derived CD8+ T cell epitopes towards the primary and secondary 

infection in HHD-A24 mice, it was of key importance to define immunodominant CD8+ T cell sets in 

HLA-A24-expressing Indigenous and non-Indigenous individuals. For humans, different influenza 

strains of the same subtype are often co-circulating and mutating to create different variants of the 

same epitope region. In addition to our identified panel of HLA-A24-binding peptides, we searched 

the Influenza research database (www.ncbi.nlm.nih.gov/genomes/FLU/Database; accessed 

08.09.2017) to include the most frequent virus strains circulating in South-East Asia and Australia and 

identified naturally occurring variants of our HLA-A24 binding peptides utilizing the “Identify short 

peptides in proteins” analysis from Influenza research database (www.fludb.org) (n=61-3877 

sequences dependent on protein) to include in epitope mapping (Table 2.5). We probed memory CD8+ 

T cell populations, by firstly stimulating PBMCs from healthy Indigenous HLA-A24-expressing donors 

(Table 3.1) with 5 IAV peptide pools for 13 days. Each pool contained 7-13 peptides, of which each 

variant (Table 2.5) was always included in the same pool as the wildtype peptide identified in the 

immunopeptidome studies. We observed CD8+ T cell responses towards pools 1 and 2 via an IFN-/TNF 

ICS assay (Figure 3.8.A), and subsequently cell cultures from those pools were restimulated with 

individual peptides (+variants) to map the immunogenic epitopes. In 5/5 Indigenous donors tested, 

CD8+ T cell responses were dominated towards PB1498-505 (median of 0.93% IFN-γ of CD8+ T cells; also 

immunodominant in mice) (Figure 3.5.A,B), its longer 10mer version PB1496-505 (median of 0.64%; 

detected marginally after 1° IAV infection in mice), PA649-658 (median of 0.73%; not detected in mice) 

and NP39-47 (median 0.16%, immunogenic following 1° IAV infection in mice) (Table 3.2). Another 6 

subdominant HLA-A24-restricted epitopes were identified in a select number of donors (PB2110-119 in 

4/5 donors, NS298-106 in 3/5, PB1216-224 in 3/5, PB2549-557 in 1/5, HA176-184 in 3/5 and PB2703-710 in 3/5), of 

which PB1216-224, PB2549-557 and PB2703-710 were also detected in HHD-A24 mice. Interestingly, only 2/4 

immunodominant epitopes observed in the Indigenous donors elicited comparably robust responses 

in 5 non-Indigenous donors screened (published epitopes: PB1498-505 median 0.93% vs 1.1%, PB1496-505 

median 0.64% vs 0.8%), while the other two epitopes, PA649-658 and NP39-47 were poorly immunogenic 

in non-Indigenous donors who instead responded well to the PB2549-557 epitope, absent in 4/5 

Indigenous donors. Such differential epitope preference and immunodominance hierarchies between 

Indigenous and non-Indigenous donors could perhaps be influenced by different HLA co-expressions 

or infection history.  
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Table 3.1 Donor demographics of HLA-A*24:02-expressing individuals in this study. 

Donor 
ID 

Age 
(years) 

Sample HLA-A HLA-B 
IAV 

peptide 
expansion 

IBV 
peptide 

expansion 

IBV virus 
expansion 

IAV virus 
expansion 

TAME 

LIFT1 43 PBMC 24:02, 34:01 15:21, 56:01 X     
LIFT2 46 PBMC 24:02 13:01, 56:01  X    
LIFT3 65 PBMC 24:02 13:01, 40:02 X     
LIFT4 68 PBMC 11:01, 24:02 39:01, 40:10 X     
LIFT5 39 PBMC 02:01, 24:02 15:21, 56:01  X    
LIFT6 34 PBMC 02:01, 24:02 07:02, 40:06 X     
LIFT7 50 PBMC 01:01, 24:02 08:01, 15:21  X    
LIFT8 34 PBMC 24:02 40:01, 56:02  X    
LIFT9 21 PBMC 24:02, 34:01 07:02, 56:01  X    

LIFT10 36 PBMC 24:02 40:01, 40:02 X     
LIFT11 24 PBMC 24:02, 34:01 13:01  X    
LIFT12 25 PBMC 11:01, 24:02 13:01, 40:02  X    
LIFT13 30 PBMC 24:02 13:01, 56:01  X    
LIFT14 21 PBMC 24:02, 24:03 40:01, 52:01     X 
LIFT15 27 PBMC 24:02 40:01, 56:02     X 
LIFT16 27 PBMC 01:01, 24:02 56:01, 57:01     X 
LIFT17 21 PBMC 24:02, 24:06 40:01, 56:01     X 
Non-
LIFT1 

29 
PBMC 

01:01, 24:02 08:01, 14:02 X     

Non-
LIFT2 

30 PBMC 03:01, 24:02 35:03, 44:02 X     

Non-
LIFT3 

n.D. PBMC 02:07, 24:02 46:01, 58:01 X     

Non-
LIFT4 

n.D. PBMC 03:01, 24:02 15:01, 47:01 X     

Non-
LIFT5 

n.D. PBMC 24:02 40:02, 51:01 X     

Non-
LIFT6 

59 PBMC 03:01, 24:02 15:01, 38:01  X X X  

Non-
LIFT7 

60 PBMC 02:01, 24:02 15:01, 35:02  X X X  

Non-
LIFT8 

59 PBMC 24:02 07:02  X X X X 

Non-
LIFT9 

29 PBMC 01:01, 24:02 35:01, 57:01  X X X  

Non-
LIFT10 

38 PBMC 02:07, 24:02 46:01, 67:01  X X X X 

Non-
LIFT11 

60 PBMC 24:02, 25:01 07:02, 18:01 X    X 

Non-
LIFT12 

24 PBMC 02:03, 24:02 27:06, 40:01     X 

Non-
LIFT13 

36 PBMC 01:01, 24:02 08:01, 40:01     X 

Non-
LIFT 14 

34 PBMC 01:01, 24:02 44:02, 57:01     X 

IAV-Inf 
1 

44 PBMC 01:01, 24:02 08:01, 57:01     X 

IAV-Inf 
2 

86 PBMC 24:02, 29:02 18:01, 51:01     X 

IAV-Inf 
3 

33 PBMC 24:02, 32:01 07:02, 56:01     X 
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Donor 
ID 

Age 
(years) 

Sample HLA-A HLA-B 
IAV 

peptide 
expansion 

IBV 
peptide 

expansion 

IBV virus 
expansion 

IAV virus 
expansion 

TAME 

IAV-Inf 
4 

77 PBMC 24:02, 74:01 07:02, 51:01     X 

IBV-Inf 
1 

52 PBMC 11:01, 24:02 08:01, 15:01     X 

IBV-Inf 
2 

68 PBMC 24:02, 24:03 40:06, 51:06     X 

IBV-Inf 
3 

63 PBMC 03:01, 24:02 07:02, 51:01     X 

Sp1 55 Spleen 02:01, 24:02 27:05, 35:01     X 
Sp2 48 Spleen 02:01, 24:02 07:02, 15:01     X 
Sp3 58 Spleen 02:01, 24:02 27:05, 35:01     X 
Sp4 63 Spleen 02:01, 24:02 07:02, 15:01     X 

LN1 55 

Pancre
atic 

Lymph 
node 

02:01, 24:02 27:05, 35:01     X 

TN1 7 Tonsil 24:02, 29:02 27:05, 42:01     X 
TN2 42 Tonsil 24:02, 32:01 15:01, 44:02     X 
TN3 4 Tonsil 24:02, 29:02 51:01, 58:01     X 
L1 41 Lung 3, 24 15, 55     X 
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Figure 3.8 In-vitro screening for immunogenicity of IAV and IBV epitopes in human PBMC. 
(Legend on next page) 
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Figure 3.8 In-vitro screening for immunogenicity of IAV and IBV epitopes in human PBMC. 

A,B) Frequencies of IFN-+CD8+ T cells after PBMCs were expanded with IAV A) or IBV B) peptide pools 
for 13 days and restimulated with CIR.A24 cells pulsed with the corresponding peptide pools (left 
panel). Right panels show dissection of each peptide from IAV pools 1 and 2 A) or IBV pool 10 B) using 
single peptide-pulsed CIR.A24 cells after 15 days of peptide-pool T cell expansions in LIFT and non-LIFT. 

C,D) Individual IBV peptide IFN-+CD8+ T cell responses in non-LIFT donors following expansion with 
B/Malaysia/2506/04-infected CIR.A24 cells for 15 days. For the ICS, peptides derived from 
B/Malaysia/2506/04 C) or a comparison between autologous (v1) and the alternative circulating 
variant (v2) was used. Symbols indicate individual donors screened. D) IBV PB2550-558 v1 and v2 
responses after virus expansion versus IBV PB2550-558 v1 peptide expansion are shown on the right (d). 
A-D) Bars indicate median. E) Cross-reactive PB2-specific CD8+ T cell responses against IAV PB2, IBV 
PB2 v1 and IBV PB2v2 peptides following PBMC expansion with IAV (A/HKx31) (left panels) or IBV 
(B/Malaysia/2506/04) infected (right panels) CIR.A24 cells from 5 non-LIFT donors with representative 
concatenated FACS plots. C,D) Pie charts depict protein origin of immunogenic peptides and the 
median contribution to the total IFN-γ response for Indigenous (LIFT) and non-Indigenous (non-LIFT) 
donors. Coloured bars below bar chart indicate protein origin of characterised peptides. F) Crystal 
structures of HLA-A*24:02 presenting the PB2 peptide variants IAV PB2 (red, left) and IBV PB2v1 (pink, 
middle), and an overlay of both peptides (right). 

3.2.6 Breadth of A24/CD8+ T cell specificities towards IBV in Indigenous and non-Indigenous 

donors 

Following identification of novel IBV-derived peptides in HHD-A24 mice, we defined CD8+ T cell 

responses towards IBV peptide pools, comprising 41 peptides identified by mass spectrometry and an 

additional 14 variants (Table 2.5), in HLA-A24-expressing Indigenous and non-Indigenous donors 

(Table 3.1). In accordance with the HHD-A24 mouse data, we found broad A24/CD8+ T cell responses 

directed towards pool 10, which mapped 6 major immunogenic epitopes spanning 5 different proteins 

(NP164-173/NP165-173, NA32-40, PB2550-558, PA457-465, HA552-560 and PB1503-511) (Figure 3.8.B). CD8+ T cell 

responses to these peptides were found in 7/9, 8/9, 6/9, 6/9, 5/9 and 5/9 of Indigenous and 5/5, 4/5, 

5/5, 4/5, 4/5 and 2/5 of non-Indigenous donors, respectively, with comparable IFN-γ+CD8+ T cell 

frequencies between Indigenous and non-Indigenous donors (Table 3.2). As our experiments 

examined the immunogenicity of A24/CD8+ T cells following in vitro peptide-driven expansion, we 

further verified these novel IBV epitopes in non-Indigenous donors by incubating HLA-A24+ PBMCs 

with IBV-infected (B/Malaysia/2505/2004) CIR.A24 target-cells for 15 days before dissecting individual 

peptide (+variant) responses from IBV pool 10. This confirmed the immunogenicity of at least 3 

epitopes previously detected by peptide-driven expansions (NP164-173/NP165-173, NA32-40 & PB2550-558) 

(Figure 3.8.C). Interestingly, the same epitopes were observed in HHD-A24 mice after IBV 

infection (Figure 3.7.A,B). 

Collectively, out of 41 newly identified HLA-A24-binding IBV epitopes by immunopeptidomics, 

we confirmed a total of 9 (22%) immunogenic epitopes after screening HLA-A24-expressing mice and 

humans. Of these, 3 were found in both humans and mice (NP164-173/NP165-173, NA32-40, PB2550-558), 3 
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were only found in humans (HA552-560, PA457-465 and PB1503-511), and the remaining 3 were only found in 

mice (PB2245-253, NA213-221 & NP392-400). 

Table 3.2 Summary of immunogenic peptides in Indigenous and non-Indigenous participants. 
Peptide Induced immune responses/Donors screened (%) 

Indigenous Non-Indigenous 

A/PB1498-505 5/5 (100%) 4/5 (80%) 
A/PA649-658 5/5 (100%) 0/5 (0%) 

NP39-47 5/5 (100%) 0/5 (0%) 
PB2110-119 4/5 (80%) n.D 
NS298-106 3/5 (60%) n.D 
PB1216-224 3/5 (60%) n.D 
PB2549-557 1/5 (20%) 3/3 (100%) 
HA176-184 3/5 (60%) n.D 
PB2703-710 3/5 (60%) n.D 

B/NP165-173 7/9 (78%) 5/5 (100%) 
B/NA32-40 8/9 (89%) 4/5 (80%) 

B/PB2550-558 6/9 (67%) 5/5 (100%) 
B/PA457-465 6/9 (67%) 4/5 (80%) 
B/HA552-560 5/9 (56%) 4/5 (80%) 
B/PB1503-511 5/9 (56%) 2/5 (40%) 

 

3.2.7 A24/CD8+ T cell cross-reactivity between IAV and IBV towards PB2 epitopes 

The B/Malaysia/2505/2004 virus used here is from the Victoria (B/Vic) lineage, however, there is 

another IBV lineage that commonly co-circulates and infects humans called the Yamagata (B/Yam) 

lineage. To determine the potential for HLA-A24/CD8+ T cell cross-reactivity across both IBV lineages, 

B/Malaysia/2505/2004 (B/Vic) virus-expanded CD8+ T cells were restimulated with IBV peptide 

variants from the alternate Yam lineage. Cross-reactivity was demonstrated towards the NP165-173 

epitope (YFSPIRVTF variant 1 (B/Vic only)), in which B/Malaysia/2505/2004-expanded CD8+ T cells 

responded towards the Yam variant (YFSPIRITF v2 (B/Yam only)) following ICS assay (Figure 3.8.D). 

Likewise, cross-reactivity between Vic lineage and a variant found in the Yam lineage was also 

observed with the PB2550-558 variants (TYQWVLKNL (variant1, both B/Vic and B/Yam); TYQWVMKNL 

(variant 2, B/Yam only)) in the virus-expansion system, but 3/4 donors did only respond to v1 after 

peptide expansion (Figure 3.8.D). 

We have previously reported cross-reactivity towards IAV and IBV (as well as ICV) in the 

HLA-A2 model with a single epitope sequence (299). Here, none of the identified HLA-A24 IAV and IBV 

epitopes showed 100% sequence identity between strains. Instead, we identified a potential 

HLA-A24-restricted IAV/IBV cross-reactive candidate, the immunogenic IAV PB2549-557 TYQWIIRNW 

epitope. This epitope shares 55% aa identity with the cross-reactive IBV PB2550-558 variants. Indeed, 

virus-expansion with IAV/HKx31-infected CIR.A24 cells induced cognate IAV/PB2549-557
+ (A/PB2549-557) 

CD8+ T cell responses in 2/4 donors as well as cross-reactive responses to the IBV PB2550-558v1 

(B/PB2550-558v1) variant and the B/PB2550-558v2 variant (Figure 3.8.E). The superiority of IBV at inducing 
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potentially cross-reactive CD8+ T cells in contrast to IAV was validated with the reverse experiment, 

where virus-expansion with B/Malaysia/2506/2004-infected CIR.A24 cells induced highly robust CD8+ 

T cell responses in 4/4 donors, capable of cross-recognizing all three different epitopes (Figure 3.8.E). 

As we observed T cell cross-reactivity between the A/PB2549-557 and B/PB2550-558 (Figure 3.8.E) 

as well as T cell reactivity in transgenic mice for the overlapping peptide A/PB2549-559, we next 

determined the impact of those variations within the PB2 derived peptides. We solved the structures 

of A/PB2549-557, the overlapping A/PB2549-559 and B/PB2550-558 peptides in complex with the HLA-A24 

molecules at a resolution of 2.90 Å, 2.95 Å and 2.16 Å, respectively (Table 3.3) with clear electron 

density for each peptide (Figure 3.9.A-D). 

Table 3.3 Data Collection, Refinement Statistics and Thermal stability of peptide-HLA complexes. 
Data Collection 

Statistics 
HLA-A*24:02-PB2549-559 HLA-A*24:02-PB2549-557 HLA-A*24:02-PB2549-557B 

Space group I2 P6522 P21 
Cell Dimensions 

(a,b,c) (Å) 
89.68, 43.65, 236.49, 

=95.56° 

87.29, 87.29, 312.46 46.07, 123, 86.59 

=103.4° 
Resolution (Å) 39.23-2.95 

(3.13-2.95) 
48.16-2.90 
(3.08-2.90) 

44.81-2.16 
(2.23-2.16) 

Total number of 
observations 

73078 (11941) 159459 (25130) 188348 (15744) 

Number of unique 
observations 

19624 (3149) 16623 (2577) 49524 (4188) 

Multiplicity 3.7 (3.8) 9.6 (9.8) 3.8 (3.8) 
Data completeness 

(%) 
99.6 (99.4) 99.9 (99.9) 99.2 (96.9) 

I/I 12.3 (2.0) 16.4 (2.1) 14.4 (2.6) 

Rpim
a (%) 6.7 (40.4) 2.9 (31.1) 4.6 (31.9) 

Refinement Statistics    

Non-hydrogen atoms 6405 3177 6898 
Protein 6328 3159 6309 
Water 77 14 587 

Rfactor
b (%) 20.3 24.1 17.8 

Rfree
b (%) 27.6 27.4 22.9 

Rms deviations from 
ideality 

   

Bond lengths (Å) 0.010 0.007 0.010 
Bond angles (°) 1.16 0.96 1.08 

Ramachandran plot 
(%) 

   

Favoured region 91.0 93.0 99.3 
Allowed region 8.0 6.0 0.7 

Disallowed region 1.0 1.0 0.0 

Tm (℃) 57.1 ± 1.3 61.9 ± 1.3 57.1 ± 1.2 
aRp.i.m = hkl [1/(N-1)]1/2 i | Ihkl, i - <Ihkl> | / hkl <Ihkl>, b Rfactor = hkl   Fo  -  Fc   / hkl  Fo  for all data 
except ≈ 5% which were used for Rfree calculation. 
 

The 9mer A/PB2549-557 peptide adopted a canonical extended conformation within the cleft of 

HLA-A24, with anchor residues at P2-Tyr and P9-Trp, and a secondary anchor residue at P5-Ile. Solvent 

exposed residues were at P4-Trp, P6-Ile, P7-Arg and P8-Asn, representing a large surface accessible 
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for TCR interaction. The P9-Trp of the peptide formed a network of interactions with HLA-A24 tyrosine 

residues at positions 116, 118 and 123 as well as the Leu95 (Figure 3.9.H-I), likely assisting with 

stabilizing the complex reflected in the higher stability observed for the HLA-A24-A/PB2549-557 complex 

than with other peptides (Table 3.3).  

 

Figure 3.9 Electron density and crystal structures of HLA-A*24:02 presenting the PB2549-559 peptide. 
A-F) Peptide presentation in the antigen binding cleft of HLA-A*24:02 showing electron density omit 
maps (Fo-Fc) at 3.0σ (green) and electron density maps (2Fo-Fc) at 1.0σ (blue), for A-C) and D-F), 
respectively. The HLA-A*24:02 is represented as white cartoon, while the peptides are represented in 
sticks and coloured in red (PB2549-557) pink (PB2549-557B) and maroon (PB2549-559). G) Depiction of the 
PB2549-559 peptide presented by HLA-A*24:02. H) Overlay of PB2549-557 (red) and PB2549-559 (maroon) 
peptides presented by HLA-A*24:02. The two extra residues of the PB2549-559 peptide are shown in 
yellow. I) The P9-Trp of the PB2549-557 peptide (red) is forming a network of interactions with Tyr at 
positions 116, 118 and 123 and Leu95 within the peptide-binding cleft. J) Lys146 of the α2-helix of 
HLA-A*24:02 also interacts with the carboxylic group of the PΩ residue of the PB2549-557 9mer peptide 
(red) but K) faces outside of the cleft and does not interact with the P9-Trp of the PB2549-559 11mer 
peptide (maroon). 
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The B/PB2550-558 peptide differed to the A/PB2549-557 peptide at positions 5 (Ile to Val), 6 (Ile to 

Leu), 7 (Arg to Lys) and 9 (Trp to Leu) (Figure 3.8.F). Both peptides shared the same anchor residue at 

P2-Tyr and similar solvent exposed residues (except for P7-Lys) but differed at PΩ (P9). As Leu 

possessed a shorter side chain than Tyr at PΩ, the IBV peptide was not buried as deeply into the F 

pocket, which may explain the lower stability observed for the B/PB2550-558 peptide (Tm of 57°C) 

compared to A/PB2549-557 (Tm of 62°C) (Table 3.3). Structural overlay of HLA-A24 presenting the 

A/PB2549-557 and B/PB2550-558 peptides showed that the antigen-binding cleft and both peptides 

adopted a similar conformation with an average root mean square deviation (r.m.s.d.) of 0.31 Å and 

0.37 Å, respectively (for C atoms) (Figure 3.8.F), consistent with T cell cross-reactivity observed 

towards these two peptides.  

Although the 11mer A/PB2549-559 generated similar responses to the 9mer A/PB2549-557 in 

HHD-A24 mice (Figure 3.5.A,B), it was not immunogenic in peptide-pool screening in humans as 

perhaps the minimal 9mer epitope was not exposed for T cell recognition, due to the two additional 

C-terminal residues (P10-Glu and P11-Thr) (Figure 3.9.G,H). Similar to the 9mer peptide conformation, 

P2-Tyr and P9-Trp of the 11mer PB2549-559 act as primary anchor residues buried in the HLA-A24 

antigen-binding cleft with the structural overlay of the peptides showing an r.m.s.d. of 0.48 Å (Figure 

3.9.G,H). Strikingly, the extra P10-Glu and P11-Thr residues of the 11mer extended outside the 

antigen-binding cleft, creating an unusual conformation that disturbed the interaction between the 

peptide and the HLA-A24 Lys146 at the C-terminal of the cleft. The Lys146 residue is a conserved 

residue in HLA molecules that helps stabilise the pHLA complex (461). In the 9mer PB2549-557 peptide, 

Lys146 interacts with the carboxylic group of the PΩ residue (Figure 3.9.J), however this interaction is 

lost in the 11mer due to the presence of the extra two residues P10-Glu and P11-Thr. (Figure 3.9.K), 

thereby likely decreasing the pHLA stability compared to the shorter A/PB2549-557 peptide (Table 3.3). 

Thus, the bulged conformation of the extra residues in the A/PB2549-559 may represent a challenge for 

TCRs interacting with the C-terminal end of the peptide. In compliance with the in vitro data, the 

structural data support the potential cross-reactivity of CD8+ T cells between the A/PB2549-557 and the 

B/PB2550-558, verifying our previous findings of broad CD8+ T cell immunity against influenza virus 

infections. 

3.2.8 Protective capacity of novel HLA-A24-restricted IBV-derived CD8+ T cell peptides during 

in vivo infection of HHD-A24 mice 

To determine the protective capacity of the novel CD8+ T cell epitopes in HHD-A24 mice, we performed 

a proof of principle experiment and vaccinated mice with 3 immunogenic IBV peptides (NP164, NP392, 

NA32) using a well-established prime/boost approach (299), then infected mice i.n. with 1x103 pfu 

B/Malaysia (Figure 3.10.A). Vaccination with HLA-A24-restricted peptides resulted in significant 
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protection against IBV. This was shown by decreased disease severity on d4, d5 and d6 after IBV 

infection as measured by the body weight loss (Figure 3.10.D; p<0.05) as well as a significant ~89% 

reduction in viral titres in the lung on d7 after IBV infection when compared to the mock-immunized 

group (Figure 3.10.C; p<0.05). Additionally, there was a significant decrease (p<0.05) in the levels of 

inflammatory cytokines (MIP-1β, MIP-1a, RANTES) in d7 BAL of peptide-vaccinated mice in comparison 

to the mock-immunised animals (Figure 3.10.D). Thus, CD8+ T cells directed at our novel 

HLA-A24-restricted IBV-specific epitopes provide a substantial level of protection against influenza 

disease, as shown by a marked decrease body weight loss, accelerated viral clearance and reduced 

the cytokine storm at the site of infection.  

 

Figure 3.10 Protection of HDD-A24 mice by vaccination with novel immunogenic A24 peptides. 
A) Mice were vaccinated with 3 immunogenic IBV peptides (NP164, NP392, NA32) in adjuvant CFA or CFA 
alone (control). 14 days post-priming, immune responses were boosted with peptides/IFA or IFA 
alone. 7 days after the boost, mice were challenged with high dose of 1x103 pfu B/Malaysia. 
Bronchoalveolar lavage and lungs were collected on day 6 and 7 post infection. B) % body weight of 
mice after virus challenge at different days after infection. C) Virus titre from homogenized lungs on 
day 6 and 7 post challenge. D) Cytokine levels in BAL on day 6 and 7. Coloured stars indicate significant 
differences between control and peptide vaccinated groups. B-D) Statistical significance was 
calculated using unpaired two-tailed t-test with * p<0.05. 

3.2.9 A24/CD8+ T cell responses in IAV- and IBV-infected patient blood and healthy human 

tissues 

Having identified the prominent IAV and IBV CD8+ T cell specificities for Indigenous and 

non-Indigenous HLA-A24+-individuals, we sought to determine whether CD8+ T cells specific for our 
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newly identified epitopes were recruited and activated during acute influenza virus infection. We 

generated peptide/HLA-A24-tetramers to the most immunogenic IAV (A/PB1498-505) and newly 

characterised IBV epitopes (NP165-173 and NA32-40). These reagents allow direct ex vivo detection of 

IAV- and IBV-specific CD8+ T cells using tetramer-associated magnetic enrichment (TAME) (462) in both 

healthy and influenza-infected individuals (Figure 3.11.A, left panels). In healthy non-Indigenous and 

Indigenous donors (Table 3.1), ex vivo mean precursor frequencies for A/PB1498-505
+ and B/NP165-173

+ 

CD8+ T cells, were 4x10-5 and 1x10-5 of CD8+ T cells, respectively (Figure 3.11.B). Non-Indigenous 

B/NA32
+ frequencies were 1.8-9x10-5 of CD8+ T cells. All tetramer+ frequencies fell within the range of 

previously published frequencies for memory IAV- or EBV-specific CD8+ T cells (462, 463).  

Interestingly, as per our analysis in HLA-A*02:01-positive influenza patients (299), the 

frequencies of A/PB1498
+, B/NP165

+ and B/NA32
+ CD8+ T cells in blood of IAV- and IBV-infected patients 

during infection were comparable to that of memory CD8+ T cell frequencies (Figure 3.11.B) This, most 

likely reflects accumulation of influenza-specific CD8+ T cells at the site of infection rather than in the 

peripheral blood. However, despite similar frequencies, their activation profiles varied greatly, as 

assessed directly ex vivo by expression of the activation markers CD71, HLA-DR, CD38, PD-1, and 

phenotypic markers CD27 and CD45RA (Figure 3.11.C,D). In patients infected with IAV and IBV, 

tetramer+CD8+ T cells displayed significantly (p<0.05) higher frequencies cells expressing activation 

markers, especially CD38+PD-1+ (18.7% vs. 0.8%), CD71+PD-1+ and CD38+ (14.6% vs. 0.1%), 

CD38+CD71+PD-1+ (6.7% vs 0.0%) and CD38+CD71+ (6.3% vs. 0.0%), in comparison to epitope-specific 

CD8+ T cells of healthy donors (Figure 3.11.C). In convalescent donors the dominant activation factor 

expressed in the epitope-specific CD8+ T cells was PD-1 (44.2% in convalescent vs. 18.4% in healthy). 

Phenotypic analysis of CD45RA, CD27 and CD95 expression confirmed these results and showed higher 

frequencies of CD45RA-CD27- effector memory-like T cells in IAV- and IBV-infected patients (mean of 

25.9% vs. 12.2% in healthy, p=0.04), higher but difference in CD45RA-CD27+ central memory-like T cells 

(49.1% vs. 38.5% in healthy, p=0.24), and less naïve T cells (5.4% vs. 29.7% in healthy, p<0.05) 

compared to healthy individuals within the pooled IAV/IBV tetramer specificities (Figure 3.11.D). 

Comparing all healthy donors, we observed a lower frequency of CD45RA+CD27- TEMRA-like T cells in 

epitope specific CD8+ T cells from Indigenous compared to non-Indigenous donors (5.0% vs 20.0% in 

non-Indigenous, p<0.05) (Figure 3.11.D). This difference was not observed in the total non-specific 

CD8+ T cell population.  

Importantly, HLA-A24-restricted influenza-specific CD8+ T cells against A/PB1498 and A/NP165 

were detected in multiple healthy human tissues directly ex vivo (Figure 3.11.A, right panels). 

A/PB1498-specific CD8+ T cells were detected in the lung, spleen and tonsil at frequencies ranging 

1.5x10-7 to 4.5x10-5 of total CD8+ T cells (n=6 data points), but was not detected in the pancreatic 
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lymph node (panLN) of one donor that had detectable A/PB1498-505-specific CD8+ T cells in the spleen 

(Figure 3.11). B/NP165-specific CD8+ T cells were found across all the tissues (lung, spleen, tonsil, 

panLN, n=7 data points) at frequencies between 1.1x10-6 to 1.7x10-4. In human lung, IAV/IBV-specific 

CD8+ T cells had large populations of CD69-CD103+ and CD69+CD103+ TRM cells (A/PB1498-505: 75% and 

21%, B/NP165-173: 41% and 47% of tetramer-specific CD8+ T cells, respectively) (Figure 3.11.F). 

Secondary lymphoid organs (SLOs) were predominantly CD69-CD103- circulating effector memory cells 

(range 23.8-85.7%).  

Our findings demonstrate the presence of highly activated influenza-specific CD8+ T cells 

against the published A/PB1498 epitope and the IBV epitopes identified here in HLA-A24+ patients with 

acute influenza infection and memory pools across different human tissues, highly relevant to the 

Indigenous population. 
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Figure 3.11 Ex vivo IAV- and IBV-specific CD8+ T cells detected in HLA-A24+ PBMCs and tissues. 
(legend on next page) 
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Figure 3.11 Ex vivo IAV- and IBV-specific CD8+ T cells detected in HLA-A24+ PBMCs and tissues. 
A) Tetramer-positive CD8+ T cells of three different specificities (A/PB1498-505, B/NP165-173, B/NA32-40) 
were enriched in human blood and tissues. Representative FACS plots of enriched fractions are shown 
for healthy donors, acute influenza-infected patients and tissues from deceased organ donors. B) 
Tetramer+ CD8+ T cell precursor frequencies in the blood of healthy LIFT and non-LIFT, and 
influenza-infected donors where acute and convalescent time-points are shown together (IBV-inf). 
Samples from donor IBV2-inf were collected at acute square and convalescent timepoint triangle. C) 
Activation status of epitope-specific CD8+ T cells in healthy, acute and convalescent donors. D) CD8+ T 
cell differentiation phenotype of epitope-specific cells in healthy LIFT and non-LIFT donors, and 
influenza-infected patients. E) Tetramer+ CD8+ T cell precursor frequencies of epitope-specific cells in 
human tissues. F) CD103 and CD69 expression on epitope-specific cells in the lung compared to 
secondary lymphoid organs (SLO). B,E) Lines represent the median. C,D,F) Bars represent mean+SD. 

3.2.10 Distinct pMHC tetramer staining patterns in HLA-A24 donors reflect KIR3DL1 binding 

It was apparent from the tetramer-enrichment assays that some healthy donors contained large 

populations of HLA-A24-tetramer-binding CD8+ T cells prior to enrichment (up to 6% of CD8+ T cells) 

(Figure 3.12.A). This appeared to be donor-dependent but not entirely CD8+ T cell 

specificity-dependent. We found such oversized (0.32%-6.73% in unenriched PBMCs) tetramer+CD8+ 

T cell populations for A/PB1498 in 10 out of 23 donors and in 14 out of 26 donors for B/NP165 tetramers, 

but not for B/NA32 (0/4 donors), which was further enriched with TAME (Figure 3.12.A,B). It is 

important to note that our tetramer analyses in Figure 5 excluded this oversized low intensity staining 

tetramer-binding CD8+ T cell population. Such oversized tetramer-binding CD8+ T cell population could 

potentially be a unique HLA-A24-tetramer binding phenomenon occurring in selected donors and 

hence potentially impair TCR-specific CD8+ T cell binding. Therefore, we sought to better understand 

HLA-A24-tetramer binding in donors with conventional and largely oversized HLA-A24-tetramer CD8+ 

T cell populations.  

Phenotypic analyses comparing tetramer-enriched fractions revealed that tetramer binding 

CD8+ T cells of donors with oversized populations were predominantly of the CD45RA+CD27- TEMRA 

phenotype (mean 73.3% and 71.7% for PB1498 and NP165, respectively), while those from donors with 

conventional tetramer+CD8+ T cells were predominantly TCM (mean 31.6 and 45.5%), TEM (10.3 and 

8.3%) and TNaïve (12.5 and 22.6%) in phenotype (Figure 3.12.C). To determine factors underlying this 

phenomenon, we performed scRNAseq on single-cell-sorted TAME-enriched A/PB1498-505
+CD8+ T cell 

populations from two donors with oversized populations (non-LIFT 8 and 12) and two donors with 

conventional-size populations (non-LIFT 14 and 10) (Figure 3.12.D). Unsupervised hierarchical 

clustering analysis revealed three gene clusters (Figure 3.12.E). Highly expressed genes from Cluster 

1 were associated with A/PB1498
+CD8+ TNaïve cells predominantly from non-LIFT 14. Most notably, 

A/PB1498
+CD8+ TEMRA cells from non-LIFT 8 and 12 (oversized population) were grouped together and 

highly expressed genes from Cluster 2, characterized by high levels of T cell effector genes NKG7, 

GNLY, CCL5 and granzymes B and H (GZMB and GZMH) but not K (GZMK), found in Cluster 3. In 
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contrast, A/PB1498-505
+CD8+ TEMRA cells from donors non-LIFT 14 and 8 were grouped with highly 

expressed genes from Cluster 1 and 3, but not Cluster 2 except for CCL5 and IFITM1 genes, revealing 

distinct characteristics of A/PB1498
+CD8+ TEMRA cells within the two tetramer-binding populations.  

NKG7 (natural killer cell granule protein 7) and GNLY (granulysin) are key CD8+ T cell effector 

genes (464) located on the same immunoregion locus containing all the natural killer-receptor genes, 

including the killer cell immunoglobulin-like receptors (KIR), within the leukocyte receptor complex 

(1Mb, chromosome 19q13.4) (465). Since NKG7 and GNLY were the top-hit genes associated with 

A/PB1498
+CD8+ TEMRA cells from donors non-LIFT 8 and 12, we hypothesised that a KIR was interacting 

with the peptide/HLA-A24 complex. KIR are expressed by a proportion of CD8+ T cells (466) and 

KIR3DL1 in particular has been previously shown to bind some but not all A24 pMHC tetramers (467) 

implying a degree of selectivity in the interaction. Staining for KIR3DL1 revealed its expression on 

CD27-CD8+ T cells, with the highest frequency of KIR3DL1+ cells detected in the TEMRA population in a 

donor that exhibited strong Pre-TAME tetramer binding (Figure 3.12.F). Co-staining with the 

A/PB1498-505 tetramer showed that all tetramer-binding CD8+ T cells were positive for KIR3DL1, 

indicating that KIR3DL1 could potentially be binding to the tetramers (Figure 3.12.F). Blocking of 

KIR3DL1 prior to tetramer-staining markedly reduced the oversized population after TAME 

enrichment, to the levels of conventional tetramer+CD8+ T cell pools, revealing the true 

A24/PB1498-specific CD8+ T cell population (Figure 3.12.G). Thus, much of the oversized population 

comprises tetramer-binding KIR3DL1+CD8+ T cells with other TCR specificities. Future studies are 

needed to understand whether KIR3DL1 binding of peptide-HLA-A24 complexes are competing with 

TCR interactions to mount robust peptide-HLA-A24-specific CD8+ T cell responses, thus impacting on 

influenza-specific immunity in Indigenous and non-Indigenous HLA-A24-expressing people at risk of 

severe influenza disease. 

  



135 
 

 

Figure 3.12 Comparison of conventional and KIR-binding CD8+ T cells. 
(legend on next page) 
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Figure 3.12 Comparison of conventional and KIR-binding CD8+ T cells. 
A) Staining pattern of donors with conventional-size tetramer staining and donors with oversized 
tetramer+CD8+ T cell populations for the A/PB1498-505 and B/NP165-173 tetramers pre- and 
post-enrichment. B) Presence (+) or absence (-) of conventional (blue) and oversized tetramer+CD8+ T 
cell populations (red) populations across all samples tested. C) Phenotypic analysis of 
tetramer-enriched CD8+ T cells from conventional-size and oversized populations for both 
A/PB1498-505 and B/NP165-173 tetramers. D) Tetramer staining pattern of conventional and 
oversized-binding staining for scRNAseq pre- and post-enrichment. E) Unsupervised clustering of 
mRNA expression of enriched tetramer-binding CD8+ T cells (n=30 cells per donor). All listed genes in 
the SC3 plot all genes listed have a p-value<0.05 and AUC>0.65. F) KIR3DL1 expression on different 
CD8+ T cell phenotypes in non-LIFT 8 (top panel) and co-staining of A/PB1498-505 tetramer and KIR3DL1 
without enrichment. G) Effects of KIR3DL1 blocking on conventional and pre-TAME-binding 
tetramer+CD8+ T cells pre- and post-enrichment. 

3.3 Discussion 

Indigenous populations worldwide are highly affected by pandemic and, to a lesser degree, seasonal 

influenza disease. In line with previous studies (468–471), our results show a high frequency of 

HLA-A24 allele expression in Indigenous populations in the Pacific region, an allele identified as an 

influenza mortality-associated allomorph (246). In our cohort of Indigenous Australians, 36% of 

individuals expressed at least one HLA-A24 allele. With little understood about the nature of the 

HLA-A24-restricted influenza-specific CD8+ T cell response, there was a need to identify the breadth 

of influenza CD8+ T cell epitopes for this at-risk population. Our analysis of previously published 

epitopes revealed a small number of HLA-A24-resticted IAV epitopes reported as immunogenic 

targets, while no IBV targets for HLA-A24 were known. Our in-depth mass-spectrometric approach 

defined the breadth of peptides presented by HLA-A*24:02 during IAV and IBV infection (Table 2.5) 

and provided important insights into the characteristics of the associated CD8+ T cell responses that 

could predispose to more severe influenza disease. Of the 52 peptides presented by HLA-A*24:02 

during IAV infection, most mapped to PB2 (18 peptides, 35%) and PB1 (14 peptides, 27%) viral 

proteins, with no peptides originating from NA or M1. Consistent with this preference for PB2 and PB1 

peptides, the CD8+ T cell response in IAV-infected HHD-A24 mice focused mostly on four epitopes from 

PB1 (PB1216-222 and PB1498-505; 36% primary splenic response) and PB2 (PB2549-557 and PB2549-559; 31% 

primary splenic response). In HLA-A*24:02+ donors, memory responses to overlapping peptides 

PB1496/498-505 were consistently observed, while interesting differences were seen in the hierarchy of 

other epitope-specific responses, with Indigenous donors responding to PA649-658 and NP39-47, and 

non-Indigenous donors instead responding to the PB2549-557 peptide. Such differential response 

characteristics, possibly related to HLA co-expression, genetic polymorphisms in the TCR genes (472, 

473) between ethnicities or  infection history, are important considerations for the design of T cell 

vaccines for high-risk Indigenous populations. Importantly, CD8+ T cells specific for the dominant 

A/PB1498-505 peptide were identified with an activated phenotype in the blood of patients with acute 
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IAV infection and across different human tissues, including a population of TRM cells in the lung, 

providing evidence of their involvement in the influenza-specific response. 

Hertz et al. previously showed that HLA-A24 has a low targeting efficiency for conserved 

regions of the pH1N1 virus, which was indicative of low cross-reactive memory responses that may 

have contributed to the impaired pH1N1 CD8+ T cell immunity observed in HLA-A24+ individuals during 

the 2009 pandemic (246). Our data reveal that the variable HA and NA viral glycoproteins play a 

minimal role in HLA-A24-restricted CD8+ T cell immunity to IAV. Instead, the focus on epitopes from 

PB1 and PB2 that are well conserved across virus strains circulating in South-East Asia and Australia 

suggests that the prominent HLA-A24-restricted CD8+ T cell responses are likely to confer broad 

cross-reactive immunity to IAV. This is of key importance as the current T cell vaccines in clinical trials 

focus mainly on structural proteins like NP, M1 and M2, and would therefore not elicit cross-protective 

CD8+ T cell responses in HLA-A24+ individuals at risk of severe influenza disease. 

In contrast to IAV, the protein origins of IBV peptides presented by HLA-A24 differed greatly. 

From 41 IBV-derived peptides, the majority originated from NP (9, 22% of total), while 8 were from 

the HA and NA (total of 39% for surface glycoproteins). In terms of immunogenicity, our data from 

transgenic mice showed that the immunogenic HLA-A24-binding peptides were predominantly 

derived from NP (40% of response) and NA (40% of the response). More importantly, numbers of CD8+ 

T cells directed towards our novel epitopes were preserved during secondary IBV challenge, indicating 

optimal memory establishment and recall, which contrasted with the situation for secondary IAV 

challenge. As in mice, HLA-A24-restricted influenza-specific CD8+ T cell responses in Indigenous and 

non-Indigenous human donors were also targeted towards NP, with NP165-173 and NP164-173 being 

prominent CD8+ T cell specificities alongside CD8+ T cell epitopes derived from NA, HA, PB2 and PA. 

The breadth of the HLA-A24-restricted IBV response highlights the power of identifying epitopes with 

our mass-spectrometric approach and might explain, at least partially, why Indigenous populations 

have not been reported to be at risk from severe IBV disease. As for IAV, IBV epitope-specific CD8+ T 

cells were activated during acute IBV infection in HLA-A24+ individuals and were found distributed 

across tissues including the lung in non-infected individuals. 

Broadly cross-reactive CD8+ T cell responses that provide universal immunity across multiple 

strains or subtypes of influenza viruses have a crucial role in protection from severe influenza disease 

(299). Here we demonstrate cross-reactive responses between IBV lineages for the B/NP165-173 peptide, 

as well as cross-reactive IAV/IBV responses between the A/PB2549-557 peptide and IBV PB2550-558 

variants in HHD-A24 transgenic mice (data not shown) and humans. The A/PB2549-557 peptide is 

conserved between H3N2 and H1N1 IAVs (474), and shares 55% aa identity with the cross-reactive 

IBV PB2550-558 variants. Structures of HLA-A24 with A/PB2549-557 and B/PB2550-558 showed that the 
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antigen-binding cleft and both peptides adopted a similar conformation, providing a structural basis 

for T cell cross-reactivity between these epitopes. Interestingly, IBV was more effective than IAV at 

expanding cross-reactive CD8+ T cells, suggesting that infection history may play a role in determining 

patterns of cross-reactivity and that selection of peptide sequences that promote greatest 

cross-reactivity is a consideration for universal influenza T cell vaccines.  

Structural analysis of the overlapping peptides A/PB2549-557/559 and B/NP164/165-173 showed that 

despite the difference of two or one aa in length respectively, these peptides each adopted different 

conformations with HLA-A24 and are likely to induce distinct TCR repertoires. In the case of 

B/NP164/165-173, responses to both peptides are equivalently immunodominant in HLA-A24+ individuals, 

providing breadth to the overall CD8+ T cell response. However, only the A/PB2549-557 epitope showed 

immunogenicity in HLA-A24+ individuals, with the instability and bulged conformation of the longer 

A/PB2549-559 epitope potentially proving challenging for TCR recognition. Such intricacies in epitope 

presentation and CD8+ T cell recognition offer opportunities to either maximize or tailor responses 

through vaccination. 

Our present study not only provides comprehensive data on generating CD8+ T cell immunity 

against severe influenza disease in HLA-A24-expressing Indigenous and non-Indigenous people 

worldwide but also unravels three potential reasons why IAV-specific CD8+ T cells in 

HLA-A24-expressing individuals might be perturbed: (i) The antigenic origin of HLA-A24 IAV epitopes. 

The majority (62%) of IAV peptides presented by HLA-A24 are derived from PB1 and PB2, which is in 

stark contrast to previous studies in humans (257, 463, 475, 476) and mice (477) showing that 

immunodominant peptides for other HLAs are derived predominantly from NP, PA or M1. This is 

problematic for the current vaccine candidates in clinical trials which do not have PB1 or PB2 

component (460, 478, 479), and also raises the question of whether HLA-A24-restricted 

influenza-specific CD8+ T cell responses are equivalently robust and protective compared to 

immunodominant responses restricted by other HLA. (ii) Qualitative deficiencies in the HLA-A24 

IAV-specific CD8+ T cell response. In HHD-A24 mice, the magnitude and breadth of IAV-specific CD8+ T 

cell responses were greatly reduced during secondary IAV (but not IBV) challenge compared to 

primary infection, implicating possible defects at memory establishment or recall levels. (iii) 

Non-epitope-specific binding of peptide-HLA-A24 complexes to KIR. This can possibly limit TCR 

recognition and thus TCR-specific activation of influenza-specific CD8+ T cells. The above observations 

provide a platform for further investigations to understand the mechanisms driving greater risk of 

severe influenza disease in HLA-A24+ individuals. 

Our findings provide important insights into the design of new T cell-targeted vaccines and 

immunotherapy protocols to reduce influenza disease mortality and morbidity in Indigenous people 
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globally. Development of a vaccine that induces long-lasting broadly cross-reactive CD8+ T cell 

immunity would provide at least some level of protection against distinct influenza variants, even 

strains with pandemic potential. Such a vaccine would minimise influenza-related deaths in global 

populations, especially high-risk groups, which includes HLA-A24-expressing Indigenous and 

non-Indigenous people. Our comprehensive analysis of peptide presentation and immunogenicity 

across mouse and human HLA-A24 models defines the candidate IBV and IAV peptides needed for a 

CD8+ T cell-targeting vaccine that is effective in HLA-A24+ individuals. Understanding how best to 

augment these key responses to confer stronger protective immunity is the next step. 
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CHAPTER 4: IDENTIFICATION OF INFLUENZA PEPTIDES PRESENTED BY 

INDIGENOUS-ASSOCIATED HLA MOLECULE, HLA-B*13:01 

Mass-spectrometry analysis of presented HLA-B*13:01 peptides (Figure 4.4 to Figure 4.7 was 

performed in collaboration with Dr Patricia Illing and Prof Anthony Purcell (Monash University, Vic). 

Disclaimer: Parts of this Chapter were impacted by restrictions on access to the laboratory workspace 

due to the COVID-19 pandemic. We had planned to sequence additional TCRs for deeper analyses and 

to generate binary pMHC and ternary pMHC-TCR structures in collaboration with A/Prof Stephanie 

Gras and Andrea Nguyen, all of which were delayed with restricted access to the laboratories. 
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4.1 Introduction 

Indigenous Australians are disproportionately affected by influenza virus infections especially when 

novel pandemic strains enter human circulation (Section 1.5). They would therefore highly benefit 

from measures to boost broad cross-strain immunity, such as a vaccine activating cross-protective 

CD8+ T cells. Development of an effective CD8+ T cell vaccine for Indigenous Australians is complicated 

by several factors. Firstly, Indigenous Australians express HLA profiles which differ to the HLA profiles 

of Caucasian populations (240). Of these alleles, HLA-A*24:02 and HLA-B*13:01 are shared with other 

Indigenous populations, but found at low frequency at a global population level (246, 480). Other 

HLAs, such as HLA-B*56:56, are uniquely described in Indigenous Australians. Influenza-specific CD8+ 

T cell responses restricted by HLA alleles that occur frequently in Caucasian and Asian populations, 

such as HLA-A*02:01, are well-studied with highly conserved epitopes identified and 

well-characterised (245, 299). However, these well-studied HLA alleles are typically found at low 

frequencies in Indigenous Australians (Section 4.2.1, (245)). Of the five most prevalent HLA I alleles in 

Indigenous Australians (HLA-A*11:01, A*24:02, A*34:01, B*13:01 and B*15:21), only HLA-A*24:02 

and HLA-A*11:01 had any IAV CD8+ T cell epitopes described prior to the data generated in Chapter 3, 

with no IBV epitopes identified for any of the five main HLA alleles.  

Overall, there is a significant gap in our knowledge of human IBV CD8+ T cell epitopes, with 

only 10 epitopes reported to date on the immune epitope data base (www.iedb.org; accessed 

10.11.2020), all of which are presented by HLA-A*02:01. Understanding the efficacy of CD8+ T cell 

immunity in Indigenous populations in Australia and worldwide requires identification of novel 

epitopes for the relevant HLA expressed. These epitopes are crucial for the design and validation of a 

CD8+ T cell-activating vaccine that would provide at least some level of protection for Indigenous 

Australians against unpredicted influenza stains. A rationally designed CD8+ T cell-activating vaccine 

for Indigenous Australians would not need to cover all expressed HLA alleles but rather focus on key 

alleles such as HLA-A*24:02 and B*13:01 which are found at a high frequency in this population to 

provide coverage of more than 95% of Indigenous Australians. 

Several approaches have been developed for the characterisation of CD8+ T cell epitopes, 

though there are more challenges when identifying influenza peptides presented by Indigenous 

Australian HLAs. The most common approach for epitope identification is the expansion of PBMCs 

with a pool of overlapping 18mer peptides derived from one viral protein or part of one protein (475). 

This allows for identification of immunogenic peptides independent of knowing the donor’s HLA 

profile but requires very high numbers of PBMCs when different influenza proteins are to be screened. 

To expand PBMCs only with peptides that are presented during infection, this approach can be altered 

by expansion with either influenza-infected PBMCs or immortalized B cell lymphoma cell lines (BLCL), 
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followed by restimulation with peptide pools or single peptides (481). However, these approaches are 

less useful for the identification of immunogenic CD8+ T cell epitopes presented by one specific HLA 

allele due to the potential immunodominance hierarchy of co-expressed HLA alleles. An alternative 

approach is the identification of presented peptides using computational prediction and artificial 

intelligence-supported algorithms. These mechanisms not only predict the binding affinity of peptides 

trained on endogenously presented peptide data sets, but also the likelihood of cleavage by the 

proteasome and TAP loading efficiency onto the HLA molecule to predict immunogenic CD8+ T cell 

targets (482). For well characterised HLA alleles, these in silico prediction tools have the advantage 

that they allow for quick identification and were utilized for example to efficiently predict epitopes for 

various HLAs during the COVID-19 pandemic, highlighting their emerging importance in research (483, 

484). These algorithms however, are limited by the training data and can therefore only provide 

guidance for HLA alleles that are well characterised (485, 486). As data on Indigenous HLAs are sparse, 

they cannot generate reliable data for these HLAs. An alternative approach is the specific identification 

of presented peptides using mass-spectrometry (449). This approach allows for specific identification 

of peptides presented by the HLA of interest but requires generation of HLA-expressing cell lines as 

well as cutting-edge mass-spectrometry technology. In Chapter 3, we showed that this approach is 

highly efficient for identifying potential peptide candidates that can later be validated as immunogenic 

influenza epitopes presented by Indigenous HLAs.  

One cell line that can be used to analyse the immunopeptidome in mass-spectrometry are 

C1R cells. C1R cells are derived from EBV-transformed B cells that were passaged after three rounds 

of γ-irradiation and immunoselected for reduced HLA I expression. C1R cells do not express any HLA-A 

molecules, have a markedly reduced expression of HLA-B*35:01, and stably express HLA-Cw4 (434). 

Through insertion of particular HLA genes into C1R cell lines, cell surface presentation of peptides by 

HLAs of interest can be assessed during infection to enable identification of CD8+ T cell epitopes 

presented under physiological conditions of cellular virus infection.  

Given that T cell responses only focus on a few of the available epitopes presented during 

infection, determining which of these epitopes are immunogenic requires high numbers of PBMCs for 

the screening of CD8+ T cell responses. Buffy packs obtained from the blood bank (ARC Lifeblood) 

provide large numbers of PBMCs (>100-200x106 cells) for epitope screening of peptide pools 

containing relatively small numbers of peptides (10 peptides) (299). However, the study of Indigenous 

Australian HLA alleles requires PBMCs isolated from Indigenous Australians, which often come from 

smaller volumes of blood, thus cell numbers (<20x106) become the major limiting factor for screening 

multiple CD8+ T cell epitopes. In Chapter 3, we showed that PBMCs obtained from buffy packs can be 

expanded with peptide pools which include up to 30 individual peptides, without losing the ability to 
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identify immunodominant epitopes. However, for HLA alleles such as B*13:01, which can only be 

found in Australia and almost uniquely in Indigenous Australian populations, and thus buffy packs 

were in general unavailable, this expansion method was not feasible for efficient screening of large 

numbers of peptides where multiple peptide pool cultures are needed. Therefore, there was the need 

for a single culture method to expand CD8+ T cells against all epitopes presented by a specific HLA 

from a limited number of PBMCs. We showed in Chapter 3 that we could use virus-infected 

HLA-A*24:02+ C1R cells to expand cross-reactive PB2550-558 CD8+ T cells from PBMCs and thus used this 

method with further modifications for a broad expansion of virus-specific CD8+ T cells recognising 

peptides restricted by a specific HLA. 

As a proof-of-concept, we chose a HLA allele highly relevant to Indigenous Australians, 

HLA-B*13:01, which is the most frequent HLA-B allele in Indigenous Australians, but not expressed by 

Australians with Caucasian heritage (240). Globally, HLA-B*13:01 is only found at an allele frequency 

of 0.3% (www.allelefrequencies.net; accessed 10.11.2020), but occurs at higher frequencies of 14.5% 

and 11.3% in some Asian populations such as Han Chinese and Indigenous populations from Papua 

New Guinea (487–489). This allele is associated with Dapsone-induced severe cutaneous adverse 

reactions involving CD8+ T cell activation after treatment for leprosy (488). To date, there is only one 

immunogenic B*13:01-restricted CD8+ T cell epitope known, derived from Hepatitis B virus (490). 

Identifying immunogenic epitopes is not only important for understanding the contribution of CD8+ T 

cell responses to influenza-specific immunity in Indigenous Australians, but also for further 

understanding of the binding motifs and characteristics of B*13:01-restricted peptides, which can 

then be used to develop algorithms that predict new B*13:01 epitopes and CD8+ T cell responses to 

other pathogens, thus specific for other infections, diseases and cancers. 
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4.2 Results 

4.2.1 Distinct HLA profiles of Indigenous Australians 

To understand influenza-specific CD8+ T cell immunity in Indigenous Australians, knowledge of the 

restricting HLAs is essential. HLA alleles from the LIFT cohort (Chapter 3) were sequenced and 

frequencies compared with the HLA expression profile of Caucasian Australians (Figure 4.1). The 

findings were consistent with our previously published results based on a smaller subset of the LIFT 

cohort (240). HLA-A*11:01 (allele frequency of 16.1%), 24:02 (24%), 34:01 (29.9%) and HLA-B*13:01 

(21.7%), 15:21/25 (10.6% and 2.8%, respectively), 40:01/02 (11.8% and 8.7%, respectively) and 

56:01/02 (11.4% and 4.7%, respectively) were found at high frequency in Indigenous Australians. 

Additionally, HLA alleles A*24:06/13 and a new HLA allele (B*56:56), designated as unique to 

Indigenous Australians, were found at low frequencies in the LIFT cohort (both 0.8%), but were absent 

in the Caucasian cohort. Other HLAs were found at a high frequency in the Caucasian population such 

as HLA-A*01:01 (18.7%), A*02:01 (26.1%), A*03:01 (13.8%), B*07:02 (12%), B*08:01 (17.3%) and 

B*44:02 (10.9%) but were at markedly lower frequencies in Indigenous Australians. Of the main HLAs 

expressed by Indigenous Australians (HLA-A*11:01, A*24:02, A*34:01, B*13:01 and B*15:21), 

extensive influenza epitopes were identified for HLA*24:02 in Chapter 3. While there is very limited 

information available on IAV epitopes for HLA*11:01, there is no information about influenza epitopes 

and less information on peptide binding motifs for A*34:01, B*13:01 and B*15:21. Therefore, further 

studies are required to understand whether these HLAs can provide protection against infection with 

influenza viruses.  

 

Figure 4.1 HLA-A and HLA-B allele frequencies in Indigenous Australians (LIFT-Cohort) and 
non-Indigenous Caucasians (New South Wales (NSW) population). 
# indicates key Indigenous Australian HLA alleles that were focused on in this Chapter. 
§ highlights HLA-A*24:02 studied in Chapter 3. 
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4.2.2 Generation of retrovirally-transduced C1R cell lines 

As shown in Chapter 3, genetically modified C1R cell lines provide a valuable tool to characterise 

peptides presented by a specific HLA of interest. To study the immunopeptidome presented by the 

Indigenous-associated HLAs of interest (Section 4.2.1, Figure 4.1), C1R cell lines expressing these HLA 

alleles needed to be generated. In contrast to the C1R-A24 cell line used in Chapter 3, which was stably 

transfected with a plasmid encoding HLA-A*24:02 via electroporation methods and cultured under 

conditions of antibiotic selection, the newly-generated C1R cell lines were generated using a retroviral 

transduction system (491). The sequences of HLA genes of interest (Section 2.1.7) were obtained from 

IPD-IMGT/HLA (www.ebi.ac.uk/ipd/imgt/hla/), commercially synthesised and cloned into a pUC57 

vector. HLA genes were then cloned into the pMIG II plasmid, which contains a gene for eGFP 

expression under the control of an IRES, allowing easy differentiation and isolation of successfully 

transduced cells (Figure 4.2). pMIG II vectors containing individual HLA genes were co-transfected 

with packaging plasmids into 293T cells to generate retroviruses encoding the HLA of interest, which 

was then used to transduce C1R cells. Transduced cells were cultured for several passages to obtain 

high GFP- and HLA-expressing stable cell lines. 

 

Figure 4.2 Schematic representation of the generation of transduced C1R cell lines expressing HLA 
of interest.  
A) The HLA gene of interest was cloned into pMIG II and B) co-transfected with pVSVG and pPAM-E 
packaging plasmids into 293 T cells to produce retrovirus encoding the HLA gene. C) Supernatant 
containing retrovirus was transferred to C1R cells for transduction in the presence of polybrene. After 
several transduction rounds (supernatant transfers), successfully transduced cells were identified by 
flow cytometry according to GFP and binding of anti-panHLA I PE-Cy7 antibody. D) Purified cell lines 
with high expression of transduced HLA genes were obtained by sorting high GFP and panHLA I 
populations. 
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In addition to the analysis of GFP expression and anti-panHLA I Ab staining, the expression of 

transduced HLA genes on sorted cell lines was validated by detecting the presence and/or absence of 

an Bw4/6 binding motif (Figure 4.3). These motifs are found in the α1-helix of the MHC molecule and 

are important for interactions with the KIR receptor found on NK cells (492). They can be distinguished 

based on the aa sequence found between positions 77 to 83 (493). Transduced C1R cell lines were 

stained with antibodies specific for the Bw4 or Bw6 motif to validate expression of the correct motif. 

In the absence of available HLA gene-specific antibodies, this served as a method to further 

characterise expression of transduced HLA. In line with previous published literature, we could detect 

binding of the Bw4 antibody, but not the Bw6 antibody to C1R cell lines expressing HLA-A*24:06/13 

and B*13:01 (Figure 4.3), consistent with expression of the Bw4 motif. HLA-B*15:21/25-, 

40:01/02- and B*56:01/02-expressing cells showed binding of Bw6-specific antibody but not 

Bw4-specific antibody, confirming expression of the Bw6 motif. HLA-A*11:01, A*34:01 and 56:56 were 

negative for both Bw4 and Bw6. While this was expected for A*11:01 and A*34:01, as they do not 

express the Bw4/6 motifs, this was unexpected for the newly identified B*56:56 allele, as it contains 

a Bw6 sequence motif. Interestingly, HLA-B*56:56 expresses a glycine residue at position 75 flanking 

the Bw binding motif, whereas in all other analysed HLA molecules an arginine was found at this 

position (Table 4.1). This single aa difference could potentially impact the three-dimensional structure 

of the Bw6 binding motif, and perhaps abrogating binding of the anti-Bw6 antibody. Overall, a total of 

12 HLA-expressing C1R cell lines were generated as tools to enable characterisation of their peptidome 

following influenza virus infection using the methods detailed in Chapter 3 and Section 4.2.3.  

Figure 4.3 Staining of parental and transduced C1R cell lines for Bw4/6 and panHLA I expression, as 
well as GFP fluorescence. 
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Table 4.1 Bw4/6 binding motif of HLAs expressed by generated C1R cell lines. 
HLA Aa position   

 75 76 77 78 79 80 81 82 83 Bw-binding motif Bw antibody binding 

A*24:06 R E N L R T A L R Bw4 Bw4 
A*24:13 R E N L R I A L R Bw4 Bw4 
B*13:01 R E N L R I A L R Bw4 Bw4 
A*11:01 R V D L G T L R G Neither Neither 
A*34:01 R V D L G T L R G Neither Neither 
B*56:56 G E S L R N L R G Bw6 Neither 
B*15:21 R E S L R N L R G Bw6 Bw6 
B*15:25 R E S L R N L R G Bw6 Bw6 
B*40:01 R E S L R N L R G Bw6 Bw6 
B*40:02 R E S L R N L R G Bw6 Bw6 
B*56:01 R E S L R N L R G Bw6 Bw6 
B*56:02 R E S L R N L R G Bw6 Bw6 

 

4.2.3 Identification of influenza peptides presented by HLA-B*13:01 

As a target for evaluating epitope discovery, we chose HLA-B*13:01-expressing C1Rs, as HLA-B*13:01 

is the most frequent HLA-B allele in the LIFT cohort with only very limited data available on the 

peptides this allele presents. A binding motif has previously been identified from a limited number of 

54 peptides (494) that could also be used as a reference or validation for our peptide identification, 

which was performed as described in Chapter 3 utilizing immunopetidomics.  

C1R B13 cell lines (uninfected, 16 hrs post IAV or IBV infection) were lysed and residual 

HLA-C*04:01 expressed in C1R cells was depleted with DT9 antibody before purification using pan HLA 

I W6/32 antibody. Presented peptides were analysed as described previously (449). The 

immunopeptidome data were generated in triplicates for the uninfected and duplicates for the 

influenza virus-infected cell lines. Individual HLA-B*13:01 presented peptides were identified by 

comparison to datasets generated in Chapter 3 from parental C1R cell lines and 

HLA-A*24:02-transfected cell lines with a false discovery rate cut-off of 5%.  

Combining all datasets, a total of 8588 unique peptide sequences were identified (with a 5% 

false discovery rate) to be presented on the HLA-B*13:01 molecule (Figure 4.4). In line with the 

canonical HLA I binding motif, the majority of the presented peptides were 9 aa long (47%). However, 

we identified a relatively high proportion of 10 and 11 aa long peptides presented (25% and 15%, 

respectively).  
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Figure 4.4 Length distribution of peptides 
presented by HLA-B*13:01.  
Length distribution of peptides 
(non-redundant by sequence) assigned to the 
human proteome from 7 HLA class I isolations 
in CIR.B*13:01 cells using the pan HLA class I 
antibody W6/32, after depletion of HLA-C 
using the HLA-C specific antibody DT9. A 5% 
false discovery rate (FDR) cut-off was applied, 
and data sets were filtered of class I and II 
ligands previously identified in similar 
isolations from CIR parental (using W6/32) 
and CIR.A*24:02 (using DT9 or a mix of 
antibodies specific HLA class II) (Chapter 3). 

 

Sequence logos were generated using the Seq2logo online tool with Hobohm1 clustering 

method with a threshold of 0.63 (456). Across all peptides of 9-12 aa in length, we observed 

enrichment of glutamine (Q) or leucine (L) at position 2 (Figure 4.5). P9/PΩ was more diverse, with 

enrichment of leucine, isoleucine (I), phenylalanine (F) and tryptophan (W) across all peptide lengths 

analysed. Additionally, we observed a lower enrichment for arginine (R) and alanine (A) at P1 and 

glutamic acid (E) and aspartic acid (D) at PΩ-2, which was more prominent in the 10-12mers than in 

9mers. These data were in line with previously generated binding motifs for B*13:01 derived from a 

lower number of peptides, validating our approach (494).  

Figure 4.5 Sequence 
logos generated using 
Seq2logo2.0 from 9, 
10, 11 and 12mer 
peptides from Figure 
4.4.  
  

4079 9mers 2187 10mers

1327 11mers 496 12mers
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To identify the IAV immunopeptidome, we identified peptides that were uniquely identified 

in IAV-infected cells and were assigned to the HKx31 proteome/transcriptome. We identified a total 

of 73 IAV peptide sequences and the length distributions were comparable to the total 

immunoproteome (Figure 4.6.A). Results from 2 independent replicates revealed around 50% sharing 

of peptides that were identified in both datasets and the other half were uniquely identified in one of 

the duplicates. The protein origins of the identified peptides were differentially distributed, with the 

majority of presented peptides derived from the PB1 and PB2 proteins. In total, we were able to 

identify peptides presented from 9 IAV proteins, as well as peptides from 4 alternative potential 

reading frame products (Figure 4.6.B and Figure 4.4). The majority of the identified peptides had a 

relatively low predicted binding affinity for HLA-B*13:01 using the netMHC pan 4.0 binding tool (453) 

(Figure 4.6.C). This is potentially due to limited numbers of previously identified peptide binders that 

were used to train the algorithm. Peptides were further filtered and excluded if they had a high affinity 

for residual parental HLAs, leading to a total of 67 IAV peptides that were assigned to B*13:01 

presentation and could be potential CD8+ T cell epitopes (Figure 4.6.D). 

Figure 4.6 Characterisation of IAV peptides presented by HLA-B*13:01.  
(legend on next page) 
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Figure 4.6 Characterisation of IAV peptides presented by HLA-B*13:01. 
A) Length distribution of peptides assigned to the HKx31 proteome/transcriptome in isolations from 
CIR.B*13:01 cells infected with HKx31 (no FDR cut-off). Peptides identified in 2 replicates are in black, 
those identified in a single replicate are in pink. B) Proteome distribution separated by IAV protein 
origin. C) Length distribution of peptides assigned to the HKx31 proteome/transcriptome in isolations 
from CIR.B*13:01 infected with HKx31. Peptides are coloured according to predicted binding 
(NetMHCpan4.0) and assignment at a confidence greater than the 5% FDR threshold (when this is the 
case, 5% FDR is in the label). Strong binder (SB) % Rank <0.5, weak binder (WB) % Rank <2 (default 
threshold for NetMHCpan4.0). Peptides with % Ranks higher than this are further separated into % 
Rank 2-10 (<10), % Rank 10-20 (<20) and, %Rank >20 (greater than or equal to 20). E.g. SB, 5% FDR 
means assigned at a confidence greater than the 5% FDR threshold and predicted to be a strong 
binder. D) Protein origin and number of peptides selected for immunogenicity analysis. 
 

To study the IBV B*13:01-restricted immunoproteome, C1R-B13 cells were infected with 

B/Malaysia/2506/2004 and analysis performed as described for IAV. The majority of the identified 

peptides were 9-11 aa long, similar to the endogenous and IAV peptides (Figure 4.7.A). However, in 

comparison to the endogenous and IAV peptides, we observed more 10 aa long peptides being 

presented. As observed for IAV, we detected an overlap of around 50% of identified peptides in both 

replicates and the remaining 50% identified in one of the two replicates. The identified peptides were 

derived from 10 different IBV proteins, with HA, PB2, NS1 and PA contributing to the majority of 

peptides (Figure 4.7.B.). The frequency of predicted strong or weak binders was even smaller for the 

IBV-derived peptides, with a total of 3 predicted strong and 18 weak binders of the total 91 sequences 

identified (Figure 4.7.C.). A total of 86 peptides were chosen that were not attributed to parental C1R 

binding and were therefore likely presented by HLA-B*13:01 to assess for immunogenicity (Figure 

4.7.D.). 
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Figure 4.7 Characterisation of IBV peptides presented by HLA-B*13:01.  
A) Length distribution of peptides assigned to the B/Mal proteome/transcriptome in isolations from 
CIR.B*13:01 infected with B/Mal (no FDR cut-off). Peptides identified in 2 replicates are in black, those 
identified in a single replicate are in pink. B) Proteome distribution separated by IBV protein origin. C) 
Length distribution of peptides assigned to the B/Mal proteome/transcriptome in isolations from 
CIR.B*13:01 infected with B/Mal. Peptides are coloured according to predicted binding 
(NetMHCpan4.0) and assignment at a confidence greater than the 5% FDR threshold (when this is the 
case 5% FDR is in the label). SB % Rank <0.5, WB % Rank <2 (default threshold for NetMHCpan4.0). 
Peptides with % Ranks higher than this are further separated into % Rank 2-10 (<10), % Rank 10-20 
(<20) and, %Rank >20 (greater than or equal to 20). E.g. SB, 5% FDR means assigned at a confidence 
greater than the 5% FDR threshold and predicted to be a strong binder. D) Protein origin and number 
of peptides selected for immunogenicity analysis. 
 

Prior to screening for immunogenicity, we characterised the conservation of identified 

peptides and co-circulating peptide variants. Unique human IAV (H3N2 and H1N1) and IBV (Victoria 

and Yamagata lineage) sequences from viruses that circulated in South-east Asia and Australia were 

assessed from the Influenza Research Database (www.fludb.org; accessed 14.02.2018). The majority 

(IAV 51% and IBV 72%) of the IAV and IBV peptides were highly (≥90%) conserved, though for IAV we 

found that almost a third of the identified peptides were less than 5% conserved across the analysed 

virus sequences (Figure 4.8). The reason might be either selective presentation of rather variable 

protein regions/proteins or the generally higher genetic drift observed in those protein regions or IAV 

viruses overall (Section 1.5). Co-circulating viral sequences were analysed and peptide sequences that 

shared ≥50% sequence homology to the original identified peptide and were within more than 10% of 

the analysed sequences in the database were selected for further study. These sequences were 

compared to the original variant for aa substitutions that were likely to impact on MHC binding or TCR 
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recognition. Sequence variants that were likely to impact either of those features were, together with 

the original sequences, synthesised for further analysis. A total of 165 IAV peptides and 107 IBV 

peptides was chosen for immunogenic analysis. 

Figure 4.8 Conservation of identified IAV and IBV peptides. 
Unique IAV (H1N1 and H3N2) and IBV (B/Vic and B/Yam) sequences of human viruses from Australia 
and Asia were derived from the Influenza Research Database and conservation analysed using the 
Identify short peptides in proteins tool (www.fludb.org). 
 

4.2.4 HLA-B*13:01-restricted IAV-specific CD8+ T cell responses focus on a highly diverse 

NP404-412 epitope 

Proteomics revealed a variety of influenza peptides presented by HLA-B*13:01 during IAV infection. 

In contrast to our study of HLA-A*24:02 (Chapter 3), where a mouse model and PBMCs from 

non-Indigenous donors were available for additional detailed screening of immunogenic epitopes, 

these tools were not available for B*13:01 or for other Indigenous HLAs. The current approach of 

expanding Indigenous PBMCs with peptide pools of 20-30 peptides followed by peptide stimulation 

and intracellular cytokine staining used in Chapter 3, would require substantial numbers of unique 

PBMC samples obtained from Indigenous participants. In Chapter 3, we developed a new method of 

expanding virus-specific CD8+ T cells in vitro with virus-infected C1R cell lines to assess cross-reactivity 

between responses to variable epitopes. This method was now utilized to allow for high-throughput 

screening of CD8+ T cell responses to influenza peptides utilizing markedly reduced cell numbers. 

Briefly, PBMCs (Table 4.2) were stimulated with IAV-infected B*13:01-expressing C1Rs for 12 days, 

with IL-2 added on day 4 after the initial stimulus. On day 8, cells were given a second stimulus with 

IAV-infected C1R-B13 cells. PBMCs were then restimulated on day 12 by the addition of one of six 

pools (numbered pools 12-18) containing up to 30 peptides for 5 hrs prior to ICS to measure 

peptide-specific CD8+ T cell responses (Figure 4.9.A). Peptides were arranged in pools relative to their 

predicted binding affinity for B*13:01, ranging from high predicted binding affinity in pool 12, to the 

lowest predicted binding affinity in pool 18. No responses were detected towards pools 13 to 18, 

allowing exclusion of 140 non-Immunogenic B*13:01-restricted peptides that did not require any 
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further screening (Figure 4.9.Bi). In contrast, high HLA binding affinity Pool 12 elicited robust CD8+ T 

cell responses across all donors tested. We also measured the total B*13:01-restricted CD8+ T cell 

response to IAV by restimulating PBMCs with influenza-infected C1R-B13 cells and measuring IFN-γ 

expression in CD8+ T cells. In two out of three donors tested, the total B*13:01-restricted IAV 

responses were comparable with responses to pool 12, indicating that pool 12 contained the 

immunodominant B*13:01 peptide(s). In the one donor (square symbol) where pool 12 responses 

were lower than the total virus response, responses to pool 12 were still robust, indicating a broader 

response to additional IAV peptides in this donor, instead of a complete shift to another 

immunodominant peptide (Figure 4.9.Bi).  

Table 4.2 Donor information for the experimental analyses used in this Chapter. 
Donor HLA-A HLA-B IAV IBV 

Peptide 
pool 

expansion 

Live virus 
expansion 

TCR 
sequenced 

Live virus 
expansion 

TCR 
sequenced 

LIFT61 24:02 13:01, 56:01  X X   
LIFT91 11:01, 34:01 13:01, 15:21 X   X X 
LIFT93 24:06, 34:01 13:01, 40:01 X     
LIFT95 11:01, 34:01 13:01    X  

LIFT100 30:02, 34:01 13:01, 18:01 X   X  
LIFT103 24:05, 34:01 13:01, 39:01  X X X X 
LIFT108 11:01, 24:02 13:01, 40:01    X  
LIFT114 14:02, 34:01 13:01 X X X X X 
LIFT134 24:02 13:01, 56:01 X X    
LIFT137 11:01, 34:01 13:01 X   X  
BP153 02:07, 24:02 13:01, 55:02 X   X X 
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Figure 4.9 Immunogenicity screening of IAV peptides in HLA-B*13:01+ Individuals.  
A) Schematic of the screening protocol for immunogenic epitopes using virus- or peptide-driven 
expansion. B) Immunogenicity screening of peptides in virus-expanded PBMCs. (i) Cells were 
restimulated with peptide pools or virus-infected C1Rs on day 12 or (ii and iii) individual peptides on 
day 15. Individual donors are indicated with different symbols. C) Immunogenicity screening in PBMCs 
expanded using (i and ii) peptide pools or (iii) the NP404 variant pool. Cells were restimulated on day 
12 with (i) peptide pools and on (ii and iii) day 15 with individual peptides. Individual donors are 
indicated with different symbols. Selected experiments were repeated with the same donors, as 
indicated by the same symbols. All bar graphs represent median response. 
 

Robust responses towards peptide pool #12 indicated the presence of one or more 

immunogenic IAV peptides. To validate whether one or several different peptides were immunogenic 

in B*13:01+ individuals, virus-expanded CD8+ T cells were stimulated with individual peptides from 

pool 12 for further dissection of peptide-specific responses. Interestingly, all donors shared responses 

to the NP404-412 peptide (Figure 4.9.Bii). Sharing one immunodominant epitope across all donors makes 

NP404-412 an ideal potential vaccine candidate. To further characterise the NP404-412 peptide, we 

Pep de pool expanded

Live virus expanded
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analysed conservation of the aa sequence across human influenza viruses (Table 4.3), revealing 

relatively high variability. The original identified variant (NP404 WT, GQISIQPTF) was found at a 

frequency of 6.6% of unique human H1N1 isolates, 8.7% of H5Nx viruses and was almost absent in 

human H3N2 isolates. Additional variants were identified that were more highly conserved in either 

one or two HxNx subtypes. In total, 5 NP404-412 variants were identified which covered more than 97.1% 

of unique sequences for human H1N1, H3N2 and H5Nx virus sequences. Although one of the main 

H1N1 variants (NP404 5V, GQISVQPTF, 81.8% coverage) covered 20.4% of H7Nx variants, H7Nx 

predominantly encoded a GQVSVQPTF variant, which was found in 75.9% of the circulating H7 

sequences but was not analysed here. 

After determining the sequence diversity of the NP404-412 peptide, we assessed whether WT 

NP404-412-specific CD8+ T cells were cross-reactive towards different NP404-412 peptide variants. To 

analyse this, virus-specific CD8+ T cells were expanded in duplicate from one donor with IAV-infected 

C1R-B13 cells. On day 15, the cells were restimulated with either a pool of all NP404-412 variants or 

individual variants, followed by ICS to compare IFN-γ+ CD8+ T cell responses. As expected, the largest 

response was directed towards the NP404 WT variant found in the HKx31 virus used for expansion 

(Figure 4.9.Biii). Comparable responses (90.5% of max) were directed towards the NP404 5V variant, 

the most frequent variant in all analysed virus strains (except H3N2). Responses towards the other 

three variants (NP404 3T5V, 5T and 8A) were reduced (30.3%, 51.0% and 47.4%, respectively), but still 

detectable. These data highlight considerable breadth in the cross-reactivity of the NP404-412-specific 

CD8+ T cell response, demonstrating that the cross-protective capacity of CD8+ T cells does not only 

depend on highly conserved epitopes, but can also reflect cross-reactivity spanning different variants 

of an immunogenic epitope. 

Table 4.3 Conservation of NP404-412 epitope variants across human H1N1 and H3N2 as well as H5 and 
H7 virus strains. 

NP404-412 variant 
sequence 

Variant ID Human H1N1 
(1675) 

Human H3N2 
(1780) 

H5 Viruses (103) H7 Viruses (54) 

GQISIQPTF NP404 WT 6.6% 0.2% 8.7% 0% 
GQISVQPTF NP404 5V 81.8% 16.8% 88.3% 20.4% 
GQTSVQPTF NP404 3T5V 0.4% 78.5% 0% 0% 
GQISVQPAF NP404 8A 0.3% 4.3% 0% 0% 
GQISTQPTF NP404 5T 9.9% 0% 0% 0% 

Total frequency of 
analysed variants 

  
98.8% 

 
99.8% 

 
97.1% 

 
20.4% 

Numbers in brackets indicate the total number of sequences analysed from Influenza Research 
Database (www.fludb.org; accessed 14.02.2018). 
 

Expansion of virus-specific CD8+ T cells using infected C1Rs proved a valuable tool for rapid 

screening of large numbers of peptides, whilst conserving limited donor samples and using a system 

closer to nature than peptide expansion. However, given that peptide-pool expansion was the 
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gold-standard in our laboratory for measuring peptide-specific CD8+ T cell responses, we validated our 

results for immunogenic peptides using the standard procedure described in Chapter 3. PBMCs were 

expanded with peptide pool 12, containing the immunodominant NP404-412 peptide, or pool 13, which 

did not elicit substantial CD8+ T cell responses following virus expansion (Figure 4.9.B), as a negative 

control. Consistent with our previous results from virus expansion, we observed robust responses 

towards pool 12, with no responses directed towards pool 13 (Figure 4.9.Ci). Dissection of CD8+ T cell 

responses to individual peptides in pool 12 similarly revealed robust responses towards the NP404-412 

peptide, which were equivalent in magnitude to the total pool 12 response (Figure 4.9.Cii). In contrast 

to virus expansion, following peptide expansion we observed responses to a second strongly 

immunogenic peptide derived from an alternative reading frame in the PB2 protein (PB2630alt. frame) in 

multiple donors. It seems that higher levels of peptide presentation during peptide expansion versus 

virus infection may drive greater expansion of this response. Expanding NP404-specific CD8+ T cells with 

a pool of NP404-412 variants allowed us to also assess how expansion with the variant peptides in 

combination impacted the cross-reactivity of the CD8+ T cell response. After expansion, cells were 

restimulated with either the NP404 pool to characterise the maximal response or with the individual 

variants. Similar to virus expansion, we detected the largest response towards the NP404 pool (Figure 

4.9.Ciii). However, in contrast to virus expansion, CD8+ T cell responses to the individual peptides were 

reduced in comparison to the pool response, but comparable to each other (median range 48.4-65.4% 

of pool response). This has two major implications. Firstly, expansion with different NP404 variants 

seemed to improve and equalize the CD8+ T cell responses to different variants. Secondly, it seems 

that not all CD8+ T cell responses against the different NP404 variants were cross-reactive, otherwise 

the individual variant responses would be similar in proportion to the total pool response. The 

question remains whether it would be better to induce a few highly cross-reactive CD8+ T cells or 

multiple CD8+ T cell subsets that might be specific for one or a few variants only. This will be a 

consideration for future T cell vaccine strategies. 

4.2.5 IAV B13/NP404-412-specific CD8+ T cells express a diverse TCR repertoire that 

differentially recognizes NP404 variants 

To further understand the molecular basis of CD8+ T cell recognition of NP404 variants, 

B13/NP404-specific CD8+ T cells were expanded using IAV-infected C1R-B13 cells, stained with MHC 

tetramers loaded with the NP404 variants NP404 8A, NP404 5V and NP404 5T, single-cell sorted and the 

TCRs sequenced (Figure 4.10.A). As preliminary binary structures of the epitopes indicated a similar 

structure between the 5V and 5T variant (communications with A/Prof Stephanie Gras prior to 

COVID-19 pandemic), both tetramers were conjugated with the same fluorochrome, hereafter 

referred as 5V/5T. This however, meant that it was not possible to differentiate between CD8+ T cells 
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that were specific for the 5V, 5T or both epitopes. As the cells were initially expanded with virus 

expressing the NP404 WT variant, this assay specifically detected the CD8+ T cells that were 

cross-reactive towards the NP404 WT and the assessed variants. Across all donors, we observed that 

almost all CD8+ T cells that were cross-reactive towards the B13/NP404 WT and B13/NP404 8A variant, 

were also cross-reactive with the B13/NP404 5V or 5T variants (red gate) (Figure 4.10.B) with a fraction 

of cells binding to B13/NP404 8A tetramer alone (0.03% to 0.1% of CD8+ T cells). On the other hand, a 

portion of cells that cross-recognised the B13/NP404 WT and 5V/5T variants were not able to bind to 

the B13/NP404 8A tetramer (black gate). Additionally, B13/NP404 WT-specific CD8+ T cells from different 

donors showed a difference in preference for the 8A or the 5V/5T variants. In donor LIFT61, the 

majority of CD8+ T cells were cross-reactive between the B13/NP404 8A and 5V/5T tetramers, whereas 

in LIFT103 and LIFT114, the majority of B13/NP404-specific CD8+ T cells were not able to bind the 8A 

variant (Figure 4.10.B). Thus, the B13/NP404 WT-specific CD8+ T cell response can be divided into three 

profiles of cross-reactivity, (i) a highly cross-reactive population that recognizes four NP404 peptides 

that vary at either position 5 or 8, (ii) a population with cross-reactivity for only B13/NP404 WT and 

5V/5T variants and (iii) a rarer population with cross-reactivity for just B13/NP404 WT and 8A. 

To understand why B13/NP404 WT-specific CD8+ T cells differed in their ability to cross-bind to 

different NP404 variants, we sequenced the TCRs of highly cross-reactive cells that could bind the 

B13/NP404 8A and 5V/5T tetramers and cells that only bound B13/NP404 5V/5T tetramer (Figure 

4.10.B). Sequencing revealed variable TCRα- and TCRβ-chain usage in donors for both the highly 

cross-reactive B13/NP404 WT/5T/5V/8A-specific and B13/NP404 WT/5T/5V-specific CD8+ T cell 

populations (Figure 4.10.B). In the highly cross-reactive CD8+ T cells, we observed strong clonal 

expansions in LIFT61 and LIFT103 with 1-2 clonotypes dominating, while LIFT114 had a broad range of 

different clonotypes (Table 4.4). For the B13/NP404 WT/5T/5V/8A-specific CD8+ T cell population, there 

was relatively little TCRα and TCRβ segment sharing observed in the highly expanded clonotypes 

between the different donors. While in LIFT103 the biggest clonotype expressed TRAV4 and TRBB6-6 

(73% of sequences), for LIFT61 the biggest clonotype expressed TRAV19 and TRBV19 (55% of 

sequences) and for LIFT114 the biggest clonotype expressed TRAV1-2 and TRBV27 (27% of sequences). 

 e observed, however, one shared TCRβ-chain (TRBV19/TRBJ2-1) between LIFT61 and LIFT114 (Table 

4.4, in blue), which was not observed in LIFT103. The sharing of CDRβ-chain (CASNPSPYNEQFF) was 

quite interesting for two reasons. First, the proline-serine-proline motif resembled a tryptophan and 

might have an important role by potentially inserting into the HLA binding cleft to make direct contact 

with side chains of the presented peptide. The importance of this sequence is highlighted secondly by 

the fact that the shared asparagine-proline-serine-proline motif (CASNPSPYNEQFF) is non-germline 

encoded and was generated detected in both donors from different nt combinations, requiring the 
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N-addition of 11 nt between the TRBV and TRBJ region. Additionally, while the donors did not share 

their TRAV segment, their CDR3α segment was 79% shared due to contribution of the shared TRAJ50 

segment (CALSAKTSYDKVIF in LIFT61 and CASAMKTSYDKVIF in LIFT114 with shared aa in bold). 

Interestingly, we also observed a non-germline encoded serine-proline motif in the CDR3β of the 

second larger (27% of sequences) clonotype found in LIFT61 (CAWAWSPLNEQFF), positioned next to 

a tryptophan. This sequence was also identified at a relatively high frequency in the B13/NP404 

WT/5T/5V-binding TCRs (38%), indicating that potentially the affinity for the 5V/5T variant was higher 

but upregulated TCR expression allows for it to also bind to the 8A variant. 

The B13/NP404 WT/5V/5T-binding CD8+ TCR repertoire was comparable to what we observed 

for the highly cross-reactive T cells but with fewer low frequency clones. The largest clones expressed 

again a TCR pairing that was uniquely identified in each donor. This was TRAV17/TRBV4-1 in LIFT103 

(56% of sequences), TRAV1-2/TRBV27 in LIFT114 (53% of sequences) and TRAV17/TRBV30 in LIFT61 

(38% of sequences). However, in LIFT61 and LIFT114 donors, we identified a shared TCR sequence 

with the TRBV19/TRBD1/TRBJ2-7 combination paired with TRAV4/TRAJ32 (6% and 33% of sequences, 

respectively) (Figure 4.10.C and Table 4.4, in green). While we did not identify this sequence in 

LIFT103, we found a TCR expressing TRBV19/TRBD2/TRBJ2-7 paired with a different TCRα-chain 

(TRAV13-1/TRAJ48) in 31% of the sequences. This repeated and shared expression of TRBV19 paired 

with the same or different TCRβ-chain D- and J-segments and TCRα-chains was observed between 

donors and in both B13/NP404WT/5V/5T- and B13/NP404WT/5V/5T/8A-specific CD8+ T cells, 

highlighting that TRBV19 seems to be well suited for interaction with the B*13:01/NP404 epitope. The 

importance of TRBV19 and other features observed in some TCRs, such as the two tryptophan residues 

(CAWAWSPLNEQFF) observed in 33% of all TCRs from LIFT61, remains inconclusive until ternary 

structures are generated. These experiments are currently underway and will help us understand why 

some TCRs are highly cross-reactive while others are unable to bind the B13/NP404 A8 variant. 

Additionally, it is important to understand whether the cross-reactive TCRs can be recalled in vivo by 

newly-emerging NP404 mutants in the future, which is of great importance given the high variability of 

the NP404 peptide.  
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Figure 4.10 Single-cell sequencing of B13/NP404-412-specific CD8+ T cells.  
A) Gating strategy for NP404-412-specific CD8+ T cells. B) CIRCOS plots visualise the pairing of TRAV and 
TRBV segment usage for each TCR sequenced. TCR clones sharing the same CDR3α and CRD3β 
sequence are combined in one segment. C) Bubble plot indicating shared usage of TRAV and TRBV 
combinations across donors. Bubble size indicates the number of donors where a particular 
TRAV/TRBV pairing is found, while colour indicates the average frequency of the pairing in all positive 
donors.  
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Table 4.4 Frequency of paired B13/NP404-412-specific TCRα/TRCβ sequences. 
TR

A
V

 

TR
A

J 
CDR3α 

TR
B

V
 

TR
B

D
 

TR
B

V
 

CDRβ 

WT/5V/5T/8A WT/5V/5T 

LI
FT

6
1

 

LI
FT

1
0

3
 

LI
FT

1
1

4
 

LI
FT

6
1

 

LI
FT

1
0

3
 

LI
FT

1
1

4
 

4 41 CXVGENSNSGYALNF 6-6 1 2-7 CASRAGGSSYEQYF  73%     
17 54 CATDAKGAQKLVF 4-1 1 2-7 CASSQVPTDSYEQYF     56%  
1-2 16 CAVLGSDGQKLLF 27 1 1-2 CASSLSVGQGVGYTF      53% 
19 50 CALSAKTSYDKVIF 19  2-1 CASNPSPYNEQFF 55%      
35 50 CASAMKTSYDKVIF 19  2-1 CASNPSPYNEQFF   7%    
17 17 CATDAAGNKLTF 30 2 2-1 CAWAWSPLNEQFF 27%   38%   
4 32 CLVGENYGGATNKLIF 19 1 2-7 CASSSGQGAIYEQYF    6%  33% 

13-1 48 CAAIPNFGNEKLTF 19 2 2-7 CASSPAAGVGYEQYF     31%  
38-

2/DV8 
56 CAYLAGANSKLTF 6-5 1 2-1 CASSYVGRAQFF    31%   

1-2 33 CAALGDSNYQLIW 27 1 2-7 CASSLSQGGGDEQYF   27%    
4 32 CLVAPGGATNKLIF 3-1 1 2-7 CASSQSSGQVYEQYF  27%     

1-2 31 CAIPGPNARLMF 10-3 1 1-5 CAPPNGTKGKAG*PQHF   13%    
16 15 ND 27 1 2-7 CASSLSPGTGSEQYF    13%   
27 37 CAGAGSGNTGKLIF 10-1 1 2-6 ND   13%    
3 45 ND 6-6 2 2-1 CASSPLSTYNEQFF      7% 
5 23 CALREGGGKLIF 10-3 2 2-5 CAISPGTSGGQETQYF    6%   

8-3 20 CAGIDYKLSF 27 2 2-7 CASSLGGAGYEQYF   7%    
10 13 ND 27 1 2-7 CASSLXXGGGDEQYF   7%    

13-1 58 CAASMD*ETSGSRLTF 24-1 1 2-7 CATSDFNRANEQYF 10%      
14/DV4 32 CAMRTTRGYGGATNKLIF 19 2 2-1 CASTHLGSSYNEQFF    6%   

19 25 ND 20-1 2 2-1 CSAGAVLDNEQFF     6%  
20 42 CAVHPGGYGGSQGNLIF 6-4 ND ND ND   13%    
22 42 CAYGGSQGNLIF 6-5  1-6 CASSFINSPLHF   7%   7% 

29/DV5 37 ND 11-2 2 2-2 CASSLTEAPGELFF     6%  
34 40 CGAGEEVRGTYKYIF 19 1 1-1 CASSIWARNTEAFF   7%    

36/DV7 42 CAVESIYGGSQGNLIF 6-4 1 2-5 CASSASRGEETQYF 10%      
             

Total number of identified sequences 11 15 15 16 16 15 

ND: not determined, *stop codon, X = undefined aa. 
 

4.2.6 Broad CD8+ T cell responses towards IBV peptides presented by HLA-B*13:01 

Given the great success of using virus-infected C1R-B13 to expand and screen IAV-specific CD8+ T 

responses to B*13:01-restricted peptides, the same protocol was then adopted for IBV. We identified 

responses directed towards peptides in all four pools (19-22) screened (Figure 4.11). As the strongest 

responses were directed towards pool 20 and pool 21, we further dissected responses to the individual 

peptides in these pools for all the donors. In two donors, there were sufficient cells to also dissect 

responses towards pools 19 and 22. In stark contrast to the highly focussed response towards one 

immunodominant B*13:01-restricted IAV epitope, broad CD8+ T cell responses towards various 

immunogenic peptides within each pool were detected for IBV. While responses to some epitopes 

such as PA283-291 (from pool 20) were found uniquely in a single individual, conserved responses across 

several individuals were identified towards PB2357-365, NS1238-247, HA427-435 and PA125-133 in pool 20 

(Figure 4.11). In pool 21, CD8+ T cell responses were mainly directed towards PA484-493, HA371-379 and 



161 
 

PB1350-357. In one donor (LIFT100), a massive CD8+ T cell response was directed towards the NP156-166 

peptide (pool 21), which was not immunogenic in any of the other six donors tested. However, this 

donor responded only marginally to the HA371-379 peptide (pool 21) that was strongly immunogenic in 

most of the other donors, indicating a shift in immunodominance. Despite the skewed CD8+ T cell 

response towards NP156-166, we could identify in this donor a robust response towards HA427-435 in pool 

20, which was conserved across all donors. This difference in LIFT100’s response hierarchy is perhaps 

due to co-expression of other HLA alleles, for example expression of HLA-A*30:02 or HLA-B*18:01 that 

are not shared with other donors tested.  

Given that the two most robust CD8+ T cell responses were both directed towards peptides 

derived from the HA protein (HA427-437 and HA371-380) and the HA protein is the most variable influenza 

protein, there was a high chance that these peptides would vary across different IBVs. We therefore 

assessed the conservation of the immunogenic B*13:01-restricted peptides across IBVs. Interestingly, 

both peptides were located in conserved regions of the HA protein with the lowest diversity score 

(Figure 4.12) and were the most highly conserved peptides studied, with a conservation of 100% for 

HA371-379 and 98% for HA427-435 (Table 4.5). Except for PA484-493 (1%) and NS1238-247 (87%), all the other 

immunogenic peptides were at least 90% conserved across all analysed sequences, suggesting that 

the corresponding CD8+ T cell responses would also be highly conserved. As both HA epitopes were 

highly conserved and all donors shared robust CD8+ T cell responses to these epitopes, they are 

potential targets for a CD8+ T cell activating vaccine. We therefore further investigated the 

characteristics of these conserved epitope-specific CD8+ T cell responses, including the TCR repertoire 

used for epitope recognition.  
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Figure 4.11 Screening CD8+ T cell responses to four pools of B*13:01-restricted IBV peptides in 
B*13:01+ individuals following IBV expansion of PBMCs.  
Bars indicate median response across tested donors (dots). FACS plots show production IFN-γ and TNF 
after ICS in one donor.  
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Figure 4.12 HA Sequence variation of IBV.  
Polymorphisms were analysed using the sequence variation analyser for www.fludb.org. From 594 IBV 
sequences a consensus sequence was generated and for each position a score was generated from 
multiple alignments using a modified formula from Crooks et al (495). Scores can reach from 0 (no 
polymorphisms) to 232. 

 

Table 4.5 Conservation of immunogenic IBV peptides. 
Peptide  Sequence Conservation 

PB2357-365 FLNRSNDLF 98% 
NS1238-247 RILNSLFERL 87% 
HA427-435 RLSGAMDEL 98% 
PA125-133 KGLADDYFW 97% 
PA484-493 RVVNETGESF 1% 
HA371-379 FLEGGWEGM 100% 
PB1350-357 ILIGNGTIQKI 90% 

 

4.2.7 IBV HA371-379-specific CD8+ T cells display highly conserved TRAV3 usage  

B13/HA371-379 tetramers were used to isolate single B13/HA371-379-specific CD8+ T cells from 3 donors 

following virus expansion and from one donor ex vivo using TAME (Section 2.4.7). A high tetramer 

staining intensity was detected for B13/HA371-specific CD8+ T cells (Figure 4.13.A), and we were able 

to identify B13/HA371-specific CD8+ T cells at a low frequency directly ex vivo, which was strongly 

increased after enrichment. Sequencing of B13/HA371-specific TCRs revealed highly interesting 

features (Figure 4.13.A, Table 4.6). Across all donors, in vitro expanded and ex vivo enriched, we did 

not find any strongly expanded dominant clonotypes, but instead each donor expressed multiple, low 

frequency, unique TCRs. While the TCRα-chain was almost uniformly defined by TRAV3 expression 

(except for 3 TCR sequences from donor BP156 after ex vivo expansion), TCRβ-chains shared some 

TRBV segment usage across more than two donors such as TRBV9 (average 12% of TCR sequences 

across four donors), TRBV2 (7% across three donors), and TRBV3-1/3-2 (9% across three donors) but 
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appeared, in general, much more diverse in their CDR3 sequences (Figure 4.13.A, Table 4.6). 

Although the V-segment usage of the TCR α-chain was highly conserved, the J-segment was much 

more variable within and between donors. Further analysis of the TCRα-chain revealed some key 

features. In most of the CDR3α sequences (61% of productive sequences), we detected a CAVRDRG 

aa motif. While the CAVRD sequence was directly germline-encoded by the TRAV3 segment, the RG 

sequence could be formed by different recombination strategies (Table 4.7). For TCRs expressing 

TRAJ18, the RG motif was directly germline encoded, but not for TCRs expressing TRAJ35 and TRAJ42, 

which instead used N-nucleotides or recombination of V-J sequences to generate this motif. The 

prevalence of the arginine (93%, 41/44 complete productive sequences) and glycine (77%, 34/44 

complete productive sequences) residues therefore indicates strong antigen-driven selection of these 

aa, suggesting they are structurally important for TCR-pMHC recognition. Interestingly, in some 

instances, a slightly modified CAVRGRG motif was observed, which could be formed by recombination 

of TRAV3/TRAJ35 and TRAV3/TRAJ42 (Table 4.7). This further highlights the importance of the 

conserved, but non-germline encoded arginine, and we therefore collaborated with A/Prof Stephanie 

Gras to generate TCR/pMHC ternary structures to provide molecular insights into this interaction and 

the role of these key TCR residues. However, due to the impact of the COVID-19 outbreak, with 

laboratory access restrictions and the technical complexity of generating TRAV3 containing TCR/pMHC 

crystal structures, these were not generated at the time of writing this PhD thesis. Additional 

experiments to obtain additional sequences, especially for the TCRβ-chain to allow further in-depth 

sequence analysis were also prevented. 
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Figure 4.13 TCR α- and β-chain pairing in IBV-specific B13/HA371-379
+CD8+ T cells.  

(legend on next page) 
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Figure 4.13 TCR α- and β-chain pairing in IBV-specific B13/HA371-379
+CD8+ T cells. 

A) Tetramer staining and TCR pairing for B13/HA371-379-specific CD8+ T cells including frequency of 
tetramer positive cells of CD8+ T cells. B) Tetramer staining and TCR pairing for B13/HA427-435-specific 
CD8+ T cells including frequency of tetramer positive cells of CD8+ T cells. (A,B) Bubble plots indicate 
shared usage of TRAV and TRBV pairings across donors. Bubble size indicates the number of donors 
where a pairing can be found, whereas colour indicates the average frequency of the pairing in all 
positive donors.  
 
Table 4.6 Frequency of paired TCRα/TCRβ sequences of   3/HA371-379-specific CD8+ T cells 
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3 3 CAVRDRGYSSASKIIF 3-1/3-2 1 2-3 CASSQDRGFXDTQYF  7%   

3 4 ND 5-6 1 2-7 CASSTGQGGMFSYEQYF 7%    

3 5 ND 9 1 2-7 CASSFFEQGNEQYF   8%  

3 9 ND 28 1 1-1 CASSFTGITEAFF  7%   

3 11 CAVRDRGYSTLTF 3-1/3-2 1 2-1 CASSQERGPADEQFF    7% 
3 11 ND 20-1 2 2-5 CSALRLAGGPLETQYF   8%  

3 13 CAVRDRGGYQKVTF ND ND ND ND  7%   
3 13 CAVRERSGGYQKVTF 2 1 2-5 CASSGDRGIETQYF 7%    

3 13 CAVRDRGGYQKVTF 9  2-1 CASXPTGEAYXEQXR    7% 
3 15 ND 4-1 1 1-1 CASSQALQGNTEAFF    7% 
3 18 CAVIDRGSTLGRLYF 2 1 2-3 CASSEGTGGTDTQYF  7%   
3 18 CAVRDRGSTLGRLYF 2 1 2-7 CATKGEQELYEQYF   8%  

3 18 ND 5-6 2 2-1 CASSLERLAVYNEQFF 7%    

3 18 CAVRDRGSTLGRLYF 9 1 2-7 CASSHPATFRDDVYEQYF   15%  
3 18 CAVRDRGSTLGRLYF 20-1 1 1-6 CSAEGGVEGANSPLHF   15%  

3 23 CAVRDRGVGGXXXF 11-3 1 2-5 CASSSRQAEGLETQYF   8%  

3 26 ND 16 2 2-1 CASSQGLPLVEQFF 7%    

3 27 CAVRDNTNAGKSTF 5-5 2 2-3 CASSFGLAGPTDTQYF  7%   
3 27 CAVRDRTNAGKSTF 6-5 2 2-1 CASTSEGLNEQFF 7%    

3 27 CAVRDRGDAGKSTF 19 1 2-2 CASSDLGQGNTGELFF  7%   

3 27/8 ND 20-1 2 2-7 CSARERHGDPYEQYF 7%    

3 29 CAVRDRGNTPLVF 19 1 1-4 CASSDSRANEKLFF  7%   

3 30 CAVRPRGSRDDKIIF ND ND ND ND 7%    

3 30 CAVRDRGRDDKIIF 6-4 1 1-2 CASSAGTELDGYTF 7%    

3 32 CAVRDRGGGATNKLIF 3-1/3-2 1 2-7 CASSQPTGGFSYEQYF 7%    
3 35 CAVRDRGFGNVLHC ND ND ND ND  7%   
3 35 CAVRDRKGFGNVLHC 3-1/3-2 1 2-2 CASSPPLQGIGELFF  7%   

3 35 CAVRDRGGFGNVLHC 6-2/6-3 1 1-2 CATQPGPPNGYTF    7% 
3 35 CAVRDRGFGNVLHC 6-6 1 1-4 CASSLDRAATNEKLFF    7% 
3 35 CAVRGRGFGNVLHC 10-1 1 1-4 CASNGGKANEKLFF 7%    
3 35 CAVRDRGFGNVLHC 10-1 1 1-5 CARLYRNQPQHF   8%  
3 35 CAVRDRGFGNVLHC 19  1-2 ND    7% 
3 35 CAVRPRGFGNVLHC 27 2 2-7 CASSLRGDYSYEQYF  7%   
3 37 CAVRDRGNTGKLIF ND ND ND ND  7%   
3 37 CAVRDRSNTGKLIF 5-6 1 1-2 CASSFRGHLAGGYTF  7%   

3 39 CAVRDRGNAGNMLTF 6-1  2-3 CASTPESSPLPTDTQYF   8%  

3 39 CAVRDRGAGNMLTF 13 1 1-6 CATVGS#NSPLHF    7% 
3 40 CAVRDRSGTYKYIF 9 2 2-7 CASSGRGPLDEQYF  7%   

3 42 CAVRDRGSQGNLIF ND ND ND ND  7%   

3 42 CAVRGRRSQGNLIF ND ND ND ND  7%   
3 42 CAVRDRGSQGNLIF 7-2 2 2-7 CASRNASGDPYEQYF 7%    

3 42 CAVRDRGSQGNLIF 9 1 2-2 CASSAGDRGPGELFF 7%    



167 
 

TR
A

V
 

TR
A

J 
CDR3α 

TR
B

V
 

TR
B

D
 

TR
B

J 

CDR3β 

LI
FT

9
1

 

LI
FT

1
0

3
 

LI
FT

1
1

4
 

B
P

1
5

3
 

3 42 CAVRDRGSQGNLIF 9 2 2-3 CASSAGEGTDTQYF    7% 
3 42 CAVRPRGSQGNLIF 10-1 1 2-4 CASKGRVVRKNIQYF 7%    

3 42 CAVRGRGSQGNLIF 13 1 2-2 CASSLGGPGELFF   8%  

3 42 ND 14 2 2-1 CASSRGLAGPEEQFF   8%  

3 42 CAVRDRAAYYGGSQGNLIF 20-1 2 2-2 CGTSGFAGELFF   8%  

3 43 CAVRDRGLNNDMRF 6-4 1 2-2 CASSDSRDIPTGELFF 7%    

3 ND ND 27 2 2-3 CASTKGSSGGPGDTQYF    7% 
9-2 22 CALLLSSGSARQLTF 20-1 2 2-7 CSARDRVQSYEQYF    7% 
10 12 CVVSAR#DSSYKLIF 19 1 1-1 CASSQSTNTEAFF    7% 

13-1 16 CAASSADGQKLLF 27 1 1-5 CASSTGRNQPQHF    7% 
ND ND ND 20-1 1 1-2 CSARKRTETFNYGYTF    7% 
ND ND ND 5-6 1 1-1 CASSMLQGQLSEAFF    7% 
ND ND ND 27 1 1-1 CATLSPGGLTEAFF    7% 

Total number of identified sequences 14 15 13 15 

In vitro expanded donors: LIFT donors, ex vivo expanded donor: BP153, ND: not determined, *=stop 
codon, #=out-of-frame shift, X=undefined aa. 
 
Table 4.7 CDR3α CAVRGRG motif nt and aa sequences for TRAV03/TRAJ35, TRAV03/TRAJ42 and 
TRAV03/TRAJ18 segment pairing observed across donors. 

 

Colour coding indicates germline-encoded origin of sequence whereas white fields indicate 
N-nucleotide additions. 

TRA  3 TRA 35
NT T G T G C T G T G A G A G A C C G G G G C T T T G G G A A T G T G C T G C A T T G C L FT   
AA C A V R D R G F G N V L H C

NT T G T G C T G T G A G A G A C A G A G G C T T T G G G A A T G T G C T G C A T T G C L FT  3
AA C A V R D R G F G N V L H C

NT T G T G C T G T G A G A G G C A G G G G C T T T G G G A A T G T G C T G C A T T G C L FT  
AA C A V R G R G F G N V L H C

NT T G T G C T G T G A G A G A C A G G G G C T T T G G G A A T G T G C T G C A T T G C    53
AA C A V R D R G F G N V L H C

TRA  3 TRA   
NT T G T G C T G T G A G A G G T C G A G G A A G C C A A G G A A A T C T C A T C T T T L FT   
AA C A V R G R G S Q G N L I F

NT T G T G C T G T G A G A G A C A G G G G A A G C C A A G G A A A T C T C A T C T T T L FT  3
AA C A V R D R G S Q G N L I F

NT T G T G C T G T G A G A G A C A G G G G A A G C C A A G G A A A T C T C A T C T T T L FT  
AA C A V R D R G S Q G N L I F

NT T G T G C T G T G A G A G A C A G A G G A A G C C A A G G A A A T C T C A T C T T T    53
AA C A V R D R G S Q G N L I F

TRA  3 TRA   
NT T G T G C T G T G A G A G A C A G A G G C T C A A C C C T G G G G A G G C T A T A C T T T L FT   
AA C A V R G R G S T L G R L  F
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4.2.8 B13/HA427-435-specific CD8+ T cells display diverse TCR usage with a TRAV38-2/DV8 

TRBV7-9 bias 

IBV-specific CD8+ T cell responses are dominated by two HA-derived, highly-conserved epitopes. 

B13/HA371-specific CD8+ T cells showed a strong bias for TRAV3 expression with a variable TCRβ usage. 

Additionally, we wanted to understand TCR constraints that restrict B13/HA427-435-specific CD8+ T cells. 

These data might give us, in combination with the previously generated data, important insights into 

key features of HLA-B*13:01 binding TCRs and improve our understanding how the CD8+ TCRs interact 

with different peptides presented by HLA-B*13:01. These data can be also used to improve epitope 

prediction and predict implications of the effect of mutation in the peptide on T cell recognition. As 

above (Section 4.2.7), B13/HA427-specific CD8+ T cells were isolated based on B13/HA427 tetramer 

staining. Tetramer staining revealed a lower frequency of B13/HA427-specific CD8+ T cells in the three 

donors after IBV expansion compared to B13/HA371-specific CD8+ T cells (comparing Figure 4.13.A and 

B), and while we were able to enrich B13/HA427-specific CD8+ T cells directly ex vivo, the frequency 

(precursor frequency of 2.13x10-6 of CD8+ T cells) was highly reduced compared to B13/HA371-specific 

CD8+ T cells (precursor frequency of 2.14x10-4 of CD8+ T cells).  

Unlike the striking TRAV3 bias observed for B13/HA371-specific TCRs, sequence analysis of the 

B13/HA427-specific TCR repertoire revealed use of diverse TRAV/TRBV combinations overall, but we 

also observed shared gene usage of a TRAV38-2/DV8-TRBV7-9 pairing in IBV-expanded LIFT91 and 

LIFT103 donor samples, as well as the ex vivo tetramer-enriched BP153 donor sample (Table 4.8). In 

LIFT91 and LIFT103 donors, we detected a conserved TCR pairing consisting of TRAV38-2/DV8-TRAJ53 

and TRBV7-9-TRBD2-TRBJ2-5.  hile the CDR3α sequences of these TCRs differed only by one nt 

substitution (CAYKDSGGSNYKLTF and CAYRDSGGSNYKLTF), the CDR3β sequences differed 

substantially in length and CDRβ core sequence (CASSTRQGREKETQYF and 

CASSSRQVLLTSAYLLQETQYF). A similar TCR clonotype was also observed in donor BP153, with a 

TRAV38-2/DV8-TRAJ53 pairing and a CDR3α sequence that differed by one aa at the same position 

(CAYWDSGGSNYKLTF). In line with the TCRβ-chains seen in donors LIFT91 and LIFT103, there were no 

common features in the CDR3β region of the clonotype from donor BP153 (CASSTRAYNEQFF). Whilst 

we also observed shared expression of TRBV7-9 across all donors, the CDR3β regions of these TCRs 

were, in general, much more diverse than the CDR3α regions for TRAV38-2/DV8-expressing TCRs. This 

contrasts greatly with the restricted TRAV usage and specific motif sharing observed in the CDR3α 

sequences of B13/HA371-specific CD8+ T cells and suggests that HA427- and HA371-specific TCRs interact 

differently with their respective pMHC ligand, with the TCRα-chain of HA371-specific TCRs playing a 

more prominent role in the pMHC interaction, requiring a specific motif. Ternary structures that are 

in progress will give more insights into the TCR interactions with peptide and MHC that shape the 
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selection of particular TCR features in the α- and β-chain. Interestingly, in donor LIFT114 we did not 

observe any TCR with expression of TRAV38-2/DV8 or TRBV7-9. Instead, we found expansion of a 

dominant clonotype expressing TRAV24-TRBV9. This donor had the lowest frequency of 

B13/HA427-specific CD8+ T cells following IBV expansion, suggesting that they might have a hole in the 

TCR repertoire, potentially due to negative selection of TCRs in the thymus which prevents the 

generation of TRAV38-2/DV8-TRBV7-9-expressing B13/HA427-specific CD8+ T cells. 

Table 4.8 Frequency of paired TCRα/TCRβ sequences of   3/HA4278-435-specific CD8+ T cells. 
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24 29 CAFYSGNTPLVF 9 2 2-2 CASSVRILAGVAGELFF   61%  

22 39 CAVDFSWAGNMLTF 14 2 2-5 CASSPLSSGRETQYF  29%   

38-2/DV8 53 CAYKDSGGSNYKLTF 7-9 2 2-5 CASSTRQGREKETQYF 25%    

38-2/DV8 53 CAYRDSGGSNYKLTF 7-9 2 2-5 CASSSRQVLLTSAYLLQETQYF  21%   

10 13 ND 7-9 2 2-3 CASSIRQVLTSGLSTDTQYF 17%    

38-2/DV8 53 CAYRDSGGSNYKLTF 15 2 2-5 CATSRDRLAPLETQYF 17%    

22 22 CAVDPSFSARQLTF 24-1 1 2-2 CATRGPITGELFF   17%  

1-2 20 CAVPSSNDYKLSF 4-2/4-3 2 2-7 CASSPNARSGSAYEQYF  14%   

1-2 39 CAVNPHNAGNMLTF 7-9  2-7 CASSLNEQYF  14%   

1-2 13 CAVRDRPGLVTF 18 2 2-1 CASSPRRA#YNEQFF 8%    

1-2 31 CAVRDLPARLMF ND ND ND ND    14% 

1-2 40 CAVRDTPYKYIF 6-1 2 2-5 ND 8%    

3 4 CAVREGRKLIF 28 1 1-1 CASSWVTEAFF    14% 

3 5 ND 30 1 2-7 CAWSGGDREWAYEQYF    14% 

3 8 CAVRGLQKLVF 6-2/6-3  2-1 CASSSVNEQFF    14% 

5 6 LLCRDYQEEXTY#TF 28 2 2-7 CASSLPTRYEQYF   6%  

10 38 ND 3-1/3-2 1 2-7 CASSQTTGGYSYEQYF    14% 

17 33 CAPMDSNYQLIW 4-1 1 1-1 CASSQDGTGRMNTEAFF   11%  

22 3 CAVGVSYSSASKIIF 28 2 1-2 CASSLSRYDVPTGGYGYTF  7%   

22 44 ND 7-9 1 2-7 CASSSPGQGAYEQYF    14% 

26-1 57 ND 7-9 2 2-1 CASSTRRSSYNEQFF  7%   

27 47 CAGGRGYGNKLVF 6-4  2-5 ND   6%  

38-2/DV8 43 CAYRSLYLNDMRF 9 2 2-1 CASSEGSGRAVGDEQFF 8%    

38-2/DV8 53 CAYWDSGGSNYKLTF 7-9 2 2-1 CASSTRAYNEQFF    14% 

38-2/DV8 53 CAHLDSGGSNYKLTF 7-9 2 2-3 CASSSRGTTNKDTQYF 8%    

38-2/DV8 57 CAYRSPQGGSEKLVF 7-9 1 2-5 CASLTRTQETQYF 8%    

38-2/DV8 58 CAYRESLKALQETSGSRLTF  27 2 2-1 CASTTSGTSWVYNEQFF  7%   

Total number of identified sequences 12 14 18 7 

In vitro expanded donors: LIFT donors, ex vivo expanded donor: BP153, ND: not determined, 
#=out-of-frame shift, X=undefined aa. 
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4.3 Discussion 

Identification of influenza-specific CD8+ T cell epitopes in the context of the prevalent HLAs expressed 

by Indigenous Australians is needed to rationally develop an influenza cross-strain reactive CD8+ T cell 

vaccine for Indigenous Australians. To date, research into CD8+ T cell responses restricted by 

Indigenous HLAs was limited by the availability of tools to identify peptides presented by Indigenous 

HLAs as well as obtaining ethics and PBMCs from Indigenous donors to screen for the immunogenicity 

of the peptides.  

To address the limited tools to analyse peptide presentation, we generated a set of C1R cell 

lines that were transduced with Indigenous HLA genes. We confirmed high expression of HLAs that 

were stably and constitutively expressed. Using one of these cell lines (C1R-B13), we characterized the 

HLA-B*13:01 peptide binding profile following influenza virus infection. Zhang et al. previously 

published the endogenous peptide binding motif for B*13:01 using a limited data set of 54 presented 

peptides (494). Our data, based on endogenous, IBV and IAV peptides confirms their binding motif, 

with a strong preference for glutamine and leucine at position 2 and a preference for leucine, 

isoleucine, phenylalanine, tryptophan and methionine at position 9. However, using our approach we 

could generate a motif using more than 70-times the number of sequences. Additionally, we were also 

able to identify IAV- and IBV-derived peptides presented during infection. In comparison to the 

peptide screen in Chapter 3, we identified more IAV and IBV peptides presented by B*13:01 during 

infection (total of 67 IAV and 86 IBV) compared to A*24:02 (48 IAV and 42 IBV peptides). Further 

analysis of additional HLAs using the cell lines generated in this Chapter will reveal whether this 

increase in peptide identification can be attributed specifically to the B*13:01-binding profile or 

improved search algorithms. 

Screening of immunogenic peptides typically requires high cell numbers. However, Indigenous 

PBMCs are a limited resource and screening necessitated an improvement in the cell number 

requirements. Screening using influenza virus-infected C1Rs to expand virus-specific CD8+ T cells from 

limited PBMC samples proved a valuable method that not only reduced the cell number requirements 

for screening, but also lead to a reduction in workload. In contrast to protocols previously established 

in our laboratory previously, whereby a fraction of the PBMCs were infected to provide antigen for 

presentation, this approach using C1R cells with defined HLA expression was able to specifically induce 

CD8+ T cell responses to influenza epitopes presented by HLA-B*13:01 (or any other HLA of interest). 

This is especially important when the immunodominance between co-expressed HLA-alleles is not 

known, as is the case with Indigenous-associated HLAs. 

The immunodominant B*13:01-restricted CD8+ T cell response to IAV expansion was directed 

towards the NP404-412 peptide. The NP protein has been identified previously as a major target for CD8+ 
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T cells restricted by different HLAs (475) and the NP404-412 peptide is derived from a region of NP that 

contains a relatively high abundance of CD8+ T cell epitopes (496). The high frequency of CD8+ T cell 

epitopes in this region might induce a stronger selective pressure on this region compared to regions 

that only include only one epitope. Indeed, at first glance, the B13/NP404-412-specific CD8+ T cell 

response to IAV in HLA-B*13:01+ individuals seems to be unfavourable as this peptide is highly diverse 

across different IAVs, suggesting an easy immune escape if used as a vaccine component. However, 

our results indicate that B13/NP404-412-specific CD8+ T cells are cross-reactive towards the main peptide 

variants and that this immune response might therefore not be impaired by escape mutations. 

In experiments expanding PBMCs with pools of B*13:01-restricted IAV peptides, we identified 

a second immunogenic CD8+ T cell epitope derived from an alternative reading frame of the PB2 

segment. The reading frame, however, starts very close to the beginning of the peptide and a stop 

codon can be found directly after the peptide, resulting in the proposed sequence of MKAQLEWSPLF 

with the screened epitope highlighted in bold. Additional sequence analysis from 4798 H3N2 and 

H1N1 virus sequences revealed strong variability in the potential epitope. Only 0.1% of sequences 

contained the identified sequence and more than 80% of sequences were 50% or less homologous. 

This points to the potential that a different, non-IAV, CD8+ T cell epitope might be cross-reactive with 

the discovered peptide. To identify other potential peptides that might be the native antigen for these 

CD8+ T cells, the AQLEWSPF peptide was blasted for similar sequences found in other pathogens. The 

closest sequence, with one aa substitution identified, was PQLEWSPF derived from Cryptococcus 

neoformans. C. neoformans is a facultatively intracellular fungus that is mostly observed in 

immunodeficient people, for example people with AIDS (497). Interestingly C. neoformans was 

observed to disproportionately affect Indigenous Australians with a relative risk of 20.6 compared to 

non-Indigenous Australians (498). If, as a facultatively pathogen, C. neoformans is inducing CD8+ T cell 

immunity, cross-recognition between these two epitopes is potentially possible (499). However, one 

aspect of the C. neoformans peptide being the native antigen is the strong response rate across 

donors. More than 60% of screened donors had robust responses and are perhaps exposed to this 

antigen. Although there are no serological data available that would indicate the frequency of 

seroprevalence of C. neoformans and could indicate exposure history, a frequency this high is unlikely. 

Potentially, a different epitope with lower sequence homology that is still cross-reactive could be the 

true native epitope, though would prove challenging to identify. Overall, this indicates that the 

NP404-412 peptide is the most promising candidate for the development of a IAV vaccine aimed at 

B*13:01+ individuals and highlights the advantages of our improved method for screening CD8+ T cell 

responses in the context of limited PBMC numbers. 
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Our results identified the first HLA-B*13:01-restricted epitope-specific CD8+ TCRs to date. We 

were able to identify IAV- and IBV-specific TCRs from 3-4 different donors. Sequencing of highly 

cross-reactive NP404-412-specific CD8+ T cells revealed variable TCR usage within and between donors 

with only one shared TCR sequence identified between donors. A diverse TCR repertoire is thought to 

be more tolerant of viral mutations, as it is more likely to include TCRs with varying modes of 

interacting with different aa of the peptide and any variants (500, 501). Preliminary binary pMHC 

structural data obtained for the B13/NP404-412 epitope (data not shown) indicated that, similar to the 

immunodominant A2/M158 epitope, it forms a featureless so called plain vanilla epitope (502). This is 

interesting given the TCR repertoire that we observed in response to B13/NP404-412. In CD8+ T cells 

specific for the A2/M158 epitope, a strong bias for a public TRBV19 TCR sequence is observed, paired 

with a TRAV27 α-chain. Additionally, A2/M158-specific CD8+ T cells have a conserved CDR3β arginine 

at position 98 which acts as a peg and displaces the MHC α2 helix to form a notch for better interaction 

(502, 503). Interestingly, while we also observed expression of TRBV19 in B13/NP404-412 5T/5V-specific 

cells across all donors, we observed little TCR sharing between two donors and different TRAV usage. 

However, in some B13/NP404-specific TCRs, we found bulky aa such as tryptophan and a 

proline-serine-proline motif, which might be able to act like the arginine in A2/M158-specific TCRs to 

form a notch in a similar fashion. Ternary structures generated in the future will reveal the interactions 

of these aa within the TCR to give us a better understanding of their involvement in pMHC recognition.  

TCR sequences from B13/HA371-specific CD8+ T cells revealed a high degree of TRAV3 

conservation, with more variable TRAJ usage and TCRβ pairing.  hile the CDR3α region was mainly 

germline encoded, we could observe a conserved non-germline encoded arginine that was present in 

most TCRs, highlighting its potential importance for interactions with the peptide. Although these 

structures would be of high interest, generation of TRAV3 ternary structures is technically challenging 

and has not been achieved yet. However, binary pMHC structures in combination with ternary 

structures generated from TCRs binding to B13/NP404 and B13/HA427 might give us some additional 

insights to help us understand these TCR interactions.  

 Overall, we showed that the HLA-expressing cell lines generated in this Chapter were able to 

efficiently present influenza virus peptides during infection. Presented peptides identified by 

mass-spectrometry showed immunogenic potential in PBMCs of Indigenous Australians. Our method 

of screening proved efficient in successfully identifying immunodominant influenza epitopes, while 

requiring reduced amounts of PBMCs. This method can and is now being used to identify epitopes of 

other HLA alleles highly frequent in Indigenous Australians (HLA-A*11:01, 34:01 and HLA-B*15:21). 

These data will be able to inform CD8+ T cell-activating vaccines that protect not only non-Indigenous 

but also Indigenous Australians.  
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CHAPTER 5: ROBUST AND PROTOTYPICAL IMMUNE RESPONSES 

TOWARDS INFLUENZA VACCINES IN THE HIGH-RISK GROUP OF 

INDIGENOUS AUSTRALIANS 
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One sentence summary: Assessing adaptive immune responses to the quadrivalent inactivated 44 

influenza vaccine in Indigenous Australians. 45 

 46 

ABSTRACT 47 

Morbidity and mortality rates from seasonal and pandemic influenza occur disproportionately 48 

in high-risk groups, including Indigenous people globally. Although vaccination against 49 

influenza is recommended for those most at risk, studies on immune responses elicited by 50 

seasonal vaccines in Indigenous populations are largely missing, with no data available for 51 

Indigenous Australians and only one report published on antibody responses in Indigenous 52 

Canadians. We recruited 78 Indigenous and 84 non-Indigenous Australians vaccinated with the 53 

quadrivalent influenza vaccine into the LIFT-V cohort, and collected blood to define baseline, 54 

early (day 7) and memory (day 28) immune responses. We performed in-depth analyses of T 55 

and B cell activation, formation of memory B cells and antibody profiles, and investigated host 56 

factors that could contribute to vaccine responses. We found robust antibody responses to 57 

influenza vaccination induced in Indigenous Australians, with activation profiles of circulating 58 

T follicular helper type-1 (cTFH1) cells at the acute response strongly correlating with total 59 

change of antibody vaccine titres induced by vaccination. Formation of influenza-specific 60 

haemagglutinin (HA)-binding memory B cells was significantly higher in seroconverters 61 

compared to non-seroconverters. Back-boosting of antibodies towards previously circulating 62 

influenza strains was observed following influenza vaccination. In-depth antibody 63 

characterisation revealed a reduction in IgG3 pre- and post-vaccination in the Indigenous 64 

Australian population, potentially linked to the increased frequency of G3m21* allotype. 65 

Overall, our data provide the first evidence that Indigenous populations elicit robust, broad and 66 

prototypical immune responses following immunisation with seasonal inactivated influenza 67 

vaccines. Our work strongly supports the recommendation of influenza vaccination to protect 68 

Indigenous populations from severe seasonal influenza virus infections and its subsequent 69 

complications. 70 

 71 

 72 

  73 



  

INTRODUCTION 74 

Influenza is a significant respiratory viral infection that causes a serious burden of disease. 75 

High morbidity and mortality rates from seasonal and pandemic influenza occur 76 

disproportionately in specific high-risk population groups, including children, the elderly, 77 

pregnant women, Indigenous people globally and individuals with underlying co-morbidities 78 

such as diabetes, immunosuppression, lung and heart disease (1–5). Currently, antibody-based 79 

influenza vaccines targeting highly variable hemagglutinin (HA) and neuraminidase (NA) 80 

surface glycoproteins are the most effective way to combat seasonal infections. The inactivated 81 

influenza vaccine (IIV) contains glycoproteins corresponding to the circulating A/H3N2 and 82 

A/H1N1 strains and one B strain from either the Victoria or Yamagata lineage (in trivalent/TIV 83 

vaccines) or both B lineage strains (in quadrivalent/QIV vaccines). Antigenic drift necessitates 84 

annual updates of the vaccine components to warrant protection and despite this  the overall 85 

vaccine effectiveness can vary vastly from -7% to 75% (6). Vaccine effectiveness not only 86 

differs between seasons but also between vaccine components, with H3N2 showing the lowest 87 

overall vaccine effectiveness and H1N1pdm09 (pH1N1) the highest (7). Several factors such 88 

as pre-existing immunity, immunosenescence and vaccine strain mismatch can influence 89 

vaccine effectiveness (8). Genetic factors such as HLA polymorphisms contributing to 90 

differences in HLA-II expression are associated with stronger or weaker vaccine responses (9). 91 

For example, individuals expressing HLA-DRB1*11:04 showed high titres post vaccination, 92 

whereas HLA-DRB1*13:01 showed reduced antibody titres post vaccination (9).  93 

Our understanding of why some individuals fail to establish a protective immune 94 

response post-influenza vaccination is still very limited. To determine which factors shape the 95 

immune response post-vaccination, we and others have identified cellular and humoral 96 

responses that correlate with robust immune responses to influenza vaccination (10–14). 97 

Importantly, 7 days post-vaccination, an increase in ICOS+CXCR3+CXCR5+CD4+ circulating 98 

T follicular helper 1 (cTFH1) cells was observed that correlated with antibody-secreting cells 99 

(ASCs) and rises in antibody titres (11, 14).  100 

Indigenous populations experience higher rates of of infections with a range of 101 

pathogens such as sepsis (15), tuberculosis (16) and influenza (17, 18). Notification and 102 

hospitalisation rates of seasonal influenza virus infections are 1.5-8.6 times and 1.2-4.3 times, 103 

respectively, higher in Indigenous compared to non-Indigenous Australians (18). With social 104 

determinants of health and co-morbidities contributing to a higher disease burden (19), one  105 

key strategy proposed to improve health outcomes for Indigenous populations is immunisation 106 



  

(20). However, only few studies to date have examined viral immunity in Indigenous 107 

populations and most of our knowledge is based on studies in non-Indigenous populations. We 108 

and others have revealed host variations in HLA profiles in  Indigenous populations (21–23), 109 

suggesting that differences in HLA or other genetic factors might impact influenza vaccine 110 

responses in Indigenous Australians. Despite national funding, vaccination rates still remain 111 

low in Indigenous communities (24). A recent study from Webster et al. revealed that more 112 

than 50% of unvaccinated Indigenous Australians stated that the “flu” vaccine would not be 113 

effective (25). To date, there are no published data to define immune responses to influenza 114 

vaccines in Indigenous Australians, while globally only one study assessed antibody responses 115 

following adjuvanted pH1N1 influenza immunisation in Indigenous Canadians and showed 116 

comparable antibody levels prior and post-vaccination (26). Determining the immunological 117 

response to influenza vaccination in high-risk Indigenous populations can therefore provide a 118 

stronger scientific basis for influenza recommendations, which if appropriately communicated, 119 

may increase vaccine uptake.  120 

In this study, we recruited Indigenous and non-Indigenous Australians vaccinated with 121 

the QIV between 2016-2018 and assessed their immunity pre- and post-vaccination. We 122 

performed in-depth analyses of T and B cell activation, memory B cell formation and antibody 123 

profiles as well as investigating host factors that could contribute to vaccine responses. Our 124 

study clearly demonstrates that Indigenous Australians mount effective and prototypical 125 

immune responses to the inactivated influenza vaccine, and thus provides an immunological 126 

basis to support current vaccine recommendations in Indigenous populations.  127 

 128 

RESULTS 129 

Recruitment of LIFT-V cohort 130 

To assess immunological responses towards the QIV, Indigenous (n=78) and non-Indigenous 131 

(n=84) participants were recruited between 2016 and 2018 into the Looking into InFluenza T 132 

cell immunity - Vaccination (LIFT-V) cohort (Fig. 1A). The vaccine H1N1 strain changed 133 

from 2016 (A/California/7/2009) to 2017 (A/Michigan/45/2015) and the H3N2 strain from 134 

2017 (A/Hong Kong/4801/2014) to 2018 (A/Singapore/INFIMH-16-0019/2016). Blood and 135 

serum samples were collected prior to vaccination (d0) and post-vaccination (d7 and d28). 136 

While only a limited number of donors was sampled at the early bleed on d7 (34% of 137 

Indigenous and 14% of non-Indigenous participants), a high frequency of sampling was 138 



  

achieved on d28 (72% and 100%, respectively). Of the Indigenous cohort, 76% of participants 139 

were female, whereas 58% of non-Indigenous participants were female. The median age was 140 

43 years (range 21-65 years) in the Indigenous cohort and 34 years (range 21-59 years) in the 141 

non-Indigenous cohort (Fig. 1B).  142 

 143 

Diverse HLA class-II expression in Indigenous and non-Indigenous Australians  144 

Previous studies have shown different patterns of HLA profiles between Indigenous and non-145 

Indigenous Australians (22). Given that HLA class II (HLA-II) expression is known to impact 146 

influenza vaccine responses (9, 27, 28), we assessed whether the HLA-II profiles differed 147 

between our Indigenous and non-Indigenous cohorts and whether the previously published 148 

HLA-II alleles associated with altered influenza antibody responses (9) were prominent in our 149 

cohorts. In contrast to the previously reported differences for HLA-I profiles (22), the HLA-II 150 

profiles (DPB1, DQA, DQB, DRB1/3/4/5) were similar between Indigenous and 151 

non-Indigenous LIFT-V cohorts, and also comparable to our larger dataset of Indigenous 152 

(LIFT) and non-Indigenous (KK) cohorts (Fig. 1C). Both of our Indigenous cohorts (LIFT and 153 

LIFT-V) showed similar HLA-II profiles, with high allelic frequencies of HLA-DQB*04:02 154 

(12% in LIFT and 12.5% in LIFT-V), 05:03 (15.3% in LIFT and 12.5% in LIFT-V), 06:01 155 

(36.5% in LIFT and 10.4% in LIFT-V), DRB1*04:12 (7.9% in LIFT and 6.3% in LIFT-V), 156 

08:03 (30.6% in LIFT and 7.3% in LIFT-V) and DPB1*05:01 (22.3% in LIFT and 24% in 157 

LIFT-V) (Fig. 1C). Of note, previously published alleles associated with a lower (DRB1*07, 158 

DRB1*10:03, DQB1*03:03)(9, 27) or stronger (DRB1*04:01, DRB1*13, DRB1*11:04, 159 

DRB1*16:01, DRB3*0X, DPB1*04:01, DQB1*06:03-9/14, DQB1*05:02) (9, 27, 28) 160 

antibody response towards the influenza vaccine were not significantly different in the 161 

Indigenous cohort compared to the non-Indigenous group. However, we detected a 162 

significantly increased frequency of HLA-DPB1*05:01-expressing individuals in Indigenous 163 

Australians compared to non-Indigenous Australians in the LIFT-V cohort. Analysing all the 164 

genotyped donors available in our laboratory (Non-Indigenous KK cohort & LIFT-V vs. 165 

Indigenous LIFT & LIFT-V), totalling 280 individuals, we observed the same results, as we 166 

found in the analysis of the vaccine cohorts alone. 167 

 168 

Robust antibody responses to influenza vaccination induced in Indigenous Australians  169 



  

Based on the WHO guidelines, the best-defined correlate of protection against influenza virus 170 

infection is the hemagglutinin inhibition titre (HAI), which measures serum antibodies that 171 

prevent influenza virus-mediated agglutination of red blood cells. A HAI titre of 40 172 

(log2(HAI/10)=2) correlates with 50% protection in a healthy adult population (29). Significant 173 

increases in HA-specific antibodies were observed against all vaccine components following 174 

influenza vaccination in both Indigenous and non-Indigenous LIFT-V groups (Fig. 2A), with 175 

comparable fold-change rises in antibody titres observed in both groups (Fig. 2B). Notably, the 176 

response to the H3N2 Sing/2016 component was relatively poor and on average just reached 177 

the 50% protection threshold post-vaccination (mean log2(HAI/10) = 2.13 in Indigenous vs 178 

2.33 in non-Indigenous) (Fig. 2A). This went in hand with a reduced titre changes 179 

post-vaccination (geom. mean of fold change 1.69-1.85 vs 2.48-3.79 of other vaccine 180 

components) (Fig. 2B). As a result, fewer individuals had protective titres against H3N2 181 

compared to all the other vaccine components (Fig. 2C). Although 27-28% of individuals had 182 

post-vaccine HAI titres below 40 for H3N2, our data showed that H3N2 titres increased from 183 

titres <40 to ≥40 post-vaccination for 28-33% of individuals, indicating that vaccination was 184 

beneficial towards H3N2 for at least a third of individuals. For all other vaccine components, 185 

only a small proportion of individuals had HAI titres <40 post-vaccination (5-9%), with 186 

33-60% of individuals having pre-HAI titres of ≥40 perhaps due to prior vaccinations or 187 

infections. Nevertheless, in a substantial subset of individuals (20-37%) who had pre-vaccine 188 

titres <40, we observed an increase after vaccination ≥40, indicating the benefits of the QIV to 189 

promote antibody responses to protect individuals from influenza virus infection. 190 

It is well known that older individuals develop lower titres post QIV (30, 31) and most 191 

research has focussed on improving vaccine responses in these high-risk groups. When we 192 

analysed the post-vaccine titres against age (Fig. S1A), we observed a weak to moderate 193 

negative correlation in the non-Indigenous cohort to all vaccine components except for 194 

B/Vic/Bris/2008 (rs between -0.34 and -0.57). Surprisingly, we did not observe any age-related 195 

negative correlations in our Indigenous cohort (Fig. S1A). Other studies suggest that, rather 196 

than age, repeated vaccine exposure can lead to decreased responses to the QIV(32).  197 

 198 

Back-boosting of antibodies specific for the previously circulating influenza virus strains  199 

Influenza virus infection and vaccine history can shape the breadth and magnitude of antibody 200 

responses directed towards the vaccine strain but also towards previous circulating strains (33). 201 



  

To analyse whether the breadth of the antibody repertoire differed between Indigenous and 202 

non-Indigenous donors, HAI titres were determined against influenza strains circulating 203 

between 1934 (A/Puerto Rico/8/1934) and 2016 (A/SINGAPORE/INFIMH-16-0019/2016) 204 

(Table S2). Overall, the magnitude and breadth of the antibody response were comparable 205 

between Indigenous and non-Indigenous participants (Fig. 2D). However, Indigenous 206 

Australians had significantly lower pre-vaccine titres against A/H3N2/Panama/1999 207 

(PN/1999), B/Massachusetts/2012 (MAS/2012) and B/Sydney/2014 (SYD/2014) strains when 208 

compared to non-Indigenous donors, and significantly lower titres against 209 

A/H1N1/Fukushima/2006 (FUK/2006), PN/1999, A/H3N2/Brisbane/2007 (BRIS/2007) and 210 

all B/Yamagata strains (MAS/2012, PHU/2013, SYD/2014) post-vaccination. Although 211 

significant, the difference in HAI titres against previous H1N1 and H3N2 strains which 212 

circulated ~15-20 years ago were minimal (1.3 to 2.1-fold) between Indigenous and 213 

non-Indigenous. These differences were greater for B/Yamagata strains where non-Indigenous 214 

donors had higher HAI titres against B/Yamagata strains from the past decade (Fig. 2D and 215 

S2A).  216 

Interestingly, 6 participants (3/59 Indigenous and 3/84 non-Indigenous) seroconverted 217 

to A/H1N1/PR8/1934 following QIV vaccination, suggesting a back-boosting of antibody 218 

responses to previous strains. Five out of the seroconverters were aged between 45-52 with one 219 

23-year-old suggesting some degree of imprinting of first virus infection on antibody response. 220 

Only one of these donors did however seroconvert to the A/Brazil/11/1978 strain which would 221 

be potentially closer related to the virus they first encountered. Importantly, this did not impact 222 

on their ability to seroconvert to the A/H1N1/Michigan/2015 vaccine strain (Fig. S2B). 223 

Vaccine induced back-boosting towards previously circulating H3N2 virus strains was also 224 

observed with 2 individuals seroconverting to PN/1999 and 24 to the more recent BRIS/2007 225 

strain. Interestingly, BRIS/2007 seroconverters had significantly higher titres to the 226 

A/H3N2/Singapore/2016 vaccine strain compared to non-seroconverters (Fig. S2B). There was 227 

a strong positive correlation between BRIS/2007 and Singapore/2016 titres (Fig. S2B), which 228 

may be due to the cross-reactive nature of these antibodies. In fact, antibody titres significantly 229 

correlated with each other for all H3 viruses tested from BRIS/2007 onwards, potentially due 230 

to the antigenic similarity of these viruses compared to the older virus tested (Fig. S3). Finally, 231 

a principal component analysis (PCA) compiling all the strain titres at pre- and post-vaccine 232 

timepoints showed that the cohorts were highly variable amongst individuals, with both 233 

Indigenous and non-Indigenous datapoints highly overlapping, indicating no overall 234 



  

differences in antibody responses pre- and post-vaccination between each group (Fig. 2E). 235 

Therefore, we show for the first time, robust antibody responses elicited by influenza 236 

vaccination in the high-risk Indigenous Australians population, are comparable to non-237 

Indigenous Australians. 238 

 239 

Influenza vaccination elicits comparable cTfh1 cells activation  240 

In previous studies, we described an increase in activated (PD1+ICOS+) cTFH1 cells 241 

(CD4+CXCR3+CXCR5+) at 7 days post-vaccination, and these correlated with the rise in ASCs 242 

and HAI titres indicating a robust vaccine response (14). Comparable levels of activated cTFH1 243 

cells increased post-vaccination in both Indigenous and non-Indigenous donors (Fig. 3A). 244 

Activation of cTFH1 cells also correlated moderately with the total fold-change in titres 245 

(post/pre) towards all the vaccine components (rs=0.51, p<0.01) (Fig. 3B). Concomitantly, 246 

expression of the activation marker CD38 was also increased on activated cTFH1 cells post-247 

vaccination in both Indigenous and non-Indigenous donors, indicating highly activated cTFH1 248 

cells in response to vaccination (Fig. 3C). However, vaccination did not induce expansion of 249 

cTFH17 (CD4+CCR6+CXCR3-CXCR5+) responses (Fig. S4), in line with our previous findings 250 

(14). In support, ASCs (CD19+CD27+CD38+) were significantly increased on day 7 for 251 

Indigenous donors vaccinated in 2017 (Fig. 3D). However, this trend was not observed for 252 

donors recruited in the other years, possibly due to the analysis of frozen PBMCs for these 253 

samples which was necessitated by the logistics of sampling from remote Indigenous 254 

communities across state borders, in contrast to our previous studies using fresh whole blood 255 

analysis (14). Other studies, however, showed no effect of freeze thawing on ASCs though this 256 

was analysed in an ELISPOT assay (34). 257 

 258 

Activated memory influenza-specific B cells increase post-vaccination  259 

Formation and expansion of HA-specific B cells can be detected using well-established 260 

recombinant HA probes (14, 35). These probes consist of tetramerized HA molecules that have 261 

a removed transmembrane domain and a mutation (Y98F for IAV) to prevent non-specific 262 

binding of the HA to B cells. As the probe for the A/H3N2/Singapore/2016 vaccine strain could 263 

not be successfully refolded after multiple attempts, we used an alternative A/Swi/2013 probe 264 

(2015 vaccine strain) previously used by our group which shows highly specific binding (14). 265 



  

H1-specific B cells were detected using a probe matched to the vaccine strain (A/Mich/2015) 266 

and probes to detect IBV-specific B cells were combined on the same fluorochrome 267 

(B/Bris/2008 and B/Phuket/2013 matching the two vaccine strains). HA-specific B cells 268 

detected across all the probes significantly increased post-vaccination in Indigenous and non-269 

Indigenous donors, except for IBV in Indigenous donors (Fig. 4A). The median frequency for 270 

all HA-specific B cells was between 0.06% to 0.27% of total CD19+IgD- B cells. Interestingly, 271 

there was a trend for a lower frequency of HA-specific B cells in Indigenous donors compared 272 

to non-Indigenous donors at both pre- and post-vaccination, which was significantly lower for 273 

H1N1 and IBV probes post-vaccination (Fig. 4A), suggesting that Indigenous donors may have 274 

a lower memory precursor frequency of H1- and IBV-specific B cells. The frequency of 275 

H1-specific B cells moderately correlated (rs = 0.58, p<0.01) with A/H1N1/Mich/2015 HAI 276 

titres (Fig. 4B). For the H3 probe, there was a weak correlation with H3 titres (rs=0.27, p=0.01) 277 

and no correlation with the IBV probes (data not shown), which may be due to the vaccine-278 

mismatched H3 probe and the combination of two IBV probes on one fluorochrome. More 279 

importantly, seroconverters per vaccine strain had a higher fold-change increase (post/pre %’s) 280 

in their respective HA-specific B cells compared to non-seroconverters following vaccination 281 

(Fig. 4C).  282 

Activation (CD21) and memory (CD27) markers were then analysed on HA-specific B 283 

cells pre- and post-vaccination. For all populations, with the exception of IBV in Indigenous 284 

donors, we detected a significant increase in the frequency of CD27+CD21lo activated 285 

HA-specific B cells following vaccination (Fig. 4D), in line with our previous study in 286 

non-Indigenous donors only (14). These CD27+CD21lo activated HA-specific B cells are 287 

hypothesised to be potential progenitors of long-lived plasma cells (36). An increase therefore 288 

might indicate the formation of lasting memory post-vaccination in both Indigenous and 289 

non-Indigenous donors. However, the proportion of resting memory CD27+CD21hi 290 

HA-specific B cells significantly decreased for all probes in the non-Indigenous donors and for 291 

the H1 probe in Indigenous donors (Fig. 4D). In terms of the isotype distribution, we detected 292 

a small but significant increase in proportion of IgG+ B cells in the H1- and H3-specific B cells, 293 

at the expense of IgA and IgM (H1 only), for non-Indigenous donors; there were no changes 294 

to the IgG distribution in Indigenous donors following vaccination (Fig. 4E). IgA expression 295 

was determined as CD19+IgD-IgM-IgG- cells, as validated previously (14, 37). This supports 296 

our previous study where vaccination did not induce marked changes to the isotype distribution 297 

of influenza-specific B cells (14), but is in contrast to influenza virus infection where both IgG+ 298 



  

and IgA+ HA-specific B cells were prominent during acute infection, before becoming 299 

predominantly IgG+ at the convalescent phase (38). Taken together, vaccination induced the 300 

expansion of activated memory HA-specific B cells which were predominantly IgG+ in both 301 

Indigenous and non-Indigenous donors.  302 

 303 

In-depth antibody characterisation reveals differences in antibody isotypes between 304 

Indigenous and non-Indigenous donors 305 

To complement the gold standard HAI assay, which targets antibodies that can block receptor-306 

binding of the virus, we used Luminex multiplex technology and antibody characterisation to 307 

generate a more in-depth analysis of influenza-specific serum antibodies that target 10 different 308 

HA, NA and NP proteins from various IAV and IBV strains to assess their isotype distribution 309 

(IgG1, IgG2, IgG3, IgG4, IgA1, IgA2 and IgM) and potential to engage with Fcγ receptors 310 

(FcγRIIa and FcγRIIIa) following influenza vaccination. Studies examining humoral immunity 311 

against influenza viruses suggest that specificity, isotype and subclass can contribute to a range 312 

of potentially protective functions (39). To address this, microbeads were coated with 313 

recombinantly expressed influenza proteins for complete HA (A/Sing/2016, A/Swi/2013, 314 

A/Mich/2015, A/Cal/2009 and B/Phu/2013), HA1 subunit (A/HK/2014), HAstem (A/Cal/2009), 315 

NA (A/HK/2014 and A/Cal/2009) and NP (A/Cal/2009), incubated with plasma samples and 316 

analysed with a variety of detectors (αIgG1, αIgG2, αIgG3, αIgG4, αIgA1, αIgA2, αIgM, 317 

dimeric recombinant soluble FcγRIIa & dimeric rsFcγRIIIa). The magnitude of the antibody 318 

response/FcγR-engagement for each influenza antigen (analyte) was measured by the median 319 

fluorescence intensity (MFI) of all recorded beads per sample pre- and post-vaccination. FcγR 320 

engagement is responsible for antibody-depended cellular cytotoxicity and antibody-depended 321 

cellular phagocytosis which is crucial to combat influenza virus infections (40, 41). 322 

Comparing pre- and post-vaccination antibody levels, we detected high increases for 323 

IgG1, IgG3, IgA1, FcγRIIa and FcγRIIIa MFI’s towards almost all influenza antigens post-324 

vaccination (Fig. 5A, Fig. S5A). Interestingly, the magnitude of responses towards the various 325 

influenza antigens differed across the detectors. For IgG1, the highest median fold-change was 326 

detected towards the HA1 A/HK/2014 protein (1.50), whereas the highest MFI fold-change for 327 

IgG3 was towards HA A/Mich/2015 (4.12). This might indicate that different vaccine 328 

components induced different subclass responses, potentially due to different exposure history 329 

or glycosylation patterns. Unsurprisingly, we found only minor changes between pre- and 330 



  

post-vaccine MFI’s for IgG2, IgG4, IgA2 and IgM (Fig. S5A), supporting a previous 331 

2011-2012 vaccine study (42).  332 

A significant increase in IgG1 antibodies was detected for H3 A/Sing, H3 (HA1) A/HK, 333 

H3 A/Swi13, H1 A/Mich, and N1 A/Cal for Indigenous and non-Indigenous donors post 334 

vaccination. While there was a significant increase in MFI for HA B/Phu detected in 335 

Indigenous donors, the opposite was observed for HA Cal which was only significant in 336 

non-Indigenous donors. For H1 A/Mich, H1 A/Cal and HA B/Phu significantly higher IgG1 337 

levels were detected in Indigenous Australians pre-vaccination, with H3 A/Sing and HA B/Phu 338 

having significantly increased levels post-vaccination (Fig. 5A).  339 

The differences in IgG3 were much more pronounced compared to all other detectors 340 

with a significant increase for all antigens post-vaccination, except for NA Cal in the 341 

Indigenous cohort. High antibody MFI changes were detected across all vaccine HA 342 

components (H3 A/Sing, H1 A/Mich, HA B/Phu MFI fold-change of 2.65, 4.12 and 2.73, 343 

respectively) as well as closely related components (H3 (HA1) A/HK and H1 A/Cal MFI 344 

fold-change of 3.71 and 2.61, respectively). IgG3 responses towards N2 A/HK and N1 A/Cal 345 

were lowest with MFI fold changes of 1.15 and 1.23, respectively. It was interesting to detect 346 

a significant increase in antibodies against the NP A/Cal (1.45 MFI fold change) as this is 347 

generally now assessed for vaccine responses. While the QIV was not depleted for NP, current 348 

vaccines are only quantified for HA and NA and might not harness the full potential of 349 

NP-specific antibodies that are reported to be protective in mice (43). Although we observed 350 

post-vaccination increases in IgG3 responses for Indigenous and non-Indigenous donors, 351 

substantial differences in magnitude were observed between Indigenous and non-Indigenous 352 

donors across many of the analytes (Fig. 5A). Significant increases were also detected for 353 

engagement with FcγRIIa and FcγRIIIa using soluble dimers across all analytes (Fig. 5A), 354 

which strongly correlated with IgG1 antibody responses (Fig. S5B). 355 

Since we observed differences for specific analytes between Indigenous and 356 

non-Indigenous donors, we compared the total detector-specific responses of Indigenous 357 

versus non-Indigenous donors at pre- and post-vaccination. For this, we calculated the median 358 

MFI for each analyte and performed a Wilcoxon-matched-pairs signed rank test across all 359 

analytes. We found a strong bias for lower IgG3 responses in Indigenous donors compared to 360 

non-Indigenous pre- and post-vaccination (Fig. 5B).  361 

 362 



  

Significant differences in IgG3 allotype correlate with lower antibody levels 363 

To understand why some IgG1 and IgG3 isotype responses were lower in Indigenous donors, 364 

we investigated their allotype distribution. IgG allotypes refer to polymorphisms in the constant 365 

region of the antibody and can affect its longevity in plasma as well as FcγR binding (40, 44) 366 

or concentration(45, 46). Analysis of the IgG1 allotypes revealed a significant difference in 367 

with higher frequencies of the G1m17 (65%) in the CH1 region and G1m1 allotypes (90%) in 368 

the CH3 region of Indigenous donors, while G1m3 (100%) in the CH1 region and nG1m1 369 

alleles (91%) in the CH3 locus where predominantly found in non-Indigenous donors, 370 

respectively (Fig. 6A). However, when all the donors were grouped per IgG1 allotype for each 371 

locus, we could not detect any significant differences in the multiplex MFI levels across all 372 

analyte (Fig. 6B). Analysis of IgG3 allotypes also detected significant differences between 373 

Indigenous and non-Indigenous Australians (higher G3m21* expression in Indigenous (88%) 374 

and 100% G3m5* expression in non-Indigenous Australians) (Fig. 6C). Interestingly, the 375 

expression of homozygous G3m5* significantly correlated with higher antibody responses per 376 

MFI’s for each analyte (Fig. 6C), as well as the total MFI response (sum of individual MFI’s 377 

per analyte) (Fig. 6D). More specifically, post-vaccine responses towards H1 A/Mich, H1 378 

A/Cal and HA B/Phu were significantly higher in G3m5* homozygote individuals (Fig. 6E). 379 

These findings based on allelic expression are in line with the lower IgG3 responses found in 380 

Indigenous Australians and support previous reports of lower concentrations of IgG3 in 381 

G3m21* homozygous individuals (47, 48). 382 

 383 

Influenza vaccination does not induce changes in IgG glycosylation patterns 384 

Glycosylation is a post-translational modification of antibodies by adding carbohydrate groups 385 

to the asparagine residues of IgG antibodies which alters the interaction with Fc receptors and 386 

mediated functions (49). Differences in glycosylation patterns have been observed between 387 

different populations around the world (50). However, no differences in glycosylation patterns 388 

were observed between a subset of Indigenous and non-Indigenous donors (Fig. 6F). Although 389 

previous influenza vaccine studies could not detect a difference in total IgG glycosylation, 390 

different glycosylation patterns have been observed at baseline between seroconverters and 391 

non-seroconverters (51), which has been proposed to serve as a biomarker to predict vaccine 392 

responses prior to vaccination. However, we did not observe any differences between pre- and 393 



  

post-vaccination (Fig. 6F) or between seroconverters and non-seroconverters in the subset of 394 

donors tested (data not shown).  395 

 396 

DISCUSSION 397 

Annual vaccination is to date the only protection against seasonal influenza virus 398 

infections. Given that influenza vaccination is recommended for every individual >6 months 399 

old(52), it is important to understand the immune responses induced by vaccination as 400 

additional measures of vaccine efficacy, especially in specific high-risk groups, including 401 

Indigenous Australians. Previously, we comprehensively defined optimal immune responses 402 

induced by TIV/QIV in non-Indigenous Australians (14). Studies in Aboriginal Canadians 403 

revealed antibody responses after vaccination with an AS03-adjuvanted pandemic pH1N1 404 

vaccination comparable to non-Indigenous Canadians (26). While these data are encouraging 405 

for influenza virus vaccinations it was not known how these data translate to responses to the 406 

seasonal non-adjuvanted vaccine and if the vaccine induces robust memory formation. In the 407 

current study, for the first time, we defined humoral and cellular immune responses induced by 408 

the QIV in the high-risk Indigenous Australian population and coupled these analyses with 409 

in-depth antibody characterisation and host genetic information. Our study provides the first 410 

evidence that Indigenous Australians mount effective, broad, and prototypical immune 411 

responses to the inactivated influenza vaccine. This includes antibodies towards the vaccine 412 

strains as well as back-boosting of antibodies specific for previously circulating strains, cTFH1 413 

cells and memory influenza-specific B cell populations, all at the levels found in non-414 

Indigenous individuals.  415 

We found increased serum antibody levels after vaccination for all vaccine components 416 

with the lowest post-vaccine HAI titres detected towards the 2018 H3N2 component 417 

(Sing/2016). In contrast to the 2018 H3N2 response, we detected high titres to the 2016/17 418 

component, indicating that antibody responses are not inherently reduced towards H3N2 419 

viruses. Previous studies found, however, that antibodies against the 2016 vaccine component 420 

did not predict protection against infection potentially due to mutations that occur during egg 421 

passage of the vaccine component (53). Future studies are therefore needed to follow-up 422 

vaccinated patients to prove that antibody levels are comparably protective in Indigenous 423 

Australians are to those of non-Indigenous Australians. 424 



  

Broad back-boost of antibodies was detected for H1N1, which even included for 6 425 

participants the A/PR8 strain that circulated 84 years ago. A/PR8 and the pH1N1 share the 426 

same origin but differ in their antigenic sites (54), which might explain the back-boosting 427 

observed in some participants. However, titres to pre-pandemic H1N1 viruses correlated very 428 

weakly with titres to post-pandemic H1N1 viruses. Therefore, these cross-reactive antibodies 429 

seem to have minimal impact on responses to the vaccine, given that we could not detect 430 

differences in the vaccine titre in individuals that seroconverted to A/PR8 in comparison to 431 

individuals who had no detectable titre-changes to A/PR8. A different pattern was observed for 432 

H3N2 viruses, which circulated since 1968 in the human population. We identified 433 

back-boosting to previously circulating strains, as previously described (33). A strong 434 

correlation of all titres towards all H3N2 viruses, except for A/Port Chalmers/1/1973, indicates 435 

cross-reactivity between the antibodies, which is interesting given the general lower vaccine 436 

effectiveness of the H3N2 component.  437 

Activated cTFH1 responses were significantly increased on day 7 post-vaccination in 438 

the Indigenous population across all the years. Significantly higher frequencies of memory 439 

HA-specific B cells against H1 and H3 vaccine components were also observed in our 440 

Indigenous and non-Indigenous donors. HAI titres against H1 Michigan positively correlated 441 

with the frequency of HA-H1-specific B cells. Moreover, seroconverters for H1, H3 or IBV 442 

had significantly higher fold changes in HA-specific B cells (%post/%pre) compared to 443 

non-serocoverters. Post-vaccination, these memory HA-specific B cells increased in activated 444 

memory phenotype and were predominantly IgG+, reminiscent of prototypical vaccine-induced 445 

immune responses in our previous study (14), but contrasts to acute influenza virus infection 446 

which comprises both IgG+ and IgA+ HA-specific B cells before becoming IgG+ at the recovery 447 

phase (38). Our data provide evidence that QIV induces activation and increases of 448 

influenza-specific B cells in Indigenous Australians, crucial for the formation of memory and 449 

the protective effect of vaccination. In contrast to previous publications (14, 55), we could not 450 

detect a significant increase in ASC post-vaccination in 2016 and 2018 and only small increases 451 

in 2017, which perhaps can be explained by the freeze-thawing process compared to our 452 

previous analyses using fresh whole blood. 453 

Our in-depth antibody characterisation approach indicated a reduced level of IgG3 in 454 

our Indigenous cohort, potentially linked to G3m21* allotype expression in line with previous 455 

publications (47, 48). An IgG3 deficiency was associated during the 2009 influenza pandemic 456 

in a case report with high severity (56). This is highly interesting given the high severity and 457 



  

mortality during the 2009 pandemic in Indigenous Australians. Other studies showed that IgG3 458 

deficiency was associated with recurrent respiratory tract infections (57, 58). Our results, 459 

however, only show a reduction in IgG3 levels, not necessarily a deficiency, as IgG3 levels did 460 

still increase even in the G3m21*+/+ individuals. Therefore, further experiments are needed to 461 

quantify IgG3 levels in a bigger cohort for conclusive data to indicate whether our findings 462 

might have physiological significance. 463 

Our LIFT-V cohort displayed broad HLA-II profiles in Indigenous Australians, and 464 

these were comparable to the non-Indigenous individuals. We detected higher frequencies of 465 

DPB1*05:01, DQB*05:03, DQB*06:01, DRB1*08:03 and DRB1*14:08 in Indigenous 466 

Australians compared to non-Indigenous individuals, however, despite these differences, there 467 

appeared to be no impact of HLA-DRB1 or DQB on HAI titres (data not shown). 468 

In conclusion, we identified robust adaptive immune responses in Indigenous 469 

Australians towards the inactivated influenza vaccine, which were comparable to those 470 

observed in non-Indigenous Australians. This is of high importance, given the misgivings of 471 

Indigenous populations that the vaccine might not be protective (25). Our data provide 472 

immunological evidence of effective QIV responses being generated in Indigenous 473 

Australians. The results from our study advocate for the first time an immunological basis for 474 

the potential of influenza vaccination to protect Indigenous Australians from the high impact 475 

of seasonal influenza virus infections and their consequent complications, including cardiac 476 

disease such as myocardial infarction and endocarditis, long-term lung injury and secondary 477 

bacterial infections.   478 

 479 

MATERIAL AND METHODS 480 

Human ethics. All experiments were conducted according to the Declaration of Helsinki 481 

principles and NHMRC Code of practice and approved by the University of Melbourne Human 482 

Research Ethics Committee (#1955465 and #1441452), the Human Research Ethics 483 

Committee of the Northern Territory Department of Health and Menzies School of Health 484 

Research (#2012-1928), and the Tasmanian Human Research Ethics Committee (#H0015460). 485 

 486 

LIFT-V cohort. Healthy individuals of Indigenous status were recruited in Darwin, located in 487 

the Northern Territory (NT), Australia. Individuals were vaccinated, and heparinised peripheral 488 



  

blood (PBMCs and plasma) and serum tubes were collected. Samples were taken on d0 (2016 489 

n=6, 2017 n=10, 2018 n=66), d7 (2016 n=6, 2017 n=8, 2018 n=14) and d28 (2016 n=6, 2017 490 

n=7, 2018 n=46; median time after vaccination 30 days (22-84 days post vaccination)). 491 

Samples were processed at Menzies School of Health Research and stored at the University of 492 

Melbourne. Non-Indigenous participants were recruited in Darwin, NT (2018), Melbourne, 493 

VIC (2016, 2017, 2018) and Launceston, TAS (2018). These samples were taken on d0 (2016 494 

n=29, 2017 n=22, 2018 n=33), d7 (2018 n=12) and d28 (2016 n=29, 2017 n=22, 2018 n=33; 495 

median time after vaccination 28 days (26-85 days post vaccination)). Three donors in the 496 

LIFT-V cohort participated in 2016 and 2017 and one donor participated in all three year (Table 497 

S1). In cases where less than the total number of samples were analysed (rHA probes, multiplex 498 

and glycosylation), subsets were matched for age and antibody responses between Indigenous 499 

and non-Indigenous donors as close as possible. 500 

 501 

HLA-II typing. HLA-II genotyping was performed on genomic DNA isolated from 502 

granulocytes by the Victorian Transplant and Immunogenetics Service (West Melbourne, VIC, 503 

Australia) for all donors who consented to genetic analysis. 504 

 505 

Hemagglutinin Inhibition assay (HAI). HAI titration was performed as described 506 

previously(59) and per WHO guidelines(60) on serum. H3N2 viruses were titrated in the 507 

presences of Oseltamivir carboxylate on guinea pig red blood cells whereas IBV and H1N1 508 

viruses were titrated without Oseltamivir carboxylate on turkey red blood cells. IBV viruses 509 

were ether treated before titration. 510 

 511 

Surface staining of B and T cells. Frozen PBMCs were thawed in RPMI with Benzonase® 512 

Nuclease (MerkMillipore, MA, USA). Cells were stained with panel A (Table S3.) for early 513 

responses or panel B (Table S3.) to analyse HA-specific B cells and fixed in 1% PFA before 514 

acquiring. Samples were acquired on a LSR Fortessa (BD Biosciences) and analysed with 515 

FlowJo 10 (FlowJo, LLC). 516 

 517 



  

IgG1 and IgG3 allotypes. IgG1 allotypes were analysed using genomic DNA isolated from 518 

granulocytes. A PCR with specific primers for either IgG1 CH1 (for: 519 

5’-CCCCTGGCACCCTCCTCCAA-3’/ rev: 5’-GCCCTGGACTGGGGCTGCAT-3’ (61)), 520 

CH3 (for: 5’-GAGCCCAAATCTTGTGACAA-3’/ rev: 5’-GGCGATGTCGCTGGGA-3’ 521 

(62)) or IgG3 CH2+3 (for: 5’-GTCGGGTGCTGA-CACATCTG-3’/ rev: 522 

5’-CTTGCCGGCYRTSGCACTCA-3’ (63)) was performed and DNA sequenced by Sanger 523 

sequencing. A subset of donors consenting to genetic analysis (n=46) were analysed (IgG1 524 

allotypes in CH1 and CH3; IgG3 alloypes in the CH2 and CH3 region). 525 

 526 

Total IgG glycosylation profile. Total IgG glycosylation was analysed using capillary 527 

electrophoresis as described previously(64). In brief, total IgG was purified from plasma using 528 

Melon gel IgG purification resin according to the manufacturer’s protocol (Thermo Fisher). 529 

N-linked glycans on purified IgG was analysed using LabChip GXII Touch Microchip-CE 530 

platform per manufacturer’s protocol (Perkin Elmer). 531 

 532 

Coupling of magnetic carboxylated beads. A custom influenza multiplex assay was designed 533 

with H1N1 HA Cal09(11055-V08H), H1N1 NA Cal09(11058-V08B), H1N1 NP 534 

Cal09(40205-V08B), H3N2 HA1 HK(40555-V08H), H3N2 NA HK(40569-V07H), and H3N2 535 

HA Switz(40497-V08B) (Sino Biological) and H1N1 HA Mich(IT-003-00105ΔTMp) and 536 

H3N2 HA Sing(IT-003-00434ΔTMp) (Immune Technology) antigens, as well as H1N1 HA 537 

stem and IBV/Phuket HA (produced in-house). Tetanus toxoid (Sigma) and anti-human Fd IgG 538 

(#MAB1304; Sigma-Aldrich), as well as BSA blocked beads were included as positive and 539 

negative controls, respectively. Antigens were covalently coupled to magnetic carboxylated 540 

beads (Bio Rad) at a ratio of 10 million beads to 100 µg of antigen using a two-step 541 

carbodiimide reaction, as previously described(65). Beads were washed and activated in 100 542 

mM monobasic sodium phosphate, pH 6.2, followed by the addition of 543 

Sulfo-N-hydroxysulfosuccinimide and 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide 544 

(Thermo Fisher Scientific). The microspheres were incubated at room temperature (RT) for 30 545 

minutes and then washed three times and resuspended in 50 mM MES pH 5.0 (Thermo Fisher 546 

Scientific). Respective antigens and activated beads were combined and rotated at RT in the 547 

dark for 3 hrs. Beads were washed with PBS and blocked for 30 minutes in blocking buffer 548 



  

(PBS, 0.1% BSA, 0.02% TWEEN-20, 0.05% Azide, pH 7), before being washed and 549 

resuspended to 1 million beads per 100 µL in PBS 0.05% Sodium Azide.  550 

 551 

Luminex bead-based multiplex assay. A multiplex assay was used to assess the isotypes and 552 

subclasses of influenza-specific antibodies present in donor plasma, as described 553 

previously(65, 66). Briefly, 50 µL of working bead mixture containing 600 beads per bead 554 

region and 50 µL of diluted plasma were added per well to a black, clear bottom 96-well plate 555 

(Greiner Bio-One) and shaken overnight at 4ºC. The plate was washed with PBS containing 556 

0.05% Tween20 (PBST) and influenza-specific-antibodies detected using phycoerythrin 557 

(PE)-conjugated mouse anti-human IgG1-4, IgA1-2, and IgM (#9052-09, #9070-09, #9210-09, 558 

#9200-09, #9130-09, #9140-09, #9020-09) (Southern Biotech), at 1.3 µg/mL, 50 µL per well. 559 

The detection antibody was shaken for 2 hrs at RT, the plate washed, and beads resuspended 560 

in 100 µL of sheath fluid. After shaking at RT for 10 minutes, the plate was read by the 561 

FlexMap 3D (Luminex) and the binding of the PE-detector was measured to calculate the 562 

median fluorescence intensity (MFI). Double background subtraction was performed with the 563 

removal of the blank (buffer only) wells, as well as the BSA-blocked control bead background 564 

signal removed for each well. For the detection of FcγR, soluble recombinant FcγR dimers 565 

(FcγRIIa-H131 and FcγRIIIa-V158) were provided by Bruce Wines and Mark Hogarth. Dimers 566 

were added at 1 µg/mL, 25 µL per well, and the plate shaken at RT for 2 hrs and washed. 567 

Streptavidin, R-Phycoerythrin conjugate (SAPE; Invitrogen) was added at 1 µg/mL, 50 µL per 568 

well, shaken at RT for 2 hrs before being washed and read as mentioned above. 569 

 570 

Statistical analysis. Significance was assessed using Wilcoxon matched-pairs signed-rank test 571 

(for changes from baseline) or Kruskal-Wallis test (for comparisons across groups and 572 

timepoints) adjudstments for multiple testing are indicated in the figure legends. 573 

Mann-Whitney test was used to compare unpaired samples, and a Wilcoxon-matched-pairs 574 

signed rank test was used to compare paired samples with graphpad prism v.9.0. Correlations 575 

were assessed using Spearman’s correlation coefficient (rs) for non-Gaussian distributions. As 576 

a visual guidance, linear correlation was drawn to indicate a correlation between assessed 577 

parameter. PCA was generated using R v.4.0.2 using prcomp function. 578 

 579 



  

Supplementary Materials 580 

Fig. S1 Negative correlation between HAI and age and number of previous vaccinations 581 

in non-Indigenous but not Indigenous Australians. 582 

Fig. S2 Individual antibody titres detected by HAI. 583 

Fig. S3 Correlation of HAI titres. 584 

Fig. S4. Early activation of cTfh17 cells post vaccination. 585 

Fig. S5 Influenza protein multiplex for IgG2, IgG4, IgM, IgA1 and IgA2. 586 

Fig. S6. Gating of ASC and cTfh cells. 587 

Fig. S7. Gating strategy for HA-specific B cells. 588 

Table S1. Donor demographics of the QIV vaccine cohort.  589 

Table S2. Virus strains and abbreviations used in this study.  590 

Table S3. Flow cytometry staining panels. 591 
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 850 

Figure Legends 851 

Fig. 1. Indigenous Australians display broad and distinct HLA-II profiles. (A) Study 852 

design, vaccine composition and participants of LIFT-V cohort between 2016 and 2018. (B) 853 

Age distribution of Indigenous and non-Indigenous participants of LIFT-V cohort. (C) Allele 854 

frequencies of HLA-II alleles in non-Indigenous and Indigenous participants of LIFT-V cohort. 855 

Allele frequencies from additional cohorts (Non-Indigenous individuals and Indigenous LIFT 856 

cohort) were included from previous HLA datasets (22). Differential distribution of HLA-allele 857 

expressing donors was analysed between Indigenous and non-Indigenous LIFT-V donors using 858 

Chi-square test (* p<0.05) 859 

 860 

Fig. 2. Comparable HAI responses between Indigenous and non-Indigenous donors 861 

against vaccine strains and previously circulating viruses. (A) Serum antibodies were 862 

determined by HAI assay prior to vaccination (day 0) and post vaccination (22 to 85 days post 863 

vaccination) against all four vaccine components. Bold line indicates mean and grey bar 864 



  

indicates HAI titre of 40 corresponding to 50% protective titre. Statistical significance was 865 

determined using Kruskal-Wallis test for multiple comparisons ** p<0.01. (B) Fold change of 866 

HAI titre (post vaccine HAI/pre vaccine HAI) in Indigenous and non-Indigenous Australians. 867 

Red bar indicates mean and above the grey background indicates seroconversion (4-fold titre 868 

rise). (C) Effect of vaccination on frequency of 50% protective titres in Indigenous and 869 

non-Indigenous donors. Yellow and purple pie parts indicate donors that had HAI titres below 870 

40 after vaccination. H3N2 includes 2018 donors, H1N1 includes 2018 and 2017 cohorts due 871 

to changes in the vaccine components. IBV components were not changed during study period 872 

and includes cohorts from all three years (B and C). (D) Breadth of antibody responses against 873 

previously circulating viruses. Lines indicating geometric mean with 95% confidence interval 874 

plots were generated using geom_smooth function in R with loess. Stars indicate significant 875 

differences between Indigenous and non-Indigenous participants prior (black) and post (red) 876 

vaccination calculated with Mann-Whitney test (*p<0.05 **p<0.01). (E) PCA plots with 95% 877 

probability ellipse encompassing all HAI titres prior to vaccine (left panel) and post vaccination 878 

(right panel). 879 

 880 

Fig. 3. Vaccination induces activation of CD4+CXCR5+CXCR3+ cTfh cells in Indigenous 881 

and non-Indigenous donors. (A) Representative FACS plots and frequencies of PD1+ICOS+ 882 

cTfh1 cells post vaccination (day 7 □) compared to baseline activation (day 0 ○). (B) 883 

Correlation (Spearman’s test) of titre fold titre change (d28/d0) and frequency of activated 884 

(PD1+ICOS+) cTfh1 cells 7 days post vaccination. (C) Geometric mean fluorescence intensity 885 

(MFI) of CD38 on activated (PD1+ICOS+) cTfh1 cells. Top panel shows a representative 886 

histogram of fluorescence intensity of CD38 on PD1+ICOS+ cTfh1 cells. (D) Representative 887 

FACS plots and frequency of antibody-secreting B cells (ASC) (CD19+CD27+CD38+) of total 888 

B cells (CD19+) across three study years. Statistical significance was calculated with Mann-889 

Whitney test (*p<0.05). 890 

 891 

Fig. 4. Higher frequencies of H1- and IBV-specific B cells post vaccination in 892 

non-Indigenous Australians. (A) Recombinant HA-specific IgD- B cells were detected with 893 

fluorescently labelled recombinant HA proteins utilizing flow cytometry. Statistical 894 

significance was calculated within the group using Wilcoxon matched-pairs signed rank test 895 

and differences between cohorts with Mann-Whitney test (*p<0.05, **p<0.01). (B) Correlation 896 



  

(Spearman’s test) of the frequency of H1 Mich15-probe-specific B cells and H1 Mich15 897 

antibody HAI titres. (C) Fold change in HA-specific B cells for each probe in seroconverters 898 

(≥4 fold HAI titre change) and non-seroconverters. Statistical differences were calculated using 899 

Mann-Whitney test. (D) Proportion of CD21/CD27 phenotype on HA-specific B cells and total 900 

IgD- B cells. (E) Isotype expression of probe-specific cells and total IgD- B cells. (D, E) 901 

Statistical differences were calculated using Wilcoxon-matched-pairs signed rank test with 902 

*p<0.05 and **p<0.01.  903 

 904 

Fig. 5. Influenza protein multiplex reveals differential patterns of influenza-specific IgG 905 

isotypes between Indigenous and non-Indigenous Australians. (A) Antibodies binding to 906 

influenza protein coated fluorescent beads were detected with a secondary fluorescently 907 

conjugated detection antibody (for IgG1 & IgG3,) or fluorescently labelled Fcγ receptor dimers 908 

(FcγRIIa and FcγRIIIa) in a multiplex bead array. Median fluorescence intensity (MFI) was 909 

determined per sample prior and post (d28) vaccination. Bars indicate median, black stars 910 

(*p<0.05, **p<0.01) depict significance within each cohort, red stars indicate statistical 911 

difference between Indigenous and non-Indigenous cohorts. Statistical significance was 912 

determined within each group with a Wilcoxon matched-pairs signed rank test and between 913 

cohorts using Mann-Whitney test. (B) For each analyte in each detector, the median was 914 

calculated and compared in a paired analysis between Indigenous and non-Indigenous donors 915 

(e.g. median pre-vaccination HA Sing Indigenous vs median pre-vaccination HA Sing non-916 

Indigenous) to detect differences for each detector. The same analyte between Indigenous and 917 

non-Indigenous cohort is connected by a line. Statistical significance was determined using a 918 

Wilcoxon matched-pairs signed rank test. 919 

 920 

Fig. 6. Higher IgG3 levels can be attributed to the G3m5* allotype. (A) Genomic DNA was 921 

sequenced for CH1 and CH3 allotypes (Indigenous n= 68, non-Indigenous n=12). (B) Where 922 

available, MFI’s were compared in paired analysis of each analyte between donors of different 923 

IgG1 CH1 allotypes (G1m17 n=4 Individuals/8 datapoints, G1m3 n=6 Individuals/12 924 

datapoints, G1m17/G1m3 n=14 Individuals/28 datapoints) and CH3 allotypes (G1m1 n=6 925 

Individuals/12 datapoints, nG1m1 n=6 Individuals/ 12 datapoints, G1m1/nG1m1 n=12 926 

Individuals/24 datapoints). (C) Genomic DNA was sequenced for IgG3 CH2+3 allotypes 927 

(Indigenous n=67, non-Indigenous n=12). Median of each analyte was compared in paired 928 



  

analysis (G3m21* n=3 Individuals/6 datapoints, G3m5* n=6 individuals/12 datapoints, 929 

G3m21*/G3m5* n =15 Individuals/30 datapoints). (D) Total IgG3 levels were determined in 930 

multiplex using anti-IgG conjugated beads with anti-IgG3 fluorescent conjugated detection 931 

antibody. (E) IgG3 levels for the different analytes were plotted to compare antigen-specific 932 

IgG3 levels between different allotypes. (F) Total IgG glycosylation was mapped using 933 

LabChip GXII Microchip-CE electrophoresis system. Glycans were analysed prior and post 934 

(d28) vaccination for Indigenous (n=12) and non-Indigenous (n=9) donors. (A, C) Different 935 

distribution of IgG allotypes were calculated using Fisher’s exact test. (D, E) Statistical 936 

differences were determined using Kruskal-Wallis test (*p<0.05, **p<0.01) 937 

 938 

Supplementary Figure Legends 939 

Fig. S1 Negative correlation between HAI and age in non-Indigenous but not Indigenous 940 

Australians. (A) Correlation (Spearman’s test) of post vaccine HAI titres in Indigenous (pink) 941 

and non-Indigenous Australians (blue).  942 

Fig. S2 Individual antibody titres detected by HAI. (A) Individual HAI titres that were 943 

measured to determine the breadth of antibody response as summarized in Fig. 2. (B) Post-944 

vaccine titres to A/Michigan/2015 and A/Singapore/2016 in seroconverters to A/PR/1934 and 945 

A/Bris2007, respectively, and correlation (Spearman’s test) of A/Bris2007 and 946 

A/Singapore2016 titres in Indigenous and non-Indigenous Australians. (A, B) Significance was 947 

calculated using Wilcoxon matched-pairs signed ranks test (*p<0.05; **p<0.01).  948 

Fig. S3 Correlation of HAI titres. Correlation of HAI titres was calculated using 949 

non-parametric Spearman’s correlation. Colours and size of circles indicate correlation 950 

coefficient value with a adjusted p<0.05 by False-discovery-rate adjustment in R.  951 

Fig. S4. Early activation of cTfh17 cells post vaccination. Frequency of PD-1+ICOS+ cTfh17 952 

(CD4+CXCR5+CCR6+CXCR3-) cells at baseline (day 0) and day 7 post vaccination in 953 

Indigenous and non-Indigenous donors. Significance was calculated using Wilcoxon matched-954 

pairs signed ranks test (*p<0.05). 955 

Fig. S5 Influenza protein multiplex for IgG2, IgG4, IgM, IgA1 and IgA2. (A) Antibodies 956 

binding to influenza protein coated fluorescent beads were detected with a secondary 957 

fluorescently conjugated detection antibody in a multiplex bead array. Median fluorescence 958 

intensity was determined per sample prior and post (d28) vaccination. Bars indicate median, 959 



  

black stars (*p<0.05, **p<0.01) depict significance within each cohort, red stars indicate 960 

statistical differences between Indigenous and non-Indigenous cohort. Statistical significance 961 

was determined within each group with a Wilcoxon matched-pairs signed rank test and between 962 

cohorts using Mann-Whitney test. (B) Correlation (Spearman’s test) of FcγRIIa and FcγRIIIa 963 

MFI with IgG1 MFI. 964 

Fig. S6. Gating of ASC and cTfh cells. Single, live cells were gated for CD19+ B and CD3+ 965 

T cell markers. B cells were gated for antibody-secreting cells (CD38+CD27+) whereas T cells 966 

were further dissected on CD4, CXCR5, CXCR3 and CCR6 expression to characterise 967 

activation of cTfh cells (PD-1+ICOS+). 968 

Fig. S7. Gating strategy for HA-specific B cells. Single B cells (CD19+CD10-CD14-CD3-969 

CD8-CD16-FreeSA-) were gated for IgD and frequency of probe-specific cells determined for 970 

IgD- B cells.  971 



  

Table S1. Donor demographics of the QIV vaccine cohort. 972 

Donor ID 

Follow-

up Age Gender Ind. Status Year 

Location Sample 

LIFT-V 125 Yes 36 F Indigenous 2016 Darwin PBMC+serum 

LIFT-V 126 Yes 59 F Indigenous 2016 Darwin PBMC+serum 

LIFT-V 127 Yes 42 M Indigenous 2016 Darwin PBMC+serum 

LIFT-V 128 Yes 54 M Indigenous 2016 Darwin PBMC+serum 

LIFT-V 129 Yes 26 F Indigenous 2016 Darwin PBMC+serum 

LIFT-V 130 Yes 31 F Indigenous 2016 Darwin PBMC+serum 

LIFT-V 141 Yes 61 F Indigenous 2017 Darwin PBMC+serum 

LIFT-V 142 Yes 32 F Indigenous 2017 Darwin PBMC+serum 

LIFT-V 143 Yes 57 F Indigenous 2017 Darwin PBMC+serum 

LIFT-V 144 No 27 F Indigenous 2017 Darwin PBMC+serum 

LIFT-V 145 No 60 F Indigenous 2017 Darwin PBMC+serum 

LIFT-V 146 Yes 60 F Indigenous 2017 Darwin PBMC+serum 

LIFT-V 147/129 Yes 27 F Indigenous 2017 Darwin PBMC+serum 

LIFT-V 148 Yes 32 F Indigenous 2017 Darwin PBMC+serum 

LIFT-V 149 No 21 M Indigenous 2017 Darwin PBMC+serum 

LIFT-V 153 Yes 43 M Indigenous 2017 Darwin PBMC+serum 

LIFT-V 154 No 36 M Indigenous 2018 Darwin PBMC+serum 

LIFT-V 155 Yes 32 M Indigenous 2018 Darwin PBMC+serum 

LIFT-V 156 Yes 40 M Indigenous 2018 Darwin PBMC+serum 

LIFT-V 157 Yes 59 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 158 Yes 43 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 159 Yes 44 M Indigenous 2018 Darwin PBMC+serum 

LIFT-V 160 Yes 33 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 161 Yes 56 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 162 Yes 37 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 163 Yes 56 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 164 No 35 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 165 Yes 64 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 166 Yes 60 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 167 Yes 46 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 168 No 39 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 169 Yes 51 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 170 Yes 56 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 171 No 31 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 172 Yes 49 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 173 Yes 61 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 174 Yes 41 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 175 Yes 48 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 176 Yes 32 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 177 Yes 31 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 178 Yes 24 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 179 Yes 34 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 180 Yes 51 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 181 Yes 28 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 182 Yes 27 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 183 Yes 59 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 184 Yes 56 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 185 Yes 44 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 186 No 42 M Indigenous 2018 Darwin PBMC+serum 

LIFT-V 187 No 43 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 188 No 34 M Indigenous 2018 Darwin PBMC+serum 

LIFT-V 189 No 55 M Indigenous 2018 Darwin PBMC+serum 

LIFT-V 190 No 50 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 191 No 45 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 192 No 59 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 193 Yes 41 F Indigenous 2018 Darwin PBMC+serum 



  

LIFT-V 194 Yes 50 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 195 Yes 62 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 196 Yes 49 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 197 No 46 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 198 Yes 46 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 199 No 36 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 202 Yes 48 M Indigenous 2018 Darwin PBMC+serum 

LIFT-V 203 Yes 39 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 204 Yes 24 M Indigenous 2018 Darwin PBMC+serum 

LIFT-V 205 Yes 45 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 209 No NA   Indigenous 2018 Darwin PBMC+serum 

LIFT-V 210 No NA   Indigenous 2018 Darwin PBMC+serum 

LIFT-V 214 Yes 45 M Indigenous 2018 Darwin PBMC+serum 

LIFT-V 215 No 32 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 216 Yes 23 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 217 Yes 27 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 220 Yes 26 M Indigenous 2018 Darwin PBMC+serum 

LIFT-V 221 No 23 M Indigenous 2018 Darwin PBMC+serum 

LIFT-V 222 No 47 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 223 Yes 49 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 225 Yes 49 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 226 Yes 65 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 229 No 23 M Indigenous 2018 Darwin PBMC+serum 

LIFT-V 230 Yes 27 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 231 No 48 M Indigenous 2018 Darwin PBMC+serum 

LIFT-V 232 No 24 F Indigenous 2018 Darwin PBMC+serum 

LIFT-V 233 No 49 M Indigenous 2018 Darwin PBMC+serum 

CJB Yes 50 F Non-Ind. 2016 Melbourne Serum 

DI Yes 50 F Non-Ind. 2016 Melbourne Serum 

KK 25 Yes 29 F Non-Ind. 2016 Melbourne Serum 

KK 26 Yes 27 M Non-Ind. 2016 Melbourne Serum 

KK 28 Yes 33 F Non-Ind. 2016 Melbourne Serum 

KK 32 No 26 F Non-Ind. 2016 Melbourne Serum 

KK 39 No 50 F Non-Ind. 2016 Melbourne Serum 

KK 40 No 29 F Non-Ind. 2016 Melbourne Serum 

KK 44 Yes 36 F Non-Ind. 2016 Melbourne Serum 

KK 45 No 41 F Non-Ind. 2016 Melbourne Serum 

KK 49 No 23 M Non-Ind. 2016 Melbourne Serum 

KK 50 No 27 M Non-Ind. 2016 Melbourne Serum 

KK 51 Yes 32 M Non-Ind. 2016 Melbourne Serum 

KK 54 Yes 47 F Non-Ind. 2016 Melbourne Serum 

KK 55 No 28 F Non-Ind. 2016 Melbourne Serum 

KK 62 Yes 24 F Non-Ind. 2016 Melbourne Serum 

KK 67 No 54 M Non-Ind. 2016 Melbourne Serum 

KK 70 No 47 F Non-Ind. 2016 Melbourne Serum 

KK 71 Yes 22 F Non-Ind. 2016 Melbourne Serum 

KK 72 No 52 F Non-Ind. 2016 Melbourne Serum 

KK 73 No 21 F Non-Ind. 2016 Melbourne Serum 

KK 74 No 21 F Non-Ind. 2016 Melbourne Serum 

KK 75 No 46 F Non-Ind. 2016 Melbourne Serum 

KK 76 Yes 35 F Non-Ind. 2016 Melbourne Serum 

KK 77 No 25 F Non-Ind. 2016 Melbourne Serum 

KK 78 No 22 F Non-Ind. 2016 Melbourne Serum 

KK 15 Yes 32 M Non-Ind. 2016 Melbourne Serum 

KK 18 No 45 F Non-Ind. 2016 Melbourne Serum 

KK34 No 28 M Non-Ind. 2016 Melbourne Serum 

N1 Yes 40 M Non-Ind. 2017 Melbourne Serum 

N3 Yes 28 F Non-Ind. 2017 Melbourne Serum 

N4 Yes 34 F Non-Ind. 2017 Melbourne Serum 

N5 Yes 34 F Non-Ind. 2017 Melbourne Serum 



  

N6 Yes 28 F Non-Ind. 2017 Melbourne Serum 

N7 Yes 44 F Non-Ind. 2017 Melbourne Serum 

N8 Yes 24 F Non-Ind. 2017 Melbourne Serum 

N9 Yes 25 M Non-Ind. 2017 Melbourne Serum 

N10 Yes 31 M Non-Ind. 2017 Melbourne Serum 

N11 Yes 30 F Non-Ind. 2017 Melbourne Serum 

N12 Yes 26 M Non-Ind. 2017 Melbourne Serum 

N13 Yes 55 M Non-Ind. 2017 Melbourne Serum 

N14 Yes 40 F Non-Ind. 2017 Melbourne Serum 

N15 Yes 50 F Non-Ind. 2017 Melbourne Serum 

N16 Yes 34 F Non-Ind. 2017 Melbourne Serum 

N17 Yes 29 M Non-Ind. 2017 Melbourne Serum 

N18 Yes 30 F Non-Ind. 2017 Melbourne Serum 

N19 Yes 32 F Non-Ind. 2017 Melbourne Serum 

N20 Yes 28 M Non-Ind. 2017 Melbourne Serum 

N21 Yes 27 M Non-Ind. 2017 Melbourne Serum 

N22 Yes 29 M Non-Ind. 2017 Melbourne Serum 

N23 Yes 31 F Non-Ind. 2017 Melbourne Serum 

KK28 No 35 F Non-Ind. 2018 Melbourne PBMC+serum 

KK42 Yes 36 M Non-Ind. 2018 Melbourne PBMC+serum 

KK52 No 50 M Non-Ind. 2018 Melbourne PBMC+serum 

KK94 No 52 M Non-Ind. 2018 Melbourne PBMC+serum 

KK95 No 40 M Non-Ind. 2018 Melbourne PBMC+serum 

KK96 Yes 31 F Non-Ind. 2018 Melbourne PBMC+serum 

KK97 No 28 M Non-Ind. 2018 Melbourne PBMC+serum 

KK98 No 29 M Non-Ind. 2018 Melbourne PBMC+serum 

LIFT-V 200 Yes 40 F Non-Ind. 2018 Darwin PBMC+serum 

LIFT-V 201 Yes 54 M Non-Ind. 2018 Darwin PBMC+serum 

LIFT-V 206 Yes 59 M Non-Ind. 2018 Darwin PBMC+serum 

LIFT-V 211 Yes 40 F Non-Ind. 2018 Darwin PBMC+serum 

LIFT-V 212 Yes 28 M Non-Ind. 2018 Darwin PBMC+serum 

LIFT-V 213 Yes 35 M Non-Ind. 2018 Darwin PBMC+serum 

LIFT-V 218 Yes 35 F Non-Ind. 2018 Darwin PBMC+serum 

LIFT-V 219 Yes 53 F Non-Ind. 2018 Darwin PBMC+serum 

LIFT-V 224 Yes 58 M Non-Ind. 2018 Darwin PBMC+serum 

LIFT-V 227 Yes 38 F Non-Ind. 2018 Darwin PBMC+serum 

LIFT-V 228 Yes 34 M Non-Ind. 2018 Darwin PBMC+serum 

S3055 Yes 22 F Non-Ind. 2018 Launceston Serum 

S3060 Yes 45 F Non-Ind. 2018 Launceston Serum 

S3063 Yes 41 F Non-Ind. 2018 Launceston Serum 

S3066 Yes 46 F Non-Ind. 2018 Launceston Serum 

S3075 Yes 42 F Non-Ind. 2018 Launceston Serum 

S3078 Yes 43 F Non-Ind. 2018 Launceston Serum 

S3080 Yes 49 F Non-Ind. 2018 Launceston Serum 

S4018 Yes 29 M Non-Ind. 2018 Launceston Serum 

S4020 Yes 27 M Non-Ind. 2018 Launceston Serum 

S4022 Yes 23 M Non-Ind. 2018 Launceston Serum 

S4024 Yes 49 M Non-Ind. 2018 Launceston Serum 

S4030 Yes 24 M Non-Ind. 2018 Launceston Serum 

S4034 Yes 32 M Non-Ind. 2018 Launceston Serum 

S4041 Yes 46 M Non-Ind. 2018 Launceston Serum 
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Table S2. Virus strains and abbreviations used in this study. 975 

Subtype Strain name HAI/B cell probes Multiplex 

H1N1 A/PUERTO RICO/8/34 PR/1934  

H1N1 A/BRAZIL/11/78 BRZ/1978  

H1N1 A/FUKUSHIMA/141/2006 FUK/2006  

H1N1 A/BRISBANE/59/2007 H1N1 BRIS/2007  

H1N1 A/CALIFORNIA/07/2009 CAL/2009 Cal 

H1N1 A/MICHIGAN/45/2015 MICH/2015 Mich 

H3N2 A/PORT CHALMERS/1/1973 PC/1973  

H3N2 A/PANAMA/2007/1999 PN/1999  

H3N2 A/BRISBANE/10/2007 H3N2 BRIS/2007  

H3N2 A/PERTH/16/2009 PER/2009  

H3N2 A/VICTORIA/361/2011 VIC/2011  

H3N2 A/TEXAS/50/2012 TEX/2012  

H3N2 A/SWITZERLAND/9715293/2013 SWI/2013 Swi 

H3N2 A/NEWCASTLE/22/2014 NCAS/2014  

H3N2 A/NEW CALEDONIA/71/2014 NCAL/2014  

H3N2 A/HONG KONG/4801/2014 HK/2014 HK 

H3N2 A/BRISBANE/47/2015 BRIS/2015  

H3N2 A/SINGAPORE/INFIMH-16-

0019/2016 

SING/2016 Sing 

B/Yam B/MASSACHUSETTS/02/2012 MAS/2012  

B/Yam B/PHUKET/3073/2013 PHU/2013 Phu 

B/Yam B/SYDNEY/7/2014 SYD/2014  

B/Vic B/BRISBANE/60/2008 BRIS/2008  

B/Vic B/BRISBANE/46/2015 BRIS/2015  
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Table S3. Flow cytometry staining panels. 977 

Panel A     

Antibody Clone Fluorochrome Catalogue 

numbers 

Vendor 

CXCR5 RF8B2 BV421 562747 BD Horizon 

LiveDead  Aqua L34966 Thermo Fisher 

CD19 HIB19 BV570 302235 Biolegend 

CD24 MLS BV605 562788 BD Horizon 

CCR6 11A9 BV650 563922 BD Horizon 

CD20 2H7 BV711 563126 BD Horizon 

CD38 HIT2 BV786 563964 BD Horizon 

CXCR3 1C6 APC 550967 BD Pharmingen 

CD27 O323 AF700 56-0279-42 eBioscience 

CD4 RPA-T4 APC-H7 560158 BD Pharmingen 

CD8 OKT8 FITC 11-0086-42 eBioscience 

CD45 2D1 PerCP-Cy5.5 340953 BD 

ICOS DX29 PE 557802 BD Pharmingen 

CD3 UCHT1 PE-CF594 562280 BD 

PD-1 EH12.1 PE-Cy7 561272 BD Pharmingen 

Panel B     

Antibody Clone Fluorochrome Catalogue 

numbers 

Vendor 

IBV HA probes  BV421 N/A In-house 

Live Dead  Aqua L34966 ThermoFisher 

CD3 OKT3 BV510 317331  Biolegend 

CD8 RPA-T8 BV510 563256 Biolegend 

CD10 HI10a BV510 301047 Biolegend 

CD14 M5E2 BV510 301841 Biolegend 

CD16 3G8 BV510 302047 Biolegend 

Free SA N/A BV510 563261 BD Horizon 

CD27 O323 BV605 302829  Biolegend 

IgG G18-145 BV786 564230 BD 

IgM G20-127 BUV395 563903 BD 

CD21 B-ly4 BUV737 612788 BD 

H3 Swi HA probe APC N/A In-house 

CD20 2H7 AF700 560631 BD 

H1 Mich HA probe PE N/A In-house 

CD19 J3-119 ECD IM2708U Beckman 

IgD IA6-2 PE-Cy7 561314 BD 
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CHAPTER 6: CONCLUDING REMARKS 

Indigenous Australians are highly affected by seasonal and pandemic influenza virus infections. An 

influenza vaccine that can protect against severe seasonal and pandemic viruses would therefore be 

highly beneficial for Indigenous Australians. Current vaccine formulations induce robust B cell and 

antibody responses in non-Indigenous Australians but fail to induce CD8+ T cell responses which can 

provide cross-protective immunity against newly emerging viruses. Responses to the inactivated 

influenza vaccine as well as CD8+ T cell immunity have not been well characterized for Indigenous 

Australians who are at high risk of severe influenza disease. To address this, we aimed to (i) examine 

CD8+ T cell responses to peptides presented by the mortality-associated HLA-A*24:02 allomorph, (ii) 

identify novel influenza-specific CD8+ T cell epitopes presented by other highly prevalent 

Indigenous-associated HLAs, and (iii) define adaptive immune responses to the current influenza 

vaccine in Indigenous Australians. The work generated in this PhD thesis provides important insights 

into how to harness anti-viral immunity in Indigenous Australians to provide at least some level of 

protection against severe influenza virus infection by seasonal and pandemic viruses. 

The aim of Chapter 3 was to understand CD8+ T cell responses directed towards IAV and IBV 

epitopes presented by the mortality-associated HLA-A*24:02 allomorph. Computational analysis 

revealed that HLA-A*24:02 has a low target score for conserved IAV peptides and targets rather 

diverse variants therefore providing no cross-protective immunity (246). However, computational 

predictions of peptides presented by HLA-A*24:02 may not be biologically relevant to induce CD8+ T 

cell responses. Therefore, we aimed to identify peptides naturally presented by HLA-A*24:02 on the 

surface of influenza-infected C1R-A24 cell lines, using an immunopeptidomics and mass-spectrometry 

approach, and assessed which peptides had the potential to induce influenza-specific CD8+ T cell 

responses. We identified 52 IAV and 48 IBV epitopes presented by HLA-A*24:02 during infection with 

a varying degree of aa conservation across influenza virus strains. Assessing immune responses in 

HLA-A*24:02-transgenic mice identified CD8+ T cell responses towards a broad range of IAV (n=11) 

and IBV epitopes (n=6) after primary infection. Interestingly, we identified a focusing of CD8+ T cell 

responses towards fewer epitopes after secondary heterologous challenge in IAV (n=6), which was in 

contrast to a secondary IBV heterologous challenge where 7 immunogenic epitopes were newly 

detected.  

When screening for CD8+ T cell responses in humans, we identified 6 (A24/NP165-173, 

A24/NA32-40, A24/PB2550-558, A24/HA552-560, A24/PB1503-511, A24/PA457-465) novel IBV epitopes which 

increased the total number of known human IBV CD8+ T cell epitopes to date by 50%. Currently known 

IBV epitopes are restricted by HLA-A*02:01 (A2/PB1590-598, A2/HA543-462, A2/HA5358-551, A2/NS1266-274, 
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A2/M1132-140, A2/NP85-93 (299, 504)), HLA-B*37:01 (B37/NP394-402 (299)), and HLA-B*8 (B8/NP30-38, 

B8/NP263-271, B8/NP413-421 (505)). All HLA-A*24:02-restricted immunogenic epitopes were highly 

conserved or cross-reactive with a highly conserved epitope. Additionally, we identified that CD8+ T 

cells responsive to IBV epitope PB2550-558 cross-recognized the naturally occurring IAV variant 

PB2549-557, which shared 56% sequence homology. This sequence or any homologous sequence could 

not be identified ICV’s PB2 protein. This is in contrast to the universal A2/PB1413 epitope previously 

described in our laboratory (299) that elicited broadly cross-reactive CD8+ T cell responses against IAV, 

IBV or ICV infection. Identification of epitopes that can generate cross-protective CD8+ T cell immunity 

against both IAV and IBV is significantly useful for designing T cell-based vaccines with regards to the 

selection of potential peptide candidates, i.e. getting 2 for the price of 1. 

Peptide/HLA-A*24:02 tetramers (kindly generated by Stephanie Gras) accompanied by 

magnetic bead enrichment allowed for the ex vivo detection of influenza-specific CD8+ T cells in 

HLA-A*24:02+ Indigenous, non-Indigenous and acutely infected non-Indigenous donors in PBMCs, SLO 

and the lung. While there was no increase in epitope-specific CD8+ T cells in the blood of 

acutely-infected donors, we observed an increase in TEM phenotype and a decrease in TNaïve phenotype. 

Additionally, epitope-specific CD8+ T cells upregulated their cell surface expression of activation 

markers (PD-1, CD38 and CD71) during acute infection, which were downregulated after viral 

clearance in convalescent donors to similar levels found in healthy donors. Epitope-specific CD8+ T 

cells could also be detected in the lung of deceased organ donors and were of a TRM phenotype, 

highlighting the historical involvement of these epitope-specific CD8+ T cells in combating influenza 

virus infection at the site of infection. The potential of these CD8+ T cells to protect against severe 

influenza virus infection was shown in our transgenic mouse model. Firstly, primary virus infection was 

able to protect mice against a high dose of a secondary heterologous challenge with a recall of 

epitope-specific CD8+ T cells. Secondly, vaccination of transgenic mice with our newly identified 

immunogenic IBV peptides resulted in reduced weight loss, facilitated viral clearance and reduced 

pro-inflammatory cytokines in the lung after high dose infection in comparison to 

mock-vaccinated mice. 

These findings provide important insights into influenza-specific CD8+ T cell immunity directed 

towards epitopes presented by HLA-A*24:02. Firstly, the HLA-A*24:02 molecule was indeed able to 

present highly conserved influenza peptides that were immunogenic, which was in contrast to the 

highly variant predicted epitopes via computational methods. This indicates that a cross-protective 

CD8+ T cell vaccine could be possible for HLA-A*24:02+ individuals covering a high frequency of 

Indigenous Australians. However, HLA-A*24:02-restricted IAV epitopes were mainly derived from the 

polymerase complex in contrast to the general consensus that major influenza CD8+ T cell targets are 
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derived from the M1 and NP proteins (293). Therefore, vaccines currently in development which focus 

on M1 and NP proteins might not be protective for HLA-A*24:02+ individuals and therefore would 

need to be updated (376).  

Our results using tetramer-associated magnetic enrichment showed that KIR3DL1 molecules 

on the cell surface can bind to influenza peptide-loaded MHC molecules. KIR3DL1 is an inhibitory 

receptor generally expressed on the surface of NK cells (492). Binding of this inhibitory receptor to 

influenza peptide-loaded MHC molecules could be an explanation as to why HLA-A*24:02+ individuals 

are highly affected by influenza virus infections, although we identified that CD8+ T cells can recognize 

highly conserved IAV and IBV epitopes. In this model, NK cells would be inhibited by influenza 

peptide-loaded MHC molecules on the surface of infected cells and would therefore lead to impaired 

innate immune responses. Indeed, a decrease in NK cells during influenza virus infection has been 

associated with more severe influenza disease in humans (506, 507). Further research to better 

understand the impact of KIR3DL1 binding on NK cells in the context of HLA-A*24:02 is currently being 

investigated by our collaborators (Prof Andrew Brooks and Dr Philippa Saunders, University of 

Melbourne). Nevertheless, it highlights the importance of CD8+ T cells in aiding the clearance of viral 

infections and therefore the need for a vaccine that activates CD8+ T cells and encompasses the 

epitopes characterized within this chapter. 

Indigenous Australians express a differential HLA-profile compared to non-Indigenous 

Australians. Many of these HLAs are understudied with no influenza epitopes identified to date. In 

Chapter 3, we showed that these immunogenic epitopes can be different to the classical 

immunodominant proteins M1 and NP (293). Therefore, identification of immunogenic epitopes 

presented by Indigenous-associated HLAs is needed so that these epitopes are included into a 

universal vaccine that also can protect high-risk Indigenous populations world-wide. Thus, in Chapter 

4 we improved the tools needed to identify IAV and IBV epitopes that were presented by 

Indigenous-associated HLAs, particularly focussing on HLA-B*13:01. We identified a total of 12 HLA 

alleles in addition to HLA-A*24:02 that were either highly frequent in Indigenous Australians or 

uniquely expressed in Indigenous Australians. To study CD8+ T cell epitopes that were presented by 

these HLA alleles, we generated C1R cell lines which were stably expressing Indigenous-associated 

HLA alleles. These are valuable tools for the identification of epitopes presented by these HLA alleles 

either in the terms of disease-associated endogenous peptides such as Dapsone hypersensitivity 

observed for HLA-B*13:01 or pathogen-derived epitopes such as IAV and IBV, performed in this 

Chapter.  

Using HLA-B*13:01 C1Rs, we identified the first-ever peptide binding motif with a preference 

for glutamine and leucine at position 2, with a more diverse binding motif resembling the HLA-A*24:02 
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aa at pΩ. These data, in combination with three-dimensional binary structures that were generated 

from immunogenic epitopes can inform and facilitate and accelerate the identification of novel CD8+ 

T cell epitopes in silico when novel pathogens emerge and require fast identification of epitopes for 

assessing T cell immunity, as was the case with SARS-CoV-2 with the more common HLA alleles (483).  

Immunopeptidomics and mass-spectrometry allowed us to identify a broad range of IAV and 

IBV peptides presented during natural infection which were derived from a variety of influenza 

proteins. However, only a limited number of these peptides could induce immune responses in CD8+ 

T cells. For IAV, of the 67 presented peptides, only one HLA-B*13:01 epitope (B13/NP404-412) was able 

to induce CD8+ T cell responses, whereas for IBV, 7 out of 86 presented peptides could induce CD8+ T 

cell responses. This focusing of immunogenic responses from a broad pool of presented peptides was 

also observed for HLA-A*24:02 (Chapter 3) and HLA-A*02:01 (299), which was not surprising given the 

constraints in T cell recognition by available TCRs. It was very interesting to observe that the strong 

focussing on selected epitopes was more pronounced for IAV than IBV for both HLA-A*24:02 (Chapter 

3) and HLA-B*13:01 (Chapter 4). This could be due to either IAV’s evolutionary history, longer 

exposure time or a greater number of IAV exposures compared to IBV. These observations are 

reminiscent of a similar focussing on one of the most immunodominant IAV epitopes, the 

HLA-A*02:01-restricted M158-66 epitope. The limited detection of immunodominant IAV epitopes 

could be potentially also explained by constraints of the used immunopeptidomics approach. Peptides 

that are found in a larger quantity on the cell surface can mask identification of lower concentrated 

peptides on the mass-spectrometry. Additionally, mass-spectrometry has a bias to identify peptides 

of lower hydrophobicity which could be detrimental given that hydrophobicity correlates positively 

with immunogenicity of peptides (508). The immune peptidome is also affected by the proteasome 

composition which differs between cells (509). Usage of one B cell lines could therefore limit the 

detection of all peptides potentially presented in different cells in vivo. Our data generated in Chapter 

3 however indicates robust coverage of the in vivo immune peptidome. In primary infected HHD-A24 

mice, IAV-specific CD8+ T cell responses accounted for almost 50% of all CD8+ T cells in the spleen and 

IBV-specific CD8+ T cells accounted for 27.2% in the spleen and 68% in the BAL indicating that our used 

mass-spectrometric approach identifies broad coverage of the immunodominant influenza 

virus epitopes.  

Our single influenza infection model, compared to expanding PBMCs with multiple peptide 

pool cultures, was highly successful in identifying immunodominant IAV and IBV epitopes, especially 

when we could not secure PBMCs from buffy packs expressing HLA molecules prevalent in Indigenous 

Australians, and thus we only had a limited number of cells available for testing from our unique 

LIFT/LIFT-V cohorts. Our newly validated system, as part of this PhD thesis, is now fundamentally being 
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adopted within our laboratory to identify influenza epitopes presented by the most frequent 

Indigenous HLA alleles HLA-A*11:01, A*34:01 and B*15:21. Newly identified epitopes in Chapter 3 

(HLA-A*24:02), Chapter 4 (HLA-B*13:01) and current investigations into HLA-A*11:01, A*34:01 and 

B*15:21 epitopes, including the well characterised HLA-A*02:01 epitopes would cover more than 95% 

of Indigenous Australians. Therefore, the data and protocols developed in this thesis can contribute 

to the design and development of a broadly cross-protective CD8+ T cell vaccine that also encompasses 

Indigenous HLA alleles, a population at high risk of severe influenza disease.  

We were successful with the identification of novel CD8+ T cell epitopes presented by 

Indigenous-associated HLA alleles. However, while CD8+ T cells can provide broadly cross-protective 

immunity, they cannot provide sterilizing immunity. An ideal influenza vaccine would therefore 

harness both T cell and B cell immunity. While a strong CD8+ T cell activating vaccine is not yet available 

for combatting influenza viral infections, a B cell activating vaccine is available and highly 

recommended for Indigenous Australians. Immunological responses to the inactivated influenza 

vaccine have been studied extensively in non-Indigenous populations by our group (149) and others 

(reviewed in (510)), but have not been assessed in Indigenous Australians. Therefore, in Chapter 5, we 

dissected adaptive immune responses to the inactivated influenza vaccine in Indigenous Australians. 

We recruited 82 Indigenous and 84 non-Indigenous participants who were vaccinated between 2016 

and 2018 and collected PBMCs and serum prior to and post vaccination. 

Antibodies are the main mediator of protection induced by IIV vaccination. Analysis of 

antibody responses indicated robust responses in Indigenous participants to all vaccine components 

comparable to non-Indigenous participants. Additional to antibody responses towards the vaccine 

strains, we also compared antibody levels to previously circulating influenza strains. Broad antibody 

responses towards viruses circulating more than 10 years ago were detected prior to vaccination 

which were boosted post vaccination. This indicates that antibody responses are long-lived and can 

be efficiently recalled in Indigenous Australians, which is important for the generation of a universal 

vaccine. Antibody increases correlated with a significant increase in HA-specific B cells, which were of 

an activated memory (CD21loCD27+) phenotype post vaccination. This increase in HA-specific B cells 

was significantly higher in seroconverters compared to non-seroconverters based on the 4-fold cut-off 

rises in HAI titres (post/pre). In line with our previous findings (149), we also demonstrated the 

involvement of cTFH1 cells in generating robust antibody responses in both Indigenous and 

non-Indigenous donors. This highlights the potential that improved or added adjuvants, such as 

GLA-SE or CpG-DNA that increase activation of cTFH1 cells, could also improve vaccine responses in 

Indigenous Australians (511, 512).  
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We further dissected antibody responses with in-depth systems-serology across a multitude 

of influenza virus antigens (n=10) and various Ig detectors (n=7) (total of 9 features analysed) which 

revealed a dominance of IgG1-type influenza-specific antibodies in Indigenous and non-Indigenous 

Australians in line with previous findings (513). However, there was a significantly lower contribution 

of IgG3-type influenza-specific antibodies in Indigenous Australians, potentially due to a higher 

frequency of the G3m21 allotype found in Indigenous Australians. It’s quite interesting to note that 

an IgG3 deficiency was observed with a higher disease severity during the 2009 pandemic (190). 

However, it is debatable whether this lower concentration of IgG3 was responsible for the higher 

disease severity during the 2009 pandemic as we did not observe any differences in engagement with 

FcγRIIa and FcγRIIIa, which induce phagocytosis of viral particles (169, 170), and we observed 

comparable HAI titres which measure the antibodies’ ability to block viral receptor binding. Studies on 

IgG allotypes and their implications are very new and rapidly progressing in the field of systems 

serology, led by our collaborator Dr Amy Chung assisted with the multiplex analyses in Chapter 5 

(Hensen L et al., submitted to Science Translational Medicine) and pioneered the technology in HIV-1 

(514) and the newly emerging SARS-CoV-2 virus (515). Current and future studies will provide a deeper 

understanding of the impact of different IgG allotypes on influencing immune responses towards 

vaccination and infection. 

The data generated in Chapter 5 have important implications for influenza vaccination of 

Indigenous Australians. Most importantly, we could show that Indigenous Australians have robust 

vaccine responses that were comparable to non-Indigenous Australians. Despite strong 

recommendations for annual vaccination in the Indigenous population, which is offered free-of-charge 

to high-risk groups, vaccine coverage has only marginally changed since 2010 (516). Our data can be 

and are currently being used to communicate our findings outlining the advantages of influenza 

vaccination to remote Indigenous communities in the Northern Territory, in areas where we recruited 

LIFT-V donors from. This is of a great importance so Indigenous people can make an educated decision 

about their influenza vaccination status and can improve the engagement of Indigenous communities 

to participate in research to reduce the health gap that, according to the Australian Institute of Health 

and Welfare, accounted for a reduced life expectancy of 10 years (517). Finally, our data revealed that 

vaccine responses to the H3N2 component (at least in 2018) were reduced in both Indigenous and 

non-indigenous participants in comparison to the other vaccine components and therefore 

improvement in the vaccine design is important to generate protective immunity against all circulating 

seasonal influenza lineages. 

In conclusion, the data generated within this PhD thesis provide important implications on 

how to generate protective immunity against severe influenza disease in Indigenous Australians. We 
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established a protocol to successfully identify influenza-derived epitopes that were presented by HLA 

alleles prevalent in Indigenous Australians. We identified influenza-specific CD8+ T cell epitopes 

presented by HLA-A*24:02 and B*13:01 and subsequently, peptides presented by HLA-A*11:01, 

A*34:01 and B*15:21 were newly detected in the laboratory using these methods. A vaccine 

containing these epitopes, together with epitopes previously identified in our laboratory, could 

potentially provide up to 95% coverage for Indigenous Australians to protect them against severe 

influenza infections, especially against newly-emerging strains that have highly conserved peptide 

regions. Lastly, we showed that influenza vaccination with the current IIV can induce robust cTFH1 and 

B cell and antibody responses to the vaccine and to some extent previously experienced strains, but 

cannot protect us against newly emerging viruses, and perhaps future vaccine designs should promote 

a combination of both T cell and B cell-mediated responses for an effective universal influenza vaccine.  
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ABSTRACT  

Indigenous people worldwide are at high-risk of developing severe influenza disease. HLA-

A*24:02 allele, highly prevalent in Indigenous populations, is associated with influenza-

induced mortality, although the basis for this association is unclear. We defined CD8+ T-cell 

immune landscapes against influenza A (IAV) and B (IBV) viruses in HLA-A*24:02-

expressing Indigenous and non-Indigenous individuals, human tissues, influenza-infected 

patients and HLA-A*24:02-transgenic mice. We identified immunodominant protective 

CD8+ T-cell epitopes, one towards IAV and six towards IBV, with A24/PB2550-558-specific 

CD8+ T-cells cells being cross-reactive between IAV and IBV. Memory CD8+ T-cells 

towards these specificities were present in blood (CD27+CD45RA- phenotype) and tissues 

(CD103+CD69+ phenotype) of healthy subjects, and effector CD27-CD45RA-PD-

1+CD38+CD8+ T-cells in IAV/IBV patients. Our data present the first evidence of influenza-

specific CD8+ T-cell responses in Indigenous Australians, and advocate for T-cell-mediated 

vaccines that target and boost the breadth of IAV/IBV-specific CD8+ T-cells to protect high-

risk HLA-A*24:02-expressing Indigenous and non-Indigenous populations from severe 

influenza disease.  
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INTRODUCTION  

Newly emerging respiratory viruses pose a major global pandemic threat, leading to 

significant morbidity and mortality, as exemplified by 2019 SARS-CoV2, avian influenza 

H5N1 and H7N9 viruses, and the 1918-1919 H1N1 pandemic catastrophe. Influenza A 

viruses (IAV) can cause sporadic pandemics when a virus reassorts and rapidly spreads 

across continents, causing millions of infections and deaths1. Additionally, seasonal 

epidemics caused by co-circulating IAV and influenza B viruses (IBV) result in 3-5 million 

cases of severe disease and 290,000-650,000 deaths annually2,3. Severe illness and death from 

seasonal and pandemic influenza occur disproportionately in high risk individuals, including 

Indigenous populations. This is most evident when unpredicted seasonal or pandemic viruses 

emerge in the human circulation. During the 1918-1919 influenza pandemic, 100% of 

Alaskan adults died in some isolated villages, while only school-aged children survived4. 

Western Samoa was the hardest hit with a total population loss of 19-22% 5. As many as 10-

20% of Indigenous Australians died from pandemic influenza in 19196 in comparison to <1% 

of other Australians, with some reports showing up to 50% mortality in Indigenous 

Australian communities7.  

During the 2009 A/H1N1 influenza pandemic, Indigenous populations worldwide 

were more susceptible to influenza-related morbidity and mortality. Hospitalization and 

morbidity rates were markedly increased in Indigenous Australians9,10, with 16% of 

hospitalised pandemic H1N1 (pH1N1) patients in Australia being Indigenous. The relative 

risk for Indigenous Australians compared to non-Indigenous Australians for hospitalization, 

ICU admission or death was 6.6, 6.2, or 5.2 times higher, respectively11. This was mirrored in 

Indigenous populations globally, including American Indians and Alaskan Native people (4-

fold higher mortality rate compared to non-Indigenous Americans)12, native Brazilians (2-

fold higher hospitalization rate)13, New Zealand Maori (5-fold higher hospitalization rate) 

and Pacific Islanders (7-fold higher hospitalization rate)14,15. Although the impact of 

influenza pandemics is more pronounced in Indigenous populations globally, these 

disproportionate hospitalization rates also occur during seasonal infections. During 2010-

2013, Indigenous Australians had increased influenza-related hospitalizations across all age 

groups (1.2-4.3-fold higher compared to non-Indigenous)16. Indigenous populations, 

especially Australians and Alaskans, are also predicted to be at greater risk from severe 

disease caused by the avian-derived H7N9 influenza virus, with mortality rates being >30% 

and hospitalization >99% in China17. While higher influenza infection rates could relate to 

overcrowded living conditions, increased severity and prolonged hospitalization most likely 
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reflect differences in pre-existing immunity that facilitates recovery. However, the underlying 

immunological and host factors that account for severe influenza disease in Indigenous 

individuals are far from clear.  

Antibody-based vaccines towards variable surface glycoproteins, hemagglutinin (HA) 

and neuraminidase (NA), are an effective way to combat seasonal infections, yet they fail to 

provide effective protection when a new, antigenically different IAV emerges20. In the 

absence of antibodies, recall of pre-existing cross-protective memory CD8+ T-cells 

minimizes the effects of a novel IAV, leading to a milder disease after infection with distinct 

strains21–26. Such pre-existing memory CD8+ T-cells provide broadly heterotypic or cross-

reactive protection and can recognize numerous the IAV, IBV and influenza C viruses 

capable of infecting humans27, promoting rapid host recovery. During the 2013 H7N9 IAV 

outbreak in China, recovery from severe H7N9 disease was associated with early CD8+ T-

cell responses24,28. Patients discharged early after hospitalization had early (day10) robust 

H7N9-specific CD8+ T-cells responses, while those with prolonged hospital stays showed 

late (day19) recruitment of CD8+ and CD4+ T-cells. Thus, with the continuing threat of 

unpredicted influenza strains, there is a need for targeting cellular immunity that provides 

effective, long-lasting and cross-strain protective immunity, especially for high risk groups 

such as Indigenous populations. However, despite the heavy burden of disease in Indigenous 

communities, there is scant data on immunity to influenza viruses in Indigenous populations 

from around the world.  

As CD8+ T-cell recognition is determined by the spectrum of human leukocyte 

antigens (HLAs) expressed in any individual, and HLA profiles differ across ethnic groups, 

defining T-cell epitopes restricted by HLAs predominant in some Indigenous populations is 

necessary to understand pre-existing CD8+ T-cell immunity to influenza. We previously 

analyzed the HLA allele repertoire in Indigenous Australians29 and found that HLA-A*24:02 

(referred to as HLA-A24 hereafter), an HLA associated with influenza-induced mortality 

during the 2009-pH1N1 outbreak30, is  the second most prominent HLAs in Indigenous 

Australians29,31. HLA-A24 is also common to other Indigenous populations highly affected 

by influenza17. Thus, analysis of prominent influenza-specific CD8+ T-cell responses 

restricted by HLA-A24 is needed to understand the relationship between this allele and 

disease susceptibility. These specificities will also inform strategies to prime effective T-cell 

immunity in vulnerable communities. Here, we defined CD8+ T-cell immune landscapes 

against IAV and IBV, restricted by the mortality-associated HLA-A24 allomorph. We 

identified IAV- and IBV-specific HLA-A24 immunopeptidomes and screened 
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immunogenicity of novel peptides in HLA-A24-expressing mice, peripheral blood of 

Indigenous and non-Indigenous HLA-A24+ healthy and influenza-infected individuals, and 

human tissues. Our studies provide evidence of the breadth of influenza-specific CD8+ T-cell 

specificities restricted by a mortality-associated risk allomorph HLA-A24. These findings 

have implications for the incorporation of key CD8+ T-cell targets in a T-cell-mediated 

vaccine to protect Indigenous people globally from unpredicted influenza viruses. 

 

RESULTS 

High prevalence of HLA-A24 expression in Indigenous populations 

As HLA-A24 has been linked to pH1N1-related mortality30, we first determined HLA-A24 

distribution in Indigenous and non-Indigenous populations worldwide using the published 

allele frequency database. Compared to the 10% global distribution of HLA-A24, the 

detected frequencies of HLA-A24 were the highest in Oceania (37%), North-East Asia 

(32.9%), Australia (21.4%) and Central and South America (20.6%) (Fig. 1a). This was 

mainly due to a particularly high HLA-A24 prevalence in Indigenous populations in those 

regions, especially in the Pacific. HLA-A24 was highly prevalent in Indigenous Taiwan 

Paiwan (96.1%), Papa New Guinea Karimui Plateau Pawaia (74.4%), New Caledonia 

(60.7%), Alaskan Yupik (58.1%), New Zealand Maori (38%), American Samoans (33%), 

Chile Easter Island (35.8%) and some Australian Indigenous people (24%) (Fig. 1a), which 

highlights its key importance in shaping CD8+ T-cell immunity in Indigenous populations.  

To define influenza-specific CD8+ T-cell responses in Indigenous Australians, we 

recruited 127 participants from the Northern Territory, Australia into the LIFT (Looking Into 

influenza T-cell immunity) cohort29. The mean age of the participants was 39 years, with a 

standard deviation of 14 years and 58% of female participants. 36% of the LIFT donors 

expressed at least one HLA-A24 alleles, with 33% of those being HLA-A24 homozygous 

(Fig. 1b). Notably, HLA-A24 was most commonly expressed with HLA-A*11:01, -A*34:01, 

-B*13:01, -B*15:21, -B*40:01, -B*40:02, -B*56:01, -C*04:03, -C*03:03, -C*04:01 and -

C*04:03 in Indigenous Australians, and were less expressed with alleles common in 

Caucasian populations, such as HLA-A*01:01, -A*02:01, -B*07:02 and -B*08:01 (Fig. 1c).  

 

CD8+ T-cell responses towards published IAV-specific HLA-A24-epitopes 

A handful of IAV-specific HLA-A24-restricted epitopes have been described32–35 (Fig. 1d). 

We aimed to validate the immunogenicity of these epitopes by probing memory CD8+ T-cells 

within peripheral blood mononuclear cells (PBMCs) of healthy non-Indigenous HLA-A24-
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expressing donors (Supplementary Table 1) using an in vitro peptide stimulation assay (Fig. 

1e-g). Only 3 out of 12 peptides (PB1498-505, PB1496-505, PA130-138) induced CD8+ T-cell 

proliferation and IFN-γ/TNF production in a limited number of donors (3/5, 3/5 and 1/5, 

respectively) (Fig. 1e,f). We deduced that the minimal epitope for PB1496-505 responses came 

from the PB1498-505 epitope. The specificity of PB1498-505-specific CD8+ T-cell responses, 

observed in multiple donors, was further verified by A24/PB1498-505 tetramer staining on both 

in vitro-cultured A24/PB1498-505 CD8+ T-cell lines and A24/PB1498-505
+CD8+ T-cells detected 

directly ex vivo by tetramer enrichment (Fig. 1g). Thus, while 3 of the previously published 

peptides elicited IFN-γ responses in a selected number of HLA-A24-expressing individuals, 

we sought to determine whether as yet unidentified epitopes might provide more robust IAV-

specific CD8+ T-cell responses in HLA-A24-expressing individuals. 

 

Identification of novel HLA-A24-restricted IAV and IBV epitopes 

To identify new A24/influenza-derived epitopes, we utilized an immunopeptidomics 

approach to sequence HLA-bound peptides on influenza-infected cells by liquid 

chromatography with tandem mass spectrometry (LC-MS/MS)27. Experiments were 

performed with class I-reduced (CIR) B-lymphoblastoid cell line (minimal HLA-B*35:03 

surface expression but normal levels of HLA-C*04:01 expression36) and an HLA-A*24:02-

transfected CIR cell line (CIR.A24)37. Initial experiments were performed in both cell lines at 

16 hours post-infection with and without the HKx31 IAV virus, isolating peptide-bound 

HLA-I molecules post-lysis utilizing the pan HLA-I antibody W6/32 (Supplementary Data 

1). In subsequent experiments, to improve confidence of assignment of binding to HLA-A24, 

HLA-C*04:01, depletion of the lysates was performed with the HLA-C-specific antibody 

DT9 prior to isolation of the remaining HLA-I (A*24:02>>B*35:03) with W6/32 antibody. 

Utilizing this workflow38, we assessed peptide presentation in CIR.A24 cells at 2, 4, 8 and 12 

hours post-infection with either A/HKx31 or B/Malaysia/2506/2004 viruses. Analyses were 

restricted to up to 12 hours post-infection due to observations of marked HLA-I 

downregulation at 16 hours post-infection39.  

In total, 12 immunopeptidome data sets containing HLA-A24-restricted peptides were 

generated including 3 from uninfected CIR.A24 cells, 5 from HKx31-infected and 4 from 

B/Malaysia-infected CIR.A24 cells (Supplementary Fig. 1a, Supplementary Data 1). An 

additional 3 data sets for endogenous HLA-I of CIR cells (CIR W6/32 isolation of HLA-

B*35:03 and HLA-C*04:01 after 16 hours HKx31 infection; CIR.A24 - DT9 isolation of 

HLA-C*04:01 from uninfected cells and after 12 hours HKx31 infection) and 2 data sets for 
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endogenous HLA-II (CIR.A24: HLA-DR12, -DPB1*04:01,04:02 and -DQ7 from uninfected 

and 12 hours HKx31 infection) were also generated as comparators to help establish true 

HLA-A24 binders (Supplementary Fig. 1b,c). Comparisons to previously identified 

B/Malaysia-derived HLA ligands for CIR were also used27 to distinguish of HLA-B*35:03 

and HLA-C*04:01 binding peptides from those binding to HLA-A*24:02. Across the 12 data 

sets, a total of 9051 non-redundant peptide sequences were assigned as HLA-I ligands using a 

5% false discovery rate (FDR). As expected for HLA-I ligands, the majority of peptides were 

9-11 amino acids in length but dominated by 9mers (Fig. 2a). Consistent with the HLA-A24 

peptide-binding motif generated by NetMHC4.040,41 motif viewer, enrichment of Tyr/Phe at 

P2 and Phe/Leu/Ile at P9 were observed (Fig. 2b). Peptides binding the endogenous HLA-I 

of CIR were not removed in this analysis due to the similar preference of HLA-C*04:01 for 

9mer peptides possessing Phe/Tyr at P2 and Phe/Leu at P9 which may result in shared 

ligands (Supplementary Fig. 1d). To maximize identification of potential virus-derived 

peptides, assignments to the viral proteome or 6-frame translation of the viral genome were 

considered without a FDR cutoff. Instead, lack of appearance in uninfected data sets and 

predicted binding affinity (NetMHCpan4.042–44) for HLA-A24 were used determine likely 

candidate epitopes. Thus, 52 HKx31-derived and 48 B/Malaysia-derived peptides were 

identified as potential HLA-A24-restricted epitopes (Fig. 2c), of which 26 IAV-derived and 

29 IBV-derived peptides were identified at a 5% FDR (Supplementary Data 1). The 

identified peptides spanned the viral proteomes including frame-shift proteins, representing 6 

IAV proteins and 9 IBV proteins (Fig. 2d,e). Interestingly, most HKx31-derived ligands 

mapped to PB2>PB1>HA viral proteins and none were observed from NA or M1, while 

B/Malaysia-derived ligands predominantly mapped to NP/HA>NA. During the time course 

analyses, broadest peptide identification was achieved for both viruses between 8-12 hours 

post-infection, while no influenza-derived peptides were identified at 2 hours post-infection, 

and those identified at 4 hours were of lower confidence (Fig. 2f,g, Supplementary Data 1). 

10 potential HKx31-derived ligands were also identified for each of HLA-B*35:03 and HLA-

C*04:01 based on predicted binding and/or appearance in control data sets (Supplementary 

Fig 1e, Supplementary data 1). Furthermore, analysis of the peptides presented by HLA-II 

molecules showed domination of the virus-derived immunopeptidome by HA 

(Supplementary Fig 1f, Supplementary Data 1), as previously observed for IBV27. A 

selection of 48 IAV and 41 IBV peptides were synthesised for subsequent screening 

(Supplementary Tables 2,3, Supplementary Data 1). Notably, most synthetic peptides 
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showed highly similar fragmentation patterns and retention times to the discovery data, 

supporting the original identifications (Supplementary Data 1). 

 

Broad CD8+ T-cell responses in IAV-infected HLA-A24 mice are biased towards PB1- 

and PB2-derived peptides 

To determine the immunogenicity of novel IAV- and IBV-derived peptides during primary 

and secondary influenza virus infection in vivo, we utilized HLA-A24-expressing transgenic 

(HHD-A24) mice45. These mice are not confounded by prior exposure to infections nor co-

expression of other competing major histocompatibility complex I (MHC-I) molecules, and 

thus provide a valuable tool for screening peptide antigens in vivo. For primary IAV analyses, 

6-10 week old mice were intranasally (i.n.) infected with 200 pfu of H3N2 HKx31 virus, 

while secondary experiments were performed by an i.n. heterologous challenge with 200 pfu 

H1N1 PR8 6-8 weeks after the primary HKx31 infection. At day (d) 10 post-infection, spleen 

and bronchoalveolar lavage (BAL, combined from 4-5 mice) were stimulated with 54 

peptides; including 48 novel peptides identified by mass-spectrometry and the previously 

published PB1496-505, M199-109, M1108-117, M1239-248, NP39-47 & NP419-429 peptides 

(Supplementary Table 2). The responses were detected by 5-hr ex vivo peptide stimulation 

and measurement of IFN-γ production by ICS. Our data revealed that A24/IAV-specific 

CD8+ T-cell responses were immunodominant (>5% IFN-γ+ of CD8+ T-cells) towards 2 PB1- 

and 3 PB2-derived peptides: PB1216-224 (mean of 10.2% IFNγ+ of CD8+ cells in spleen, 16.5% 

in BAL), the published PB1498-505 (14.8% spleen, 23.3% BAL), PB2549-557 (10.1% spleen, 

24.9% BAL), PB2549-559 (11.1% spleen, 24.4% BAL) and PB2463-471 (6% spleen, 9.3% BAL) 

(Fig. 3a). Two additional subdominant (1%< IFN-γ+ of CD8+ T-cells <5%) CD8+ T-cell 

responses were directed towards PB2322-320 (3.9% spleen, 7.7% BAL) and previously 

published NP39-47 (2.1% spleen, 7.7% BAL), while marginal CD8+ T-cell responses were 

detected, mainly in BAL, towards 6 other peptides (HA248-259, PA47-60, PA130-138, PB12-10, 

PB1500-505, PB2703-710).  

During the acute phase (d8) of secondary challenge, CD8+ T-cell responses were 

similarly directed at 6 immunogenic peptides found in the primary infection (PB1216-224, 

PB1498-505, PB2322-330, PB2463-471, PB2549-557 & PB2549-559) (Fig. 3b). CD8+ T-cell responses 

towards the marginal epitopes observed in the primary infection were no longer detected. 

While the reason for the loss of HA248-259 could be explained by sequence variation between 

HKx31 and PR8 (IYWTIVKPGDVL vs. YYWTLVKPGDTI) all internal proteins are shared 
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between both viruses. Analysis of influenza-specific CD8+ T-cell numbers showed significant 

reductions in epitope-specific CD8+ T-cells for 9 out of 11 specificities (NP39-47, PA130-138, 

PB12-10, PB1216-224, PB1496-505, PB1498-505, PB2322-330, PB2703-710 & PB2549-559) following 

secondary infection (Supplementary Fig. 2).  

Thus, our in vivo screening in HHD-A24 mice identified 6 IAV derived immunogenic 

peptides during primary and secondary IAV infection, with prominent CD8+ T-cell responses 

being heavily biased towards PB1- and PB2-derived peptides (Supplementary Table 2). 

This is of key importance as the current T-cell vaccines in clinical trials focus mainly on 

internal proteins like NP and M146–50 which may be poorly immunogenic in HLA-A24-

expressing individuals at risk of severe influenza disease. 

 

Prominent A24/CD8+ T-cell specificities in IBV infection  

While the CD8+ T-cell responses towards IBV have been studied in detail for HLA-A*02:01-

expressing individuals27, there remains a lack of known CD8+ T-cell epitopes for other 

HLAs. Here, we determined the immunogenicity of newly identified IBV-derived peptides 

using primary and secondary infection in HHD-A24 mice. HHD-A24 mice were i.n. infected 

with 200 pfu B/Malaysia/2506/2004. On d10, spleen and BAL were restimulated with 

individual peptides (Supplementary Table 3) to measure the corresponding CD8+ T-cell 

responses. Novel immunodominant IFN-γ-producing A24/CD8+ T-cell specificities were 

found against a range of IBV peptides including NP164-173 (mean of 13.1% in spleen, 31.15% 

in BAL), the shorter NP165-173 (12.6% spleen, 38.4% BAL) and NA32-40 (5.2% spleen, 17.3% 

BAL), while subdominant A24/CD8+ T-cell responses were detected towards an additional 

four IBV-derived peptides (NA213-221, NP392-400, PB2245-253, PB2550-558) (Fig. 3c). Interestingly, 

although A24/CD8+ T-cells could respond to the 10mer NP164-173 by peptide re-stimulation, 

peptide-loaded MHC-tetramers showed that these CD8+ T-cells bound only the 9mer NP165-

173 (data not shown), suggesting that the minimal epitope was the 9mer.  

To define IBV-specific CD8+ T-cell responses following the secondary challenge, 

B/Malaysia/2506/2004-infected mice were challenged i.n. after 6-8 weeks with 400 pfu 

B/Phuket/3073/2013. At d8 after challenge, IBV-specific CD8+ T-cell responses resembled 

those after primary IBV infection (Fig. 3d), but were focussed more towards the 

immunodominant epitopes, similar to IAV-specific A24/CD8+ T-cell responses following 

secondary challenge. Although the B/Phuket virus differs in one amino acid in the NP164-

173/NP165-173 and NA213-222 restimulating with the B/Malaysia variants showed cross-reactivity 
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of CD8+ T-cells between both variants. All other immunogenic epitopes were conserved 

between both strains. In contrast to IAV infection, the total number of epitope-specific CD8+ 

T-cells for all immunogenic epitopes after secondary challenge remained comparable in the 

spleen (Supplementary Fig. 2). Thus, our data identified prominent A24/CD8+ T-cell 

responses directed towards IBV during primary and secondary influenza virus infection in 

HHD-A24 mice (Supplementary Table 3).  

 

IAV-specific CD8+ T-cells in HLA-A24-expressing Indigenous and non-Indigenous 

individuals 

Having identified prominent IAV-derived CD8+ T-cell epitopes towards the primary and 

secondary infection in HHD-A24 mice, it was of key importance to define immunodominant 

CD8+ T-cell sets in HLA-A24-expressing Indigenous and non-Indigenous individuals. For 

humans, different influenza strains of the same subtype are often co-circulating and mutating 

to create different variants of the same epitope region. In addition to our identified panel of 

HLA-A24-binding peptides, we searched the Influenza research database 

(https://www.ncbi.nlm.nih.gov/genomes/FLU/Database/nph-select.cgi?go=database) to 

include the most frequent virus strains circulating in South-East Asia and Australia and 

identified naturally occurring variants of our HLA-A24 binding peptides utilizing the 

“Identify short peptides in proteins” analysis from Influenza research database (fludb.org) 

(n=61-3877 sequences dependent on protein) to include in epitope mapping (Supplementary 

Table 4). We probed memory CD8+ T-cell populations, by firstly stimulating PBMCs from 

healthy Indigenous HLA-A24-expressing donors with 5 IAV peptide pools for 13 days. Each 

pool contained 7-13 peptides (Supplementary Table 2), of which each variant 

(Supplementary Table 4) was always included in the same pool as the wildtype peptide 

identified in the immunopeptidome studies. We observed CD8+ T-cell responses towards 

pools 1 and 2 via an IFN-γ/TNF ICS assay (Fig. 4a), and subsequently cell cultures from 

those pools were restimulated with individual peptides (+variants) to map the immunogenic 

epitopes. In 5/5 Indigenous donors tested,  CD8+ T-cell responses were dominated towards 

PB1498-505 (median of 0.93% IFN-γ of CD8+ T-cells; also immunodominant in mice Fig. 3ab), 

its longer 10mer version PB1496-505 (median of 0.64%; detected marginally after 1° IAV 

infection in mice), PA649-658 (median of 0.73%; not detected in mice) and NP39-47 (median 

0.16%, immunogenic following 1° IAV infection in mice). Another 6 subdominant HLA-

A24-restricted epitopes were identified in a select number of donors (PB2110-119 in 4/5 donors, 
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NS298-106 in 3/5, PB1216-224 in 3/5, PB2549-557 in 1/5, HA176-184 in 3/5 and PB2703-710 in 3/5), of 

which PB1216-224, PB2549-557 and PB2703-710 were also detected in HHD-A24 mice. 

Interestingly, only 2/4 immunodominant epitopes observed in the Indigenous donors elicited 

comparably robust responses in 5 non-Indigenous donors screened (published epitopes: 

PB1498-505 median 0.93% vs 1.1%, PB1496-505 median 0.64% vs 0.8%), while the other two 

epitopes, PA649-658 and NP39-47 were poorly immunogenic in non-Indigenous donors who 

instead responded well to the PB2549-557 epitope, absent in 4/5 Indigenous donors. Such 

differential epitope preference and immunodominance hierarchies between Indigenous and 

non-Indigenous donors is perhaps influenced by different HLA co-expressions or infection 

history.  

 

Breadth of A24/CD8+ T-cell specificities towards IBV in Indigenous and non-Indigenous 

donors 

Following identification of novel IBV-derived peptides in HHD-A24 mice, we defined CD8+ 

T-cell responses towards IBV peptide pools, comprising 41 peptides identified by mass 

spectrometry (Supplementary Table 3) and an additional 14 variants (Supplementary 

Table 4), in HLA-A24-expressing Indigenous and non-Indigenous donors. In accordance 

with the HHD-A24 mouse data, we found broad A24/CD8+ T-cell responses directed towards 

pool 10, which mapped 6 major immunogenic epitopes spanning 5 different proteins (NP164-

173/NP165-173, NA32-40,  PB2550-558, PA457-465, HA552-560 and PB1503-511) (Fig. 4b). CD8+ T-cell 

responses to these peptides were found in 7/9, 8/9, 6/9, 6/9, 5/9 and 5/9 of Indigenous and 

5/5, 5/5, 4/5, 5/5 and 4/5 of non-Indigenous donors, respectively, with comparable 

IFNγ+CD8+ T-cell frequencies between Indigenous and non-Indigenous donors. As our 

experiments examined the immunogenicity of A24/CD8+ T-cells following in vitro peptide-

driven expansion, we further verified these novel IBV epitopes in non-Indigenous donors by 

incubating HLA-A24+ PBMCs with IBV-infected (B/Malaysia/2505/2004) CIR.A24 target-

cells for 15 days before dissecting individual peptide (+variant) responses from IBV pool 10. 

This confirmed the immunogenicity of at least 3 epitopes previously detected by peptide-

driven expansions (NP164-173/NP165-173, NA32-40 & PB2550-558) (Fig. 4c). Interestingly, the same 

epitopes were observed in HHD-A24 mice after IBV infection (Fig. 3c.d). 

Collectively, out of 41 newly identified HLA-A24-binding IBV epitopes by 

immunopeptidomics, we confirmed a total of 9 (22%) immunogenic epitopes after screening 

HLA-A24-expressing mice and humans. Of these, 3 were found in both humans and mice 

(NP164-173/NP165-173, NA32-40, PB2550-558), 3 were only found in humans (HA552-560, PA457-465 
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and PB1503-511), and the remaining 3 were only found in mice (PB2245-253, NA213-221 & NP392-

400).  

 

A24/CD8+ T-cell cross-reactivity between IAV and IBV towards PB2 epitopes 

The B/Malaysia/2505/2004 virus used here is from the Victoria (Vic) lineage, however, there 

is another IBV lineage that commonly co-circulates and infects humans called the Yamagata 

(Yam) lineage. To determine the potential for HLA-A24/CD8+ T-cell cross-reactivity across 

both IBV lineages, B/Malaysia/2505/2004 (Vic) virus-expanded CD8+ T-cells were 

restimulated with IBV peptide variants from the alternate Yam lineage. Cross-reactivity was 

demonstrated towards the NP165-173 epitope (YFSPIRVTF variant 1 (Vic only)), in which 

B/Malaysia/2505/2004-expanded CD8+ T-cells responded towards the Yam variant 

(YFSPIRITF v2 (Yam only)) following ICS assay (Fig. 4d). Likewise cross-reactivity 

between Vic lineage and a variant found in the Yam lineage was also observed with the 

PB2550-558 variants (TYQWVLKNL (variant1, both Vic and Yam); TYQWVMKNL (variant 

2, Yam only)) in the virus-expansion system, but 3/4 donors did only respond to v1 after 

peptide expansion (Fig. 4d). 

 We have previously reported cross-reactivity towards IAV and IBV (as well as ICV) 

in the HLA-A2 model with a single epitope sequence27. Here, none of the identified HLA-

A24 IAV and IBV epitopes showed 100% sequence identity between strains. Instead, we 

identified a potential HLA-A24-restricted IAV/IBV cross-reactive candidate, the 

immunogenic IAV PB2549-557 TYQWIIRNW epitope. This epitope shares 55% amino acid 

identity with the cross-reactive IBV PB2550-558 variants. Indeed, virus-expansion with 

IAV/HKx31-infected CIR.A24 cells induced cognate IAV/PB2549-557
+ (A/PB2549-557)CD8+ T-

cell responses in 2/4 donors as well as cross-reactive responses to the IBV PB2550-558v1 

(B/PB2550-558v1) variant and the B/PB2550-558v2 variant (Fig. 4e) The superiority of IBV at 

inducing cross-reactive CD8+ T-cells in contrast to IAV was validated with the reverse 

experiment, where virus-expansion with B/Malaysia/2506/2004-infected CIR.A24 cells 

induced highly robust CD8+ T-cell responses in 4/4 donors, capable of cross-recognizing all 

three different epitopes (Fig. 4e). 

 As we observed T-cell cross-reactivity between the A/PB2549-557 and B/PB2550-558 

(Fig. 4e) as well as T-cell reactivity in transgenic mice for the overlapping peptide A/PB2549-

559, we next determined the impact of those variations within the PB2 derived peptides. We 

solved the structures of A/PB2549-557, the overlapping A/PB2549-559 and B/PB2550-558 peptides 

in complex with the HLA-A24 molecules at a resolution of 2.90 Å, 2.95 Å and 2.16 Å, 
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respectively (Supplementary Table 5) with clear electron density for each peptide 

(Supplementary Fig. 5). 

The 9mer A/PB2549-557 peptide adopted a canonical extended conformation within the 

cleft of HLA-A24, with anchor residues at P2-Tyr and P9-Trp, and a secondary anchor 

residue at P5-Ile. Solvent exposed residues were at P4-Trp, P6-Ile, P7-Arg and P8-Asn, 

representing a large surface accessible for TCR interaction. The P9-Trp of the peptide formed 

a network of interactions with HLA-A24 tyrosine residues at positions 116, 118 and 123 as 

well as the Leu95 (Supplementary Fig. 3a-c), likely assisting with stabilizing the complex 

reflected in the higher stability observed for the HLA-A24-A/PB2549-557 complex than with 

other peptides (Supplementary Table 5).  

The B/PB2550-558 peptide differed to the A/PB2549-557 peptide at positions 5 (Ile to 

Val), 6 (Ile to Leu), 7 (Arg to Lys) and 9 (Trp to Leu) (Fig. 4f). Both peptides shared the 

same anchor residue at P2-Tyr and similar solvent exposed residues (except for P7-Lys) but 

differed at PΩ (P9). As Leu possessed a shorter side chain than Tyr at PΩ, the IBV peptide 

was not buried as deeply into the F pocket, which may explain the lower stability observed 

for the B/PB2550-558 peptide (Tm of 57°C) compared to A/PB2549-557 (Tm of 62°C) 

(Supplementary Table 5). Structural overlay of HLA-A24 presenting the A/PB2549-557 and 

B/PB2550-558 peptides showed that the antigen-binding cleft and both peptides adopted a 

similar conformation with an average root mean square deviation (r.m.s.d.) of 0.31 Å and 

0.37 Å, respectively (for Cα atoms) (Fig. 4f), consistent with T-cell cross-reactivity observed 

towards these two peptides.  

Although the 11mer A/PB2549-559 generated similar responses to the 9mer A/PB2549-557 

in HHD-A24 mice (Fig. 3a,b), it was not immunogenic in peptide-pool screening in humans 

(Supplementary Table 2 Pool 4)(Fig. 4a) as perhaps the minimal 9mer epitope was not 

exposed for T-cell recognition, due to the two additional C-terminal residues (P10-Glu and 

P11-Thr) (Supplementary Fig. 3a,b). Similar to the 9mer peptide conformation P2-Tyr and 

P9-Trp of the 11mer PB2549-559 act as primary anchor residues buried in the HLA-A24 

antigen-binding cleft with the structural overlay of the peptides showing an r.m.s.d. of 0.48 Å 

(Supplementary Fig. 3a,b).Strikingly, the extra P10-Glu and P11-Thr residues of the 11mer 

extended outside the antigen-binding cleft, creating an unusual conformation that disturbed 

the interaction between the peptide and the HLA-A24 Lys146 at the C-terminal of the cleft. 

The Lys146 residue is a conserved residue in HLA molecules that helps stabilise the pHLA 

complex51. In the 9mer PB2549-557 peptide, Lys146 interacts with the carboxylic group of the 
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PΩ residue (Supplementary Fig. 3d), however this interaction is lost in the 11mer due to the 

presence of the extra two residues P10-Glu and P11-Thr. (Supplementary Fig. 3e), thereby 

likely decreasing the pHLA stability compared to the shorter A/PB2549-557 peptide 

(Supplementary Table 5). Thus, the bulged conformation of the extra residues in the 

A/PB2549-559 may represent a challenge for TCRs interacting with the C-terminal end of the 

peptide. In compliance with the in vitro data, the structural data support the potential cross-

reactivity of CD8+ T-cells between the A/PB2549-557 and the B/PB2550-558, verifying our 

previous findings of broad CD8+ T-cell immunity against influenza virus infections. 

HLA-A24 presents overlapping NP164-173 and NP165-173 peptides in different 

conformations 

We observed robust comparable mouse (Fig. 3c,d) and human (Fig. 4b) responses to the 

overlapping IBV NP164-173 and NP165-173 peptides. This suggested that the 9mer NP165-173 

peptide would be the minimal epitope and both peptides might present a similar core 

confirmation recognized by T-cells. To determine this possibility, we solved the structures of 

the overlapping B/NP164-173 and B/NP165-173 peptides in complex with HLA-A24 at a 

resolution of 2.75 and 1.51Å, respectively (Supplementary Fig. 4,5g-j, Supplementary 

Table 5). The B/NP164-173 and B/NP165-173 peptides adopted a canonical extended 

conformation in the cleft of HLA-A24 molecule (Supplementary Fig. 4). P2-Phe and P9-

Phe anchor residues of the 9mer B/NP165-173 were buried deep inside the hydrophobic B and F 

pockets of the HLA (Supplementary Fig. 4a). Three residues were exposed to the solvent 

for possible TCR recognition (P1-Tyr, P6-Arg, P8-Thr). The P5-Ile and P7-Val of this 9mer 

peptide were partially-buried (Supplementary Fig. 4e).  

Structural overlay of 9mer and 10mer B/NP peptides were different due to the 

10mer’s extra residue at the N-terminus (r.m.s.d. of 1.36 Å), which shifted the anchor 

residues (Supplementary Fig. 4b,c). The substitution of P2-Tyr (NP164-173) for P2-Phe 

(NP165-173) occurred without major structural rearrangement, as both residues were large 

aromatic residues filling the B pocket (Supplementary Fig. 4f). However, the additional 

residue changed the secondary anchor residue at P3 from a small P3-Ser (NP165-173) to a large 

P3-Phe (NP164-173) (Supplementary Fig. 4g). The larger P3-Phe might stabilize the B pocket 

of the HLA-A24 better than the small P3-Ser, and therefore could explain the 7°C higher Tm 

observed for the NP164-173 than the NP165-173 in complex with HLA-A24 (Supplementary 

Table 5), which could also reflect the immunogenicity of this peptide. The largest structural 

difference between the two peptides was observed at the centre of the peptide (P6/7-Arg) 

with a maximum displacement of 3.9 Å for the Cα atom (Supplementary Fig. 4d). The P7-
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Arg of the NP164-173 peptide sat higher than the backbone of the NP165-173 peptide 

(Supplementary Fig. 4c) and was a prominent feature for potential TCR interaction of the 

10mer peptide, contrasting with the hydrophobic nature of the 9mer NP165-173 peptide. Thus, 

the structures of HLA-A24 presenting the two NP peptides showed that, despite being 

overlapping peptides that differ only by one residue, the NP164-173 and NP165-173 peptides adopt 

different structural conformations. As a result, both peptides exposed different residues to the 

solvent, and hence would most likely be recognized by different TCRαβ repertoires. 

 

Protective capacity of novel HLA-A24-restricted IBV-derived CD8+ T cell peptides 

during in vivo infection of HHD-A24 mice 

 To determine the protective capacity of the novel CD8+ T cell epitopes in HHD-A24 

mice, we performed a proof of principle experiment and vaccinated mice with 3 

immunogenic IBV peptides (NP164, NP392, NA32) using a well-established prime/boost 

approach27, then infected mice i.n. with 1x103 pfu B/Malaysia (Fig. 5a). Vaccination with 

HLA-A24-restricted peptides resulted in significant protection against IBV. This was shown 

by decreased disease severity on d4, d5 and d6 after IBV infection as measured by the body 

weight loss (Fig. 5b; p<0.05) as well as a significant ~89% reduction in viral titers in the lung 

on d7 after IBV infection when compared to the mock-immunized group (p<0.05) (Fig. 5c). 

Additionally, there was a significant decrease (p<0.05) in the levels of inflammatory 

cytokines (MIP-1β, MIP-1a, RANTES) in d7 BAL of peptide-vaccinated mice in comparison 

to the mock-immunised animals (Fig. 5d). Thus, CD8+ T cells directed at our novel HLA-

A24-restricted IBV-specific epitopes provide a substantial level of protection against 

influenza disease, as they can markedly decrease body weight loss, accelerate viral clearance 

and reduce the cytokine storm at the site of infection.  

 

A24/CD8+ T-cell responses in IAV- and IBV-infected patient blood and healthy human 

tissues 

Having identified the prominent IAV and IBV CD8+ T-cell specificities for Indigenous and 

non-Indigenous HLA-A24+-individuals, we sought to determine whether CD8+ T-cells 

specific for our newly identified epitopes were recruited and activated during acute influenza 

virus infection. We generated peptide/HLA-A24-tetramers to the most immunogenic IAV 

(A/PB1498-505) and newly characterised IBV epitopes (NP165-173 and NA32-40). These reagents 

allow direct ex vivo detection of IAV- and IBV-specific CD8+ T-cells using tetramer-
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associated magnetic enrichment (TAME)52 in both healthy and influenza-infected individuals 

(Fig. 6a, left panels). In healthy non-Indigenous and Indigenous donors, ex vivo mean 

precursor frequencies for A/PB1498-505
+ and B/NP165-173

+ CD8+ T-cells, were 4x10-5 and 1x10-

5 of CD8+ T-cells, respectively (Fig. 6b). Non-Indigenous B/NA32
+ frequencies were 1.8-

9x10-5 of CD8+ T-cells. All tetramer+ frequencies fell within the range of previously 

published frequencies for memory IAV- or EBV-specific CD8+ T-cells52,53.  

Interestingly, as per our analysis in HLA-A*02:01-positive influenza patients27, the 

frequencies of A/PB1498
+, B/NP165

+ and B/NA32
+ CD8+ T-cells in blood of IAV- and IBV-

infected patients during infection were comparable to that of memory CD8+ T-cell 

frequencies (Fig. 6b) This, most likely reflects accumulation of influenza-specific CD8+ T-

cells at the site of infection rather than in the peripheral blood. However, despite similar 

frequencies, their activation profiles varied greatly, as assessed directly ex vivo by expression 

of the activation markers CD71, HLA-DR, CD38, PD-1, and phenotypic markers CD27 and 

CD45RA (Figure 6c,d). In patients infected with IAV and IBV, tetramer+CD8+ T-cells 

displayed significantly (p<0.05) higher frequencies cells expressing activation markers, 

especially CD38+PD-1+ (18.7% vs. 0.8%), CD71+PD-1+ and CD38+ (14.6% vs. 0.1%), 

CD38+CD71+PD-1+ (6.7% vs 0.0%) and CD38+CD71+ (6.3% vs. 0.0%), , in comparison to 

epitope specific CD8+ T-cells of healthy donors (Figure 6c). In convalescent donors the 

dominant activation factor expressed in the epitope-specific CD8+ T cells was PD-1 (44.2% 

in convalescent vs. 18.4% in healthy). Phenotypic analysis of CD45RA, CD27 and CD95 

expression confirmed these results and showed higher frequencies of CD45RA-CD27- 

effector memory-like T-cells in IAV- and IBV-infected patients (mean of 25.9% vs. 12.2% in 

healthy, p=0.04), higher but difference in CD45RA-CD27+ central memory-like T-cells 

(49.1% vs. 38.5% in healthy, p=0.24), and less naïve T-cells (5.4% vs. 29.7% in healthy, 

p<0.05) compared to healthy individuals within the pooled IAV/IBV tetramer specificities 

(Figure 6d). Comparing all healthy donors, we observed a lower frequency of 

CD45RA+CD27- TEMRA-like T-cells in epitope specific CD8+ T-cells from Indigenous 

compared to non-Indigenous donors (5.0% vs 20.0% in non-Indigenous, p<0.05) (Figure 

6d). This difference was not observed in the total non-specific CD8+ T-cell population.  

 Importantly, HLA-A24-restricted influenza-specific CD8+ T-cells against A/PB1498 

and A/NP165 were detected in multiple healthy human tissues directly ex vivo (Fig. 6a, right 

panels). A/PB1498-specific CD8+ T-cells were detected in the lung, spleen and tonsil at 

frequencies ranging 1.5x10-7 to 4.5x10-5 of total CD8+ T-cells (n=6 data points), but was not 

detected in the pancreatic lymph node (panLN) of one donor that had detectable A/PB1498-505-
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specific CD8+ T-cells in the spleen (Fig. 6e; data not shown). B/NP165-specific CD8+ T-cells 

were found across all the tissues (lung, spleen, tonsil, panLN, n=7 data points) at frequencies 

between 1.1x10-6 to 1.7x10-4. In human lung, IAV/IBV-specific CD8+ T-cells had large 

populations of CD69-CD103+ and CD69+CD103+ tissue-resident memory (TRM) T-cells 

(A/PB1498-505: 75% and 21%, B/NP165-173: 41% and 47% of tetramer-specific CD8+ T-cells, 

respectively) (Fig. 6f). Secondary lymphoid organs (SLOs) were predominantly CD69-

CD103- circulating effector memory cells (range 23.8-85.7%).  

Our findings demonstrate the presence of highly activated influenza-specific CD8+ T-

cells against the published A/PB1498 epitope and the IBV epitopes identified here in HLA-

A24+ patients with acute influenza infection and memory pools across different human 

tissues, highly relevant to the Indigenous population. 

 

Distinct pMHC tetramer staining patterns in HLA-A24 donors reflect KIR3DL1 

binding  

It was apparent from the tetramer-enrichment assays that some healthy donors contained 

large populations of HLA-A24-tetramer-binding CD8+ T-cells prior to enrichment (up to 6% 

of CD8+ T-cells) (Fig. 7a). This appeared to be donor-dependent but not entirely CD8+ T-cell 

specificity-dependent. We found such oversized (0.32%-6.73% in unenriched PBMCs) 

tetramer+CD8+ T-cell populations for A/PB1498 in 10 out of 23 donors and in 14 out of 26 

donors for B/NP165 tetramers, but not for B/NA32 (0/4 donors), which was further enriched 

with TAME (Fig. 7a,b). It is important to note that our tetramer analyses in Figure 5 

excluded this oversized low intensity staining tetramer-binding CD8+ T-cell population. Such 

oversized tetramer-binding CD8+ T-cell population could potentially be a unique HLA-A24-

tetramer binding phenomenon occurring in selected donors and hence potentially impair 

TCR-specific CD8+ T-cell binding. Therefore, we sought to better understand HLA-A24-

tetramer binding in donors with conventional and largely oversized HLA-A24-tetramer CD8+ 

T-cell populations.  

Phenotypic analyses comparing tetramer-enriched fractions revealed that tetramer 

binding CD8+ T-cells of donors with oversized populations were predominantly of the 

CD45RA+CD27- effector (TEMRA) phenotype (mean 73.3% and 71.7% for PB1498 and NP165, 

respectively), while those from donors with conventional tetramer+CD8+ T-cells were 

predominantly TCM (mean 31.6 and 45.5%), TEM (10.3 and 8.3%) and TNaive (12.5 and 22.6%) 

in phenotype (Fig. 7c). To determine factors underlying this phenomenon, we performed 

scRNAseq on single-cell-sorted TAME-enriched A/PB1498-505
+CD8+ T-cell populations from 
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two donors with oversized populations (non-LIFT 8 and 12) and two donors with 

conventional-size populations (non-LIFT 14 and 10) (Fig. 7d). Unsupervised hierarchical 

clustering analysis revealed three gene clusters (Fig. 7e). Highly expressed genes from 

Cluster 1 were associated with A/PB1498
+CD8+ TNaïve cells predominantly from donor 14. 

Most notably, A/PB1498
+CD8+ TEMRA cells from donors 8 and 12 (oversized population) were 

grouped together and highly expressed genes from Cluster 2, characterized by high levels of 

T-cell effector genes NKG7, GNLY, CCL5 and granzymes B and H (GZMB and GZMH) but 

not K (GZMK), found in Cluster 3. In contrast, A/PB1498-505
+CD8+ TEMRA cells from donors 

14 and 8 were grouped with highly expressed genes from Cluster 1 and 3, but not Cluster 2 

except for CCL5 and IFITM1 genes, revealing distinct characteristics of A/PB1498
+CD8+ 

TEMRA cells within the two tetramer-binding populations.  

NKG7 (natural killer cell granule protein 7) and GNLY (granulysin) are key CD8+ T-

cell effector genes54 located on the same immunoregion locus containing all the natural killer-

receptor genes including the killer cell immunoglobulin-like receptors (KIR), within the 

leukocyte receptor complex (1Mb, chromosome 19q13.4)55. Since NKG7 and GNLY were 

the top-hit genes associated with A/PB1498
+CD8+ TEMRA cells from donors 8 and 12, we 

hypothesised that a KIR was interacting with the peptide/HLA-A24 complex. KIR are 

expressed by a proportion of CD8+ T-cells56 and KIR3DL1 in particular has been previously 

shown to bind some but not all A24 pMHC tetramers57  implying a degree of selectivity in 

the interaction. Staining for KIR3DL1 revealed its expression on CD27-CD8+ T-cells, with 

the highest frequency of KIR3DL1+ cells detected in the TEMRA population in a donor that 

exhibited strong Pre-TAME tetramer binding (Fig 7f). Co-staining with the A/PB1498-505 

tetramer showed that all tetramer-binding CD8+ T-cells were positive for KIR3DL1, 

indicating that KIR3DL1 could potentially be binding to the tetramers (Fig 7f). Blocking of 

KIR3DL1 prior to tetramer-staining markedly reduced the oversized population after TAME 

enrichment, to the levels of conventional tetramer+CD8+ T cell pools, revealing the true 

A24/PB1498-specific CD8+ T-cell population (Fig. 7g). Thus, much of the oversized 

population comprises tetramer-binding KIR3DL1+CD8+ T-cells with other TCR specificities. 

Future studies are needed to understand whether KIR3DL1 binding of peptide-HLA-A24 

complexes are competing with TCR interactions to mount robust peptide-HLA-A24-specific 

CD8+ T-cell responses, thus impacting on influenza-specific immunity in Indigenous and 

non-Indigenous HLA-A24-expressing people at risk of severe influenza disease. 

 

DISCUSSION 
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Indigenous populations worldwide are highly affected by pandemic and, to a lesser degree, 

seasonal influenza disease. In line with previous studies58–61, our results show a high 

frequency of HLA-A24 allele expression in Indigenous populations in the Pacific region, an 

allele identified as an influenza mortality-associated allomorph30. In our cohort of Indigenous 

Australians, 36% of individuals expressed at least one HLA-A24 allele. With little 

understood about the nature of the HLA-A24-restricted influenza-specific CD8+ T-cell 

response, there was a need to identify the breadth of influenza CD8+ T-cell epitopes for this 

at-risk population. Our analysis of previously published epitopes revealed a small number of 

HLA-A24-resticted IAV epitopes reported as immunogenic targets, while no IBV targets for 

HLA-A24 were known. Our in-depth mass-spectrometric approach defined the breadth of 

peptides presented by HLA-A*24:02 during IAV and IBV infection (Tables 1 and 2) and 

provided important insights into the characteristics of the associated CD8+ T-cell responses 

that could predispose to more severe influenza disease. Of the 52 peptides presented by HLA-

A*24:02 during IAV infection, most mapped to PB2 (18 peptides, 35%) and PB1 (14 

peptides, 27%) viral proteins, with no peptides originating from NA or M1. Consistent with 

this preference for PB2 and PB1 peptides, the CD8+ T-cell response in IAV-infected HHD-

A24 mice focused mostly on four epitopes from PB1 (PB1216-222 and PB1498-505; 36% primary 

splenic response) and PB2 (PB2549-557 and PB2549-559; 31% primary splenic response). In 

HLA-A*24:02+ donors, memory responses to overlapping peptides PB1496/498-505 were 

consistently observed, while interesting differences where seen in the hierarchy of other 

epitope-specific responses, with Indigenous donors responding to PA649-658 and NP39-47, and 

non-Indigenous donors instead responding to the PB2549-557 peptide. Such differential 

response characteristics, possibly related to HLA co-expression or infection history, are 

important considerations for the design of T-cell vaccines for high risk Indigenous 

populations. Importantly, CD8+ T-cells specific for the dominant A/PB1498-505 peptide were 

identified with an activated phenotype in the blood of patients with acute IAV infection and 

across different human tissues, including a population of TRM cells in the lung, providing 

evidence of their involvement in the influenza-specific response. 

 Hertz et al. previously showed that HLA-A24 has a low targeting efficiency for 

conserved regions of the pH1N1 virus, which was indicative of low cross-reactive memory 

responses that may have contributed to the impaired pH1N1 CD8+ T-cell immunity observed 

in HLA-A24+ individuals during the 2009 pandemic30. Our data reveal that the variable HA 

and NA viral glycoproteins play a minimal role in HLA-A24-restricted CD8+ T-cell 

immunity to IAV. Instead, the focus on epitopes from PB1 and PB2 that are well conserved 
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across virus strains circulating in South-East Asia and Australia suggests that the prominent 

HLA-A24-restricted CD8+ T-cell responses are likely to confer broad cross-reactive 

immunity to IAV. This is of key importance as the current T-cell vaccines in clinical trials 

focus mainly on structural proteins like NP, M1 and M2, and would therefore not elicit cross-

protective CD8+ T-cell responses in HLA-A24+ individuals at risk of severe influenza 

disease. 

In contrast to IAV, the protein origins of IBV peptides presented by HLA-A24 

differed greatly. From 41 IBV-derived peptides, the majority originated from NP (9, 22% of 

total), while 8 were from the HA and NA (total of 39% for surface glycoproteins). In terms of 

immunogenicity, our data from transgenic mice showed that the immunogenic HLA-A24-

binding peptides were predominantly derived from NP (40% of response) and NA (40% of 

the response). More importantly, numbers of CD8+ T-cells directed towards our novel 

epitopes were preserved during secondary IBV challenge, indicating optimal memory 

establishment and recall, which contrasted with the situation for secondary IAV challenge. 

As in mice, HLA-A24-restricted influenza-specific CD8+ T-cell responses in Indigenous and 

non-Indigenous human donors were also targeted towards NP, with NP165-173 and NP164-173 

being prominent CD8+ T-cell specificities alongside CD8+ T-cell epitopes derived from NA, 

HA, PB2 and PA (Table 6). The breadth of the HLA-A24-restricted IBV response highlights 

the power of identifying epitopes with our mass-spectrometric approach and might explain, at 

least partially, why Indigenous populations have not been reported to be at risk from severe 

IBV disease. As for IAV, IBV epitope-specific CD8+ T-cells were activated during acute IBV 

infection in HLA-A24+ individuals and were found distributed across tissues including the 

lung in non-infected individuals. 

Broadly cross-reactive CD8+ T-cell responses that provide universal immunity across 

multiple strains or subtypes of influenza viruses have a crucial role in protection from severe 

influenza disease27. Here we demonstrate cross-reactive responses between IBV lineages for 

the B/NP165-173 peptide, as well as cross-reactive IAV/IBV responses between the A/PB2549-

557 peptide and IBV PB2550-558 variants in HHD-A24 transgenic mice (data not shown) and 

humans. The A/PB2549-557 peptide is conserved between H3N2 and H1N1 IAVs62, and shares 

55% amino acid identity with the cross-reactive IBV PB2550-558 variants. Structures of HLA-

A24 with A/PB2549-557 and B/PB2550-558 showed that the antigen-binding cleft and both 

peptides adopted a similar conformation, providing a structural basis for T-cell cross-

reactivity between these epitopes. Interestingly, IBV was more effective than IAV at 

expanding cross-reactive CD8+ T-cells, suggesting that infection history may play a role in 
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determining patterns of cross-reactivity and that selection of peptide sequences that promote 

greatest cross-reactivity is a consideration for universal influenza T-cell vaccines.  

 Structural analysis of the overlapping peptides A/PB2549-557/559 and B/NP164/165-173 

showed that despite the difference of two or one amino acids in length respectively, these 

peptides each adopted different conformations with HLA-A24 and are likely to induce 

distinct TCR repertoires. In the case of B/NP164/165-173, responses to both peptides are 

equivalently immunodominant in HLA-A24+ individuals, providing breadth to the overall 

CD8+ T-cell response. However, only the A/PB2549-557 epitope showed immunogenicity in 

HLA-A24+ individuals, with the instability and bulged conformation of the longer A/PB2549-

559 epitope potentially proving challenging for TCR recognition. Such intricacies in epitope 

presentation and CD8+ T-cell recognition offer opportunities to either maximize or tailor 

responses through vaccination. 

Our present study not only provides comprehensive data on generating CD8+ T-cell 

immunity against severe influenza disease in HLA-A24-expressing Indigenous and non-

Indigenous people worldwide but also unravels three potential reasons why IAV-specific 

CD8+ T-cells in HLA-A24-expressing individuals might be perturbed: (i) The antigenic 

origin of HLA-A24 IAV epitopes. The majority (62%) of IAV peptides presented by HLA-

A24 are derived from PB1 and PB2, which is in stark contrast to previous studies in 

humans53,63,64,65 and mice66 showing that immunodominant peptides for other HLAs are 

derived predominantly from NP, PA or M1. This is problematic for the current vaccine 

candidates in clinical trials which do not have PB1 or PB2 component49,67,68, and also raises 

the question of whether HLA-A24-restricted influenza-specific CD8+ T-cell responses are 

equivalently robust and protective compared to immunodominant responses restricted by 

other HLA. (ii) Qualitative deficiencies in the HLA-A24 IAV-specific CD8+ T-cell response. 

In HHD-A24 mice, the magnitude and breadth of IAV-specific CD8+ T-cell responses were 

greatly reduced during secondary IAV (but not IBV) challenge compared to primary 

infection, implicating possible defects at memory establishment or recall levels. (iii) Non-

epitope-specific binding of peptide-HLA-A24 complexes to KIR. This can possibly limit TCR 

recognition and thus TCR-specific activation of influenza-specific CD8+ T-cells. The above 

observations provide a platform for further investigations to understand the mechanisms 

driving greater risk of severe influenza disease in HLA-A24+ individuals. 

Our findings provide important insights into the design of new T-cell-targeted 

vaccines and immunotherapy protocols to reduce influenza disease mortality and morbidity in 

Indigenous people globally. Development of a vaccine that induces long-lasting broadly 
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cross-reactive CD8+ T-cell immunity would provide at least some level of protection against 

distinct influenza variants, even strains with pandemic potential. Such a vaccine would 

minimise influenza-related deaths in global populations, especially high-risk groups, which 

includes HLA-A24-expressing Indigenous and non-Indigenous people. Our comprehensive 

analysis of peptide presentation and immunogenicity across mouse and human HLA-A24 

models defines the candidate IBV and IAV peptides needed for a CD8+ T-cell-targeting 

vaccine that is effective in HLA-A24+ individuals. Understanding how best to augment these 

key responses to confer stronger protective immunity is the next step. 
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FIGURE LEGENDS 

Figure 1. HLA-A24 expression and characterization of published IAV epitopes. (a) 

Allele frequency of HLA-A*24:02 according to geographic region (left panel) and 

Indigenous population in the pacific region (right panel) (source www.allelfrequencies.net 

accessed 20/01/2020). (b) Participant characteristics of the Looking into Influenza T-cell 

Immunity (LIFT) cohort. (c) Co-expression of HLA-A, B and C alleles with the HLA-

A*24:02 allele in the LIFT cohort, where Circos plot is shown for HLA-A and pie charts are 

shown for HLA-C and B alleles that are co-expressed with the HLA-A*24:02 allele. (d) List 

of immunogenic HLA-A*24:02 IAV peptides from previous studies that were (e) screened 

for immunogenicity via IFN-γ-ICS assay following peptide-expansion of PBMCs from 5 

non-Indigenous individuals (median bar graphs are shown). (f) Representative FACS plots of 

cytokine expression for immunogenic peptides. (g) A24/PB1498-505-tetramer staining of 

peptide-expanded T-cell lines (top panels) and after ex vivo TAME from non-LIFT 3 donor 

(bottom panels) showing the TAME-enriched population and phenotype.  

 

Figure 2. LC-MS/MS analyses of immunopeptidome from HLA-A*24:02+ influenza-

infected cells reveal potential HLA-A*24:02-restricted T-cell epitopes. (a) Length 

distribution of human proteome-derived HLA-I ligands of CIR.A24 isolated using the pan 

HLA-I antibody w632. Numbers of non-redundant sequences of ≤ 20 amino acids identified 

at a 5 % FDR across the 12 experiments in which HLA class I was isolated from CIR.A24, 
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filtered for peptides identified in HLA class II isolations at a 5% FDR. (b) Sequence logo 

derived from human 9mer peptides in (a) using Seq2logo2.069. (c) Peptide length distribution 

of IAV (HKx31) and IBV (B/Malaysia) derived peptides identified as likely HLA-A*24:02 

ligands in this study (no FDR cut-off applied) as shown in Supplementary Data 1. (d,e) 

Distribution of IAV- (d) and IBV-derived (e) A*24:02 ligands from (c) across the viral 

proteomes, including potential identifications from alternate reading frames (PB1+2, PB1+3, 

PB1-1, HA+2, HA+3 and NA+3). (f,g) Identification of specific ligands derived from IAV (f) 

and IBV (g) in isolations performed at 2, 4, 8, 12 and 16 hours (16 hours IAV only) post 

infection. Colored squares represent identification of each peptide derived from viral proteins 

as indicated in legend from (d,e). In all panels, n=number of peptides. 

 
Figure 3. Screening of immunogenic IAV and IBV peptides in HHD-A24 mice. (a,c) 

Frequencies of IFN-γ+ CD8+ T-cells in spleen (individual mice) and BAL (pooled mice) after 

primary infection with either IAV (100 pfu/30μl i.n. A/HKx31) or IBV (200 pfu/30μl i.n. 

B/Malaysia/2506/04), respectively, from 6-10 week-old HLA-A24-expressing mice. Cells 

from spleen and BAL were isolated 10 days post-infection and restimulated with individual 

peptides (a, n=5-10 mice from 1-2 independent experiments) (c, n=9-14 mice from 2-3 

experiments). (b,d) IFN-γ+ frequencies following a secondary heterologous challenge with 

IAV (200 pfu/30μl of A/PR8) and IBV (400 pfu/30μl of B/Phuket/3073/2013), 6 weeks after 

primary infection, respectively. Cells were isolated 8 days post-infection for ICS assay (b, 

n=5 mice from 1 experiment) (d, n=4 mice from 1 experiment). Bars indicate mean+SD for 

spleen and BAL for (c) only. Pie charts depict protein origin of immunogenic peptides and 

the average contribution to the total IFN-γ response in spleen for each primary and secondary 

IAV/IBV responses. Coloured bars below bar chart indicate protein origin of characterised 

peptides. Representative concatenated FACS plots from splenocytes of immunodominant and 

subdominant responses compared to DMSO background control are shown in the top-left 

panels. 

 

Figure 4. In-vitro screening for immunogenicity of IAV and IBV epitopes in human 

PBMC. (a,b) Frequencies of IFN-γ+CD8+ T-cells after PBMCs were expanded with IAV (a) 

or IBV (b) peptide pools for 13 days and restimulated with CIR.A24 cells pulsed with the 

corresponding peptide pools (left panel). Right panels show dissection of each peptide from 

IAV pools 1 and 2 (a) or IBV pool 10 (b) using single peptide-pulsed CIR.A24 cells after 15 

days of peptide-pool T-cell expansions in LIFT and non-LIFT. (c,d) Individual IBV peptide 
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IFN-γ+CD8+ T-cell responses in non-LIFT donors following expansion with 

B/Malaysia/2506/04-infected CIR.A24 cells for 15 days. For the ICS, peptides derived from 

B/Malaysia/2506/04 (c) or a comparison between autologous (v1) and the alternative 

circulating variant (v2) was used. Symbols indicate individual donors screened. (d) IBV 

PB2550-558 v1 and v2 responses after virus expansion versus IBV PB2550-558 v1 peptide 

expansion are shown on the right (d). (a-d) Bars indicate median. (e) Cross-reactive PB2 

responses of IAV PB2, IBV PB2 v1 and IBV PB2v2 peptides following PBMC expansion 

with IAV (A/HKx31) (left panels) or IBV (B/Malaysia/2506/04) infected (right panels) 

CIR.A24 cells from 5 non-LIFT donors with representative concatenated FACS plots. (c,d) 

Pie charts depict protein origin of immunogenic peptides and the median contribution to the 

total IFN-γ response for Indigenous (LIFT) and non-Indigenous (non-LIFT) donors. Coloured 

bars below bar chart indicate protein origin of characterised peptides. (f) Crystal structures of 

HLA-A*24:02 presenting the PB2 peptide variants IAV PB2 (red, left) and IBV 

PB2v1 (pink, middle), and an overlay of both peptides (right). 

 

Figure 5. Protection of HDD.24 mice by vaccination with novel immunogenic A24 

peptides. (a) Mice were vaccinated with 3 immunogenic IBV peptides (NP164, NP392, NA32) 

in adjuvant CFA or CFA alone (control). 14 days post-priming, immune responses were 

boosted with peptides/IFA or IFA alone. 7 days after the boost, mice were challenged with 

high dose of 1x103 pfu B/Malaysia. Bronchoalveolar lavage and lungs were collected on day 

6 and 7 post infection. (b) % body weight of mice after virus challenge at different days after 

infection. (c) Virus titre from homogenized lungs on day 6 and 7 post challenge. (d) Cytokine 

levels in BAL on day 6 and 7. Coloured stars indicate significant differences between control 

and peptide vaccinated groups. (b-d) Statistical significance was calculated using unpaired 

two-tailed t-test with * p<0.05. 

 

Figure 6. Ex vivo IAV- and IBV-specific CD8+ T-cells detected in HLA-A24+ PBMCs 

and tissues. (a) Tetramer-positive cells of three different specificities (A/PB1498-505, B/NP165-

173, B/NA32-40) were enriched in human blood and tissues. Representative FACS plots of 

enriched fractions are shown for healthy donors, acute influenza-infected patients and tissues 

from deceased organ donors. (b) Tetramer+ precursor frequencies in the blood of healthy 

LIFT and non-LIFT, and influenza-infected donors where acute and convalescent time-points 

are shown together (IBV-inf). Samples from donor IBV2-inf were collected at acute square 
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and convalescent timepoint triangle. (c) Activation status of epitope-specific CD8+ T-cells in 

healthy, acute and convalescent donors. (d) T-cell differentiation phenotype of epitope-

specific cells in healthy LIFT and non-LIFT donors, and influenza-infected patients. (e) 

Tetramer+ precursor frequencies of epitope-specific cells in human tissues. (f) CD103 and 

CD69 expression on epitope-specific cells in the lung compared to secondary lymphoid 

organs (SLO). (b,e) Lines represent the median. (c,d, f) Bars represent  mean+SD. 

 

Figure 7. Comparison of conventional and KIR-binding CD8+ T-cells. (a) Staining 

pattern of donors with conventional-size tetramer staining and donors with oversized 

tetramer+CD8+ T cell populations for the A/PB1498-505 and B/NP165-173 tetramers pre- and post-

enrichment. (b) Presence (+) or absence (-) of conventional (blue) and oversized 

tetramer+CD8+ T cell populations (red) populations across all samples tested. (c) Phenotypic 

analysis of tetramer-enriched CD8+ T-cells from conventional-size and oversized populations 

for both A/PB1498-505 and B/NP165-173 tetramers. (d) Tetramer staining pattern of conventional 

and oversized-binding staining for scRNAseq pre- and post-enrichment. (e) Unsupervised 

clustering of mRNA expression of enriched tetramer-binding CD8+ T-cells (n=30 cells per 

donor). All listed genes in the SC3 plot all genes listed have a p-value < 0.05 and AUC > 

0.65.  (f) KIR3DL1 expression on different CD8+ T-cell phenotypes in non-LIFT 8 (top 

panel) and co-staining of A/PB1498-505tetramer and KIR3DL1 without enrichment. (g) Effects 

of KIR3DL1 blocking on conventional and pre-TAME-binding tetramer+CD8+ T-cells pre- 

and post-enrichment. 
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LEGENDS TO SUPPLEMENTARY FIGURES 
 
Supplementary Figure 1. Further analysis of LC-MS/MS data sets. (a-c) Peptide length 

distributions identified at a 5% FDR in each HLA isolation performed shown as a proportion 

of the peptides identified in the data set (n=number of peptides in the data set). For uninfected 

and HKx31 samples, data shown are based on searches against the human proteome, HKx31 

proteome and 6 reading frame HKx31 genome translation. For B/Malaysia samples, data are 

based on searches against the human proteome, B/Malaysia proteome and 6 reading frame 

B/Malaysia genome translation. (a) Peptides from 12 data sets isolated from CIR.A24 using 

w6/32 (pan class I antibody) at different timepoints of infection with IAV or IBV (or 

uninfected). Asterisks represent data sets where DT9 was not used to deplete HLA-C*04:01 

prior to w6/32 isolation and may contain increased levels of HLA-C*04:01 ligands. All data 

sets contain low levels of peptides presented by HLA-B*35:03 of CIR. (b) 3 data sets 

containing peptides isolated from the endogenous HLA class I of the CIR cell line, either 

through isolation from non-transfected CIR using w6/32 (CIR 16hrs HKx31 (w6/32)), hence 

containing HLA-C*04:01 and HLA-B*35:03, or through specific isolation of HLA-C*04:01 

from CIR.A24 using the DT9 antibody. (c) HLA class II peptide ligands from 2 data sets 

isolated from CIR.A24 cell line using LB3.1 (HLA-DR), SPV-L3 (HLA-DQ), and B721 

(HLA-DP) antibodies. (d) The sequence logo generated from human-derived 9mer peptides 

isolated in (b) (non-redundant by sequence, 5% FDR), and filtered for peptides identified in 

HLA class II isolations (c). (e,f) Pie charts showing the distribution of IAV (HKx31) derived 

peptides across the viral proteome potentially bound to HLA-B*35:03 and HLA-C*04:01 (e) 

and HLA-II of CIR cells (f). Details of HLA isolation antibodies, influenza peptide 

sequences, their confidence of sequence assignment, and potential binding assignment to the 

HLA molecules expressed by CIR.A24 are provided in Supplementary Data 1.  

 
Supplementary Figure 2. Comparison of epitope-specific CD8+ T-cells in primary and 

secondary IAV and IBV infection. Total number of epitope-specific CD8+ T-cells 

calculated by the frequency of IFNγ+CD8+ T-cells in the INF-γ ICS assay multiplied by the 

total number of splenocytes per spleen. 

 
Supplementary Figure 3. Crystal structures of HLA-A*24:02 presenting the PB2549-559 

peptide. (a) Depiction of the PB2549-559 peptide presented by HLA-A*24:02. (b) Overlay of 

PB2549-557 (red) and PB2549-559 (maroon) peptides presented by HLA-A*24:02. The two extra 

residues of the PB2549-559 peptide are shown in yellow. (c) The P9-Trp of the PB2549-
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557 peptide (red) is forming a network of interactions with Tyr at positions 116, 118 and 123 

and Leu95 within the peptide-binding cleft. (d) Lys146 of the α2-helix of HLA-A*24:02 also 

interacts with the carboxylic group of the PΩ residue of the PB2549-557 9mer peptide (red) but 

(e) faces outside of the cleft and does not interact with the P9-Trp of the PB2549-559 11mer 

peptide (maroon).  

 
Supplementary Figure 4. Crystal structures of HLA-A*24:02 presenting NP164-173 and 

NP165-173 peptides. (a-c) Structures of NP165-173 (a, blue stick), NP164-173 (b, light blue stick) 

and (c) an overlay of NP165-173 (blue) and NP164-173 (light blue) presented on the HLA-

A*24:02 molecule. (d) N-terminal side view overlay of NP165-173 (blue) and NP164-173 (light 

blue) peptides showing the largest structural difference at the Cα atom of the P6/7-Arg 

shown by the red dashed line betweenNP165-173 (blue) and NP164-173 (light blue), respectively. 

(e) The P5-Ile and P7-Val of the NP165-173 9mer peptide (blue) are half-buried between the 

peptide backbone and the HLA α2-helix, and together with the P4-Pro, form a hydrophobic 

patch at the centre of the peptide. (f) The substitution of P2-Tyr (NP164-173) (light blue) for 

P2-Phe (NP165-173) (blue) occurs without major structural rearrangement of the B pocket 

residues (white sticks), as both residues are large and aromatic. (g) The additional residue of 

NP164-173 (light blue) changes the secondary anchor residue at P3 of the peptides from a small 

P3-Ser (NP165-173) to a large P3-Phe (NP164-173). 

 

Supplementary Figure 5.  Electron density maps of the peptide-HLA-A*24:02 

structures. 

Peptide presentation in the antigen binding cleft of HLA-A*24:02 showing electron density 

omit maps (Fo-Fc) at 3.0σ (green) and electron density maps (2Fo-Fc) at 1.0σ (blue), for a-d 

and i and e-h and j respectively. The HLA-A*24:02 is represented as white cartoon, while the 

peptides are represented in sticks and coloured in red (PB2549-557) pink (PB2549-557B), maroon 

(PB2549-559), blue (NP165-173), and light blue  (NP164-173). 

 
Supplementary Data 1. Peptides identified from IAV (HKx31) and IBV (B/Malaysia) 

Sequences of IAV (HKx31) and IBV (B/Malaysia)-derived peptides identified by LC-

MS/MS analysis of the HLA class I and II immunopeptidomes of CIR and CIR.A24. For 

each peptide, the modifications with which it was identified, source protein, start site within 

the source protein, and the confidence of assignment for the data sets within which it was 

identified, are noted. For each data set, the cell line, infecting virus, antibody used (and any 
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antibody depletion prior), time of infection and confidence cut-off for a 5% FDR are shown. 

Identifications above this confidence in each data set are in bold, those below are in italics 

and have increased likelihood of being false positive identifications. Naming of data sets 

match those in Supplementary Fig. 1. The predicted binding affinities (nM) and %rank for 

HLA-A*24:02, HLA-B*35:03 and HLA-C*04:01 for all 8-14mer peptides as calculated by 

NetMHCpan4.0 are shown. For HKx31, data sets derived from the sequential isolation of 

HLA from the same sample are noted. For B/Malaysia, previous identification in HLA 

isolations from B/Malaysia infected CIR and CIR.A*02:01 in Koutsakos et al.27 are also 

noted. Colour fill represents isolations with w632 (blue), DT9 (yellow) and mixed class II 

antibodies (green). The “Best Explanation” column denotes the HLA hypothesised to present 

a given peptide based on appearance across the data sets and predicted binding by 

NetMHCpan4.0.  

 

METHODS 

Human blood and tissue samples. Human experimental work was conducted according 

to the Declaration of Helsinki Principles and according to the Australian National Health and 

Medical Research Council Code of Practice. All blood and tonsil donors provided written 

consent prior to study participation. Lung tissues, lymph node and spleen samples were 

obtained from deceased organ donors after receiving written informed consent from next-of-

kin. Lungs were sourced from the Alfred Hospital’s Lung Tissue Biobank. Lymph node and 

spleen were provided by DonateLife Victoria. Buffy packs were sourced from the Australian 

Red Cross Lifeblood (West Melbourne, Australia). Human experimental work was approved 

by the University of Melbourne Human Ethics Committee (ID 1955465.2, 1443389.4, 

1441452.1 and 1954302.1), the Australian Red Cross Lifeblood Ethics Committee (ID 

2015#8), the Alfred Hospital Ethics Committee (ID 280/14), Monash Health Human 

Research Ethics Committee (HREC) (ID HREC/15/MonH/64, RMH local reference number 

2016/196), HREC of Northern Territory Department of Health and Menzies School of Health 

Research (ID 2012-1928) and Tasmanian Health and Medical HREC (ID H0017479). Human 

PBMCs and cells from tissues were isolated and cryopreserved as previously described70. 

Indigenous donors (LIFT) were recruited as described before29. 

 

HLA typing and analysis of human PBMCs. NGS HLA typing for HLA class I and class II 

on genomic DNA isolated from granulocytes was performed by the Victorian Transplant and 
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Immunogenetics Service (West Melbourne, VIC, Australia). Co-expression Circos plots were 

generated using R V.4.0 (R Core Team, Vienna, Austria), RStudio: Integrated Development 

for R (RStudio, Inc., Boston, USA) and the cyclize package71. 

 
Cell lines, viruses and peptides. Class I-reduced (CIR) B-LCL express low levels of HLA-A 

and B, but normal levels HLA-C*04:0136,72. CIR.A24 cells were generated by transfecting 

CIR cells with HLA-A*24:02 in the pcDNA3.1(+)-hygro vector. Cells were maintained in 

RF10 medium (RPMI-1640 with 10% heat-inactivated FCS, 100mM MEM non-essential 

amino acids, 55 mM 2-mercaptoethanol, 5 mM HEPES buffer solution, 1mM MEM sodium 

pyruvate, 1 mM L-glutamine, 100 U ml-1 penicillin and 100 mg ml-1 streptomycin (purchased 

from Gibco/Thermo Fisher Scientific) with the addition of 0.3 mg/mL hygromycin-B (Life 

Technologies) for CIR.A24 cells. Influenza A (A/HKx31 & A/Puerto Rico/8/1934 (A/PR8)) 

and B viruses (B/Malaysia/2506/04 & B/Phuket/3073/2013) were grown for 3 days at 35°C 

in the allantoic cavity of 10 day-old embryonated chicken eggs. Viral titres were determined 

performing semisolid overlay plaque assay on MDCK cells (ATCC). Influenza B viruses 

were kindly provided by Steve Rockman (Seqirus, Australia). Influenza peptides were 

synthesized by GenScript (Piscataway, NJ, USA) with a purity >80% and reconstituted at 

1mM in 100% DMSO. Cell lines tested negative for mycoplasma by PCR using primers 5’- 

YGCCTGVGTAGTAYRYWCGC-3’ and 5'-GCGGTGTGTACAARMCCCGA-3’.  

 
Expansion of antigen-specific memory CD8+ T-cells from human PBMC. Cryopreserved 

PBMCs (3.3-5x106) from healthy non-LIFT and LIFT donors were used to expand antigen-

specific CD8+ T-cells modified from Koutsakos et al27. In brief, one-third of PBMCs were 

pulsed with a pool of up to 31 peptides (including circulating variants, Supplementary 

Table 4) at a total concentration of 10µM at 37°C in RPMI. After 1 hr, cells were washed 

twice with RPMI and mixed with the remaining autologous PBMCs. To expand virus-

specific CD8+ T-cells, infected CIR.A24 cells were washed twice with serum-free RPMI to 

remove excess FCS and infected with A/HKx31 or B/Malaysia/2560/2004 at a MOI of 5 and 

incubated at 37�. After 1 hr, RF10 was added and cells were incubated for further 11 hrs at 

37� before cells were placed at 4� for 14 hrs. Infected CIR.A24 cells were washed twice to 

remove any residual virus and added at a 1:10 ratio to PBMCs. For additional stimulation, 

virus-expanded PBMCs were restimulated by addition of virus-infected CIR.A24 cells on day 

8 at a 1:10 ratio. Cells were then incubated for a total 10-15 days in RF10 media with 10U/ml 
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of recombinant human IL-2 (Roche Diagnostics, Mannheim, Germany) being added on day 4 

and half-media changes every 1-2 days onwards.  

 

T-cell restimulation and intracellular cytokine staining. To identify epitope-specific CD8+ 

T-cells that expanded after stimulation, cells from day 10-15 cultures (2x105 cells/well) of 

peptide-expanded PBMCs were mixed with peptide-pulsed CIR.A24 at a 1:3 ratio while 

virus-expanded PBMCs were restimulated by direct peptide addition (1 μM). Cells were 

incubated for 5 hrs in the presence of Brefeldin A (BD Golgi Plug), Monensin (BD Golgi 

Stop) and anti-CD107a FITC at 37�. Cells were stained with panel 2 (Supplementary Table 

6) and analyzed using flow cytometry (BD Fortessa) and FlowJo v10 (BD). 

 

Large-scale infection for immunopeptidome analysis. For large scale infections, CIR or 

CIR.A24 were cultured to high density in RF10 media slowly rotating in 17dm2 filter-capped 

roller bottles (Corning) at 37°C, 5% CO2. Cells were harvested and infected with influenza A 

or B virus at a MOI of 5 in RPMI at a density of 1 x 107 cells/mL in 50mL tubes for 1 hour at 

37°C with slow rotation. Infected cells were returned to roller bottles with the addition of 1:1 

conditioned media:RF10 to a final density of 1.4 x 106 cells/mL and incubated a further 1-15 

hours (37°C, 5% CO2, slow rotation). HLA expression and infection efficacy were validated 

by surface staining ~106 cells with anti-HLA class I PE-Cy7 (1:200 in PBS; Biolegend, Cat# 

311430; 30min, 4°C), prior to washing in PBS, fixation in 1% paraformaldehyde 

(ProSciTech) in PBS (20min, room temperature), and intracellular staining with anti-NP 

FITC for influenza A (Clone 1331, GeneTex Cat# GTX36902) or influenza B (Clone H89B, 

ThermoFisher Cat# MA1- 7306) (1:200 in 0.3% saponin [Sigma] in PBS, 30min, 4°C). Cells 

were washed in PBS and acquired by flow cytometry using a BD LSRII flow cytometer 

running BD FACSDiva software, and analysed using FlowJo_v10 (BD). Remaining cells 

were harvested by centrifugation in 500mL V-bottom flasks (3283g, 15min, 4°C), washed in 

PBS, snap frozen as cell pellets in liquid nitrogen, and stored at -80°C until use. Uninfected 

cells were harvested and snap frozen as for infected cells. 

 

Liquid Chromatography-tandem mass spectrometry (LC-MS/MS) analysis of HLA-

bound peptides. Cell pellets of 0.7-1.3x109 CIR or CIR.A24 were lysed via cryogenic 

milling (Retsch Mixer Mill MM 400), resuspension in 0.5% IGEPAL CA-630, 50 mM Tris-

HCl pH8.0, 150 mM NaCl and protease inhibitors (cOmplete Protease Inhibitor Cocktail 
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Tablet; Roche Molecular Biochemicals) and incubation at 4°C for 1 hour with slow rotation. 

Lysates were cleared by ultracentrifugation and HLA isolated by immunoaffinity purification 

using protein-A-sepharose-bound antibodies as described38,73. Antibodies were either w6/32 

(pan class I) alone or sequential DT9 (HLA-C specific), w6/32 (pan class I) and mixed class 

II (equal amounts LB3.1, SPV-L3 and B721, capturing HLA-DR, -DQ and -DP, 

respectively).  

Peptide/MHC complexes were dissociated, and fractionated by reversed phase high 

performance liquid chromatography (RP-HPLC) as described27,38,74. 500µL fractions were 

collected throughout the gradient, and the peptide containing fractions combined into 9 pools, 

vacuum-concentrated and reconstituted in 15µL 0.1% formic acid (Honeywell) in Optima™ 

LC-MS water. Reconstituted fraction pools were analysed by LC-MS/MS using a SCIEX 

5600+ TripleTOF mass spectrometer equipped with a Nanospray III ion source as previously 

described74. 

 

LC-MS/MS data analysis. Spectra were searched against a proteome database consisting of 

the human proteome (UniProt/Swiss-Prot v2016_04), and either the A/X31 or the 

B/Malaysia/2506/2004 proteome plus a 6 reading frame translation of the viral genome, using 

ProteinPilot software (version 5.0, SCIEX), considering biological modifications and 

employing a decoy database to calculate the false discovery rate (FDR). Subsequent analyses 

were based on the best hypothesis for distinct peptides. Sequence motifs were generated 

utilizing peptides assigned at confidences greater than that required for a 5% FDR using 

Seq2logo2.069 (default settings). Likely HLA-A*24:02 binders were determined based on 

appearance across the experiments/antibodies and predicted binding (netMHCpan4.0). For 

peptides identified in their native form (and lacking Cys residues) that were synthesised for 

functional analysis, fragmentation patterns and retention times of representative spectra were 

compared to the synthetic and the quality of the match described (Supplementary Data 1). 

 

HLA-A*24:02 HHD mouse studies. All mouse studies were overseen by the University of 

Melbourne Ethics Committee (#171408). HHD-A24 mice were generated by François 

Lemonnier as described previously42. These mice express a chimeric MHC-I that consists of 

the murine α3 and transmembrane domain and the human α1 and α2 domain covalently 

linked the human β2m. Mouse infections were performed as described previously24. In brief, 

6-12 week-old mice were infected intranasally with 30 µl of either 100 pfu of A/X-31 or 200 

pfu of B/Malaysia/2506/2004 in PBS under isoflurane anaesthesia. For secondary challenge, 
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mice were infected 6-8 weeks after primary infection with 200 pfu of A/PR8 or 400 pfu 

B/Phuket/3073/2013. To identify immunogenic peptides, spleen and bronchioalveolar lavage 

(BAL) were isolated on day 10 or day 8 for secondary infection, respectively. Spleen single 

cell suspensions were prepared and incubated for 1 h at 37� in Affinipure Goat anti-mouse 

IgG+IgM (Jackson Immunoresearch)-coated panning plates to deplete B cell populations. 

BAL was combined from 3-5 mice to achieve sufficient T-cell numbers. Single cell 

suspensions were then stimulated with peptide pools or single peptides at 1 µM in the 

presence of Brefeldin A (BD Golgi plug) for 5h at 37� in RF10 with 10 U/ml IL-2 followed 

by staining with panel 1 (Supplementary Table 6). Cells were analyzed using BD Fortessa 

and FlowJo v10 (BD). For immunization studies, mice were vaccinated with 30nmol of NA32-

40, NP392-400 and NP165-173 emulsified in complete (Prime) or incomplete (Boost) Freund’s 

adjuvant. 50μl vaccine was injected on both sides at the base of the tail. Control mice were 

injected emulsified adjuvant without peptides. Two weeks after prime, mice were boosted 

and challenged with 1x103 pfu B/Malaysia/2506/2004 intranasally 7 days after boost. On day 

6 and 7 after infection lungs were isolated to determine viral load with a plaque assay as 

described before27. Cytokines in the bronchoalveolar lavage were assessed with the BD 

cytometric bead array kit as described elsewhere27. 

 

Protein expression, purification and crystallization. Soluble HLA-A*24:02 heterodimers 

containing either A/PB2549-557, A/PB2549-559, B/PB2549-557, B/NP165-173, or B/NP164-173 peptide 

were prepared as previously described53. In brief, a truncated HLA-A*24:02 construct 

encompassing the extracellular part of the HLA molecule (residues 1-276), and human beta-

microglobulin (β2m) were expressed separately in a BL21-pLyS Escherichia coli strain as 

inclusion bodies. The inclusion bodies were subsequently extracted, washed and resuspended 

into a solution containing 6M guanidine. Each pHLA complex was then refolded into a cold 

refolding solution (100 mM Tris-HCl pH 8, 2 mM Na-EDTA, 400 mM L-arginine-HCl, 0.5 

mM oxidized glutathione, 5 mM reduced glutathione) by adding 30mg of HLA heavy chain, 

20mg of β2m and 4mg of peptide. The refolding solution was then dialyzed in 10mM Tris-

HCl pH 8, and the protein was purified by a succession of affinity column chromatography. 

 

Crystallization, data collection and structure determination. Crystals of the pHLA-

A*24:02 complexes were grown by the hanging-drop, vapour-diffusion method at 20°C with 

a protein/reservoir drop ratio of 1:1 with seeding at a concentration of 6 mg/mL in the 
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following with conditions: A/PB2549-557: 20% PEG3350, 0.2M Na acetate ; PB2549-559: 24% 

PEG8K, 0.1 HEPES pH 7.5, 5% v/v Ethyl acetate; B/PB2549-557: 24% PEG8K, 0.1 HEPES 

pH 7.5, 2% isopropanol, 5% w/v PolyvinylpyrrolidoneK15 ; B/NP165-173: 19% 3350, 0.2 

MgCl2; NP164-173: 20% PEG8K, 0.2 MgCl2, 0.1 Tris-HCl pH 8.5. The crystals were soaked in 

a cryoprotectant solution containing mother liquor solution with the PEG concentration 

increased to 30% (w/v) and then flash frozen in liquid nitrogen. The data were collected on 

the MX1 and MX2 beamlines75. Manual model building was conducted using the Coot 

software76 followed by maximum-likelihood refinement with the Buster program77. The final 

models were validated using the Protein Data Base validation web site and the final 

refinement statistics are summarized in Supplementary Table 5. All molecular graphics 

representations were created using PyMol78. 

Thermal stability assay. Thermal shift assays were performed to determine the stability of 

each pHLA-A*24:02 complex using fluorescent dye Sypro orange to monitor protein 

unfolding. The thermal stability assay was performed in the Real Time Detection system 

(Corbett RotorGene 3000), originally designed for PCR. Each pHLA complex was in 10 mM 

Tris-HCl pH8, 150 mM NaCl, at two concentrations (5 and 10 mM) in duplicate, was heated 

from 25 to 95°C with a heating rate of 1°C/min. The fluorescence intensity was measured 

with excitation at 530 nm and emission at 555 nm. The Tm, or thermal melt point, represents 

the temperature for which 50% of the protein is unfolded.  

 

Tetramer-associated magnetic enrichment in humans 

TAME was performed on PBMCs (7.5x106-2.7x108) of healthy, IAV- or IBV-infected 

donors, as well as lymphocytes isolated from tonsils, lung and pancreatic lymph nodes 

(panLN) to detect CD8+ T-cells specific for IAV and IBV as described previously25,27. 

PMHC-I monomers were made in-house79 and conjugated at an 8:1 molar ratio to PE- or 

APC-labelled streptavidin (SA) to generate tetramers. Cells were FcR-blocked and stained 

with APC or PE conjugated tetramers at a 1:100 dilution for 1h at RT, washed twice then 

incubated with anti-PE and anti-APC MicroBeads (Milenty Biotec). Unenriched, flow-

through and enriched fractions were surface stained with panel 3 (PBMC) or 4 (SLO and 

lung) (Supplementary Table 6). After 30min staining on ice, cells were fixed for 20 min in 

1% PFA and acquired by flow cytometry. In some experiments, KIR3DL1 blocking was 

achieved by the addition of anti-human NKB1 antibody (DX9, Cat 555964, BD Pharmingen) 

at 1:100 during the FcR-blocking step. 
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Single-cell mRNAseq. A/PB1498-505
+ CD8+ T-cells were single cell sorted into 96 well plates 

containing lysis buffer (1µl RNase inhibitor and 19µl Triton X-100) after TAME on a BD 

Aria III sorter. Libraries were generated as described previously27. A Nextera XT DNA 

Library Prep Kit was used for the generation of sequencing libraries and sequencing 

performed on a NextSeq500 platform with 150-base par high-output paired-end chemistry for 

30 tetramer+ cells/donor (120 cells total). 

 

Bioinformatical analysis. Gene expression was analysed as previously described27. Briefly, 

quality of scRNA-seq was assessed with FastQC. TopHat2 with default parameters was used 

to align sequences to the Ensembl GRCh38 reference genome. A total of 112 out of 120 

analysed cells passed quality control and was used for further analysis. Gene expression was 

quantified utilizing Cufflinks suit (v 2.2.1) where FPKM was assessed using CuffQuant and 

values normalized based on total mRNA content with CuffNorm. Clustering was performed 

utilizing SC380. Pheatmap in R was used to visualize Heatmaps. 

 

Statistical analyses. Statistical analysis was performed using Graphpad Prism (v8.4.2, 

Graphpad, USA). Non-parametric unpaired data was analysed performing Mann-Whiteney 

test whereas paired data was analysed with Wilcoxon matched-pairs signed rank test. Two-

tailed analysis was performed with p<0.05 (*) or p<0.01 (**) indicated. 

 

Data availability statement.The mass spectrometry proteomics data have been deposited to 

the ProteomeXchange Consortium via the PRIDE [1] partner repository with the dataset 

identifier PXD020292. Username: reviewer90994@ebi.ac.uk; Password: 3dTWu8SU 
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Abstract

Objectives. As the world transitions into a new era of the COVID-19
pandemic in which vaccines become available, there is an increasing
demand for rapid reliable serological testing to identify individuals
with levels of immunity considered protective by infection or
vaccination. Methods. We used 34 SARS-CoV-2 samples to perform a
rapid surrogate virus neutralisation test (sVNT), applicable to many
laboratories as it circumvents the need for biosafety level-3
containment. We correlated results from the sVNT with five
additional commonly used SARS-CoV-2 serology techniques: the
microneutralisation test (MNT), in-house ELISAs, commercial
Euroimmun- and Wantai-based ELISAs (RBD, spike and
nucleoprotein; IgG, IgA and IgM), antigen-binding avidity, and
high-throughput multiplex analyses to profile isotype, subclass and
Fc effector binding potential. We correlated antibody levels with
antibody-secreting cell (ASC) and circulatory T follicular helper
(cTfh) cell numbers. Results. Antibody data obtained with
commercial ELISAs closely reflected results using in-house ELISAs
against RBD and spike. A correlation matrix across ten measured
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ELISA parameters revealed positive correlations for all factors. The
frequency of inhibition by rapid sVNT strongly correlated with
spike-specific IgG and IgA titres detected by both commercial and
in-house ELISAs, and MNT titres. Multiplex analyses revealed
strongest correlations between IgG, IgG1, FcR and C1q specific to
spike and RBD. Acute cTfh-type 1 cell numbers correlated with spike
and RBD-specific IgG antibodies measured by ELISAs and sVNT.
Conclusion. Our comprehensive analyses provide important insights
into SARS-CoV-2 humoral immunity across distinct serology assays
and their applicability for specific research and/or diagnostic
questions to assess SARS-CoV-2-specific humoral responses.

Keywords: antibody-secreting cells, ELISA, neutralisation assay,
SARS-CoV-2 antibodies, T follicular helper cells

INTRODUCTION

The coronavirus disease 2019 (COVID-19)
pandemic caused by the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) has infected
> 100 million individuals, caused over 2 million
deaths1 and greatly disrupted economies
worldwide. While awaiting global vaccination
programmes, countries have focused on rapid
testing, isolating and contact tracing of SARS-CoV-
2-infected individuals using the nucleic acid
amplification test (NAAT; RT-PCR),2,3 while
implementing social distancing and lockdown
measures to reduce virus transmission and prevent
healthcare systems from being over-whelmed with
COVID-19 patients.4,5 Concurrently, scientists have
endeavoured to unravel the correlates of
protective immunity2,6,7 and there has been an
unprecedented effort to develop and produce
vaccines.8 The world is now transitioning into a
new stage of the pandemic, in which vaccines
should become available globally. It is likely that
identifying individuals with protective immunity
induced by infection or vaccination, and whether
previously induced immune responses are
protective against potential new variants, will
assume increasing importance.9 Furthermore, from
a scientific standpoint, one of the key knowledge
gaps is related to the duration of protective
immunity in the population after infection and/or
vaccination. This will be closely monitored in the
years to come. Thus, from both a diagnostic and
scientific standpoint, there will be an increasing
demand for reliable rapid serological tests.

In general, virus neutralising antibodies
measured by a plaque-reduction neutralisation
test (PRNT)10 or a virus microneutralisation test

(MNT)11,12 are considered the gold standard
correlate of protection,13 although it is currently
unclear what titre is required for absolute
protection from SARS-CoV-2 infection. These
assays detect antibodies that can inhibit viral
entry and thus can prevent reinfection with the
same virus.13 However, SARS-CoV-2-specific PRNT
and MNT can only be performed in biosafety level
(BSL) 3 containment laboratories by specially
trained personnel and take up to 5 days to
perform. Furthermore, as they are biological
assays, samples must be run in the same assay for
accurate comparisons between samples. These
assays are also limited by their inability to
discriminate different antibody isotypes, and to
detect antibodies directed against other non-
neutralising epitopes known to contribute to
protection against severe disease.14

Alternative serology assays are required to gain a
rapid and comprehensive profile of humoral
responses against SARS-CoV-2. Recent advances
include the use of (1) the surrogate virus
neutralisation test (sVNT), a competition enzyme-
linked immunosorbent assay (ELISA) which uses
purified receptor binding domain (RBD) of the
spike (S) protein and host cell receptor
angiotensin-converting enzyme 2 (ACE2) to mimic
the virus–host interaction15,16 and allows detection
of antibodies that block RBD binding to ACE2
without the need for infectious virus or cells and
therefore only requiring BSL 2 containment, (2)
ELISAs which detect SARS-CoV-2-specific antibodies
of different isotypes directed towards viral proteins
such as the full S protein, RBD and nucleocapsid (N)
protein,11 (3) multiplex-based serology allowing
detection of different antibody isotypes against a
large set of viral antigens and provides information
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on Fc-receptor specificity, while requiring small
sera or plasma volumes,14,17 (4) chaotropic-based
dissociation assays to measure antigen-binding
avidity, and (5) commercial semi-quantitative ELISA
systems, including assays developed by Euroimmun
(L€ubeck, Germany) and Wantai (Beijing, China) to
detect the level of SARS-CoV-2-specific antibodies
in patient samples.18–21 These assays are rapid,
circumvent the use of infectious virus and cells, and
detect responses against a broader range of viral
epitopes, thus revealing and identifying different
antibody features beyond virus neutralisation that
contribute to the prevention of infection and/or
severe disease.

Although some studies have compared the
specificity and sensitivity of different diagnostic
tests,22–26 relatively limited data are available on
correlations between distinct serology assays and
understanding how they relate to the classical
MNT readout. Such comparisons are needed to
understand the applicability of SARS-CoV-2
serology assays for specific research questions. In
our study, we used a cohort of 34 serum/plasma
samples from 15 COVID-19 patients to perform a
rapid sVNT which is highly applicable to many
laboratories as it circumvents the need for BSL 3
containment. We further correlated the antibody
data obtained from the sVNT to five additional
commonly used SARS-CoV-2 serology techniques as
described above for the same COVID-19 patient
samples. These included a MNT, in-house and
commercial Euroimmun- and Wantai-based ELISAs
(RBD, S and N; IgG, IgA and IgM), antigen-binding
avidity assays and serology multiplex analysis.6,11,14

Furthermore, we correlated the antibody levels
obtained from these assays with cellular immune
responses important for antibody production,
antibody-secreting cells (ASC) and circulatory T
follicular helper (cTfh) cells. Our comprehensive
analyses provide important insights into SARS-CoV-
2 humoral immunity across distinct serology assays
as well as their applicability for specific research
questions to assess humoral immunity in COVID-19
clinical samples.

RESULTS

COVID-19 patient IgM, IgG and IgA titres
correlate between commercial and in-house
ELISAs

Our study included 34 SARS-CoV-2 samples from
15 PCR-confirmed COVID-19 cases. Seven patients

were recruited in hospital during acute infection
(with three being on supplemental oxygen), and
eight patients from the community during
convalescence. The median age of the COVID-19
patients was 57 (range 25–74 years) and 67%
were females. Patient blood was longitudinally
sampled up to three times, between days 2 and
188 post-symptom onset (Supplementary table 1).
Acute samples were defined as those obtained
within 14 days of symptom onset (range 2–
14 days), while convalescent samples were
obtained more than 5 weeks post-symptom onset
(range 38–188 days). We also recruited 27 pre-
pandemic healthy non-exposed controls, with a
median age of 52 (range 24–75 years) and 67%
were female.

To determine isotype-specific antibody
responses against a range of SARS-CoV-2 antigens
in COVID-19 patients, we used commercial ELISAs
detecting IgM against RBD (Wantai), IgG and IgA
against S (Euroimmun) and IgG against N
(Euroimmun). Antibody levels against these
antigens were significantly higher in acute
(median index value IgM (RBD); 13.791, IgG (S);
3.883, IgA (S), IgG (N); 2.633) and convalescent
COVID-19 samples (median index value IgM (RBD);
12.986, IgG (S); 4.369, IgA (S); 3.791, IgG (N);
2.378), when compared to healthy non-exposed
individuals (median index value IgM (RBD); 0.184,
IgG (S); 0.132, IgA (S); 0.260, IgG (N); 0.188)
(Figure 1a). Across all isotypes and specificities,
the antibody levels were maintained between
acute and convalescent samples, although IgM
(RBD) and IgA (S) started to decrease at about day
40, while IgG (S and N) were maintained for
slightly longer decreasing at about day 80
(Figure 1b). Antibody data obtained with the
commercial ELISAs closely reflected the antibody
profiles detected with the in-house performed
ELISAs against RBD and S (Figure 1c),6 in which all
COVID-19 patients seroconverted by convalescence
as measured by the in-house IgG (RBD) ELISA.
Longitudinally, titres for both RBD and S
specificities trended towards decreased levels with
time post-symptom onset (Figure 1d), which was
similar to our observation using the commercial
ELISAs.

IgG (S) antibody levels measured by the
commercial ELISA correlated strongly across
isotypes (IgM, IgA) and specificities (RBD, N)
(P < 0.0001) (Figure 1e). Similarly, IgG (RBD, S)
titres measured by the in-house ELISA positivity
correlated with IgM and IgA with matched
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Figure 1. Antibody signatures in COVID-19 patients determined by commercial and in-house ELISAs. (a) Antibody levels against SARS-CoV-2

proteins for IgM (RBD), IgG (S and N) and IgA (S) in acute (n = 7) and convalescent (n = 14) COVID-19 donors and non-exposed healthy

individuals (n = 25) were measured by commercial ELISA. Grey dotted lines indicate borderline antibody levels as determined by the

manufacturer. (b) Kinetics of antibody levels determined by commercial ELISA from days post-symptom onset for IgM, IgG and IgA. (c) In-house

ELISA end-point titres of SARS-CoV-2 RBD and S antibodies where the dotted line indicates the seroconversion cut-off. (d) Kinetics of antibody

levels determined by in-house ELISA from days post-symptom onset for IgM, IgG and IgA. (e) Correlation between commercial ELISA antibody

isotopes and specificities (n = 59 samples per isotype). (f) Correlation between IgG and IgM/IgA for RBD (n = 58 samples) and S (n = 49 samples)

specificities as measured by in-house ELISA. (g) Correlation between matched isotype and specificities for commercial and in-house ELISAs

(n = 34 samples). (h) Correlation matrix of commercial and in-house ELISA antibody levels in all acute and convalescent COVID-19 samples.

Spearman’s ranked correlation coefficients (rs) are depicted for each paired correlation, with positive correlations shown in shades of blue and

negative correlations in shades of red. (a, c) Median is shown, and statistical significance was determined by a Kruskal–Wallis multiple

comparisons test. (b, d) LOESS regression lines with 95% confidence intervals shaded in grey are shown. (e–g) Spearman’s correlation

coefficients and P-values shown.
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Figure 2. ACE2-RBD binding inhibition correlates with MNT, IgG and IgA titres. (a) Percentage inhibition of ACE2 and RBD binding by

neutralising antibodies in acute (n = 12) and convalescent (n = 22) COVID-19 samples and non-exposed healthy individuals (n = 25). (b) MNT

titres are shown in a subset of donors (12 acute, 15 convalescent and 12 non-exposed healthy serum samples) as previously described 6. (a, b)

Medians are shown, and statistical significance was determined by a Kruskal–Wallis multiple comparisons test (left panels). Kinetics of neutralising

antibodies from days post-symptom onset (right panels). LOESS regression lines with 95% confidence intervals shaded in grey are shown. (c, d)

Correlation between sVNT percentage inhibition and (c) MNTs (titre log2), and (d, top) commercial (n = 59 samples per isotype) and (d, bottom)

in-house (n = 49 samples per isotype) ELISA for S-specific IgG and IgA antibody levels. Spearman’s correlation coefficients and P-values shown.

(e) Isotype and neutralisation profiles for RBD and Spike-specific IgM, IgG and IgA at acute and convalescent timepoints, measured by sVNT and

(i) commercial and (ii, iii) in-house ELISAs. (f) Correlation between commercial and in-house IgM (RBD) and IgG (S) ELISAs with sVNT and MNT

divided into acute and convalescent phases. Spearman’s correlation coefficients and P-values for each phase are shown.
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antigen specificities (P < 0.0001) (Figure 1f). To
confirm that the antibody levels determined via
the two different ELISA methodologies were
comparable, we analysed paired antigen
specificities and found strong positive correlations
across all three isotypes (rs = 0.7525–0.9636,
P < 0.0001) (Figure 1g). We also generated a
correlation matrix across the 10 parameters
derived from the commercial and in-house ELISAs,
revealing positive correlations between all factors.
The weakest correlates (rs < 0.7) were between
the in-house IgM-RBD versus the commercial IgA-
S, IgG-N, IgG-S and in-house IgA-S, IgG-S and IgA-
S, whereas the strongest correlates were between
commercial IgG-S versus in-house IgG-S (rs = 0.96)
and in-house IgG-RBD (rs = 0.95) (Figure 1h).

ACE2-RBD binding inhibition correlates with
IgG titres

The rapid surrogate neutralising assay measures
neutralising activity of SARS-CoV-2-specific
antibodies in COVID-19 patients at a lower
biosafety level (BSL 2). The sVNT used in this study
was based on antibody-mediated blockade of the
interaction between the ACE2 receptor protein
and RBD,15 and unlike the conventional MNT,
does not require infectious virus, cells or a BSL 3
laboratory. The sVNT detected neutralising
antibodies in all COVID-19-infected individuals
except one by convalescence (despite a positive
PCR test, this individual was also negative by sVNT
and MNT). Both acute and convalescent COVID-19
groups displayed significantly higher ACE2-RBD
inhibition than healthy non-exposed individuals
(P = 0.0007 and P < 0.0001, respectively)
(Figure 2a). Although we observed a decrease in
neutralising antibody titres over time, neutralising
activity was maintained into convalescence, with
detectable neutralising antibodies found in 3 out
of 5 donors at ~180 days post-symptom onset,
with the remaining two donors displaying
borderline inhibition (21% and 22.9%).

Since the sVNT has been developed relatively
recently, we next asked how the ACE2-RBD
inhibition detected by sVNT compared to classical
MNT titres, as detected on a subset of donors
described previously.6 Indeed, very similar patterns
of neutralisation were observed with the MNT
compared to the sVNT, with MNT antibodies
detected at significantly higher levels in acute
(P = 0.0121) and convalescent (P = 0.0001) COVID-
19 donors when compared to healthy non-

exposed individuals (Figure 2b). Antibody
neutralisation activity strongly correlated between
the two tests (rs = 0.9076; P < 0.0001) (Figure 2c).
Importantly, results obtained using the RBD in-
house ELISA also correlated with the classical
MNT, as shown previously.6

Having shown that the frequency of ACE2-RBD
inhibition measured by the sVNT is comparable to
the neutralisation activity determined by MNT, we
tested whether the ACE2-RBD inhibition
correlated with the ELISA antibody levels. We
observed the frequency of ACE2-RBD inhibition
strongly correlated with the S-specific IgG and IgA
titres measured by both commercial (IgG (S)
rs = 0.8920 P < 0.0001, IgA (S) rs = 0.8138
P < 0.0001) and in-house ELISAs (IgG (S)
rs = 0.8981 P < 0.0001, IgA (S) rs = 0.8572
P < 0.0001) (Figure 2d). Analysis of antibody titres
and ACE2-RBD inhibition revealed that the
proportion of COVID-19 samples with
undetectable IgM-RBD, IgG-S and IgA-S antibodies
(measured in the commercial ELISA) and low
neutralising activity (below 18%) decreased from
25% at the acute phase of infection to 4.5%
during convalescence (Figure 2ei). Using the in-
house ELISA, this trend in antibody responses
(against the same antigens used in the commercial
ELISAs) and neutralisation activity was also
observed, decreasing from 25% at the acute
phase to 0% at convalescence as all the recovered
individuals had at least one positive isotype
response (Figure 2eii). This suggests that a
combined detection of IgM, IgG and IgA S or
RBD-specific antibody isotypes via the in-house
ELISA might be more sensitive and/or has a lower
threshold of detection than the commercial ELISA.
Interestingly, when antibody levels were
measured by commercial ELISA, more than half
(59%) of the convalescent donors were positive
for all antibody isotypes (IgG-S, IgM-RBD and IgA-
S) and ACE2-RBD inhibition (Figure 2ei). In
contrast, when titres were measured by in-house
ELISA, a majority of the participants were positive
for neutralisation activity featuring either all
isotypes (IgG-S, IgM-RBD and IgA-S) (36%) or only
IgA-S and IgG-S (50%) (Figure 2eii), indicating
potentially a lower sensitivity for IgM in the in-
house assay. However, when only RBD-specificity
was considered, unresponsive frequencies were
higher at the acute phase (33%). Moreover, half
(50%) of convalescent donors exhibiting
neutralising activity had only antibodies with IgG
isotype (Figure 2eiii), indicating that a proportion
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Figure 3. IgG antibody avidity increases at convalescence. (a) Representative avidity analysis for IgM RBD-specific antibodies. Plasma was diluted

across antigen-coated wells before treatment in the presence (red) or absence (blue) of 6 M Urea. Shown is the percentage of antibody bound at

each dilution relative to the amount detected at the lowest dilution (1:31.6) in the absence of urea (100%). (b) Longitudinal antibody avidity

levels of acute (n = 7) and convalescent (n = 13) COVID-19 patient samples for RBD-specific IgM. The avidity index reflects the percentage of

antibody remaining by comparing the AUC of each antibody titration curve with or without urea treatment. (c) Avidity analysis for IgM RBD-

specific antibodies in paired samples (left panel). Correlation between in-house IgM (RBD) ELISA titres and IgM avidity scores (right panel). (d)

Representative avidity analysis for IgG RBD-specific antibodies. (e) Longitudinal antibody avidity levels of acute (n = 7) and convalescent (n = 13)

COVID-19 patient samples for RBD-specific IgG. (f) Avidity analysis for IgG RBD-specific antibodies in paired samples (left panel). Correlation

between IgG (RBD) ELISA titres and IgG avidity scores (right panel). (c, f, left panels) First and last samples were collected between 4 and

141 days apart. Statistical significance was assessed by the Wilcoxon matched-pairs signed rank test, n = 12. (c, f, right panels) Spearman’s

correlation coefficients and P-values are shown.
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Figure 4. Multiplex analysis of COVID-19 patients. Median fluorescence intensity of selected Ig isotypes, FcR and C1q against (a) S trimer, (b)

RBD and (c) N protein within acute (n = 6), convalescent (n = 4) and non-exposed healthy (n = 22) plasma samples. (d) Correlation heatmap of

MFI’s measured across all 14 detectors (IgM, IgG, IgG1, IgG2, IgG3, IgG4, IgA1, IgA2, FccRIIaH, FccRIIaR, FccRIIIaV, FccRIIIaF, FccRIIb and C1q)

against the 5 SARS-CoV-2 antigens (trimeric S, S1, S2, RBD and N). Only significant correlations (FDR corrected P < 0.05) are shown. (e)

Correlations of sVNT percentage inhibition (n = 33 COVID-19 positive and healthy samples) or MNT (n = 20 samples) between S- or RBD-specific

FccRIIaH, FccRIIIaV, or C1q MFI are shown. Spearman’s correlation coefficients and P-values are shown.
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of antibody responses observed in the commercial
(Figure 2ei) and in-house ELISA (Figure 2eii)
against the S protein are directed to non-RBD
regions of the protein.

Given that IgM can mediate a significant
proportion of the early neutralisation activity,27

we correlated commercial and in-house ELISA IgM
and IgG antibody levels with neutralisation

Figure 5. Contribution of cellular factors to antibody-mediated immunity. (a, b) Absolute numbers and longitudinal kinetics of (a) ASCs and (b)

cTfh1 cells have previously been described.6 Correlations of cellular subsets between commercial and in-house IgG-S, in-house IgG-RBD and sVNT

% inhibition are shown in the right panels. (c) Heatmap of neutralisation (MNT, sVNT), antibody levels (in-house and commercial ELISA), antibody

avidity, ASC and cTfh1 cells and multiplex analyses of acute (n = up to 11), convalescent (n = up to 16) and non-exposed healthy (n = up to 6).

Each row represents a different sample with their matched measurements (where available) in each column.
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measured by sVNT and MNT. We observed that
the IgM levels at acute timepoints correlated
more strongly with neutralisation activity
(commercial IgM with MNT rs = 0.8915 P = 0.0003,
sVNT rs = 0.9807 P < 0.0001; in-house IgM with
MNT rs = 0.8536 P = 0.0009, sVNT rs = 0.9021
P = 0.0002) than IgM levels at convalescence
(commercial IgM with MNT rs = 0.5246 P = 0.0469,
sVNT rs = 0.7568 P < 0.0001; in-house IgM with
MNT rs = 0.5443 P = 0.0382, sVNT rs = 0.6612
P = 0.0008) (Figure 2f). In comparison, the strong
correlations between IgG levels and neutralisation
activity were maintained across both acute and
convalescent phases (acute rs = 0.7987–0.9002;
convalescence rs = 0.7234–0.9562). These
correlations are thus in line with the view that
both IgM and IgG contribute to protection during
the acute phase; however, IgG responses may
have a greater contribution to the overall
neutralisation activity over time.

Avidity of IgG antibodies increases at
convalescence

Data obtained using the sVNT and the commercial
and in-house ELISA assays, as well as our previous
MNT data,6 clearly demonstrated that the
majority of COVID-19 patients had robust
antibody titres and neutralising activity, but
provided little information on how these
parameters were related to the qualitative
features of humoral immunity. Since antibody
neutralisation quality and potency is often
correlated with antibody avidity, a urea
dissociation assay (Figure 3a and d, representative
donors) was used to determine the proportion of
antigen-bound IgM and IgG antibody remaining
after 6 M urea treatment (expressed as an avidity
index).6,14 The avidity of IgM was greater than
50% at all timepoints for all COVID-19 donors
tested (Figure 3b). In paired COVID-19 plasma
samples (n = 12) obtained 4 to 141 days apart
(median 40.5 days between first and last visits),
we found a significant increase (P = 0.023) in IgM
avidity on the second visit (Figure 3c), with avidity
from day 40 post-symptom onset apparently
maintained to at least day ~188 (Figure 3b). IgM
avidity also correlated with the IgM titres from in-
house ELISAs (rs = 0.8158, P < 0.0001) (Figure 3c),
an indication of the presence of IgM at high
levels after initial pathogen exposure and its
pentameric conformation providing antigen
binding strength.

In contrast, RBD-specific IgG antibodies in
COVID-19 donors (n = 12) exhibited lower avidity
than IgM at the first visit during the acute phase
of disease, which then increased during
convalescence (Figure 3e). Paired analysis of IgG
avidity during first and last visits, however,
showed a more significant increase by the second
visit (P = 0.009) compared to the IgM (Figure 3f).
The fact that IgG avidity did not correlate as
strongly with the IgG titre (rs = 0.6085, P = 0.0004)
indicates that despite high initial titres, IgG
responses require time to undergo somatic
hypermutation to acquire stronger avidity, or
alternatively that the IgG titre and avidity are less
interconnected than their IgM counterparts.

Coronavirus multiplex array reveals a range
of key antibody features beyond
neutralisation

Apart from neutralisation activity exerted by a
variety of antibody isotypes, antibodies also have
the capacity to engage Fc Receptors (FcRs) or
complement as a mechanism to mediate Fc
effector functions; they are not limited to
targeting the RBD. The coronavirus multiplex
array that has previously been applied to systems
serology studies,14 allows detection of a broad
range of antibody levels directed against a range
of antigen specificities (including trimeric S, spike
1 (S1) and 2 (S2), RBD, N and antigens from
seasonal coronaviruses to test cross-reactivity),14

isotypes (IgG, IgA, IgM) and subclasses (IgG1,
IgG2, IgG3, IgG4, IgA1, IgA2), along with
functions like C1q [a predictor of classical
Antibody-Dependent Complement Activation
(ADCA)] and soluble dimer engagement via FcRs
(FccRIIa, FccRIIb and FccRIIIa), which have
previously been shown to correlate with a range
of effector functions.28

A subset of donor samples was examined using
the multiplex approach (COVID-19 donors n = 9,
non-exposed healthy individuals n = 22) across
five SARS-CoV-2 antigens (trimeric S, S1, S2, RBD
and N) and 14 detectors (IgM, IgG, IgG1, IgG2,
IgG3, IgG4, IgA1, IgA2, FccRIIaH, FccRIIaR,
FccRIIIaV, FccRIIIaF, FccRIIb and C1q), as previously
described.14 Significantly higher levels of S-specific
IgM (P = 0.0056), IgG (P = 0.0037), IgG1
(P = 0.013), IgG2 (P = 0.017), IgG3 (P = 0.002),
IgA1 (P = 0.0026) and IgA2 P = 0.002) antibodies
were detected in convalescent COVID-19 donors
compared to healthy controls, whereas only IgM
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(P < 0.0001), IgG2 (P = 0.0076), IgG3 (P = 0.01),
IgA1 (P = 0.015) and IgA2 (P = 0.0317) showed
significantly higher levels in acute donors
(Figure 4a and Supplementary figure 1a).
Significant differences between convalescent
COVID-19 donors and healthy individuals were
maintained when only the RBD-specific antibody
response was considered for all antibody isotypes
apart from IgM and IgG2, with significantly
higher antibodies in acute donors observed only
for IgG (P = 0.0225) and IgA1 (P = 0.0292)
(Figure 4b). In comparison, significant differences
in N-specific antibodies were limited to
convalescent IgG (P = 0.0212), IgG1 (P = 0.0109)
and IgG3 (convalescent P = 0.0162 and acute
P = 0.0266) (Figure 4c). When FcRs and C1q were
examined across antigen specificities, similar to
the antibody isotypes, the acute and convalescent
COVID-19 donors had significantly higher levels
than non-exposed individuals for S, S1 and RBD,
but less so for N and S2 (Figure 4a–c and
Supplementary figure 1b). The increased binding
to high avidity FccRIIaH131 and FccRIIIaV158
soluble dimers for the S and RBD-specific
antibodies may suggest that, in addition to the
potential neutralising activity, antibody-mediated
activity such as antibody-dependent cellular
cytotoxicity (ADCC) and antibody-dependent
cellular phagocytosis (ADCP) could potentially
contribute to viral clearance.14 Furthermore, we
observed a trend towards increasing FcR and C1q
engagement over time, suggesting that the Fc
function is being regulated or modulated in
COVID-19 donors during and possibly even after
infection. Significant binding to C1q in acute (S
P = 0.0112, S1 P = 0.0013, S2 P = 0.0002, RBD
P < 0.0001, N P = 0.0008) and convalescent (S
P < 0.0001, S1 P < 0.0001, S2 P = 0.0124, RBD
P = 0.0033) COVID-19 donors compared to non-
exposed healthy individuals also indicates that
viral infection induces antibodies that could clear
the virus infected cells via ADCA. Overall, the
multiplex data positively correlated with each
other, with the strongest correlations observed for
IgG, IgG1, FcR and C1q detectors against S, S1 and
RBD antigens (Figure 4d). In context with the
neutralising data, the high avidity FcR and C1q
detectors against S and RBD were found to
positively correlate with neutralising activity
determined by both sVNT and MNT, with the S-
specific antibodies generally displaying a stronger
correlation than the RBD antibodies (Figure 4e),
indicating a potential contribution of neutralising

antibody directed against epitopes outside the
RBD.

Acute cTfh-type 1 numbers are indicative of
antibody-mediated immunity

We and others have recently shown that SARS-
CoV-2 antibody responses correlate with the rise
in ASCs and cTfh-type 1 (cTfh1) responses in
COVID-19 patients.2,6,12,29 In our previous study,6

CD38hiCD27hi ASCs peaked rapidly and transiently
post infection, with the number of ASCs in a
subset of acute COVID-19 donors included in this
comparative study (n = 15) also being significantly
higher than convalescent COVID-19 donors
(P = 0.001) and non-exposed healthy individuals
P = 0.0084) (Figure 5a). In contrast, total activated
PD1+ICOS+ CXCR3+CXCR5+CD4+ cTfh1 cells peaked
later post-symptom onset,6 with significantly
higher levels in acute COVID-19 donors compared
to healthy individuals (P = 0.0083) included in this
study (Figure 5b). The early and temporary
increase in ASC did not correlate with antibody
levels measured by commercial or in-house ELISA
(IgG-S/RBD) or sVNT. However, the number of
cTfh1 cells correlated positively with levels of S
and RBD-specific IgG antibodies measured by both
the commercial and in-house ELISA, as well as
ACE2-RBD inhibition by sVNT.

To provide insights into SARS-CoV-2 humoral
immunity across the distinct serological assays, we
collated a heatmap of neutralisation (MNT, sVNT),
antibody levels (in-house and commercial ELISA),
antibody avidity, ASC and cTfh1 cells and
multiplex analyses from a subset of patients
(acute n = 11, convalescent n = 15) and non-
exposed healthy individuals (n = 6). When we
ranked the COVID-19 patients according to their
MNT neutralising titres, COVID-19 patients with
the highest neutralising titres also had a high
frequency of ACE2-RBD inhibition detected by
sVNT. Interestingly, patients with high
neutralising activity also had high levels of all
antibody isotypes, specificities, avidity, as well as
cTfh1 cells (Figure 5c), suggesting a broad range
of antibodies likely leads to improved virus
neutralisation. This was particularly true for
donors with high IgG antibodies levels against S
and RBD (as RBD is captured within the S-specific
response) also having high sVNT and MNT,
suggesting a pivotal role for IgG in neutralisation,
although higher levels of neutralising IgA could
be expected in the mucosa.17 While the multiplex

2021 | Vol. 10 | e1258

Page 12

ª 2021 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology, Inc.

Correlates across SARS-CoV-2 serology assays LC Rowntree et al.



assay lacked donors with very strong MNT and
sVNT scores, S-specific antibody levels based on
MFI decreased with lower neutralisation activity,
particularly for IgG and IgA. Finally, an extended
correlation heatmap of ASC, cTfh1 and antibody
responses across the six different serology assays
evaluated in this study displayed mostly positive
correlations, with 2277 positive correlations from
a total of 2279 significant correlations
(Supplementary figure 2). The exception was IgG
avidity with IgG1-S and IgG2-S MFI, as determined
by multiplex analyses, which may be due to
limited convalescent sampling in this assay (n = 4),
rather than biological effects as we showed that
IgG avidity increases at the later timepoints.
Although positive correlations were observed
earlier between the FcR and C1q MFIs (S and RBD)
with the sVNT and MNT (Figure 4e), these
correlations were not significant for MNT after
correcting for multiple comparisons in the
extended heatmap (Supplementary figure 2).
However, clusters of very strong positive
correlations were observed as expected between
(1) the ELISAs, both in-house and commercial, (2)
the ELISAs to the multiplex FcR detectors, (3)
multiplex IgG with FcR and (4) within the
different the FcR detectors. Therefore, our
comparative analysis showed that antibody levels
obtained from the above six assays were highly
correlated with each other, and with the cTfh1
response.

DISCUSSION

The COVID-19 pandemic is expected to gradually
transition to a new phase as vaccines become
available that will lead to a rapid increase in
protective immune responses within the
population. Such increased immunity at the
population level can exert immune pressure on
the virus and induce escape mutations, which
could coincide with lower viral fitness. It is likely
that the virus will shift from being a pandemic
strain to a seasonally circulating strain, which like
other seasonal coronaviruses, will cause repetitive
and (hopefully) mild infections,30 as observed for
pandemic influenza virus strains, including the
deadly 1918 influenza pandemic strain.31

Introduction of viral variants, which could
potentially evade protective immune responses is
also a possibility, as happens frequently with
influenza viruses.32,33 Thus, there is a need and an
increasing demand for rapid reliable serological

testing to identify individuals with protective
immunity induced by infection or vaccination.
Furthermore, from a scientific standpoint, these
assays will be useful to monitor the longevity of
humoral immunity, especially in high-risk groups,
in order to re-vaccinate before protective immune
responses wane.34 Serological testing can also be
used to assess whether previously induced SARS-
CoV-2 specific antibodies recognise viral variants
that have mutated within known neutralising
antibody binding sites. Virus neutralisation assays,
including the MNT, are considered the gold
standard to detect protective antibody responses.
However, this assay may not be suitable for every
situation and/or laboratory. The MNT needs to be
performed under BSL 3 containment, requires
highly qualified personnel, needs a relatively large
volume of serum, is labour intensive and does not
provide information on antibody isotypes or
potential protective features beyond virus
neutralisation. Another technical limitation is that
the current MNT assay is a biological assay, so all
samples need to be performed in the same assay
for direct comparison. To circumvent these
limitations, several alternative assays have been
developed (Table 1). However, knowledge on how
distinct serology assays correlate with each other
and understanding how they relate to the
classical MNT readout is limited. In addition, it will
be of increasing importance to compare data
generated by different laboratories using
different serological assays. Our comprehensive
analyses provided important insights into SARS-
CoV-2 humoral immunity across distinct serology
assays, which will enable scientists to select the
best assay to answer their research questions.

We demonstrated that all evaluated serological
assays strongly correlated with the classical MNT
and with each other. Furthermore, all assays had
the capability to detect the longevity of antibody
responses over time. The decision to choose one
of the six assays studied here will therefore
greatly depend on alternative factors such as
biosafety level, labour (hands-on and total
duration of the assay), costs, approval by
Therapeutic Goods Administration (TGA; Australia)
or Food and Drug Administration (FDA; USA) for
diagnostic use, the type of readout and level of
expertise (Table 1), and the research question at
hand. Access to BSL 3 containment for the MNT,
or the high level of expertise and relatively high
costs of the multiplex assay means that these
assays may not be suitable for most laboratories,
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and that the other antibody assays such as the in-
house and/or commercial ELISAs are likely to be
sufficient if the research aim is to detect
protective antibody responses.

However, to understand whether SARS-CoV-2
vaccines can induce similar or even stronger/
broader protective immune responses than
natural infection, additional serological features
beyond virus neutralisation need to be studied.
These include class-switching, antibody
maturation, recognition of (non-)neutralising
epitopes and/or their ability to engage FcRs or
complement, both contributing to protection
from severe viral infections via ADCC, ADCP and
ADCA.35–39 When it comes to class-switching,
either one of the commercial or in-house ELISAs
evaluated herein can be used, as the isotype
data of all three assays strongly correlated with
each other. However, compared to the
commercial ELISAs, the in-house ELISA might be
slightly more sensitive for the detection of IgG
and IgA, but slightly less sensitive for IgM.
Furthermore, the Euroimmun ELISAs have the
additional advantage of not only detecting spike
or RBD-specific antibodies but also those directed
against the nucleocapsid protein. Detection of
nucleocapsid-specific antibodies could potentially
help differentiate vaccinated individuals (S-based
vaccines such as those manufactured by Pfizer,
Moderna or AstraZeneca) from naturally infected
individuals (who would theoretically have both S
and N-specific antibodies). Affinity maturation,
for which antibody avidity could be used as a
surrogate measure, could best be studied using
the chaotropic-based dissociation assay for both
IgG and IgM. However, given that IgA RBD titres
were often lower than IgM and IgG, this
affected the detection range of the assay,
limiting its ability to measure accurate
differences in antibody binding following urea
treatment. Interestingly, when we correlated IgG
titres with the IgG avidity data, we showed that,
during the course of the immune response, the
initial increase in IgG titres was followed by
enhanced avidity, which indicates that despite
initial high titres, time is needed to acquire
strong avidity.

Although multiplex analysis allows one to study
isotype switching, the strength lies in its ability to
simultaneously study antibody responses at the
subclass level to a broad range of viral epitopes,
and additionally provide an in-depth
understanding of their ability to engage FcRs or

complement. Here, we enlisted 14 detectors
against 5 antigens, which totalled to measuring
70 different antibody features in a single assay
but could easily be further expanded, as described
previously.14 This makes the multiplex analysis of
great interest for an in-depth systems serology
comparison of antibody responses induced by
natural infection or vaccination. However, this
assay is technically challenging, and requires
specialised equipment and bioinformatic expertise
to grasp the complexity of the large data sets,
which makes the assay less suitable for most
laboratories.

Germinal centre derived ASCs and Tfh1 cells
play an important role in the induction and
maintenance of antibody responses. However,
since germinal centres are largely inaccessible for
most immune and vaccination studies, we and
others2,6,12,29,40 correlated our serological findings
with previously acquired circulating cellular
immune responses. We observed an increase of
ASCs early during the acute phase of infection,
potentially driving the initial increase in SARS-
CoV-2 specific antibodies; however, long-lived
plasma cells rather than ASCs likely support the
production of long-term serological memory. This
response was followed by an increase in cTfh1
numbers in the late acute phase. Interestingly,
only acute cTfh1 cell numbers, but not ASCs,
correlated with spike and RBD-specific IgG
antibodies measured by ELISAs and ACE2-RBD
inhibition. These results are in agreement with
our recent findings that acute cTfh1 cells correlate
with and predict antibody titres, especially
towards spike, in convalescence as measured by
in-house ELISA.6 These data may suggest a role
for cTfh1 cells in the establishment, class-
switching and longevity of humoral immunity in
SARS-CoV-2 infection. The caveat there is that
only ASC and cTfh1 cells measured in the acute
phase can be used as an indicator for humoral
immunity, since this is the only timepoint where
they can be accurately detected in peripheral
blood.

Overall, the scientific community is well
equipped with a broad range of serological assays
to answer a variety of biologically relevant
questions on SARS-CoV-2-specific antibody
responses that will arise over the coming months
and years. Our study establishes that strong
correlations exist between different assays despite
the fact that the assays are designed to detect
distinct antibody features, thus allowing
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laboratories with different technologies to
compare their findings to a certain extent.

METHODS

Study participants and ethics statement

Our study enrolled 15 SARS-CoV-2 PCR-positive participants,
seven of whom were hospitalised acute patients and eight
of whom were sampled at the convalescent phase 38–
188 days post-symptom onset (Supplementary table 1). We
included 27 pre-pandemic individuals as healthy non-
exposed controls. Experiments conformed to the
Declaration of Helsinki Principles and the Australian
National Health and Medical Research Council Code of
Practice. Written informed consents were obtained from all
blood donors prior to the study. The study was approved by
the University of Melbourne (#2056761, #1955465,
#1442952, #1443389), the Alfred Hospital (#280/14) and
James Cook University (H7886) Human Research Ethics
Committees.

Commercial enzyme-linked immunosorbent
assays (ELISAs)

ELISA testing was performed according to manufacturers’
‘Instructions For Use’ (IFU), with results reported semi-
quantitatively as either a signal/cut-off ratio (for
Euroimmun and Wantai assays) or percentage inhibition
(for surrogate virus neutralisation assay).

Euroimmun anti-SARS-CoV-2 S IgG, S IgA and N IgG
(Euroimmun Medizinische Labordiagnostika, Lubeck,
Germany); indirect ELISAs for detection of IgG or IgA
against SARS-CoV-2 antigens. Microtitre plate wells were
coated with either (1) S1-domain or (2) modified N protein.
SARS-CoV-2-binding antibodies were detected using
enzyme-labelled anti-human-IgG or anti-human-IgA
conjugates and a colourimetric substrate. The results were
read spectrophotometrically.

Wantai IgM (Beijing Wantai Biological Pharmacy
Enterprise, Beijing China); Wantai SARS-CoV-2 IgM is a
capture ELISA for detection of IgM-class antibodies to SARS-
CoV-2 virus. Anti-µ chain antibodies on the microtitre plate
captured any patient IgM-class antibodies, and detection
was achieved by recombinant SARS-CoV-2-antigen-
horseradish peroxidase (HRP) conjugate followed by a
colourimetric substrate. The results were read
spectrophotometrically.

SARS-CoV-2 surrogate virus neutralisation
test (sVNT)

Manufactured by GenScript (NJ, USA), the sVNT is a
blocking ELISA which mimics the virus neutralisation
process, detecting circulating neutralising SARS-CoV-2
antibodies that block the interaction between RBD and
ACE2 on the cell surface receptor of the host. The test is
species and isotype independent. HRP-conjugated
recombinant SARS-CoV-2 RBD fragment bound to any
circulating neutralising antibodies to RBD preventing

capture by the human ACE2 protein in the well, which was
subsequently removed in the following wash step.
Substrate reaction incubation time was determined by
temperature. The IFU reported that the ideal reaction
temperature and time were 25°C for 15 min but that for
temperatures lower than 25°C, the time could be extended.
Since our control values did not meet the assay validity
criteria at 15 min, but fell within the acceptable ranges at
20 min, we used, a 20-min substrate incubation time and
results were read spectrophotometrically. Colour intensity
was inversely dependent on the titre of anti-SARS-CoV-2
neutralising antibodies.

RBD and Spike protein in-house enzyme-
linked immunosorbent assays (ELISAs)

RBD- and S-specific ELISAs for detection of IgM, IgG and
IgA antibodies were performed as described,6,11,41 with
some modifications: Nunc MaxiSorp flat bottom 96-well
plates (Thermo Fisher Scientific, Carlsbad, CA, USA) were
used for antigen coating, blocking with PBS (containing w/
v 1% BSA) and serial dilutions performed in PBS
(containing v/v 0.05% Tween and w/v 0.5% BSA). For
detection of IgG and IgA, peroxidase-conjugated goat
anti-human IgG (Fcc fragment specific; Jackson
ImmunoResearch, West Grove, PA, USA) or alkaline
phosphate-conjugated rat anti-human IgA (mAb MT20;
MabTech, Stockholm, Sweden) was used and developed
with TMB (Sigma-Aldrich, St Louis, MO, USA) substrate for
IgG or pNPP (Sigma-Aldrich) for IgA. For IgM, biotinylated
mAb MT22 and peroxidase-conjugated streptavidin (Pierce;
Thermo Fisher Scientific) was used in conjunction with
TMB. Peroxidase reactions were stopped using 1 M H3PO4

and plates read on a Multiskan plate reader (Labsystems,
Vantaa, Finland). Inter- and intra-experimental
measurements were normalised using a positive control
plasma from a COVID-19 patient (#1-073) run on each
plate. End-point titres were determined by interpolation
from a sigmodial curve fit (all R-squared values > 0.95;
GraphPad Prism 8, San Diego, CA, USA) as the reciprocal
dilution of plasma that produced ≥ 15% (for IgA and IgG)
or ≥ 30% (for IgM) absorbance of the positive control at a
1:31.6 (IgG and IgM) or 1:10 dilution (IgA). Seroconversion
was defined when titres were above the mean titres plus
2 standard deviations of healthy non-COVID-19 donors (24
for RBD and 15 for Spike).

Antibody avidity assay

The avidity of RBD-specific IgG and IgM antibodies in
plasma samples was measured using urea as the chaotropic
agent. Plasma was titrated in half-log dilutions (1:31.6 to
1:1000) onto antigen-coated wells and incubated for 2 h.
Wells were washed and 6 M urea added and incubated for
a further 15 min at room temperature. Bound antibodies
were then detected using the respective secondary
detection reagents as described above in the in-house
ELISAs. The amount (in percentage) of antibody remaining
was determined by comparing the total area of the
antibody titration curve (across 4 dilutions) in the presence
and absence of urea treatment and is expressed as the
avidity index.
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Microneutralisation assay (MNTs)

Microneutralisation activity of serum samples was previously
described.6 Briefly, SARS-CoV-2 isolate CoV/Australia/VIC01/
20203 was propagated in Vero cells and stored at �80°C.
Sera were heat-inactivated at 56°C for 30 min. Samples
were serially diluted in two-fold dilutions starting at 1:20
and 100 TCID50 of SARS-CoV-2 in MEM/0.5% BSA were
added and incubated at room temperature for 1 h. Residual
virus infectivity in the serum/virus mixtures was assessed in
quadruplicate wells of Vero cells incubated in serum-free
media containing 1 lg mL�1 of TPCK trypsin at 37°C and
5% CO2; viral cytopathic effect was read on day 5. The
neutralising antibody titre was calculated using the Reed–
Muench method, as previously described.12

Coronavirus multiplex

A coronavirus multiplex array was previously described.14

Briefly, SARS-CoV-2 antigens were covalently coupled to
magnetic carboxylated beads using a two-step carbodiimide
reaction. Antigen-coupled beads were pooled and
combined with diluted plasma overnight before washing
and staining with detectors (PE-conjugated anti-human
IgM, IgG, IgA (and their respective subclasses) antibodies or
soluble dimeric FcR or C1q protein followed by streptavidin
PE conjugate). Plates were washed and read by the FlexMap
3D, with the binding of the PE detectors measured to
calculate the median fluorescence intensity (MFI).

ASCs and cTfh1 analysis

Absolute numbers of ASCs and activated cTfh1 cells have
been previously described.6 Briefly, whole blood was freshly
stained with antibody cocktails, RBC lysed then fixed with
1% PFA before acquiring on a LSRII Fortessa (BD
Biosciences, San Jose, CA, USA) and analysed using FlowJo
v10 software (FlowJo, Ashland, OR, USA).
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Carbamazepine Induces Focused
T Cell Responses in Resolved
Stevens-Johnson Syndrome
and Toxic Epidermal Necrolysis
Cases But Does Not Perturb
the Immunopeptidome for
T Cell Recognition
Nicole A. Mifsud1†, Patricia T. Illing1†, Jeffrey W. Lai1, Heidi Fettke1, Luca Hensen2,
Ziyi Huang1, Jamie Rossjohn1,3,4, Julian P. Vivian1,3, Patrick Kwan5,6,7

and Anthony W. Purcell 1*

1 Infection and Immunity Program, Department of Biochemistry and Molecular Biology, Biomedicine Discovery Institute, Monash
University, Clayton, VIC, Australia, 2 Department of Microbiology and Immunology, Peter Doherty Institute for Infection and
Immunity, University of Melbourne, Parkville, VIC, Australia, 3 Australian Research Council Centre of Excellence for Advanced
Molecular Imaging, Monash University, Clayton, VIC, Australia, 4 Institute of Infection and Immunity, Cardiff University School of
Medicine, Cardiff, United Kingdom, 5 Department of Neuroscience, Central Clinical School, Alfred Hospital, Monash University,
Melbourne, VIC, Australia, 6 Departments of Medicine and Neurology, Royal Melbourne Hospital, University of Melbourne,
Parkville, VIC, Australia, 7 Department of Medicine and Therapeutics, Prince of Wales Hospital, Chinese University of Hong Kong,
Hong Kong, Hong Kong

Antiseizure medications (ASMs) are frequently implicated in T cell-mediated drug
hypersensitivity reactions and cause skin tropic pathologies that range in severity from
mild rashes to life-threatening systemic syndromes. During the acute stages of the more
severe manifestations of these reactions, drug responsive proinflammatory CD8+ T cells
display classical features of Th1 cytokine production (e.g. IFNg) and cytolysis (e.g. granzyme
B, perforin). These T cells may be found locally at the site of pathology (e.g. blister cells/fluid),
as well as systemically (e.g. blood, organs). What is less understood are the long-lived
immunological effects of the memory T cell pool following T cell-mediated drug
hypersensitivity reactions. In this study, we examine the ASM carbamazepine (CBZ) and
the CBZ-reactive memory T cell pool in patients who have a history of either Stevens-
Johnson syndrome (SJS) or toxic epidermal necrolysis (TEN) from 3-to-20 years following
their initial adverse reaction. We show that in vitro drug restimulation of CBZ-reactive CD8+ T
cells results in a proinflammatory profile and produces a mainly focused, yet private, T cell
receptor (TCR) usage amongst human leukocyte antigen (HLA)-B*15:02-positive SJS or
TEN patients. Additionally, we show that expression of these CBZ-reactive TCRs in a
reporter cell line, lacking endogenous abTCR, recapitulates the features of TCR activation
reported for ASM-treated T cell lines/clones, providing a useful tool for further functional
validations. Finally, we conduct a comprehensive evaluation of the HLA-B*15:02
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immunopeptidome following ASM (or a metabolite) treatment of a HLA-B*15:02-positive B-
lymphoblastoid cell line (C1R.B*15:02) and minor perturbation of the peptide repertoire.
Collectively, this study shows that the CBZ-reactive T cells characterized require both the
drug and HLA-B*15:02 for activation and that reactivation of memory T cells from blood
results in a focused private TCR profile in patients with resolved disease.

Keywords: T cells, SJS, Stevens-Johnson syndrome, carbamazepine, drug hypersensitivity, immunopeptidomics,
T cell receptor

INTRODUCTION

Antiseizure medications (ASMs) are routinely used to treat
epilepsy and other neuropsychiatric conditions, such as
neuropathic pain and bipolar affective disorder. Commonly
prescribed ASMs, including carbamazepine (CBZ) and
phenytoin (PHT), have been implicated in life-threatening
drug hypersensitivity reactions (DHRs) that predominantly
target the skin (1). These drug reactions typically occur in the
first 2-3 months of drug administration and span a range of
clinical pathologies, including mild rash [e.g. maculopapular
exanthema (MPE)], systemic symptoms [e.g. drug reaction
with eosinophilia and systemic symptoms (DRESS)], as well as
more severe bullous reactions involving rapid development of
blisters and lesions accompanied by skin detachment [e.g.
Stevens-Johnson syndrome (SJS) and toxic epidermal
necrolysis (TEN)] (2–5). Whilst early drug withdrawal can
ameliorate symptoms in milder cases, the more severe
cutaneous reactions require specific clinical treatments and
hospitalization for disease resolution.

ASMs can be segregated into two main groups, aromatic and
non-aromatic compounds. Reports have shown that aromatic
compounds [e.g. CBZ, oxcarbazepine (OXC; a structural
derivative of CBZ), PHT, lamotrigine, phenobarbital] are highly
associated with cutaneous DHRs (1) in individuals of particular
ethnicities driven by their human leukocyte antigen (HLA) genetic
profile. In contrast, the non-aromatic ASMs (e.g. valproic acid,
gabapentin) are considerably less associated with DHRs
[extensively reviewed in (6)]. The greatest risk association
reported for CBZ-induced SJS/TEN is expression of HLA-
B*15:02 in individuals of Han Chinese descent (Odds Ratio 895)
(7), as well as other Asian ethnicities including Thai, Malaysian
and Indian (8–10). Indeed, carriers of the broad HLA-B75
serotype (includes B*15:02, B*15:08, B*15:11, B*15:21) are also
adversely affected by CBZ treatment (8, 10–14). HLA-A allotype
risk associations for HLA-A*31:01, -A*24:02 and -B*57:01 have
also been reported for CBZ-induced SJS/TEN, DRESS and MPE
across different ethnicities (Han Chinese, Korean, European,
Japanese) (13, 15–20), with lower risk associations.

Small molecule drugs, such as ASMs, can promote immune
reactions via T cell activation. ASM-induced T cell activation is
proposed to occur via non-covalent and labile interactions
between the drug, or a metabolite of the parent drug, and the
HLA/peptide complex and T cell receptor (TCR) (21).
Additionally, whilst peptide occupancy of the HLA molecule is
necessary, there is no requirement for de novo peptide/HLA
complex formation (21) and the drug does not markedly alter the
anchor residue preference of HLA-B*15:02 suggesting it is not
binding within the primary anchor pockets during peptide
loading (22). Contesting the latter, a recent report has
suggested that the CBZ metabolite, carbamazepine-10,11-
epoxide (ECBZ), is capable of altering the HLA-B*15:02
immunopeptidome and anchor residue prevalence (23). To
date there is no published structure of the interaction of CBZ
and the peptide/HLA and/or TCR, although diverse in silico
models have been generated ranging from our previous
proposal of occupation of the antigen-binding cleft, to more
surface exposed positions, or, with the additional inclusion
of identified drug-reactive TCRs, the HLA-TCR interface
(21, 22, 24).

In contrast to the antiretroviral drug abacavir, which
drastically alters the immunopeptidome and facilitates a
diverse and polyclonal T cell response (25–27), examination of
CBZ-induced T cells revealed a much more focused TCR usage
associated with SJS/TEN (28). A recent study utilized next
generation sequencing to examine the blister cells of CBZ-
induced SJS/TEN patients identifying a public HLA-B*15:02-
restricted abTCR [complementarity determining region (CDR)3
sequence; TCRa VFDNTDKLI and TCRb ASSLAGELF] that
also recognized structural analogs of CBZ (24). These TCR
signatures contrast with an early report demonstrating the
expansion of VA-22 and VB-11-ISGSY dominant clonotypes
derived from the blister fluid of SJS/TEN patients recruited in
Taiwan expressing HLA-B*15:02 (28). These TCRs were
identified using traditional Sanger sequencing and were
confounded by in vitro T cell co-culture with antigen
presenting cells (APCs), which has been suggested to bias the
outgrown T cell repertoire (29). Another study examining the ex
vivo TCRb repertoire in peripheral blood mononuclear cells
(PBMCs) isolated from CBZ-induced SJS (n=5) or TEN (n=1)
patients showed that diversity was directly linked to disease
severity, with the TEN patient having a significantly decreased
TCRb repertoire compared to SJS patients (30).

What is less understood are the long-lived immunological
features of the CBZ-responsive memory T cell pool in patients

Abbreviations: APC, antigen presenting cell; ASM, antiseizure medication; CBZ,
carbamazepine; DRESS, drug reaction with eosinophilia and systemic symptoms;
DHR, drug hypersensitivity reaction; HLA, human leukocyte antigen; MPE,
maculopapular exanthema; TCR, T cell receptor; PBMC, peripheral blood
mononuclear ce l l ; S JS , S tevens- Johnson syndrome; TEN, tox ic
epidermal necrolysis.
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with resolved disease. Do these patients exhibit similar
immunological profiles to those reported during active disease,
such as effector functions including Th1 cytokine production
(e.g. IFNg) (28) and cytolytic molecules (e.g. granzyme B,
perforin) (31), TCR repertoire clonality, mode of drug
recognition and cross-reactivity towards other ASMs? This
study shows that the in vitro drug expanded TCR repertoire of
resolved CBZ-induced SJS or TEN patients remains relatively
clonal years after acute disease. These T cells respond to HLA-
B15-positive APCs in the presence of CBZ, as well as related
compounds, a finding that is recapitulated by expression of these
cloned TCRs in a reporter cell line. Here, the responses required
the continuous presence of soluble drug and HLA-B15
expression, without the need for de novo generation of the
peptide/HLA complex. No marked drug-induced alteration in
peptide anchor preference of HLA-B*15:02 was induced by any
of CBZ, the metabolite ECBZ, or the structurally related ASM
OXC. Together these data support the presence of a long-lived
memory pool of CBZ responsive T cells in SJS or TEN patients,
which are activated by structurally related ASMs in the absence
of marked alteration of the immunopeptidome.

MATERIALS AND METHODS

Study Cohort
Eight patients were recruited from Hong Kong, with six HLA-
B*15:02-positive patients experiencing CBZ-induced SJS or TEN,
one HLA-B*15:02-negative patient with CBZ-induced SJS and
one CBZ-tolerant (Table 1, Supplementary Table 1). As
described in our previous studies (32, 33) the diagnosis of SJS
or TEN was based on the criteria by Roujeau and Stern (2)
defined by skin detachment in two or more mucosal sites, and
was confirmed by dermatologists. Healthy HLA-B*15:02+

individual controls (AP numbers; n=7; Table 1) were also
recruited from both Monash University and the Australian
Bone Marrow Donor Registry. All study participants provided
written consent, with ethics approval granted by the Joint

Chinese University of Hong Kong-New Territories East Cluster
Clinical Research Ethics Committee (Hong Kong; CRE-2006.203
for patients), Monash University (Victoria, Australia; HREC-
4717 for healthy individuals) and the Australian Bone Marrow
Donor Registry (New South Wales, Australia; 2013/04 for
healthy individuals).

Cell Preparation and In Vitro Expansion of
Drug-Induced T Cells
Blood samples were collected from study participants, with
PBMCs isolated using Ficoll-Paque (GE Healthcare, Uppsala,
Sweden) density gradient centrifugation and either used
immediately or cryopreserved in fetal calf serum (FCS)
containing 10% DMSO (Sigma-Aldrich, MO, USA) at -196°C
until required. Before use for T cell stimulation, PBMCs were
quickly thawed in 37°C and washed twice in RPMI 1640 (Gibco,
Life Technologies, NY, USA) and resuspended in Complete
Medium [RPMI 1640 supplemented with 2 mM MEM
nonessential amino acid solution (Gibco), 100 mM HEPES
(Gibco), 2 mM L-glutamine (Gibco), Penicillin/Streptomycin
(Gibco), 50 mM 2-mercaptoethanol (Sigma-Aldrich) and
10% heat inactivated human blood group AB serum
(Sigma-Aldrich)].

Drug-induced T cells were in vitro expanded following PBMC
stimulation at a density of 5 million per 2 mL of Complete
Medium in a 24-well plate with 25 mg/mL of either CBZ (Sigma)
or the metabolite ECBZ (Sigma or SYNthesis med chem,
Australia). On days 4 to 14, T cell cultures were supplemented
with 50 U/mL of recombinant human IL-2 (Peprotech, NJ, USA)
and subcultured as required to ensure optimal outgrowth.

Antigen Presenting Cells and
HLA Expression
C1R.B*15:01, C1R.B*15:02, C1R.B*15:21, C1R.B*15:25 and
C1R.B*08:01 transfectants and transductants were generated
from the HLA class I-reduced C1R B-lymphoblastoid cell line,
which has minimal HLA-B*35:03 and normal levels of HLA-
C*04:01 cell surface expression (34, 35). All APCs were cultured

TABLE 1 | Study participants: cases and healthy donors.

Participant ID Gender CBZ exposure Reaction HLA-B*15:02 Post-reaction sample
collection (months)

Cases T00016 Female Yes SJS Positive 49
T00024 Female Yes SJS Positive 39
E10056 Female Yes TEN Positive 129
E10076 Male Yes SJS Positive 58
E10314 Male Yes SJS Negative 166
E10367 Female Yes SJS Positive 144
E10630 Female Yes SJS Positive 246
E10493 Female Yes Tolerant Negative N/A

Healthy donors AP005 Unknown No N/A Positive N/A
AP017 Unknown No N/A Positive N/A
AP022 Unknown No N/A Positive N/A
AP026 Unknown No N/A Positive N/A
AP027 Unknown No N/A Positive N/A
AP029 Unknown No N/A Positive N/A
AP102 Female No N/A Positive N/A

N/A, not applicable; SJS, Stevens-Johnson syndrome; TEN, toxic epidermal necrolysis.
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in RF10 [same constituents as Complete Medium except 10%
heat inactivated FCS (Sigma-Aldrich)]. Maintenance of
transfected HLA expression (except green fluorescent protein
(GFP) tagged C1R.B*15:21 and C1R.B*15:25) during long-term
culture was facilitated by selection antibiotics [Geneticin G418
(0.5 mg/ml; Roche Diagnostics, Mannheim, Germany) or
hygromycin B (0.3 mg/ml; Life Technologies, Carlsbad, CA)]
as required. GFP expression is used as a reporter of HLA
expression facilitating flow cytometric sorting. Increased HLA-
I expression (compared to C1R Parental) was confirmed via flow
cytometry by indirect staining with appropriate antibodies; anti-
human pan HLA-I (W6/32 hybridoma; Supplementary Figure
1A), anti-human HLA-Bw6 (HB152 hybridoma; Supplementary
Figure 1B) and a secondary goat anti-mouse IgG phycoerythrin
(PE) (1:200 dilution; Southern Biotech, Birmingham, AL). All
hybridomas were produced in-house. Stained cells were acquired
on LSRII flow cytometer [Becton Dickinson (BD), San Jose, CA].
Flow cytometry data was analyzed using FlowJo software
(version 10, BD).

Drug-Pulsed APCs and T Cell Stimulation
Functionality of the drug-induced T cells, including cross-
reactivity, was assessed using intracellular cytokine staining
(ICS) for production of either IFNg and/or TNF (36). Briefly,
day 14 T cells (2x105) were restimulated with Dynabeads®

Human T-Activator CD3/CD28 beads (positive control; Life
Technologies), drug alone (25 mg/mL), APC alone (1x105;
APC) or APC in the presence of drug (1x105; APC+25 mg/mL
drug) for a total of six hours. Brefeldin A (10 µg/mL; Sigma-
Aldrich) was added for the last 4 hours of co-culture. Cells were
then surface labeled with LIVE/DEAD®

fixable Aqua stain (Life
Technologies), CD4 PE (clone RPA-T4), CD8 PerCP-Cy5.5
(clone SK1), fixed in 1% paraformaldehyde (ProSciTech,
Queensland, Australia) in phosphate buffered saline (PBS) and
then permeabilized with 0.3% Saponin (Sigma-Aldrich)
containing IFNg PE-Cy7 (clone B27) and TNFa V450 (clone
MAb11) before acquisition on a LSRII flow cytometer [Becton
Dickinson (BD), San Jose, CA, USA] (Supplementary Figure
2A). All monoclonal antibodies were purchased from BD and
titrated for optimal staining efficiency. A maximum of 50,000
lymphocytes were acquired on a BD LSRII flow cytometer
utilizing BD FACSDIVA™ software (FlowCore, Monash
University) and analyzed using FlowJo software (version 10,
BD). Representative gating strategy is shown in Supplementary
Figure 2B.

Paired abTCR Analysis of Drug-Induced
T Cells
A single-cell sort was performed to characterize the abTCR
signature of drug-induced T cells using the IFNg Secretion
Assay–Detection Kit (allophycocyanin; Miltenyi Biotec, CA,
USA). Cryopreserved T cell lines were thawed and rested
overnight in Complete Medium. T cell lines (maximum of
5x106 cells) were incubated with either C1R.B*15:02 alone or
C1R.B*15:02 + drug (25 mg/mL) target cells (2:1 ratio) in RH5
media (same constituents as Complete Medium, except 5% heat

inactivated human blood group AB serum) for 4 hours at 37°C,
5% CO2. Cells were washed in cold Wash Buffer (0.5% FCS, 2
mM EDTA pH 8.0 in PBS), centrifuged (285 ×g, 5 min, 4°C) and
supernatant aspirated before addition of IFNg catch reagent
antibody according to manufacturer’s instructions. Cells were
incubated on ice for 5 min and topped up to 10 mL with warm
RH5 media, and drug (25 mg/mL) was re-added. Cells were
incubated for 45 min at 37°C, 5% CO2 with rotation. Cells were
washed in cold Wash Buffer, centrifuged and supernatant
aspirated prior to co-staining with IFNg allophycocyanin
detection reagent and CD8 FITC (clone HIT8a). Cells were
incubated on ice for 20 min, washed in cold Wash Buffer,
centrifuged and resuspended in 300 mL cold Wash Buffer
(Supplementary Figure 2C).

Single cells were sorted on a BD Influx flow cytometer
(FlowCore, Monash University) directly into 96-well PCR
plates (Bio-Rad, Hercules, CA, USA) based on CD8+IFNg- for
drug-unresponsive T cells (negative control) and CD8+IFNg+ for
drug-induced T cells (Supplementary Figure 2C). Sorted plates
were immediately stored at -80°C until required. Analysis of
paired TCRa and b genes was carried out by multiplex nested
RT-PCR and sequencing of a and b products as described
previously (37). Both external and internal rounds of PCR
included 40 TRAV and 27 TRBV forward primers, and a
TRAC and TRBC reverse primer, as detailed elsewhere (37).
Sequences were analyzed according to the ImMunoGeneTics/V-
QUEry and STandardization web-based tool (38). All TCR
nomenclature was according to Folch et al. (39). CDR3 amino
acid sequences described within the text start from CDR3-
position 3, which is equivalent to amino acid position 107 of
the TRAV and TRBV segments, and end at TRAJ-position 10 or
TRBJ-position 6.

Generation of SKW3.TCR Cell Lines
Full-length human TCRa and TCRb cDNA was cloned into
pMIG vector separated by a self-cleaving 2A peptide as described
previously (40, 41). A pMIG vector, with IRES-linked GFP
expression, containing a specific TCR for AP026/CBZ, E10056/
CBZ, or E10630/CBZ (4 mg) was retrovirally transduced into
SKW3.hCD8ab cells (kindly provided by Dr. Zhenjun Chen,
Peter Doherty Institute for Infection and Immunity, University
of Melbourne; hereafter referred to as SKW3), which is negative
for endogenous TCRab but contains CD3 and its signaling
components, using HEK293T packaging cells, pEQ-pam3(-E)
(4 mg) and pVSV-G (2 mg) packaging vectors and Lipofectamine
3000 as previously described (41). The original SKW3 parental
cell line was kindly provided by Dr. Klaus Steube, Leibniz
Institute DSMZ-German Collection of Microorganisms and
Cell Cultures (Braunschweig, Germany). The HLA typing of
SKW3 cells is HLA-A*11:01, 30:01; B*35:01, 44:02; C*04:01,
05:01; DRB1*01:03, 04:01; DQB1*03:01; DPB1*04:01, 04:02. A
non-specific control, SKW3.LC13 cell line, specific for an EBV
epitope FLRGRAYGL (EBNA3A325-333) restricted to HLA-
B*08:01 was generated in our previous study (41). The
SKW3.TCR cell lines were maintained in RF10 media
(Supplementary Figure 1C).
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Functional T Cell Assays
Activation of SKW3.TCR cells (1x105) was assessed using cell-
surface CD69 upregulation after 17-20 hours incubation with
either C1R Parental, C1R.B*15:01, C1R.B*15:02, C1R.B*15:21,
C1R.B*15:25 or C1R.B*08:01 targets (1:1 ratio) under different
sets of conditions, including either direct drug addition (25 mg/
mL) or by drug-pulsing APC (25 mg/mL) overnight then
thorough washing in RPMI before SKW3.TCR co-incubation.
SKW3.TCR cells were co-stained with CD3 PE-Cy7 (clone SK7),
CD8 PerCP-Cy5.5 (clone SK1), CD69 APC (clone L78), LIVE/
DEAD®

fixable Aqua stain. For all experiments, stimulation with
Dynabeads® Human T-Activator CD3/CD28 beads (Life
Technologies) served as a positive control, and SKW3.TCR
cells alone as a negative control. Flow cytometry data were
acquired and analyzed as described previously (41). The CD69
expression profiles were measured as geometric mean
fluorescence intensity (MFI) to provide more meaningful
evaluation of changes in the relative amounts of expressed
protein per cell. A maximum of 50,000 lymphocytes were
acquired on a BD LSRII flow cytometer utilizing BD
FACSDIVA™ software (FlowCore, Monash University) and
analyzed using FlowJo software (version 10, BD).

Immunopeptidome Analysis
The C1R.B*15:02 cell line was in vitro expanded in RF10, and
treatment of cells with either CBZ (Sigma), ECBZ (Sigma or
SYNthesis med chem, Australia) or OXC (SYNthesis med chem)
for peptide elutions was performed at 25 mg/mL for 48 hours in
roller bottles prior to harvesting. Cells (0.9-1.1 x 109) were
pelleted, washed twice in PBS and snap-frozen in liquid
nitrogen. Cells were lysed, and the HLA class I isolated by
immunoaffinity purification using solid-phase bound pan HLA
class I antibody W6/32 as described previously (42). Peptides
were dissociated using 10% acetic acid and separated from the
HLA heavy and light (beta-2 microglobulin; b2m) chains by
Reversed Phase HPLC (RP-HPLC) as described (43), monitoring
elution by 215nm absorbance and collecting 500 mL fractions.
The retention times of CBZ, ECBZ and OXC were determined
through subjecting each molecule to the same RP-HPLC
protocol. Peptide containing fractions, avoiding regions
containing b2m and heavy chain, were vacuum concentrated
and concatenated to generate 13 pools, including 3 pools aligned
with the retention times of CBZ (pool 10), ECBZ (pool 12) and
OXC (pool 13). Pools were vacuum concentrated to remove
residual acetonitrile (ACN) and reconstituted in 15 mL 2% ACN,
0.1% formic acid (FA), spiked with 250 fmol iRT peptides (44).

Pools were analyzed by liquid chromatography-tandem mass
spectrometry (LC-MS/MS) using a data dependent acquisition
(DDA) strategy on a Q-Exactive Plus Hybrid Quadrupole
Orbitrap (Thermo Fisher Scientific) utilizing a Dionex
UltiMate 3000 RSLCnano system (Thermo Fisher Scientific).
5-6 µL of concentrated material was loaded onto an Acclaim
PepMap 100 (100 µm x 2 cm, nanoViper, C18, 5 µm, 100Å;
Thermo Scientific) in 2% ACN, 0.1% FA at a flow rate of
15 µL/min. Peptides were separated over an Acclaim PepMap
RSLC (75 µm x 50 cm, nanoViper, C18, 2 µm, 100Å; Thermo

Scientific) at 250 nL/min using a gradient of Buffer A (0.1% FA)
and Buffer B (80% ACN, 0.1% FA) as follows: 2.5-7.5% B in 1
min, 7.5-32.5% B in 55 min, 32.5-40% B in 5 min, 40-99% B in 5
min, 99% B for 6 minutes, and 99-2.5% B in 1 min, prior to re-
equilibration at 2.5% B for 20 min. Data were collected in
positive mode: MS1 resolution 70,000, scan range 375-2000 m/
z; MS2 resolution 17500, scan range 200-2000 m/z. The top 12
ions of +2 to +5 charge per cycle were chosen for MS/MS with a
dynamic exclusion of 15 seconds.

Peptide sequences were assigned using PEAKS X+
(Bioinformatics Solutions Inc.) via a database search against
the reviewed human proteome (UniProt/Swiss-Prot, accessed
October 2018), and a database of common contaminants. The
following settings were employed: Instrument – OrbiTrap (Orbi-
Orbi), Fragment – HCD, Acquisition - DDA, Parent Mass Error
Tolerance - 20.0 ppm, Fragment Mass Error Tolerance - 0.02 Da,
Precursor Mass Search Type - monoisotopic, Enzyme - None,
Variable Modifications - Oxidation (M) 15.99, Deamidation
(NQ) 0.98, and Cysteinylation: 119.00, Max Variable PTM Per
Peptide - 3. Peptides assigned at a 5% peptide false discovery rate
(FDR) were utilized in downstream analyses. DDA data from
previous analyses of the immunopeptidome of endogenous HLA
I and II of C1R cells (43) were searched separately via the same
pipeline as control datasets.

To characterize the HLA-B*15:02 binding motif, peptide
sequences identified at a 5% peptide FDR in control data sets
representing the endogenous HLA class I and II of C1R cells were
removed. So too were peptides assigned without a protein
accession or mapping exclusively to proteins in the
contaminant database. For peptide counts, motif and length
distribution analysis, only 7-20mer peptides were considered
and peptides sequences containing deamidations or
cysteinylations were treated as distinct from the native
sequence. Figures were generated using Prism 9.0, GraphPad
software (San Diego, CA). The mass spectrometry proteomics
data have been deposited to the ProteomeXchange Consortium
via the PRIDE (45) partner repository with the dataset identifier
PXD023545 and 10.6019/PXD023545.

Identification of Co-Purified
Drugs/Metabolites
Drugs/metabolites were detected using a targeted LC-multiple
reaction monitoring-MS (LC-MRM-MS) approach on a SCIEX
QTRAP® 6500 plus mass spectrometer, coupled to an Ekspert™

nanoLC 415. For pools aligned with the RP-HPLC retention time
of CBZ (pool 10), ECBZ (pool 12) and OXC (pool 13), residual
sample post-peptide analysis was diluted by a factor of ~2. 6 mL
diluted sample was loaded onto a NanoLC Trap ChromXP C18
column (350 mm x 0.5 mm, 3 µm particle size, 120 Å pore size) in
2% ACN, 0.1% FA at a flow rate of 5 µL/min for 5 minutes, prior
to separation over a ChromXP nanoLC C18 column (75 µm x 15
cm, 3 µm particle size, 120 Å pore size) at 300 nL/min using an
increasing gradient of Buffer B (80% ACN, 0.1% FA): 0–1 min
2% B, 1-2 min 2–12% B, 2–30 min 12–35% B, 30–50 min 35–80%
B, 50–54 min hold at 80% B, 54-55 min 80-2% B, 55-65 min re-
equilibration at 2% B. The QTRAP® 6500 was operated in
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positive mode, MRM scan type, in unit resolution for Q1 and Q3.
For detection of CBZ three transitions were set with a Q1 mass of
237.102, and Q3 masses of 192.082 [Collision Energy (CE) 30],
194.097 (CE 25) and 220.077 (CE 15). For ECBZ and OXC, five
transitions were set with a Q1 mass of 253.097, and Q3 masses of
180.082 (CE 30), 182.096 (CE 25), 208.076 (CE 30), 210.092 (CE
25) and 236.071 (CE 25). CE values were optimized based on
injection of solubilized drug/metabolite. Three transitions for
each iRT peptide were also monitored. Drug peaks areas are the
sum peak areas of the monitored transitions. Drug peak areas
were normalized to the sum peak areas of iRT peptides B-G
(GAGSSEPVTGLDAK, VEATFGVDESNAK, YILAGVENSK,
TPVISGGPYEYR, TPVITGAPYEYR, DGLDAASYYAPVR).
Figures were generated using Prism 9.0, GraphPad software.

Statistical Analysis
All data were reported as mean ± standard error of the mean
(SEM), unless stated otherwise. Statistical significance was
determined by nonparametric one-way ANOVA with post-hoc
Tukey’s multiple comparison test, Mann-Whitney test or
multiple comparisons using Holm-Sidak method (Prism 8.0,
GraphPad software) with *p<0.05, **p<0.005 and ****p<0.0001.
Standard error of the difference between mean amino acid
prevalence was calculated using the Welch t-test (Prism 9.0,
GraphPad software).

RESULTS

Drug-Induced Recall Responses Are
Restricted to CD8+ T Cells in Recovered
SJS or TEN Patients
We examined the immune reactivity profiles of convalescent SJS
or TEN patients (7 cases and one drug-tolerant case) to
determine whether they maintain a memory pool of T cells
specific to the culprit drug that can be reactivated following
subsequent drug exposures (Table 1). PBMCs treated with 25
mg/mL CBZ were expanded in vitro for 14 days. Outgrown CBZ-
induced T cell lines were then restimulated in a 6-hour ICS assay
with either no drug (untreated), CBZ (25 mg/mL), or with HLA-
B*15:02+ APCs C1R.B*15:02 or C1R.B*15:02+CBZ (25 mg/mL)
to measure activation via production of Th1 cytokines (IFNg and
TNF). Group data of the recovered patients showed that the
CBZ-reactive T cell response, where activation was observed
following CBZ and APC+CBZ stimulation, was primarily
restricted to CD8+ T cells. However, the CD4+ T cells did
show immune recognition of CBZ alone, likely via the
mechanism of self-T cell presentation (i.e. T-T presentation).
Here, 6 out of 7 patients expressing HLA-B*15:02 demonstrated
non-specific CD4+ T cell responses towards the APCs most likely
due to HLA class II mismatches expressed by the C1R.B*15:02
transfectant (Figure 1A). Optimization experiments, using
healthy donors, showed similar CD4+ T cell immune responses
(i.e. production of Th1 cytokines IFNg and TNFa) to both the
C1R parental and C1R.B*15:02 APC in either the presence or
absence of CBZ (data not shown). Dissection of the individual

CD8+ T cell responses profiled either by single or dual expression
of IFNg and TNF demonstrated significantly higher responses
were driven by IFNg production (p-value <0.05; Mann-Whitney
test; Figure 1B). As expected, the drug-tolerant case did not
respond to CBZ (red dot; Figure 1B).

Priming of Drug-Naïve HLA-B*15:02+

Individuals Required Multiple Rounds of
Drug Exposure
To demonstrate both the kinetics and magnitude of T cell
activation following drug exposure we in vitro stimulated
HLA-B*15:02+ drug-naïve PBMCs (n=7; Table 1) with either
CBZ or its metabolite ECBZ at 25 mg/mL. On days 13 and 27,
outgrown T cells were restimulated with drug (as per day 0) for
continued in vitro expansion. Drug-induced T cell lines were
tested prior to each restimulation and at day 40 (3 intervals total:
day 13, 27 and 40) in a 6-hour ICS assay with either no drug
(untreated), drug (CBZ or ECBZ; 25 mg/mL), or using
C1R.B*15:02 or C1R.B*15:02+drug (CBZ or ECBZ; 25 mg/mL)
as APC with activation quantitated by either IFNg and/or TNF
production. For CBZ-induced T cells, we observed similar
findings to resolved cases (Figure 1) but with delayed kinetics
as drug-specificity predominantly mediated by CD8+ T cells that
was more pronounced by day 40 (Figure 2A). For ECBZ-
induced T cells, the greatest magnitude of immune recognition
was 2.7-fold lower than the CBZ parent drug on day 40 for IFNg
producing cells (C1R.B*15:02+drug; mean ± SEM: 14.28% ± 4.6
for CBZ and 5.16% ± 1.1 for ECBZ; p=0.0029 multiple
comparisons using Holm-Sidak method) (Figure 2B).
Although not all healthy donors demonstrated ECBZ-reactive
CD8+ T cell responses. No drug-induced immunogenicity was
shown by CD4+ T cells, with T-T presentation of CBZ or ECBZ
resulting in minor responses (Figures 2A, B). Examination of
individual data for CBZ-induced CD8+ IFNg+ T cells showed
strong responsiveness for both AP026 (21.5%) and AP029
(33.7%) on day 27 that equated to a 41.4-fold and 48.1-fold
increase, respectively, over the APC background control (i.e.
C1R.B*15:02 vs C1R.B*15:02+CBZ). This net effect was also
demonstrated on day 40 for AP022 (25.4%), AP026 (34.2%)
and AP029 (19.5%) with 14.1-fold, 72.9-fold and 17.3-fold
increases, respectively (Figure 2C). Interestingly, the same level
of in vitro expansion was not observed with the ECBZ
metabolite, with only moderate CD8+IFNg+ T cell responses
measured (5-10% of total CD8+ T cells) on days 27 and 40, with
high APC control background on day 40 being observed across
all individuals (Figure 2D).

CBZ-Reactive T Cell Cross-Reactivity
Towards Tricyclic Aromatics
A previous study examining active cases of HLA-B*15:02-
positive SJS (and one SJS/TEN) and CBZ-tolerant controls
showed CBZ-induced CD8+ T cell cross-reactivity towards
other tricyclic aromatic compounds (21). We wanted to
determine whether T cell cross-reactivity can be achieved
following reactivation of drug-induced T cells in our cohort
of resolved HLA-B*15:02-positive SJS or TEN patients and a
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drug-tolerant control, where PBMCs were collected between 3-
to-20 years post-reaction (Table 1). Here, in vitro expanded
CBZ-induced T cell lines (generated for Figure 1) were
restimulated in a 6-hour ICS assay with media alone
(untreated), CBZ (25 mg/mL) or C1R.B*15:02 APCs in the
absence or presence of drug (CBZ, ECBZ, OXC, PHT; 25 mg/
mL) and T cell activation measured via IFNg production, with
statistical significance only observed between untreated and
C1R.B*15:02+CBZ (p=0.111, one-way ANOVA with post-hoc
Tukey’s multiple comparison test). We show that CD8+ T cells
primed against the parent drug CBZ can cross-react towards
other ASMs following restimulation with C1R.B*15:02+drug. As
expected, restimulation in the presence of CBZ+APC generated
the highest reactivity (mean ± SEM; 6.771 ± 2.220), followed by
cross-reactivity towards OXC (3.014 ± 0.831) and ECBZ (2.943 ±

0.496) (Figures 3A, B). Whilst, minimal CD8+ T cell cross-
reactivity was observed towards the aromatic drug PHT (1.657 ±
0.561), reflecting the more chemically diverse structure of PHT
compared to the other more closely related compounds to CBZ
(Figure 3C).

CD8+ T Cells That Respond to CBZ Exhibit
a High Degree of TCR Clonality
To evaluate whether the TCR repertoire of activated CD8+ T cells
was remodeled following CBZ culture, we analyzed in vitro
expanded HLA-B*15:02-positive PBMCs from two drug-naïve
donors (AP022, AP026), five CBZ-induced SJS cases (T00016,
T00024, E10076, E10314, E10630) and one CBZ-induced TEN
case (E10056) (Table 1). CBZ-reactive T cell lines established
from each individual were restimulated for 4-hours with

A

B

FIGURE 1 | Restimulation of drug-reactive memory cells in recovered CBZ-induced SJS and TEN patients is restricted to CD8+ T cells. PBMCs were co-cultured in
the presence of 25 mg/mL CBZ for 14 days. T cell subset phenotype (CD4+ or CD8+) and activation status (production of either IFNg and/or TNFa) were measured
following a 6-hour restimulation with either no drug (untreated), CBZ (25 mg/mL), C1R.B*15:02 or C1R.B*15:02+CBZ (25 mg/mL). Data was acquired on LSRII flow
cytometer (BD) and analyzed using FlowJo software (version 10, BD). All data is expressed as mean ± SEM. (A) Grouped data demonstrated a drug-reactive
response in CD8+ T cells expressing the different combinations of proinflammatory cytokines, but this was not observed for CD4+ T cells (n=7, single data).
(B) Individual data (B*15:02 positive SJS or TEN ([n=6, solid black dots] and Tolerant [n=1, red dot], B*15:02 negative SJS [n=1, open black dot], single data)
showed that activated CD8+ T cell produced significantly more IFNg than TNFa (p-value <0.05; Mann-Whitney test; B).
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A B

C D

FIGURE 2 | Time course of in vitro priming of drug-naïve HLA-B*15:02+ individuals. PBMCs derived from drug-naïve individuals were co-cultured in the presence of
either 25 mg/mL CBZ or ECBZ for 13 to 40 days, with drug restimulation on days 13 and 27. T cell subset phenotype (CD4+ or CD8+) and activation status
(production of either IFNg and/or TNFa) were measured following a 6-hour restimulation with either no drug (untreated), drug (25 mg/mL; CBZ or ECBZ),
C1R.B*15:02 or C1R.B*15:02+drug (25 mg/mL; CBZ or ECBZ). Data was acquired on LSRII flow cytometer (BD) and analyzed using FlowJo software (version 10,
BD). All data is expressed as mean ± SEM. Grouped data demonstrated drug-reactive responses were restricted to CD8+ T cells expressing the different
combinations of proinflammatory cytokines when primed with either (A) CBZ or (B) ECBZ (n=7, single data). Individual data tracking of immune reactivity to drugs
demonstrated that multiple rounds of exposure with either (C) CBZ or (D) ECBZ were required for activation of CD8+ IFNg+ T cells.
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C1R.B*15:02 APCs either in the absence (untreated) or presence
of CBZ (treated, 25 mg/mL), with activated T cells detected by
IFNg secretion. T cells were segregated based on phenotype and
activation status (non-activated: CD8+IFNg- or activated:
CD8+IFNg+), then single cell sorted for subsequent abTCR
repertoire analysis (Supplementary Figure 2C). Profiling of
the activated CBZ-reactive CD8+ TCRs revealed a single major
clonotype observed for the majority of individuals; AP022
(TRAV12-3/TRBV5-5; n=9/23 pairs), AP026 (TRAV26-1/
TRBV27; 16/16), T00024 (TRAV4/TRBV3-1or3-2; 6/23),
E10056 (TRAV21/TRBV30; 8/12) and E10630 (TRAV1-2/
TRBV27; 18/24). Interestingly, AP026 and E10630 share the
same TRBV27 usage (Figure 4, Table 2). Whilst, two major
clonotypes were detected for T00016 (TRAV1-1/TRBV14; 4/23
and TRAV8-2 or 8-4/TRBV15; 4/23) and no clonality was
demonstrated for E10076 or E10314 (HLA-B*15:02-negative
donor). All TCR sequencing information is listed in

Supplementary Table 2. We selected three CBZ-reactive CD8+

TCRs for further functional validation to understand antigen
processing requirements for T cell stimulation (Figure 4,
Table 2).

Clonotypic TCRs Exhibit Cross-Reactivity
Towards CBZ Metabolites and Related
ASMs
Retroviral transduction of selected CBZ-reactive CD8+ TCRs
into the SKW3 reporter cell line enabled us to conduct cellular
investigations of TCR recognition to confirm drug specificity
without confounding background T-T presentation (SKW3
reporter cell lines are HLA-B15-negative). Here, TCR
activation was determined by cell surface upregulation of
CD69, with the shift in geometric MFI being measured by flow
cytometry (Figure 5A). We next explored whether HLA

A

B

C

FIGURE 3 | CBZ-reactive T cell cross-reactivity towards structures comprising a tricyclic ring. Day 14 CBZ-induced T cell lines derived from SJS and TEN patients
(from Figure 1) were restimulated in a 6-hour ICS assay with media alone (untreated), CBZ (25 mg/mL) or C1R.B*15:02 APCs in the absence or presence of drug
(25 mg/mL; CBZ, ECBZ, OXC, PHT) to measure CD8+ T cell activation via IFNg production. Data was acquired on LSRII flow cytometer (BD) and analyzed using
FlowJo software (version 10, BD). (A) Representative flow cytometric data for SJS patient E10630. (B) Matrix of CBZ-reactive T cell cross-reactivity towards ASMs
with either bicyclic or tricyclic rings in CBZ-reactive patients (single data). (C) Chemical structures of ASMs and the ECBZ metabolite.
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allotypes associated with SJS/TEN risk (HLA-B*15:02, B*15:21;
members of B75 serological subgroup) or non-risk (B*15:01,
B*15:25; members of B62 serological subgroup) were able to
stimulate CBZ-reactive TCRs in the presence of drug. A control
APC presenting an irrelevant viral peptide (C1R.B*08:01/FLR)
was also included. For SKW3.AP026, the greatest responses were
observed for CBZ, ECBZ and OXC in the presence of
C1R.B*15:02-positive cells. However, there does appear to be
evidence of non-specific TCR drug-induced responsiveness
across all HLA-B15 allotypes, as well as the HLA-B*08:01

control (Figure 5B, top panel). For SKW3.E10056, TCR
recognition was highly restricted to HLA risk allotypes B*15:02
and B*15:21 and almost exclusively directed against the CBZ
parent drug, with a small response shown for ECBZ in the
presence of C1R.B*15:02 cells. Whilst for SKW3.E10630, the
patterns observed for TCR recognition indicate a high degree of
promiscuity towards risk and non-risk HLA-B15 allotypes across
all drugs. Additionally, the hierarchy of drug recognition was
altered by the presenting allotype, with risk allotype (HLA-
B*15:02/B*15:21) mediated responses being highest for

FIGURE 4 | CBZ exposure drives TCR clonality. Representative Circos plots for drug-naïve individual (AP026) and resolved SJS (E10630) and TEN
(E10056) patients showing dominant abTCR clonotype pairings for both CD8+ IFNg- and CD8+ IFNg+ T cell subsets. Circos plots were generated using
an on-line feature based on concatenated pairings of TCRAVJ-CDR3A and TCRBVJ-CDR3B (46). Complete TCR sequencing is shown in
Supplementary Table 2.

TABLE 2 | abTCR profiling of CBZ-reactive CD8+ T cells.

ID Drug Reaction TRAV TRAJ CDR3a TRBV TRBJ CDR3b Pair frequency (n)

AP026 Naïve 26-1 26 CIVRSLRDNYGQNFVF 27 1-1 CASRAGGNTEAFF 16/16
E10056 TEN 21 12 CAAKDGMDSSYKLIF 30 1-2 CAWLGAGKVDGYTF 8/12
E10630 SJS 1-2 20 CAAFGDYKLSF 27 2-3 CASSSLSGGWPDTQYF 18/24
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FIGURE 5 | HLA-B*15:02-restricted CBZ-reactive TCRs recognize other drug-exposed HLA-B15 allomorphs. (A) CD69 upregulation assay and flow cytometric
gating strategy to measure activated SKW3.TCR transfectants. Representative data shown from SKW3.E10630, with cell surface CD69 measured as geometric
mean fluorescence intensity (MFI). (B) CBZ-reactive TCR lines (SKW3.AP026, SKW3.E10056, SKW3.E10630) and an EBV-specific irrelevant control (SKW3.LC13)
were stimulated with APCs expressing different HLA-B15 allomorphs in the presence of tricyclic aromatic compounds, and the control C1R.B*08:01 presenting an
irrelevant viral peptide (C1R.B*08:01+FLR) for 17-20 hours. Cells were then stained and data was acquired by flow cytometry (triplicate data, mean ± SEM). (C) Drug
dose response titrations (3.125 to 25 mg/mL) were performed for each HLA-B15 allomorph prior to stimulation of CBZ-reactive TCR lines (SKW3.AP026,
SKW3.E10056, SKW3.E10630) (duplicate data, mean ± SEM).
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CBZ>OXC>ECBZ, whilst non-risk allotype (HLA-B*15:01/
B*15:25) mediated responses showed an alternate hierarchy of
CBZ>ECBZ>OXC. As expected, no SKW3.E10056 and
SKW3.E10630 TCR activation towards the irrelevant control
(C1R.B*08:01/FLR) was observed (Figure 5B, middle panels).
Notably, none of the TCRs examined displayed responses to any
of the drugs in the presence of the parental C1R cell line, which
lacks HLA-A and -B expression. An irrelevant TCR control,
SKW3.LC13, was also examined to demonstrate TCR specific
recognition of C1R.B*08:01/FLR and non-activation by drug in
the presence of C1R.B*08:01 or C1R.B*15:02 APCs (Figure 5B,
lower panel).

To determine whether TCR recognition of the non-risk HLA
allotype B*15:01 was drug dose dependent, the drug was titrated
4-fold from 25 mg/mL down to 3.125 mg/mL in the presence of
APCs. For both SKW3.AP026 and SKW3.E10630, as anticipated
TCR activation reduced in accordance with decreasing
concentrations of drug. However, this effect was comparable in
both the risk and non-risk HLA allotypes, B*15:02 and B*15:01,
respectively. Whilst SKW3.E0056 showed remarkable specificity
and sensitivity towards CBZ and decreasing responses towards
the less immunogenic ECBZ, but only when presented by
B*15:02-expressing APC (Figure 5C).

SKW3.TCR Reporter Cells Are Activated
via a Non-Covalent Drug Interaction
We explored whether the SKW3.TCR cells were activated by the
same non-covalent drug interactions as observed for in vitro
expanded CBZ-induced T cell lines. Here, we tested the TCR
transduced reporter cells capacity for activation when both
C1R.B*15:02 and drug were present throughout the assay
(drug addition), as well as when C1R.B*15:02 was pulsed
overnight with drug and then washed prior to co-incubation.
Both SKW3.AP026 (drug-naïve healthy control) and
SKW3.E10630 (SJS patient) cell lines showed a significant
decrease in TCR activation for C1R.B*15:02 drug-pulsed,
compared to C1R.B*15:02 drug addition, across all three drugs
tested (CBZ, ECBZ, OXC; p<0.0001 ANOVA with Tukey
correction) (Figure 6A). These observations mirrored T cell
line data (Figures 1B, 2A) demonstrating a labile drug-HLA-
B*15 interaction in keeping with non-covalent binding.

SKW3.TCR Reporter Cells Do Not Require
Intracellular Antigen Processing for
Activation
We measured whether active antigen processing in APCs for de
novo generation of peptide/HLA complexes was required for
SKW3.TCR activation. Following fixation of C1R.B*15:02 with
1% paraformaldehyde, TCR activation was significantly reduced,
compared to non-fixed C1R.B*15:02, but a notable drug-specific
response was still observed for all three SKW3.TCR cell lines
(Figure 6B, p<0.0001 ANOVA with Tukey correction). These
data align with the nature of interaction between TCR/drug/HLA
molecule not requiring active antigen processing pathways.
Finally, we investigated whether the drug itself binds stably to
the TCR. Here SKW3.E10056 and SKW3.E10630 cells were
either untreated or pulsed with drug (and washed to remove

unbound drug) prior to stimulation with C1R.B*15:02 in either
the absence or presence of drug. Here, maximal TCR activation
was only observed when TCR/drug/C1R.B*15:02 were present
throughout the assay. Thus, potential TCR/drug interactions
alone were assumed to lack the stability to be maintained
without either maintenance of the drug in solution or
stabilization by the HLA present on APC (Figure 6C,
p<0.0001 and p<0.005 ANOVA with Tukey correction).

Minimal Impact of CBZ/ECBZ/OXC on
Peptide Binding Specificity of HLA-B*15:02
Previous analyses of the ligandome of HLA-B*15:02 from CBZ
treated cells have observed co-purification of CBZ (22, 47).
Furthermore, we previously described a minor alteration of the
immunopeptidome reflected in conservation of anchor residue
biases (P2, P9) of co-purified peptides, and modulation of
residues across non-anchor positions. This earlier observation
led us to postulate drug binding at a central position in the
antigen-binding cleft (22). In contrast the metabolite ECBZ has
been suggested to alter peptide binding to soluble HLA-B*15:02,
through interaction in the region of the F-pocket (23). Given the
responses of CBZ-reactive T cells to CBZ, ECBZ and OXC we
sought to determine whether we could define common changes
in peptide binding induced by these three small molecules that
might shed light on the interaction. As previously, we utilized the
C1R.B*15:02 cell line due to its demonstrated ability to present
these molecules in an immunogenic fashion (Figures 5, 6).
Membrane-bound HLA molecules were extracted from 0.9-1.1
x 109 cells through non-denaturing lysis and immunoaffinity
purification, prior to acid elution of peptides, fractionation by
RP-HPLC and LC-MS/MS analysis. Experiments were
performed in duplicate for each of untreated and CBZ treated
(25 mg/mL) cells, whilst single experiments for ECBZ and OXC
treatment (25 mg/mL) conditions were performed to determine if
ECBZ and OXC recapitulated observations for CBZ treatment.

As CBZ, ECBZ and OXC were observed to have distinct
chromatographic retention times during RP-HPLC, aligned with
fraction pools 10 (CBZ), 12 (ECBZ) and 13 (OXC), these specific
pools were also analyzed by multiple reaction monitoring
(MRM) to determine whether drug had co-purified with the
HLA-B*15:02 during immunoaffinity purification. As
anticipated, clear signal for CBZ was observed in pool 10 for
CBZ treated samples at 36 minutes, for ECBZ in pool 12 of ECBZ
treated samples at 28 minutes, and for OXC in pool 13 for OXC
treated samples at 30 minutes (Supplementary Figure 3).
Despite identical masses and monitored transitions, OXC and
ECBZ are distinguished by distinct retention times and transition
hierarchies (Supplementary Figure 3B vs 3C). In the ECBZ
sample, a second peak was also observed at 21 minutes
(Supplementary Figure 3B). Evolution of this second, earlier,
peak was also seen over increased time in the autosampler for
ECBZ prepared as a comparator. Subsequent analysis suggested
that ECBZ is unstable over time in the loading conditions used
for LC-MS analysis (2% ACN, 0.1% FA), with an increase in
signal for a mass consistent with the hydrolysis product (10,11-
dihydroxycarbamazepine, m/z = 271.1+) co-eluting with the
earlier peak (data not shown). It is therefore hypothesized that
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the earlier peak is 10,11-dihydroxycarbamazepine, some of
which undergoes dehydration during electrospray ionization to
regenerate ECBZ.

Analysis of the eluted peptides identified more than 9900
peptides of 7-20 residues per data set (Figure 7A) as described in
the Materials and Methods. Over 24,000 peptides were identified
in total, with more than 7,000 peptides identified in all
treatments (Figure 7B). Peptides were predominantly 9 amino
acids in length, which were heavily biased towards Leu
(~30%)>Val (~16%)>Gln (~14%) at position 2 of the peptide,
and Tyr (~48%)>Phe (~24%)>Met (~15%)>Leu (~10%) at
position 9 (Figure 7C). Proline was observed at P4 and P5 in
approximately 12% and 10% of peptides respectively, whilst Ser,
Thr and Val were often seen in positions 5-8 of the peptide
(Figure 7C). Only minor differences in amino acid prevalence

were observed between individual treatments and the untreated
control, and no common perturbation of residue preference was
noted for the three molecules when considering the global
immunopeptidome as might be expected from their cross-
reactivity (Supplementary Figure 4). Due to previous reports
of increased prevalence of deamidated peptides bound to HLA-
B*15:02 after treatment with ECBZ, particularly at P4 (23), we
considered deamidated Asn and Gln separately from their native
form in motif analysis. However, deamidated peptides were
observed to be rare in our analysis (Supplementary Figure 5).
We previously observed minor perturbations of non-anchor
residues when considering peptides uniquely identified in
HLA-I purifications of CBZ treated C1R.B*15:02 as compared
to untreated cells, in analyses based on a smaller dataset (<2000
peptides/condition) (22). The current analysis incorporates more

A

B C

FIGURE 6 | Features of SKW3.TCR activation. (A) CBZ-reactive TCR lines (SKW3.AP026, SKW3.E10630) were stimulated for 17-20 hours with C1R.B*15:02 either
in the presence of drug throughout the assay (drug addition) or drug-pulsed overnight and then washed. Cells were then stained and data was acquired by flow
cytometry (triplicate data, mean ± SEM). A significant decrease was observed when SKW3.TCR cells were stimulated with drug-pulsed C1R.B*15:02 (****p<0.0001;
ANOVA with Tukey correction). (B) SKW3.TCR cells (AP026, E10056, E10630) were stimulated with either untreated or fixed C1R.B*15:02 for 17-20 hours. Cells
were then stained and data was acquired by flow cytometry (triplicate data, mean ± SEM). Whilst a significant reduction in TCR activation was shown, a drug-
reactive response was still observed (****p<0.0001; ANOVA with Tukey correction). (C) SKW3.E10056 and SKW3.E10630 cells were either untreated or pulsed with
drug prior to stimulation with C1R.B*15:02 ± drug. TCR/drug interactions alone were unable to induce CD69 upregulation (****p<0.0001 and **p<0.005; ANOVA with
Tukey correction).
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FIGURE 7 | Binding specificity of HLA-B*15:02 is not overtly perturbed by CBZ, ECBZ or OXC. C1R.B*15:02 were cultured for 48 hours in the presence of 25 mg/
mL CBZ, ECBZ or OXC, or without drug. HLA class I molecules were isolated by immunoaffinity purification and the bound peptides/drugs eluted and analyzed by
LC-MS/MS to characterize the HLA-B*15:02 immunopeptidome under these conditions. Experiments were performed in duplicate for untreated and CBZ treatment
conditions, and single experiments were performed for ECBZ and OXC treatment conditions. (A) Shows the length distribution of peptides identified in each
condition with points representing the number of peptides in individual data sets, and bars representing the mean number of the peptides from duplicate
experiments. (B) To identify the similarity between the conditions, peptides identified in duplicate experiments were combined and the number of peptides
overlapping between the conditions depicted as an upset plot. Points below the graph depict the conditions to which the peptides are common. (C) The proportion
of 9mers in each condition (mean for duplicate experiments) possessing a given amino acid at P1-P9 are depicted as heat maps. Individual scale bars are provided
per position. Amino acids are shown using the single letter code, with the addition of dQ and dN [representing deamidated Gln(Q) and Asn(N)], and cC (representing
Cysteinylation at Cys).
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than 9900 peptides (>6000 nonameric peptides) per experiment,
and more than 18,000 peptides (>11,000 nonamers) per
untreated and CBZ treated conditions when replicates are
combined. We therefore again determined the peptides that
were common (identified in at least 1 replicate of each
condition) and unique (identified in at least 1 replicate of the
condition, but never in the compared condition). We identified
more than 14,000 peptides (>9000 nonamers) common to
untreated and CBZ treatment conditions, with 4246 (2126
nonamers) and 3871 (2129 nonamers) peptides identified in
untreated only (untreated unique) and CBZ treatment only (CBZ
unique), respectively. Focusing on the nonamer peptides, as
anticipated we saw similar anchor preferences to the whole
data set analysis. As observed previously, there were some
variations across the backbone of the peptide (Supplementary
Figures 6), but few were recapitulated in similar analyses of
ECBZ and OXC compared to untreated cells (Supplementary
Figures 7, 8), and overall only 2738 (1211 nonamers) were only
identified in the untreated condition (when compared to all drug
treatment conditions) (Figure 7B). It is therefore difficult to
discern a compelling common drug induced motif across the
three treatments, although a slight reduction in acidic residues at
P1 and tyrosine at P3 were commonly observed (Supplementary
Figures 6–8), as noted previously for CBZ (22). A subtle increase
in Pro at P2 was also observed in peptides uniquely identified in
drug treatments, although Leu remained the dominant
anchor residue.

DISCUSSION

Adaptive immune recognition of a foreign entity by T cells relies
on two signals; (1) interaction between an immunogenic antigen/
HLA complex and the TCR and (2) co-stimulation provided by
engagement of B7 (i.e. CD80/CD86) on APCs and CD28
expressed on T cells. The ensuing response drives expansion
and proliferation of T cells containing an armory of effector
functions, including pro-inflammatory cytokine production and
release of cytotoxic molecules, that eliminate pathogen‐infected
or neoplastic cells. Once the elimination process is completed,
attrition of effector T cells leads to the establishment of a memory
T cell pool to combat secondary encounters with the same
immunogenic antigen/HLA complex which lacks the necessity
for signal 2 to allow rapid deployment. Whilst T cell-mediated
immune responses are critical in controlling initial and
subsequent challenges, responses against innocuous stimuli
sometimes occur and are associated with autoimmunity and
allergy, including DHRs.

The impacts of ASM-induced T cell-mediated DHRs have
been well reported [comprehensively reviewed (6, 48)]. Key
insights have been drawn from investigation of three main
cohorts; ASM-induced DHRs [spanning mild (MPE), moderate
(DRESS) and severe (SJS and/or TEN) cases], drug tolerant
patients and drug-naïve healthy donors. Comparison between
these cohorts has provided critical information regarding the
culprit ASM (e.g. CBZ, OXC, PHT, lamotrigine) as well as the

association of HLA allotype (e.g. B*15:02, A*31:01) and ethnicity
(e.g. Han Chinese ancestry) on DHR outcomes. Importantly,
immunopathological examinations during the active phase of the
hypersensitivity reaction has demonstrated a dominant role for
CD8+ T cells and the involvement of key cytolytic (e.g.
granulysin, perforin, granzyme) and proinflammatory
cytokines (e.g. IFNg, macrophage inflammatory protein-1a)
(21, 28, 31, 49–52).

In this study, we examined long-lived T cell reactivity profiles
of resolved CBZ-induced SJS (and one TEN) patients, ranging
from 3 to 20 years post-active disease. In particular, we were
interested in determining whether CBZ-reactive memory T cells
activated upon re-exposure to drug showed similar profiles to
those reported in active disease, considering effector functions,
TCR repertoire clonality, mode of drug recognition and cross-
reactivity towards other ASMs.

CBZ-reactive T cells derived from SJS or TEN patient PBMCs
were expanded for 2 weeks in vitro following a single round of
CBZ exposure. The outgrown bulk T cell culture was then
restimulated with drug either in the absence or presence of an
HLA-B*15:02-expressing APC, and immunophenotypic
properties of CBZ-reactive effector T cells measured by flow
cytometry. We showed that these restimulated T cells were
primarily restricted to the CD8+ T cell lineage and were
capable of Th1 pro-inflammatory cytokine production (IFNg >
TNF), aligning with reported studies of SJS/TEN patients during
active disease (21, 28). For drug-naïve healthy donors, 2-3
rounds of drug exposure (CBZ or ECBZ) were required for in
vitro priming and expansion of drug-reactive T cells. Whilst,
CBZ- and ECBZ-reactive CD8+ T cells were observed by day 40
in all individuals, the ECBZ metabolite had lower levels of
immune responsiveness (with IFNg > TNF) compared to the
parent drug, CBZ.

A common complication of prescribed ASMs is that
individuals who have experienced a DHR are at higher risk of
developing the same, if not, a more severe form of DHR with an
alternate ASM. Indeed, structural similarities exhibited by
aromatic ASMs (i.e. CBZ, OXC, PHT, lamotrigine) provide a
framework for cross-reactive T cell recognition that perpetuates
secondary reactions in between 13-80% of DHR patients (53–
56). This observation is supported by cellular investigations in
SJS/TEN patients with CBZ-induced T cells (generated following
4-5 rounds of in vitro culture) exhibiting cross-reactivity towards
other aromatic compounds such as ECBZ, OXC, lamotrigine and
eslicarbazepine (21). Whilst, non-aromatic ASMs (i.e. valproic
acid and gabapentin) are not generally associated with DHRs
(57). In this study, we demonstrated that CBZ-reactive T cells
(generated following a single in vitro drug exposure) cross-react
with HLA-B*15:02+ APCs in the presence of aromatic ASMs
ECBZ and OXC. The majority of patients showed higher levels of
cross-reactivity towards the ECBZ metabolite, albeit one
individual (E10630) demonstrated greater reactivity towards
OXC. These data suggest an immune hierarchy of T cell cross-
reactivity towards ASMs is likely driven by the common tricyclic
ring structure between CBZ, ECBZ and OXC, but modulated by
different side groups. These observations demonstrate that
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resolved SJS and TEN patients, many years post-DHR, can still
vigorously respond to alternate aromatic ASMs, and that T cell
immune monitoring should be undertaken when considering
different treatment options.

We next examined the HLA-B*15:02-restricted TCR
repertoire of CBZ-reactive CD8+ T cells in two drug-naïve
individuals and six SJS or TEN patients. In most cases, a single
major TCR clonotype was observed, which supports previous
findings of focused TCR usage in SJS/TEN patients (28).
However, most of these TCR repertoires showcased private
specificities, with only two individuals (AP026 and E10630)
sharing the same TRBV27 usage, but lacking common CDR3
regions. These findings diverge from previous reports of a more
public TCR usage within the HLA-B*15:02-restricted CBZ-
induced TCR repertoire in SJS and/or TEN patients; that
exhibited dominant Va and Vb clonotypes (28) and a public
abTCR CDR3 sequence (24). Differences in TCR repertoire may
also be attributed to either the site of origin for CBZ-reactive T
cells [i.e. blister fluid/cells vs PBMCs [this study)] and/or
collection of biospecimens during active or resolved (this
study) disease states. It is also important to acknowledge
reported biases associated with the in vitro expansion of T cell
lines (29, 58), with the likelihood of different TCR clonotypes
being expressed by drug-naïve and drug-experienced individuals,
as well as their localization at different sites of pathology (i.e.
blister fluid vs PBMCs). In particular, the study by Pan et al. (24)
could not recapitulate TCR clonotype findings reported by Ko
et al. (28) in the PBMC and blister fluid of SJS/TEN patients.
Although, we have previously shown in anti-viral TCRs that a
bias was not induced between ex vivo PBMCs and day 14 in vitro
T cell cultures (59).

Limited patient biospecimen availability makes it difficult to
conduct a multitude of cellular assays, even with in vitro expansion
of T cell lines and clones. Here we take advantage of a known
reporter system utilizing abTCR deficient SKW3 cells (41, 60) to
examine drug-induced HLA-restricted T cell promiscuity and the
mode of drug presentation. Single major TCR clonotypes, for one
drug-naïve individual (AP026) and two patients (E10056,
E10630), were cloned into the SKW3 reporter cell line. Firstly,
we investigated whether these TCRs demonstrated HLA-B15
specificity towards SJS or TEN risk (B75 subgroup) and non-
risk (B62 subgroup) allotypes (21). Interestingly, we observed
highly restricted TCR recognition for E10056 towards B75
subgroup members B*15:02 and B*15:21, whilst both AP026
and E10630 showed high degree of cross-reactivity towards risk
and non-risk HLA-B*15 allotypes. This observation was apparent
for all HLA-B15 APCs in the presence of CBZ, ECBZ or OXC in a
dose dependent fashion. Furthermore, no responses were observed
in the presence of HLA-B-negative C1R cells. These observations
suggest that non-risk HLA-B15 molecules may also support the
ligation of certain CBZ-reactive TCRs, implying the association of
SJS or TEN with HLA-B*15:02, but not HLA-B*15:01, is not as
simple as the ability of the drug to uniquely interact with one HLA
allomorph but not another.

Secondly, we examined whether ASMs stimulated
SKW3.TCR reporter cells using the same mechanisms required

for T cell lines. As observed by others (21, 49, 52), we found it
was essential to maintain soluble drug continuously within the
assay for TCR activation, consistent with a non-covalent and
labile interaction between the drug and peptide/HLA and/or
TCR complex. Additionally, we showed that fixation of APCs did
not abrogate drug-induced TCR activation, which aligns with the
interaction occurring with pre-existing peptide/HLA complexes,
hence not requiring additional antigen processing. Finally, we
showed that TCR/drug interactions were not maintained on
washing of the reporter cells at physiological pH suggesting
any interactions lack sufficient stability to be maintained in the
absence of the peptide/HLA complex. Whilst it has been
suggested that binding can occur directly with a public CBZ-
specific abTCR in the absence of the peptide/HLA complex (24),
we only observed reporter cell activation in the presence of drug
treated HLA-B*15-positive APCs. Hence, the presence of
peptide/HLA, and TCR are necessary for maximal functional
coordination of the drug interaction. Collectively, these data
validate the use of SKW3.TCR reporter cells as an
immunological tool for DHR cellular investigations and
confirm that non-covalent and labile drug/TCR/peptide/HLA
interactions in the absence of new peptide/HLA generation
underpin CBZ-induced DHRs.

In line with the inability of drug pulsed C1R.B*15:02 to
stimulate reporter cell responses, modulation of the
immunopeptidome by CBZ and its derivatives was subtle. This
is distinct from the interaction of abacavir and HLA-B*57:01,
where stable, non-covalent binding within the antigen binding
cleft causes a perturbation of self-peptide presentation, initiated
predominantly in the ER, and alteration of the PΩ anchor
preference of abacavir occupied HLA-B*57:01 molecules (22,
26, 27). We previously observed subtle modulation of non-
anchor residues of peptides bound to HLA-B*15:02 through
comparison of a smaller dataset of HLA-B*15:02 ligands (<2000
peptides per condition). With the current larger dataset (>9900
peptides per condition) and comparison to cross-reactive
molecules ECBZ and OXC not all changes were recapitulated,
although a subtle reduction in acidic amino acids at P1 and
tyrosine at P3 were consistent for peptides unique to drug
treatments (22). This is not to say there are not HLA/peptide/
drug complexes formed but the mechanism for their formation
clearly follows a different trajectory to that of HLA-B*57:01/
abacavir/peptide complexes. Interestingly, our data contrasted a
recent report that ECBZ alters peptide presentation by soluble
HLA-B*15:02 (23). Whether this is due to differences between
soluble and membrane-bound HLA such as reduced interaction
with the peptide loading complex, or the workflow used (e.g. the
necessity for use of detergents to extract membrane-bound HLA,
peptide elution conditions), which might impact complex
stability, remains to be clarified.

As described previously, CBZ and ECBZ were detected in
eluates from affinity purified HLA class I molecules of drug
treated cells (22, 23, 47), an observation that was extended to
OXC. This residual drug is maintained despite washing of the
source cells, as well as the immunoaffinity purified HLA class I
molecules, at physiological pH, a process shown to abrogate APC
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immunogenicity in functional experiments. Given the rapid
titration of responses to CBZ, ECBZ and OXC, it is possible
that whilst washing reduces the number of peptide/HLA/drug
complexes below the threshold for activation, some level of
binding is maintained. Regardless, failure to identify a distinct
peptide motif in drug treated cells and the inability of either the
peptide/HLA or TCR alone to maintain sufficient drug
interaction for immunogenicity on removal of soluble drug,
collectively suggest that CBZ and related compounds form a
tripartite interaction with peptide/HLA/TCR. Furthermore,
differences in recognition hierarchies of CBZ, ECBZ and OXC
by the three TCRs investigated suggest the epoxide (ECBZ) and
ketone (OXC) more prominently impact TCR ligation as
opposed to interaction with the HLA, thus may be oriented
towards the TCR.

In conclusion, this study confirms the presence of long-lived
immunological effects in resolved CBZ-induced SJS and TEN
patients, which are characterized by a highly clonal drug-reactive
CD8+ TCR repertoire. Furthermore, using a combination of the
definition of the functional requirements for TCR engagement
using transduced reporter cell lines and detailed study of the
impact of CBZ, ECBZ and OXC on HLA-B*15:02 peptide
presentation, our work supports the hypothesis that peptide/
HLA and TCR are required for drug interactions able to elicit
TCR activation.
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Supplementary Figure 1 | HLA staining of Antigen Presenting Cells and
SKW3.TCR expression. C1R Parental and transfected cells expressing different
HLA-B15 allotypes were stained with primary antibodies (A) anti-human pan HLA-I
(W6/32 hybridoma) and (B) anti-human HLA-Bw6 (HB152 hybridoma) followed by
a goat anti-mouse IgG PE secondary antibody. A secondary (2°) antibody alone
control was used for background staining. (C) All four SKW3 cell lines were
periodically tested for TCR cell surface expression. A total of 30,000 cells were
acquired on LSRII flow cytometer (BD) and data was analyzed using FlowJo
software (version 10, BD).

Supplementary Figure 2 | In vitro expansion of CBZ-reactive T cells and cell
sorting for abTCR repertoire analysis. (A) Drug-reactive T cells were outgrown
following 14 days of PBMC stimulation with 25 mg/mL CBZ. Day 14 T cells were
restimulated for 6 hours with C1R cells expressing different HLA-B15 allotypes in
the presence or absence of 25 mg/mL CBZ. T cell phenotype and activation was
then measured by flow cytometry. (B) Gating strategy shown is representative data
from SJS patient E10630. A maximum of 50,000 lymphocytes were acquired on
LSRII flow cytometer (BD) and data was analyzed using FlowJo software (version
10, BD). (C) Day 14 CBZ-reactive T cells were restimulated with C1R.B*15:02 in
either the absence (negative control) or presence of 25 mg/mL CBZ for 4 hours.
Activated CD8+ T cells were detected using an IFNg secretion assay. Single cell
sorting of both CD8+ IFNg- and CD8+ IFNg+ T cell subsets for TCR repertoire
analysis were performed using an Influx flow cytometer (BD).
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Supplementary Figure 3 | Drug molecules co-purify with HLA-B*15:02. (A-C)
Show raw intensities for transitions monitoring (A) CBZ in pool 10 of CBZ replicate
1, (B) ECBZ in pool 12 of ECBZ, (C) OXC in pool 13 of OXC. (D-F) summarize the
normalized signal for CBZ (D), ECBZ (separated into the signal at 21 minutes (RT
21) and 28 minutes (RT 28) (E) and OXC (F) in pools 10, 12 and 13, respectively.

Supplementary Figure 4 | Deviations in amino acid prevalence observed
between treatments are minimal. Points represent differences between the amino
acid prevalence at each position for drug/metabolite treatments as compared to the
untreated control (mean of duplicate experiments). For CBZ, points are the
difference of the mean of duplicate data sets with error bars showing standard error
of the difference (calculated using Welch t-test).

Supplementary Figure 5 | No major alteration of the contribution of deamidated
peptides to the HLA-B*15:02 immunopeptidome by drug treatment. Graphs show
the percentage of 9mer peptides annotated as containing native Glutamine (top
left), native Asparagine (top right), deamidated Glutamine (bottom left) and
deamidated asparagine (bottom right) at each position of the peptide. For untreated
and CBZ treatment, values are the mean of two replicate experiments, error bars
show the standard deviation. ECBZ and OXC treatment are singlet values.

Supplementary Figure 6 | Amino acid prevalence for 9mer peptides unique to
CBZ treatment when compared to control conditions. Combined lists of peptides
identified in at least 1 replicate of the control condition (untreated) and CBZ
treatment were generated and compared to generate 3 categories; untreated
unique – identified in at least one replicate of the untreated control, but not in either
replicate of CBZ treatment, common – identified in at least one replicate of the
untreated control and at least one replicate of the CBZ treatment, and CBZ unique –

identified in neither replicate of the untreated control, but in at least one replicate of
CBZ treatment. Bar graphs show the percentage of 9mer peptides possessing a
given amino acid at each position of the peptide per category. n is the number of
9mer peptides in the category. Arrows indicate residues discussed in the text.

Supplementary Figure 7 | Amino acid prevalence for 9mer peptides unique to
ECBZ treatment when compared to control conditions. A combined list of peptides
identified in at least 1 replicate of the control condition (untreated) was generated
and compared to the ECBZ treatment data set to generate 3 categories; untreated
unique – identified in at least one replicate of the untreated control, but not in ECBZ
treatment, common – identified in at least one replicate of the untreated control and
in the ECBZ treatment, and ECBZ unique – identified in neither replicate of the
untreated control, but in ECBZ treatment. Bar graphs show the percentage of 9mer
peptides possessing a given amino acid at each position of the peptide per
category. n is the number of 9mer peptides in the category. Arrows indicate
residues discussed in the text.

Supplementary Figure 8 | Amino acid prevalence for 9mer peptides unique to
OXC treatment when compared to control conditions. A combined list of peptides
identified in at least 1 replicate of the control condition (untreated) was generated
and compared to the OXC treatment data set to generate 3 categories; untreated
unique – identified in at least one replicate of the untreated control, but not in OXC
treatment, common – identified in at least one replicate of the untreated control and
in the OXC treatment, and OXC unique – identified in neither replicate of the
untreated control, but in OXC treatment. Bar graphs show the percentage of 9mer
peptides possessing a given amino acid at each position of the peptide per
category. n is the number of 9mer peptides in the category. Arrows indicate
residues discussed in the text.
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SUMMARY

SARS-CoV-2 causes a spectrum of COVID-19 disease, the immunological basis of which remains ill defined.
We analyzed 85 SARS-CoV-2-infected individuals at acute and/or convalescent time points, up to 102 days
after symptomonset, quantifying 184 immunological parameters. Acute COVID-19 presentedwith high levels
of IL-6, IL-18, and IL-10 and broad activationmarked by the upregulation of CD38 on innate and adaptive lym-
phocytes andmyeloid cells. Importantly, activated CXCR3+cTFH1 cells in acute COVID-19 significantly corre-
latewith and predict antibody levels and their avidity at convalescence aswell as acute neutralization activity.
Strikingly, intensive care unit (ICU) patients with severe COVID-19 display higher levels of soluble IL-6, IL-6R,
and IL-18, and hyperactivation of innate, adaptive, and myeloid compartments than patients with moderate
disease. Our analyses provide a comprehensive map of longitudinal immunological responses in COVID-19
patients and integrate key cellular pathways of complex immune networks underpinning severe COVID-19,
providing important insights into potential biomarkers and immunotherapies.

INTRODUCTION

The severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) pandemic has caused >101 million infections and 2.18

million deaths worldwide (as of January 28, 2021). Infection

with SARS-CoV-2 results in a spectrum of clinical presentations,

called coronavirus disease 2019 (COVID-19), ranging from

asymptomatic to fatal disease. Disease severity has been asso-

ciated with risk factors, including age, gender, and preexisting

comorbidities,1,2 that correlate with immune responses during

acute infection. While robust, broad, and transient immune re-

sponses precede patients’ recovery in non-severe cases,3–6 se-

vere COVID-19 can be associated with exuberant cytokine re-

sponses, hyperactivation of innate immune cells and

T cells,4,6–8 and high titers of SARS-CoV-2-specific antibodies.8

At convalescence, the majority of individuals has SARS-CoV-2-

specific antibodies and B cell and T cell responses.9–13 CD4+

T cell responses appear more prominent than CD8+ T cell re-

sponses in primary SARS-CoV2 infection.13,14

Our understanding of immune responses to SARS-CoV-2

informed the development and clinical evaluation of immuno-

modulatory therapies, including monoclonal antibodies that

target the interleukin-6 (IL-6) signaling pathway and corticoste-

roids such as dexamethasone.15 However, results from clinical

trials examining the efficacies of current therapeutic approaches

are inconsistent.16 In parallel, global accelerated efforts are

focused on the development of safe vaccines against SARS-

CoV-2, with the main goal of eliciting neutralizing antibodies

against the Spike protein.17 Efforts are needed to understand in-

tegrated immune correlates of recovery and protection from

COVID-19, and the complexity of innate and adaptive immune

perturbations underpinning severe and fatal COVID-19 to inform

the rational design of vaccines and identify predictors of protec-

tive immunity.
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We performed in-depth analyses of broad innate and adap-

tive immune responses in longitudinal acute and convalescent

blood samples from SARS-CoV-2-infected individuals. Our

study revealed integrated innate and adaptive immune dy-

namics during COVID-19 up to 102 days post-disease symp-

tom onset, with circulating T follicular helper (cTFH) cells

strongly correlating with levels of SARS-CoV-2-specific anti-

bodies. We identified IL-18, soluble IL-6 receptor (sIL-6R),

and hyperactivated immune responses depicted with high

CD38 expression (CD4+, CD8+, gd T cells, innate cells) and hu-

man leukocyte antigen-DR isotype (HLA-DR) expression (natu-

ral killer [NK] cells) as correlates of COVID-19 severity, as well

as correlations between dysregulation of cytokines and im-

mune hyperactivation, providing important insights into poten-

tial biomarkers and immunotherapies.

RESULTS

COVID-19 cohort study design
We recruited 85 PCR-confirmed COVID-19 cases. A total of 33

symptomatic/hospitalized individuals were recruited, including

20 ward patients (4 requiring supplemental oxygen support),

12 intensive care unit (ICU) patients (8 requiring invasive ventila-

tion, 3 requiring non-invasive oxygen support), and 1 outpatient.

Twenty-three donors were longitudinally sampled up to 6 times

while in the hospital and 13 of the donors were sampled into

convalescence, between days 20 and 80 post-symptom onset.

An additional 52 COVID-19-recovered individuals were recruited

after discharge from the hospital (n = 9) or after recovering at

home (n = 43) (Figure 1A; Tables S1 and S2), with 4 being longi-

tudinally sampled twice between days 26 and 102 post-
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symptom onset for immune profiling and serological analyses

(Figure 1B). Acute samples were obtained either during the

hospital stay in hospitalized patients or within 2 weeks post-

symptom onset for the non-hospitalized individuals (outpatient)

(Figure 1A, in red). Convalescent samples were obtained either

after hospital discharge or at the earliest day 26 post-symptom

onset for non-hospitalized individuals (Figure 1A, in blue). Dis-

ease severity was determined according to whether the patients

recovered at home (mild disease), the hospital ward (moderate

disease), or the ICU (severe disease). A total of 66 healthy indi-

viduals and 11 non-COVID-19 hospitalized patients were

assessed as controls. Our study included 1 ICU patient, no. 1-

088, with a hematological malignancy treated with rituximab

medication, thus lacking B cells. As this donor had no detectable

SARS-CoV-2 antibodies, only cellular and cytokine data were

included in the statistical analyses.

Breadth of innate, adaptive, and myeloid immune
responses in COVID-19
To understand the dynamics of immune responses to SARS-

CoV-2 over time, we analyzed blood from acute and convales-

cent individuals using 3 multi-parameter flow cytometric panels.

The acute group included moderate (ward) and severe (ICU)

samples. Using a computational pipeline in the Spectre R pack-

age, encompassing the FlowSOM and UMAP (uniform manifold

approximation and projection) algorithms,18 we identified clus-

ters representing major lymphocyte and myeloid lineages and

their activation phenotype from the first panel, clusters of

adaptive B cell and T cell subsets from the second panel, and

cytotoxicity profiles of CD8+ and CD4+ T cells from the third

panel (Figure 1C). The UMAP analysis revealed different subsets

of B helper and TH cells according to CD38 and CXCR3, respec-

tively (second panel), and preferentially high expression of gran-

zyme B and perforin on CD8+ effector memory (TEM) and effector

memory CD45RA+ (TEMRA) T cell subsets (third panel) (Figure 1C).

To assess immune profiles between acute and convalescent

COVID-19 samples, we combined our FlowSOM clustered

data with the data from 14 soluble mediators and plasma recep-

tor binding domain (RBD)-specific immunoglobulin G (IgG), IgM,

and IgA antibodies to generate a total of 184 immune features.

During acute COVID-19 in hospitalized patients, we observed

significant changes in immune compositions compared to

healthy controls and/or convalescent samples, particularly a

greater proportion of neutrophils, neutrophil-to-lymphocyte

and neutrophil-to-T cell ratios, higher proportions of activated

populations of CD38+ neutrophils, CD38+ eosinophils, CD38

expression on CD14+ and CD16+ monocytes, CD38+CD56dim

NK cells, CD38+gd T cells, antibody-secreting cells (ASCs),

PD-1+ICOS+ cTFH cells, CD38+CD4+ T cells, HLA-DR+CD4+

T cells, and higher proportions of TEMRA-like CD27�CD45RA+,

and CD38+CD8+ T cells (Figures 1D, S1, and S2). During conva-

lescence, we found higher proportions of TCM CD8+ T cells, NK

cells, TCM, and TEM CD4+ T cells (Figures 1D and S1;Table S4).

To assess immune activation over time, we implemented a

time-series algorithm called TrackSOM on the first immunophe-

notyping panel. TrackSOM is a time series-based clustering and

cluster evolution tracking algorithm that combines the single

time point clustering capacity of FlowSOM with the tracking by

ChronoClust19 of cluster developments over time. TrackSOM

clusters data from all time points using FlowSOM, and thus de-

termines the temporal evolutions of the resulting metaclusters

and clusters using the tracking mechanism of ChronoClust.

With TrackSOM, we categorized, or ‘‘binned,’’ samples into 10

time intervals (‘‘bins’’) post-disease onset (i.e., bin 1 = 1–4, bin

2 = 5–8, bin 3 = 9–12 days, and so on) to allow for at least 4

samples (n = 4–15) per time bin (Figures 1E and S3; Table S3).

Strikingly, the tracking pattern of the CD38 activation marker

indicated dynamic activation of both innate and adaptive cells

peaking within weeks 2–4 of disease onset (bins 4–6) before

declining at later time bins (Figure 1E). These patterns were still

apparent when we excluded ICU patient no. 1-088, who had

continuously high CD38 expression over 4 time points. The

expression of HLA-DR was also dynamic across time points,

but to a lesser extent. Overall, our analyses revealed differences

in immune profiles across the time between acute and convales-

cent phases, with broad immune activation of innate, adaptive,

and myeloid cells.

Rapid and transient activation of innate immune cells
during COVID-19
To define the dynamics of innate responses, we compared 14

cytokines/chemokines inmoderate and severe acute and conva-

lescent COVID-19 plasma samples over time, in comparison to

healthy controls. As IL-6 is a key driver of inflammation in

COVID-19, possibly mediating pathology via engaging sIL-6R

on cells expressing the gp130 co-receptor,20 we also measured

sIL-6R levels, since the role of sIL-6R in COVID-19 remains un-

known. Inflammatory cytokines IL-6, IL-18, and IL-10 were

significantly upregulated in acute samples compared to conva-

lescent samples (Figures 1F, 1G, and S4A), consistent with other

studies.21–23 The levels of monocyte chemoattractant protein-1

(MCP-1), interferon-g (IFN-g), and sIL-6R were also higher in

acute samples from some patients compared to healthy con-

trols, but these responses were variable (Figures 1G, S4A, and

S4B), possibly reflecting the grouping of all ward and ICU pa-

tients in this analysis.

To complement our computational analysis, we applied

manual gating (Figure S5) for immune subsets that contribute

Figure 1. Broad immune activation in longitudinal COVID-19 samples

(A and B) Overviews of (A) cohort and samples collected and (B) analyses performed.

(C) UMAP plot from FlowSOM analysis for 3 flow-cytometric panels, with representative clusters and expression profiles.

(D) Volcano plot of 184 immune features in acute and convalescent samples, with key representative features labeled.

(E) TrackSOM analysis of samples stained with the immunophenotype panel, with plots showing time bins of lineage-defining markers and the activation markers

CD38 and HLA-DR. Time bins were days 1–4, 5–8, 9–12, 13–17, 18–30, 31–35, 36–39, 41–45, 46–53, and 71–102 (Table S3).

(F and G) Levels of cytokines (F) IL-6 and (G) IL-18, MCP-1, IFN-g, and sIL-6R in COVID-19 plasma across time. Locally estimated scatterplot smoothing (LOESS)

regression line and 95% confidence interval (CI) are shown, n = 119.
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to antiviral immunity in COVID-19 and influenza.24–27 Manual

gating showed significantly higher activation of immune subsets

in acute COVID-19 compared to convalescent and healthy do-

nors (Figure S6A). For innate populations, acute samples had

significantly higher proportions of activated HLA-DR+ NK cells,

CD38+HLA-DR+ gd T cells, and effector-like CD27-CD45RA+

gd T cells, but lower levels of non-classical CD16+ monocytes,

compared to convalescent and/or healthy donors (Figures 2A–

2C; S6B, and S6C). The number of monocytes and gd T cells

were comparable between acute and convalescent samples,

while NK cell numbers were significantly lower in the acute sam-

ples (Figure S6D). These highly activated innate cell populations

were dynamic, peaking within the first 3–4 weeks and declining

thereafter (Figures 2A–2C).

Longitudinal dynamics of B cells, cTFH cells, Th1 CD4+,
and CD8+ T cells in COVID-19
Wenext defined immune populations that underpin the induction

of humoral and cellular adaptive immunity, B cells, cTFH cells,

Th1 CD4+ cells, and CD8+ T cells. We observed significantly

higher proportions and numbers of CD38hiCD27+ ASCs and acti-

vated PD-1+ICOS+CXCR5+CD4+ cTFH cells (Figures 2D, 2E, and

S6E), a subset of lymphoid TFH cells, in the blood28 of acute

COVID-19 patients compared to subsets in convalescent or

healthy donors. Moreover, the activation of cTFH cells by the

co-expression of PD-1 and ICOS was attributed more to

CXCR3+ cTFH-type 1 (cTFH1) cells than CXCR3� cTFH2/cTFH17

cells (Figures 2F and S6E). Proportions of ASCs increased

rapidly and transiently at disease onset, while activated cTFH1

cells gradually increased, peaking after 3–4 weeks, similar to

activated innate cells, with cTFH1 cell numbers maintained at

convalescence (Figures 2G and S6E). There was substantial

CD38+HLA-DR+ CD8+ and CD4+ T cell activation during the

acute phase, as determined by increased proportions and

numbers (Figure S6F). Both populations peaked earlier within

the first 2–3 weeks and declined thereafter for home and ward

patients but remained high until weeks 6–7 for ICU patients (Fig-

ure 2H). We also observed greater proportions and numbers of

activated PD-1+CD38+ and CXCR3+CD38+ CD8+ T cells (Fig-

ure S6F) and greater proportions of CD27�CD45RA+ TEMRA-

like and CD27�CD45RA� TEM-like CD8+ T cells in acute samples

compared to convalescent or healthy controls (Figure S5G).

Similarly, greater proportions of CD27�CD45RA� TEM CD4+

T cells were detected in acute samples (Figure S6G). In line

with the TH1 environment of a viral infection, CXCR3+ TH1 cells

highly expressed CD38 with ICOS, factors that were absent in

CXCR3- TH2/17 cells (Figures 2I and S6F).

To define cytotoxic profiles of CD8+ and CD4+ T cells, the

expression of granzyme A, B, K, and M and perforin was as-

sessed. Activated CD38+HLA-DR+ CD8+ T cells in acute sam-

ples expressed higher levels of granzyme A and B and perforin

compared to healthy and/or convalescent patients (Figures

S7A and S7B). In addition, activated CD38+HLA-DR+ CD8+

T cells in acute samples had higher proportions of cells express-

ingmultiple cytotoxic molecules, with themajority of CD38+HLA-

DR+ CD8+ T cells expressing 3 or 4 cytotoxic molecules (Fig-

ure 2J). Although the expression of granzyme B and perforin

within CD38+HLA-DR+ CD8+ T cells significantly decreased at

convalescence, interestingly, granzyme K andMwere increased

(Figures S7A and S7B). The overall diversity of cytotoxic mole-

cule expression, measured by the different combinations of

molecules simultaneously expressed per cell, also differed at

convalescence as compared to acute COVID-19 and healthy in-

dividuals (Figure 2J).

While modest, activated CD38+HLA-DR+ CD4+ T cells also ex-

pressed higher levels of granzyme B in acute samples (Figures

2J, S7C, and S7D). Similar patternswere foundwhen the expres-

sion of granzymes and perforin were analyzed according to their

T cell differentiation subsets by FlowSOM analysis (Figure S8).

Overall, SARS-CoV-2 infection induced a prototypical antiviral

adaptive immune response comprising ASCs, activated cTFH1

cells, activated TH1 CD4+ T cells, and highly cytotoxic CD8+

T cells that emerged during acute COVID-19 and contracted dur-

ing convalescence.

Seroconversion and antibody signatures during acute
and convalescent COVID-19
As humoral immunity plays a key role in antiviral responses, we

analyzed antibodies in acute and convalescent samples from

25 COVID-19 patients across multiple time points, by comparing

RBD-specific IgG, IgM, and IgA antibodies by ELISA9 with

healthy controls (Figures 3A and S9). Antibody levels were

Figure 2. Dynamic activation of innate cells, B cells, cTFH1 cells, TH1 CD4+ T cells, and CD8+ T cells in COVID-19 patients

(A–C) Representative fluorescence-activated cell sorting (FACS) plots of each immune population for a healthy donor and a COVID-19 patient at acute and

convalescent time points.

(A) Proportion of monocyte subsets.

(B) Proportion of activated HLA-DR+ NK cells.

(C) Proportion of activated CD38+HLA-DR+ gd T cells in COVID-19 samples against time.

(D–F) Representative FACS plots of ASCs (D), PD-1+ICOS+ cTFH cells (E), and CXCR3+ cTFH1 and CXCR3� cTFH2/cTFH17 cells for a healthy donor and a COVID-

19 patient at acute and convalescent time points (D and E), an acute time point from a COVID-19 patient (F).

(G) Proportion of ASCs, PD-1+ICOS+ CXCR3+ cTFH1 cells, and PD-1+ICOS+ CXCR3� cTFH2/cTFH17 cells in COVID-19 samples against time.

(H) Proportion of CD38+HLA-DR+ CD8+ and CD4+ T cells in COVID-19 samples against time. Representative FACS plots of each immune population for a healthy

donor and a COVID-19 patient at an acute and a convalescent time point.

(I) Proportion of CD38+ICOS+ CXCR3+ TH1 and CXCR3� TH2/17 CD4+ cells in COVID-19 samples against time. Representative FACS plots of each population

shown for an acute time point from a COVID-19 patient.

(J) Pie charts representing average fractions of CD38+HLA-DR+, CD38�HLA-DR�CD8+, andCD4+ T cells co-expressing different cytotoxicmolecules (slices) and

the combinations of granzymes and perforin molecules (arcs). Statistical significance (p < 0.05) was determined by permutation tests. Data are based on the

manual gating strategy, as per Figure S3.

(A–C and G–I) LOESS regression line and 95% CI are shown, n = 105.
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significantly higher in acute (log10 median titer 3.52 IgG, 3.41

IgM, 2.77 IgA) and convalescent COVID-19 samples (log10 me-

dian titer 3.38 IgG, 3.24 IgM, 2.15 IgA) compared to those in

healthy, non-exposed individuals (log10 median titer 1.68 IgG,

2.49 IgM, 2.15 IgA) (Figure 3B). While IgG and IgM titers were

maintained at similar levels between acute and convalescent

samples, IgA titers had significantly decreased by convales-

cence. Paired analysis confirmed a significant increase in anti-

body titers from the first sampling following admission to just

before discharge or at convalescence for all 3 isotypes (Fig-

ure 3C). At the first acute blood collection, 84%, 48%, and

68% of individuals seroconverted (log10 antibody titer >

mean + 23 SD of healthy individuals) for RBD-specific IgG,

IgM, and IgA antibodies, respectively (Figure 3D). IgG serocon-

version rates increased to 88% and 100% at the last acute blood

collection and at convalescence, respectively, although IgM and

IgA were maintained at similar frequencies (Figure 3D). In addi-

tion, the proportion of individuals with undetectable RBD-spe-

cific IgG, IgM, or IgA antibodies decreased from 20.8% during

the acute phase to 0% at convalescence, with 100% of conva-

lescent donors having at least an IgG response to RBD (Fig-

ure 3E). Consistently, the levels of RBD-specific IgG, IgM, and

IgA antibodies rapidly increased in the first 3 weeks, with IgG

and IgM levels being maintained between days 25 and 102

(Figure 3F). We observed a trend toward decreased IgA levels

from day 25 onward (Figure 3F), but only in 3/25 patients. In addi-

tion, we measured Spike-specific antibodies by ELISA and de-

tected higher IgG, IgM, and IgA antibodies against Spike in

pooled acute and convalescent COVID-19 samples compared

to healthy donors (Figure 3G).

To determine the neutralizing activity of SARS-CoV-2-specific

antibodies, a microneutralization (MN) assay was performed us-

ing live SARS-CoV-2 virus infection of Vero cells.11 Neutralizing

antibodies were detected at a low frequency in 3/8 acute pa-

tients, but were more prevalent in 11/13 convalescent samples,

the latter being significantly higher than healthy non-exposed

and hospitalized non-COVID patient control groups (Figure 3H).

Neutralizing activity increased from the acute to the convales-

cent phase and was still detectable in 3/3 convalescent donors

sampled at �100 days post-symptom onset (Figure 3I). Several

antibody measurements correlated significantly with each other

(Figures 3J–3M). When we ranked COVID-19 patients according

to the neutralizing activity of SARS-CoV-2-specific antibodies,

COVID-19 patients with the highest MN activity had high levels

of RBD-specific IgM, IgG, and IgA, suggesting that engagement

of a broad range of antibody isotypes may lead to improved

neutralizing activity (Figure 3L). Importantly, antibodies against

Spike and neutralizing antibody titers correlated with RBD-spe-

cific IgG, IgM, and IgA antibodies (Figures 3J, 3K, and 3M).

Activated PD-1+ICOS+ cTFH1 cells correlate with robust
humoral immunity
Consistent with previous observations, our analyses of SARS-

CoV-2-specific antibodies demonstrated considerable vari-

ability among acute COVID-19 patients (Figure 3B). To

understand the basis of such variability and identify potential

predictors of antibody signatures, we dissected correlations be-

tween antibody responses (RBD or Spike, IgG, IgM, or IgA, MN)

and immune populations involved in humoral immunity, ASCs,

and activated cTFH1, cTFH2/cTFH17, TH1, and TH2/TH17 subsets

(Figure 4A). We found significant positive correlations between

the number of ASCs andMN titers (rs = 0.543) and Spike-specific

IgA antibodies (rs = 0.597). The number of activated cTFH1 cells

positively correlated with the levels of RBD- and Spike-specific

antibodies of all 3 isotypes (rs > 0.288 for RBD, rs > 0.549 for

Spike) andMN titers (rs = 0.659). We observed no significant cor-

relations between CXCR3� cTFH2/cTFH17 cells or activated

CD4+ T cells not belonging to the CXCR5+ TFH lineage and anti-

body responses.

To evaluate the potential of immune populations as predictors

of the acute antibody response, we performed linear regression

of each immune cell population against each antibody measure-

ment and consistently found ASCs and activated cTFH1 cells, but

not other CD4+ T cell subsets, as significant positive predictors

of matched RBD-specific, Spike-specific, and MN titers (Fig-

ure 4B). While in some instances, the correlations with immune

Figure 3. Antibody signatures against RBD and Spike protein in acute and convalescent COVID-19

(A) ELISA titration curves against the SARS-CoV-2 RBD for IgG, IgM, and IgA in healthy donors (n = 25–26), acute (n = 61), and convalescent (n = 63) COVID-19

patients. Dotted line indicates the cutoff for endpoint titer determination.

(B) Endpoint titers of SARS-CoV-2 RBD antibodies, in which the dotted line indicates the seroconversion titer.

(C) Paired endpoint titers of SARS-CoV-2 RBD antibodies from COVID-19 patients (n = 25) at admission and follow-up.

(D and E) Seroconversion rates (D) and (E) isotype profiles for RBD-specific IgG, IgM, and IgA at acute and convalescent time points.

(F) Kinetics of RBD-specific antibodies for IgG, IgM, and IgA. LOESS regression lines with 95% confidence intervals shaded in gray are shown.

(G) Endpoint titers of SARS-CoV-2 Spike antibodies for IgG, IgM, and IgA in healthy donors (n = 10–12) and COVID-19 (n = 24–30) plasma.

(H) Microneutralization titers against SARS-CoV-2 in healthy (n = 21), COVID-19+ (acute n = 8, convalescent n = 13) and COVID-19� (acute n = 13, convalescent

n = 7) sera.

(I) Longitudinal analysis of microneutralization titers from days postsymptom onset.

(J) Circos plot depicting correlations (links) between different antibody measurements (edges). Only significant (p < 0.05) correlations are shown. The color of the

links represents the strength of the correlation based on the Spearman correlation coefficient, n = 24 samples for which all antibody measurements were

available.

(K) Correlation between RBD-specific and Spike-specific titers for IgG (n = 44), IgM (n = 41), and IgA (n = 34) samples.

(L) Heatmap of microneutralization and ELISA titers. Each row represents a different sample with their matched measurements.

(M) Correlation between microneutralization titers and RDB-specific titers for each isotype (n = 22 samples per isotype). Median and interquartile range (IQR) are

shown throughout.

(B and G) Black-filled symbols indicate patient no. 1-088 with rituximab treatment who was not included for statistical analysis. Statistical significance was

assessed with a Kruskal-Wallis test with Dunn’s correction for multiple comparisons (B and H). (C) Wilcoxon matched-pairs signed rank test or a Mann-Whitney

test (G). (K and M) Spearman correlation coefficients and p values shown.
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populations were strong (e.g., activated cTFH1 cells and Spike-

specific IgM, R2 = 0.73) or modest (e.g., ASC and MN titers

[MNTs], R2 = 0.36), they were weak for RBD-specific antibodies

(R2 < 0.2). Activation of non-TFH cells was also a negative

predictor of RBD-specific antibodies (Figure 4B). We observed

that higher ratios of activated cTFH1 cells to activated cTFH2/

cTFH17 cells or activated cTFH1 cells to activated TH1 cells

were significant positive predictors of matched MNTs (R2 =

0.624 and R2 = 0.404, respectively) and RBD-specific antibodies

for all isotypes, albeit to a lesser extent (R2 < 0.2) (Figure 4C).

As our results are based on immune and antibody analyses

from longitudinal samples during acute COVID-19, and are

consistent with data in convalescent individuals,11 we deter-

mined whether immune populations measured at the acute

phase could act as biomarkers for convalescent antibody re-

sponses. We analyzed paired longitudinal data from individuals

with acute immune and convalescent RBD antibody data (n =

14 patients) using the peak value of the immune cell population

when >1 acute measurement was available. The levels of acti-

vated cTFH1 cells were significant positive predictors of conva-

lescent RBD-specific IgM antibodies, by both proportion and

number of cells (R2 = 0.531 and R2 = 0.37, respectively) (Figures

4D and S10A). Interestingly, while a similar result was also

observed for the proportion of activated cTFH2/cTFH17 cells

(p = 0.0407, R2 = 0.305), this was not observed for cell numbers.

Neither the proportion nor the numbers of acute ASCs were sig-

nificant predictors of convalescent RBD-specific antibodies.

Overall, activated cTFH1 cells in the acute phasewere associated

with greater levels of RBD-specific IgM antibodies at

convalescence.

Having shown that activated PD-1+ICOS+ cTFH1 cells corre-

late with RBD-, Spike-, and MN antibody titers (thus magnitude),

we asked whether these cTFH1 cells could also be associated

with qualitative features of antibodies. We measured the avidity

of RBD-specific IgG and IgM antibodies using a urea dissocia-

tion assay. In paired COVID-19 plasma samples (n = 13) obtained

>7 days apart, we found a significant increase in IgG and IgM

avidity (percentage of antibody remaining after 6 M urea treat-

ment) in the second plasma sample (Figures 4E and S10B). Avid-

ity also increased with time, where RBD-specific IgG antibodies

detected within the first week had significantly lower avidity than

samples obtainedR3 weeks later (Figure S10C). The proportion

of PD-1+ICOS+ cTFH1 cells at the acute time points positively

correlated with antibody avidity for RBD IgM (p = 0.0058, R2 =

0.589), but not RBD IgG, at convalescence (Figure 4F). Thus,

activated PD-1+ICOS+ cTFH1 cells in acute COVID-19 correlate

with robust humoral immunity, in both a quantitative (RBD-

specific, S-specific, and MN titers) and qualitative (IgM avidity)

sense. Overall, robust antibody responses elicited during

SARS-CoV-2 infection were associated with TFH activation;

thus, cTFH responses may be valuable as potential biomarkers

in vaccine clinical trials.

Hyperactivated CD38+HLA-DR+ innate and adaptive
immune cells, sIL-6R, and IL-18 during severe COVID-19
We selected 19 key innate and adaptive immune subsets identi-

fied to be prominent in acute versus convalescent COVID-19

samples (Figure 2) for broader analyses, including acute data-

sets for the 14 cytokines/chemokines and RBD-specific IgG/

IgM/IgA antibodies (total 36 features), while correcting for multi-

ple comparisons (Figure 5A), to elucidate immune mechanisms

driving disease severity. In fact, 9/36 (25%) immune features

were significantly enhanced in severely ill patients (ICU versus

ward), including activated CD38+HLA-DR+CD8+, CD38+HLA-

DR+CD4+, CD38+HLA-DR+ gd T cells, PD-1+ICOS+ cTFH1 and

cTFH2/cTFH17 cells, HLA-DR+ NK cells, patrolling CD16+ mono-

cytes, and higher levels of IL-18 and sIL-6R, reminiscent of pro-

longed and high expression of CD38+HLA-DR+ on CD8+ T cells

associated with mortality in H7N9-infected patients.26 In the

hospitalized moderate patients who did not require ICU care,

classical CD14+ monocytes were higher and RBD-specific anti-

bodies were not significantly different (Figure 5A). Nevertheless,

the 10 features were sufficient to clearly separate samples from

moderate (ward) and severe (ICU) patients by principal-compo-

nent analysis (PCA), whereby the ward and ICU groups were

separated along PC1 (explaining 41.4% of variance) and ICU

samples further separated along PC2 (accounting for 18.1% of

variance) (Figure 5B).

Hyperactivation of immune cell subsets in ICU patients was

further demonstrated by dissecting immune subsets individually.

This was evident when analyzing the proportion of activated

CD38+HLA-DR+ immune sets (Figure 5C). Markedly higher pro-

portions of CD38+HLA-DR+CD4+ (18.25% versus 2.84%),

CD38+HLA-DR+CD8+ (28.9% versus 5.55%), CD38+HLA-DR+

Figure 4. cTfh1 cells are associated with acute and convalescent antibody levels

(A) Circos plot depicting correlations (links) between different antibody measurements and various immune cells from acute COVID-19 samples (n = 61). Cor-

relations for absolute numbers (left) and proportions of cells (right). Only significant (p < 0.05) correlations are shown. The color of the links represents the strength

of the correlation based on the Spearman correlation coefficient.

(B) Summary of linear regression analysis between different antibody measurements against various immune cells from acute COVID-19 samples.

(C) Linear regression analysis of acute RBD-specific titers (n = 60–61) for each isotype or microneutralization titers (MNTs, n = 16) and the ratio of acute activated

cTFH1 cells (PD-1+ICOS+CXCR3+CXR5+CD4+ T cells) and activated cTFH2/cTFH17 cells (PD-1+ICOS+CXCR3�CXR5+CD4+ T cells, left) or activated TH1 cells

(CD38+ICOS+CXCR3+CXR5�CD4+ T cells, right).

(D) Linear regression analysis of the proportion of acute ASCs, PD-1+ICOS+ cTFH1 or PD-1+ICOS+ cTFH2/cTFH17 cells and paired convalescent RBD-specific

titers for each isotype, n = 14.

(E) Avidity analysis for IgG and IgM RBD-specific antibodies in paired samples. Frequency of antibody binding after treatment with 6M urea compared to without

treatment is shown. Presented are results from a 1:100 plasma dilution for IgG and a 1:316 dilution for IgM. Samples 1 and 2 were collected 7–70 days apart.

Statistical significance was assessed with a Wilcoxon matched-pairs signed rank test, n = 13.

(F) Linear regression analysis of the proportion of acute PD-1+ICOS+ cTFH1cells and paired convalescent avidity measurements for IgG and IgM RBD-specific

antibodies, n = 11.

(A and B) RBD IgG/M/A n = 60–61, MNTs n = 16, Spike IgG/IgM/IgA n = 12–15.
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gd T cells (30.3% versus 5.48%), HLA-DR+ NK cells (8.87%

versus 3.63%), and patrolling CD16+ monocytes (12.8% versus

8.26%)were found in the ICU compared to theward group. Strik-

ingly, in some ICU patients, levels of hyperactivated CD38+HLA-

DR+ CD4+ T cells constituted �80% of all blood CD4+ T cells,

while up to 50% of all blood CD8+ T cells, NK cells, and gd

T cells were found in some ICU patients (Figure 5C) , indicating

a non-specific bystander mode of activation. Moreover, immune

cell activation was clearly higher in ICU patients as the total

numbers for each parent population were comparable between

severity groups (Figure S11). Immune clustering further identified

significant differences between ICU and ward, including higher

levels of CD38+HLA-DR+ neutrophils, eosinophils, NK cells, gd,

CD4+, and CD8+ T cells in ICU samples (Figure S12). We also

found significantly higher neutrophil:lymphocyte and neutro-

phil:T cell ratios in ICU patients (Figure S12).

Concomitantly, we also observed significantly different levels

of IL-6, IL-18, and sIL-6R (Figure 5D). ICU patients had signifi-

cantly higher levels of IL-18 (ward 238.8 pg/mL, ICU 700.9 pg/

mL) and sIL-6R (ward 40.37 ng/mL, ICU 57.9 ng/mL) (Figures

5D and S11C). Importantly, we observed higher IL-6 levels in

ICU compared to ward patients (ward 11.95 pg/mL, ICU 28.8

pg/mL, p = 0.025). Analysis of the area under the receiver oper-

ating characteristic (AUROC) curve indicated that sIL-6R

(AUROC = 0.77), IL-18 (AUROC = 0.7), and IL-6 (AUROC = 0.7)

are potentially predictive of ward versus ICU cases (Figure 5E).

Longitudinal analyses verified high levels of IL-18, IL-6, and

sIL-6R in ICU patients when compared to the ward patients

over time, while the ratio of IL-6:sIL-6R was variable among

ICU and ward patients (Figures 5F and 5H). When paired IL-6

and sIL-6R data were analyzed, high IL-6 levels in acute

COVID-19 did not imply high sIL-6R levels (Figures 5G and

5H). Conversely, it appeared that acute (both ward and ICU)

COVID-19 samples with the highest IL-6 plasma concentration

had modest levels of sIL-6R. These results have important impli-

cations for IL-6/IL-6R immunotherapies and need to be further

investigated in larger COVID-19 cohorts.

Further focus on the association of disease severity with

SARS-CoV-2 antibody responses revealed significantly higher

levels of RBD-specific IgG, IgM, and IgA antibodies in ICU than

in ward patients (Figures 5I and 5J), in agreement with previous

reports.8 Interestingly, convalescent patients whowere originally

hospitalized with COVID-19 had significantly higher RBD-spe-

cific IgG and IgA antibodies than those who were cared for at

home (Figure 5I). ICU patients had higher cTFH1 responses,

albeit insignificant in the proportions and numbers, but compara-

ble ASC responses to those of the ward patients (Figure 5C).

Thus, severe COVID-19 was associated with overwhelming

immune activation of innate, adaptive lymphoid and myeloid

compartments, higher antibody responses supported by greater

cTFH1 activation, and enhanced levels of IL-6, IL-18, and sIL-6R.

Thus, IL-18 and CD38+HLA-DR+ expression may be useful bio-

markers of COVID-19 severity, while sIL-6R levels are relatively

low in COVID-19 patients (with the exception of ICU patients),

in comparison to the levels detected in cancer patients (up to

195 ng/mL).29

IL-6/sIL-6R and IL-18 hypercytokinemia associated with
dysregulation of innate and adaptive immunity
To gain insights into the basis of the immune hyperactivation

profiles, we performed correlation analysis of 14 cytokines and

22 immune cell populations (Figures 6A–6C). IL-6 positively

correlated with IL-8, IL-18, and IFN-g (Figure 6A), where elevated

levels of IL-6 were reported for severe influenza disease and

mortality.30,31 Consistent with other studies,2 we found that

IL-6 negatively correlated with lymphocyte numbers in blood

(Figure 6B), possibly reflecting the efflux of immune cells from

blood to the site of infection. Importantly, we also found positive

correlations between levels of IL-6 or IL-18 with T cells and NK

cell hyperactivation (Figures 6B and 6C). IL-6 and IL-18 signifi-

cantly correlated with the proportion of CD38+HLA-DR+ gd

T cells (rs = 0.37, p = 0.004 and rs = 0.53, p < 0.0001, respectively)

and IL-18 significantly correlated with the proportion of CD38+I-

COS+ CD4+ T cells (rs = 0.29, p = 0.028) (Figure 6C). We also

found that the proportions of CD14+ and CD16+ monocytes

were positively and negatively associated with the levels of

MCP-1, respectively. Significant correlations were detected

between the levels of sIL-6R and CD38+HLA-DR+gd T cells

(rs = 0.35, p = 0.008), CD38+HLA-DR+CD8+ T cells (rs = 0.32,

p = 0.012), CD38+HLA-DR+CD4+ T cells (rs = 0.42, p = 0.0013),

and HLA-DR+ NK cells (rs = 0.36, p = 0.006). Interestingly, signif-

icant correlations were found between sIL-6R with RBD IgG,

Figure 5. sIL-6R and IL-18 are predictors of severe COVID-19

(A) Volcano plot of differential immune profiles between acute ward and ICU samples based on 19 manually gated immune cell populations, 14 cytokines/

chemokine, and 3 RBD-antibody titers.

(B) PCA analysis of ward and ICU samples using the 10 significant features. Individual samples color-coded based on severity group (left) and the contribution of

each feature to the principal components (right) are shown.

(C) Proportion of acutely activated lymphocytes and monocytes in ward (n = 36–37) and ICU samples (n = 23) based on manual gating strategy.

(D) Acute cytokine levels in healthy controls (n = 32), non-COVID-19 influenza-like illness (ILI) (n = 13), ward (n = 36), and ICU samples (n = 36).

(E) AUROC analysis of IL-6, IL-18, and sIL-6R for discriminating ward versus ICU samples.

(F) Longitudinal tracking of cytokine levels in ward and ICU patients.

(G) Matched IL-6 and IL-6R levels in acute ward and ICU patients.

(H) IL-6:IL-6R ratios in healthy, acute (ward or ICU), and convalescent individuals.

(I) Endpoint titers of SARS-CoV-2 RBD antibodies for IgG, IgM, and IgA in acute COVID-19 plasma samples from individuals in hospital ward or ICU during the

acute phase (top) or in convalescent plasma samples from individuals who were at home (n = 40) or in the hospital ward (n = 24) during acute COVID-19.

(J) Longitudinal antibody levels of ward and ICUmatched patient samples for RBD-specific IgG, IgM, and IgA. The dotted line represents the seropositivity cutoff

value for each isotype (antibody titer > mean + 23 SD of healthy individuals).

(C, D, H, and I) Statistical significance was assessed with a Kruskal-Wallis test with Dunn’s correction for multiple comparisons; median and IQR are shown

throughout.
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IgM, and IgA titers, with those being higher in ICU samples.

We found consistent results when analyzing the proportions of

immune cell clusters determined by FlowSOM, with IL-6 and

IL-18 positively correlating with activation of myeloid cells,

T cells, and NK cells (Figures 6D and S13).

Overall, our study provides a comprehensive map of longitudi-

nal immunological responses in COVID-19 patients at acute and

convalescent phases of SARS-CoV-2 infection (Figure S14) and

demonstrates prototypical antiviral immunity in mild/moderate

cases, but dysregulated immune hyperactivation in severe

COVID-19. Our analyses unify the levels of IL-6, sIL-6R, and IL-

18 and their association with severe COVID-19 with the immune

hyperactivation profiles at the cellular level characterized by high

CD38 expression (Figure 6D).

Figure 6. IL-6, sIL-6R, and IL-18 hypercytokinemia are associated with dysregulation of innate and adaptive immunity

(A) Correlation matrix of cytokines in all acute samples. Statistical significance was defined as false discovery rate (FDR)-corrected p value q < 0.1.

(B) Heatmap summarizing the correlations between cytokine levels and immune populations in acute COVID-19 based on manual gating strategy. Statistical

significance was defined as FDR-corrected p value q < 0.1.

(C and D) Representative plots of significant correlations between cytokine levels and immune cell populations from acute samples (n = 57) based on manual

gating strategy and RBD-antibody titers (C) and FlowSOM analysis (D).
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DISCUSSION

Immune responses toward non-severe SARS-CoV-2 infection

resemble a prototypical antiviral immune response, with tran-

sient activation of innate myeloid and lymphoid populations at

the acute phase. These include cTFH1 cells, TH1 CD4+ T cells,

highly cytotoxic CD38+HLA-DR+CD8+ T cells, SARS-CoV-2-

specific B cells, and antibodies. This is followed by the subse-

quent contraction of immune responses after disease resolution,

as shown by us and others,3,6,11 similar to other acute respiratory

infections.27,32 Despite prototypical immune responses found in

mild/moderate COVID-19 cases, profoundly dysregulated innate

and adaptive immunity underlie severe COVID-19, including

elevated plasma IL-18 and sIL-6R levels, and hyperactivation

of innate, adaptive, and myeloid compartments in ICU COVID-

19 patients. Our study provides a comprehensive map of longi-

tudinal immunological responses in COVID-19 patients at acute

and convalescent phases and integrates key cellular pathways

of complex perturbed immune networks underpinning critical

COVID-19, providing important insights into biomarkers and

immunotherapies.

Our analysis of humoral immune responses to SARS-CoV-2

demonstrated generation of RBD- and Spike-specific IgG, IgM,

and IgA antibodies and their correlation with SARS-CoV-2

neutralization activity. Early activation of ASCs, likely of extrafol-

licular origin, was associated with Spike-specific IgG, IgM, and

IgA antibodies, antibody neutralization activity, and, to a lesser

extent, RBD-specific titers. Our data are in agreement with the

emergence of IgG, IgM, and IgA ASC in COVID-19 patients,

some specific for non-Spike antigens (e.g., nucleocapsid pro-

tein), which may explain the lack of a strong correlation between

ASCs and RBD-specific antibodies in our cohort and other

studies.4,6

Activation of cTFH1 cells is an important correlate of antibody

responses following influenza vaccination,25 yellow fever,33 and

hepatitis C virus (HCV).34 Although the lack of Bcl6+ TFH cells in

lymphoid organs of severely ill COVID-19 patients was shown,35

cTFH response at the convalescent phase was associated with

antibody responses to SARS-CoV-2.11 Our analysis extends

this observation to the acute phase and importantly associates

acute cTFH1 responses with convalescent IgM antibody titers.

It also demonstrates an association between cTFH1 responses

and an increase in antibody avidity, potentially reflecting affinity

maturation in germinal centers. We found that greater activation

of cTFH1 cells relative to other CD4+ T cell subsets was associ-

ated with greater RBD-specific responses and better neutraliza-

tion activity. Our findings thus support the use of adjuvants that

can induce strong TFH responses to improve vaccine efficacies.

In humans, GLA-SE in the malaria vaccine induced greater cTFH
responses than alum,36 while in non-human primates and mice,

MF59 enhanced cTFH activation and antibody responses to HIV-

1 and influenza, respectively.37,38 Since some of the SARS-CoV-

2 vaccines in clinical trials are formulated with alum or MF59,39 it

may be important to compare immunogenicity across vaccine

formulations.

IL-6 is the key driver of an inflammatory cascade in severe

COVID-19;1,2,20 thus, therapies targeting sIL-6R are in clinical tri-

als for SARS-CoV-2 infection. Two humanized monoclonal anti-

bodies against IL-6R, tocilizumab (Roche) and sarilumab

(Sanofi), safely used for autoimmune diseases, are being evalu-

ated in COVID-19, but neither has met the primary end-

points.40,41 There have been limited analyses of sIL-6R in acute

and convalescent COVID-19 patients. Surprisingly, although the

plasma sIL-6R levels were significantly elevated in severe

COVID-19 compared to moderate disease, they remained within

the healthy range (up to 80 ng/mL).42 Interestingly, while IL-6 was

considerably elevated in acute COVID-19 samples, patients with

the highest IL-6 concentrations had only modest sIL-6R levels,

and levels of sIL-6R did not correlate with IL-6 or any other cyto-

kines. In addition, the elevated levels of IL-6 and IL-18 found in

critically ill COVID-19 patients are in the same range as those

of patients with non-COVID-19 acute respiratory distress syn-

drome (ARDS) or sepsis.43 Our results suggest that patients

should be screened for both IL-6 and sIL-6R before the initiation

of anti-IL-6R therapy, especially since critically ill COVID-19 pa-

tients receiving anti-IL-6R therapies may be at higher risk of

nosocomial infections.44 Interestingly, the levels of IL-6 correlate

with lymphocytopenia in our cohort and others,2 and treatment

with anti-sIL-6R therapies can restore lymphocyte numbers.

We also found a correlation between sIL-6R and the activation

of CD8+, CD4+, and gd T cells. Since activated T cells are consid-

ered a major source of sIL-6R45 and severe COVID-19 presents

with T cell hyperactivation, this may explain the elevated levels of

sIL-6R and support the idea that sIL-6R may be an informative

biomarker.

IL-18 was also associated with COVID-19 severity in our anal-

ysis and another report.7 We found a correlation between IL-18

levels and the activation of innate NK cells and gd T cells, as

well as CD4+ and CD8+ T cells, which is consistent with the po-

tential of IL-18/IL-18R signaling to induce bystander activation of

innate and adaptive T cells.46–48 These observations unify the

elevated levels of cytokines, such as IL-6 and IL-18, and their

signaling pathways with hallmark observations of severe

COVID-19 disease, like hyperactivation of T cells and elevated

antibody levels, and thus provide insights into underlying mech-

anisms and a potential therapeutic role for anti-IL-18 thera-

pies.49,50 The use of dexamethasone showed benefits in

severely ill COVID-19 patients,15 consistent with immune hyper-

activation observed in those patients. However, neither sIL-6R

nor IL-18 were universally higher in ICU patients, nor do they

fully explain the immunological differences between ward and

ICU samples. Our data further highlight the need for multi-

parameter immune profiling of severe COVID-19 patients to

identify and appropriately select personalized immune-modula-

tory treatments.

The hyperactivation of immune cells in severe ICU cases, sug-

gestive of substantial immune dysregulation, was clearly evident

from elevated CD38 expression on a broad range of immune

cells. The upregulation of CD38 and HLA-DR on T cells in

COVID-19 in our study and by others4,6,8 is consistent with the

high levels of CD38+HLA-DR+ CD8+ T cells observed in HIV,51

Ebola,52 HCV,53 and dengue.54 Our data from severe COVID-

19 cases support our previous study showing high and pro-

longed proportion of CD38+HLA-DR+ CD8+ T cells (up to 50%

for �30 days) in patients who died from avian A/H7N9 influ-

enza.26 Numerically, 50%–80% of CD38+HLA-DR+ T cells found
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in the peripheral blood of severe H7N9 or COVID-19 cases un-

likely reflect epitope-specific T cell activation. In fatal H7N9

cases, delayed clonal expansion of H7N9-specific CD8+ T cells

and distinct transcriptome signatures of CD38+HLA-DR+ CD8+

T cells were indicative of bystander activation. In COVID-19 pa-

tients, such T cell hyperactivation was associated with elevated

cytokine levels that may drive bystander activation, similar to

H7N9 hypercytokinemia.31 Thus, while rapid and transient

CD38+HLA-DR+ expression can be detected in patients with

relatively rapid recovery,26 prolonged and high expression levels

are associated with severe and/or fatal outcomes in COVID-19

and avian H7N9.3,26 Given that high CD38 expression is a poor

prognostic factor in cancers andHIV,55monitoring CD38 expres-

sion on a wide range of immune cells may be a useful marker of

immune hyperactivation and disease progression in COVID-19.

Limitations of study
We recognize that some of the analyses performed are limited to

a relatively small number of patients available. This is particularly

relevant to the analysis of ICU samples, the longevity analysis of

antibodies, and the analysis of neutralizing titers. In addition, we

could not stratify our cohort based on age groups or the use of

immunomodulatory treatments, which should be the focus of

future studies.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD45RA HI100 FITC BD PharMingen Cat#555488; RRID: AB_395879

CD8a SK1 PerCP-Cy5.5 BD PharMingen Cat#565310; RRID: AB_2687497

CD56 MEM-188 APC Biolegend Cat#304610; RRID: AB_314452

CD16 3G8 AF700 Biolegend Cat#302026; RRID: AB_2278418

CD14 MFP9 APC-Cy7 BD PharMingen Cat#560180; RRID: AB_1645464

CD19 HIB19 BV570 Biolegend Cat#302236; RRID: AB_2563606

HLA-DR L243 BV605 Biolegend Cat#307640; RRID: AB_2561913

CD4 SK3 BV650 BD Biosciences Cat#563875; RRID: AB_2744425

CD27 L128 BV711 BD Horizon Cat#563167; RRID: AB_2738042

CD38 HIT2 BV786 BD Horizon Cat#563964; RRID: AB_2738515

CD3 UCHT1 PECF594 BD Biosciences Cat#562280; RRID: AB_11153674

CD45RA HI100 FITC BD PharMingen Cat#555488; RRID: AB_395879

CD8a RPA-T8 BV421 Biolegend Cat#301036; RRID: AB_10960142

CD14 MFP9 APC-H7 BD PharMingen Cat#560180; RRID: AB_1645464

CD19 SJ25C1 APC-H7 Biolegend Cat#560177; RRID: AB_1645470

HLA-DR L243 BV605 Biolegend Cat#307640; RRID: AB_2561913

CD4 SK3 BV650 BD Biosciences Cat#563875; RRID: AB_2744425

CD27 L128 BV711 BD Horizon Cat#563167; RRID: AB_2738042

CD38 HIT2 BV786 BD Horizon Cat#563964; RRID: AB_2738515

CD3 UCHT1 PECF594 BD Biosciences Cat#562280; RRID: AB_11153674

Granzyme A CB9 PE eBioscience Cat#12-9177-42; RRID: AB_2572701

Granzyme B GB11 AF700 BD PharMingen Cat#560213; RRID: AB_1645453

Granzyme K G3H69 PerCP-eFluor710 eBioscience Cat#46-8897-42; RRID: AB_2573854

Granzyme M 4B2G4 eFluor660 eBioscience Cat#50-9774-42; RRID: AB_2574374

Perforin B-D48 Pe-Cy7 Biolegend Cat#353316; RRID: AB_2571973

Peroxidase AffiniPure goat anti-human IgG,

Fcg fragment specific

Jackson ImmunoResearch Cat#109-035-098; RRID: AB_2337586

Rat anti-human IgA mAb MT20, alkaline

phosphate-conjugated

MabTech Cat#3860-9A; RRID: AB_10736550

Mouse anti-human IgM mAb MT22,

biotinylated

MabTech Cat#3880-6-250

Bacterial and virus strains

SARS-CoV-2 isolate CoV/Australia/VIC01/

2020

Caly et al.56 N/A

Biological samples

Blood samples (peripheral blood

mononuclear cells (PBMCs), serum and

plasma samples) from COVID-19 patients

and healthy control individuals

Alfred Hospital, Melbourne Health, Monash

Health, Austin Health, The University of

Melbourne and James Cook University

(Australia)

N/A

Chemicals, peptides, and recombinant proteins

AccuCheck Counting Beads Thermo Fisher Scientific Cat#PCB100

3,30,5,50-Tetramethylbenzidine (TMB)

Liquid Substrate System for ELISA,

peroxidase substrate

Sigma Cat#T0440-1L

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Katherine

Kedzierska (kkedz@unimelb.edu.au).

Materials availability
This study did not generate new unique reagents.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Alkaline phosphatase yellow (pNPP) liquid

substrate for ELISA

Sigma Cat#P7998-100ML

Pierce High Sensitivity Streptavidin-HRP Thermo Fisher Scientific Cat#21130

SARS-CoV-2 RBD protein Amanat et al.9 N/A

SARS-CoV-2 Spike protein Juno et al.57 N/A

Critical commercial assays

eBioscienceTM Foxp3/Transcription Factor

Staining Buffer Set

Thermo Fisher Scientific Cat#00-5521-00

LEGENDplex Human Inflammation Panel 1

kit

BioLegend Cat#740809

Human IL-6R alpha DuoSet ELISA kit R&D Systems Cat#RDSDY227

Experimental models: cell lines

Vero C1008, African Green monkey kidney

cells

ATCC Cat#CRL-1586; Lot#3338237; RRID:

CVCL_0574

Software and algorithms

R v3.6.2 The Comprehensive R Archive Network https://cran.r-project.org

Spectre R package Ashhurst et al.58 https://github.com/ImmuneDynamics/

Spectre

ggplot2 R package Wickham59 https://cran.r-project.org/web/packages/

ggplot2/index.html

circlize R package Gu et al.60 https://cran.r-project.org/web/packages/

circlize/index.html

corrplot R package N/A https://cran.r-project.org/web/packages/

corrplot/index.html

pROC R package Sachs61 https://cran.r-project.org/web/packages/

pROC/index.html

plotROC package Sachs 61 https://cran.r-project.org/web/packages/

plotROC/index.html

FlowJo v10.5.3 N/A https://www.flowjo.com

CytoNorm Van Gassen et al.62 https://www.github.com/saeyslab/

CytoNorm

FlowSOM Van Gassen et al.18 https://github.com/SofieVG/FlowSOM

UMAP McInnes and Healy63 https://arxiv.org/abs/1802.03426

TrackSOM This paper https://www.github.com/ghar1821/

TrackSOM

Pestle v2 and Spice v6 Roederer et al.64 https://niaid.github.io/spice/

Prism v8.3.1 GraphPad https://www.graphpad.com

BD FACS Diva v8.0.1 BD Biosciences https://www.bdbiosciences.com/en-us/

instruments/research-instruments/

research-software/

flow-cytometry-acquisition/

facsdiva-software
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Data and code availability
Data supporting the findings of this study are available without restriction from the Lead Contact, Katherine Kedzierska (kkedz@

unimelb.edu.au) upon request. acode can be downloaded from https://www.github.com/ghar1821/TrackSOM.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

We enrolled consenting adult patients at Victorian hospitals during the first and second waves of the SARS-CoV-2 pandemic

(February-September 2020) with influenza-like illness (ILI), including 33 SARS-CoV-2 PCR-positive patients and 11 patients who pre-

sented with ILI but were SARS-CoV-2 PCR negative as negative serological controls. Out of the 33 COVID-19 symptomatic/hospi-

talized patients, 20 were admitted to the ward, with 4 patients requiring non-invasive oxygen support, 12 were in ICU with 8 requiring

mechanical ventilation and 3 requiring non-invasive oxygen support, and 1 was an outpatient (Table S1). For 7 ICU patients only

plasma samples were available for cytokine analysis. No patients died during the study. Heparinised blood samples were collected

within 24-72 hours of hospital admission (Acute Visit 1, A1) with sequential bleeds every 1-5 days apart until discharge (A2-A6). For 12

COVID-19 patients, a follow-up blood sample was taken approximately 30 days after discharge/recovery (Convalescent Visit 1, C1;

median 43 days, 31-80 range). Additional SARS-CoV-2 PCR-confirmed patients (n = 52) and pre-pandemic healthy donors (n = 66)

were recruited through contacts with the investigators and asked to provide a blood sample at the time of enrolment (A1 n = 1 and

C1 n = 51; median 40 days, 26-102 range) and an additional time-point where available (C2). Demographic, clinical and sampling

information for COVID-19 patients are described in Table S2.

Human experimental work was conducted according to the Declaration of Helsinki Principles and the Australian National Health

andMedical Research Council Code of Practice. All participants provided written informed consent prior to the study. The study was

approved by the Alfred Hospital (#280/14), Melbourne Health (HREC/17/MH/53), Monash Health (HREC/15/MonH/64/2016.196),

Austin Health (HREC/63201/Austin-2020), The University of Melbourne (#2056689, #2056761, #1442952, #1955465, #2057366.1

and #1443389) and James Cook University (H7886) Human Research Ethics Committees.

METHOD DETAILS

Whole blood flow cytometry
Fresh whole blood was used to measure cell populations, essentially as described,3 using three human antibody panels for enumer-

ating immune cell activation (monocytes and T/B/NK/gd cells), TFH and ASC cell activation, and cytotoxicity profiles of T cell’s ex-

pressing intracellular granzymes (A, B, K and M) and perforin. Cells were stained, RBC lysed, then fixed in 1% PFA, or intracellularly

stained using the eBioscienceTM Foxp3/Transcription Factor Staining Buffer Set (Thermo Fisher Scientific, Carlsbad, CA, USA), as

previously described.3 AccuCheck Counting Beads (Thermo Fisher Scientific) were added to the immune cell activation panel for

calculating absolute numbers just prior to acquisition. Samples were acquired on a BD LSRII Fortessa and analyzed using FlowJo

v10 software.

RBD and Spike protein ELISAs
Detection of RBD- and Spike-specific antibodies was performed as described9,65 with the following modifications; Nunc MaxiSorp

flat bottom 96-well plates (Thermo Fisher Scientific) were used for antigen coating, blocking performedwith PBS (containing w/v 10%

BSA) and serial dilutions performed in PBS (containing v/v 0.05%Tween andw/v 5%BSA). For detection of IgG and IgA, peroxidase-

conjugated goat anti-human IgG (Fcg fragment specific; Jackson ImmunoResearch) or alkaline phosphate-conjugated rat anti-hu-

man IgA (mAb MT20; MabTech), was used and developed with TMB (Sigma) substrate for IgG or pNPP (Sigma) for IgA. For IgM,

biotinylated mAb MT22 and peroxidase-conjugated streptavidin (Pierce; Thermo Fisher Scientific) was used. Peroxidase reactions

were stopped using 1M H3PO4 and plates read on a Multiskan plate reader (Labsystems). Inter- and intra-experimental measure-

ments were normalized using a positive control plasma from a COVID-19 patient (#1-073) run on each plate. Endpoint titers were

determined by interpolation from a sigmodial curve fit (all R-squared values > 0.95; GraphPad Prism 8) as the reciprocal dilution

of plasma that produced R 15% (for IgA and IgG) or R 30% (for IgM) absorbance of the positive control at a 1:31.6 (IgG and

IgM) or 1:10 dilution (IgA). Patients were considered to have seroconverted if titers were above the mean of titers from 16 healthy

non-COVID19 donors +23 the standard deviation.

Antibody avidity assay
The avidity of RBD-specific IgG and IgM antibodies in plasma samples was measured using urea as the chaotropic agent. Following

incubation of plasma at a 1:31.6, 1:100 and 1:316 dilution on antigen-coated plates for 2 h, 6M of urea was added after washing and

incubated for 15 min. Bound antibodies were then detected using respective secondary detection reagents in procedures described

above. Antibody avidity is expressed as the percentage of remaining antibody bound to antigen following urea treatment compared

to the absence of urea. Data of 1:100 diluted plasma for IgG and 1:316 for IgM are reported in Figure 4E, with the rest of the data

presented in Figure S7A. Data from 1:100 and 1:316 diluted plasma were used for linear regression analysis of IgG and IgM avidity

respectively in Figure 4F.
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Microneutralisation assay
Microneutralisation activity of serum samples was assessed as previously described.57 SARS-CoV-2 isolate CoV/Australia/VIC01/

202056 was propagated in Vero cells and stored at �80�C. Serum samples were heat inactivated at 56�C for 30 min. Samples

were serially diluted two-fold starting at 1:20 and 100 TCID50 of SARS-CoV-2 in MEM/0.5% BSA were added and incubated at

room temperature for 1 h. Residual virus infectivity in the serum/virusmixtureswas assessed in quadruplicate wells of Vero cells incu-

bated in serum-free media containing 1 mgml�1 of TPCK trypsin at 37�C and 5%CO2; viral cytopathic effect was read on day 5. The

neutralising antibody titer was calculated using the Reed–Muench method, as previously described.57

Cytokine analysis
Patient’s plasma was diluted 1:2 for measuring IL-1b, IFN-a2, IFNg, TNFa, MCP-1 (CCL2), IL-6, IL-8 (CXCL8), IL-10, IL-12p70, IL-

17A, IL-18, IL-23 and IL-33 using the LEGENDplex Human Inflammation Panel 1 kit, according to manufacturer’s instructions (Bio-

Legend, San Diego, CA, USA). sIL-6R levels were measured in plasma (diluted 1:300) using the Human IL-6R alpha DuoSet ELISA kit

(R&D Systems, Minneapolis, MN, USA) according to manufacturer’s instructions.

QUANTIFICATION AND STATISTICAL ANALYSIS

Computational flow cytometry analysis
Computational analysis of data was performed using the Spectre R package58 (https://github.com/ImmuneDynamics/Spectre).

Samples were initially prepared in FlowJo, and populations of interest were exported as CSV files containing scale value (raw)

data. In R, data were subject to arcsinh transformation, and data below the limit of detection were compressed to reduce the contri-

bution of noise to the clustering process. Batch alignment was then performed usingCytoNorm62 as implemented in Spectre. Aligned

data were then clustered using FlowSOM and a subset of cells plotted using UMAP.63 Cluster identities were annotated manually.

Cellular expression of dynamic markers (CD38, HLA-DR, ICOS, PD-1, granzymes, or perforin) was determined on each population

using the non-aligned arcsinh transformed data, and adjusted manually per sample where required. Data from the immune panel

were clustered and plotted by UMAP using forward scatter (FSC), side scatter (SSC), CD16, CD14, CD56, CD19, TCRgd, CD3,

CD4, CD8, CD45RA, CD27, CD38, and HLA-DR. Immune cell lineages were manually annotated based on marker expression: eo-

sinophils (FSChiSSChiCD16-), neutrophils (FSCintSSCintCD16hi), monocytes (FSCintCD14+), B cells (CD19+), NK cells (CD56+),

gamma-delta T cells (TCRgd+CD3+), CD4+ T cells (CD3+CD4+), and CD8+ T cells (CD3+CD8+). Subsequently, population subsets

were manually annotated based on marker expression: monocytes (classical CD14+CD16- and non-classical CD14-CD16+), B cells

(naive CD27-CD38-,memory CD27+CD38-, ASCCD27+CD38+), NK cells (CD56bri and CD56dim), CD4+ T cells (naive CD45RA+CD27+,

TEMRA CD45RA+CD27-, TCM CD45RA-CD27+, and TEM CD45RA-CD27-), and CD8+ T cells (naive CD45RA+CD27+, TEMRA

CD45RA+CD27-, TCM CD45RA-CD27+, and TEM CD45RA-CD27-). Lymphocytes from the TFH & B cell panel were clustered and

plotted by UMAP using on CD45, CD3, CD19, CD4, CD8, CXCR5, CXCR3, CD27, CD38. CD4+ T cell subsets were manually anno-

tated based on marker expression: TH1 cells (CXCR5-CXCR3+), TH2/17 cells (CXCR5-CXCR3-), TFH1 cells (CXCR5+CXCR3+), and

TFH2/17 cells (CXCR5+CXCR3-). CD3+ cells from the cytotoxicity panel were clustered and plotted by UMAP using CD4, CD8,

CD45RA, CD27. CD4+ and CD8+ T cell populations were defined as above for naive CD45RA+CD27+, TEMRA CD45RA+CD27-,

TCM CD45RA-CD27+, and TEM CD45RA-CD27-.

Summary statistics, scatter graphs, volcano plots and PCA plots were created in R, where comparisons were performed using a

Wilcoxon rank-sum test (equivalent to theMann-Whitney test) with thewilcox.test function in R. Statistics displayed in scatter graphs

were uncorrected, and statistics displayed in volcano plots were corrected with a False Discovery Rate (FDR) adjustment. TrackSOM

is a time series-based clustering and cluster evolution tracking algorithm which that combines FlowSOM’s single time-point clus-

tering capacity with ChronoClust’s19 tracking of cluster developments over time. TrackSOMwas performed on the first immunophe-

notyping panel by initially clustering data from all time points using FlowSOM, and thereafter tracking the resulting metaclusters and

clusters using ChronoClust’s tracking mechanism. TrackSOM was using 10x10 grid, producing 40 metaclusters per time. Binned

groups are outlined in Table S3.

Statistical analyses
Statistical significance was assessed using Mann-Whitney, Wilcoxon signed-rank test or Kruskal-Wallis test with Dunn’s correction

for multiple comparisons in Prism 8 (GraphPad) unless stated otherwise. Analysis of immune parameters against days post-onset

were visualized in R 3.6.2 using the ggplot2 package59 using LOESS fitting with 95% confidence intervals shaded in gray. Correla-

tions were assessed using Spearman’s correlation coefficient (rs) and visualized in R 3.6.2 as circos plots using the circlize package60

or heatmaps using the corrplot package and p values of correlations were corrected for multiple comparisons by FDR in R 3.6.2.

Cytokine concentrations were log10(x+1) transformed for correlation analysis. Linear regression analysis was performed in Prism

8 (GraphPad). AUROC analysis was performed in R 3.6.2 using the pROC and plotROC packages.61 Pie charts in Figure 3 were

generated using Pestle v2 and Spice v6 software64 and p-values were calculated using a Permutation Test. P-values lower than

0.05 were considered statistically significant.
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ARTICLE

Systems serology detects functionally distinct
coronavirus antibody features in children and
elderly
Kevin J. Selva1,24, Carolien E. van de Sandt 1,2,24, Melissa M. Lemke 3,24, Christina Y. Lee 3,24,

Suzanne K. Shoffner 3,24, Brendon Y. Chua1, Samantha K. Davis 1, Thi H. O. Nguyen 1, Louise C. Rowntree1,

Luca Hensen 1, Marios Koutsakos1, Chinn Yi Wong1, Francesca Mordant 1, David C. Jackson 1,

Katie L. Flanagan 4,5,6,7, Jane Crowe8, Shidan Tosif 9,10,11, Melanie R. Neeland 9,11, Philip Sutton 9,11,

Paul V. Licciardi 9,11, Nigel W. Crawford9,12, Allen C. Cheng13,14, Denise L. Doolan 15, Fatima Amanat 16,17,

Florian Krammer 16, Keith Chappell18, Naphak Modhiran 18, Daniel Watterson 18, Paul Young18,

Wen Shi Lee 1, Bruce D. Wines 19,20,21, P. Mark Hogarth19,20,21, Robyn Esterbauer 1,22, Hannah G. Kelly1,22,

Hyon-Xhi Tan1,22, Jennifer A. Juno 1, Adam K. Wheatley 1,22, Stephen J. Kent 1,22,23, Kelly B. Arnold 3,

Katherine Kedzierska 1,25✉ & Amy W. Chung 1,25✉

The hallmarks of COVID-19 are higher pathogenicity and mortality in the elderly compared to

children. Examining baseline SARS-CoV-2 cross-reactive immunological responses, induced

by circulating human coronaviruses (hCoVs), is needed to understand such divergent clinical

outcomes. Here we show analysis of coronavirus antibody responses of pre-pandemic

healthy children (n= 89), adults (n= 98), elderly (n= 57), and COVID-19 patients (n= 50)

by systems serology. Moderate levels of cross-reactive, but non-neutralizing, SARS-CoV-2

antibodies are detected in pre-pandemic healthy individuals. SARS-CoV-2 antigen-specific

Fcγ receptor binding accurately distinguishes COVID-19 patients from healthy individuals,

suggesting that SARS-CoV-2 infection induces qualitative changes to antibody Fc, enhancing

Fcγ receptor engagement. Higher cross-reactive SARS-CoV-2 IgA and IgG are observed in

healthy elderly, while healthy children display elevated SARS-CoV-2 IgM, suggesting that

children have fewer hCoV exposures, resulting in less-experienced but more polyreactive

humoral immunity. Age-dependent analysis of COVID-19 patients, confirms elevated class-

switched antibodies in elderly, while children have stronger Fc responses which we

demonstrate are functionally different. These insights will inform COVID-19 vaccination

strategies, improved serological diagnostics and therapeutics.
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A full list of author affiliations appears at the end of the paper.
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S ince the first reported coronavirus disease 2019 (COVID-
19) patient in December 20191, the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) has become a glo-

bal pandemic, infecting millions of individuals worldwide2.
Though the majority of COVID-19 patients experience mild
symptoms, approximately 20% of cases have more severe disease
outcomes involving hospitalization or intensive care treatment,
especially in those with underlying co-morbidities such as dia-
betes and cardiovascular disease3. Furthermore, COVID-19-
related morbidity and mortality is significantly higher in the
elderly population and almost absent in school-aged children4. A
disproportional outcome in disease severity with increasing age is
not unique to the SARS-CoV-2 pandemic and has been observed
during previous influenza pandemics5. Understanding whether
baseline pre-existing immunological responses, induced by pre-
vious exposure to seasonal coronaviruses, contribute to such
differences may provide important insights into the divergent
clinical outcomes between children and elderly.

Antibodies (Abs) are a vital component of the immune
response with demonstrated importance in the control of most
viral pathogens. However, their ability to respond to new
pathogens can be largely affected by age. In influenza studies,
elderly donors have increased levels of IgG and IgA antibodies
directed to a broad range of historic influenza viral strains, but
have decreased ability to generate de novo antibodies towards
novel influenza viruses6. In comparison, children seem to benefit
from more promiscuous antibody responses, better equipped to
deal with novel viruses in general7. Apart from playing a key role
in virus neutralization, Abs also have the capacity to engage Fc
Receptors (FcRs) or complement to induce a range of Fc-effector
functions, including Ab-dependent cellular cytotoxicity (ADCC),
Ab-dependent cellular phagocytosis (ADCP) and Ab-dependent
complement activation (ADCA)8 among others. Abs eliciting Fc-
mediated functions are not limited to targeting just neutralizing
viral epitopes, such as the SARS-CoV-2 receptor binding domain
(RBD), but may instead utilize any available epitope derived from
viral proteins8. Indeed, non-neutralizing Abs have been shown to
be protective against various virus infections by mediating Fc-
effector functions9,10. A previous SARS-CoV (also called SARS-
CoV-1) study associated ADCP with viral clearance11; individuals
expressing a higher affinity FcγRIIa (CD32a)-H131 polymorph-
ism, associated with enhanced Fc functions, had better disease
outcomes12,13. A recent study from Schäfer et al. also demon-
strated that the loss of Fc-effector function in mice models sig-
nificantly impaired the potency of several protective anti-SARS-
CoV-2 antibodies in vivo. However, Fc functional Abs may
also enhance infection or pathology through Ab-dependent
enhancement (ADE), previously observed in some SARS-CoV-1
animal vaccine and in vitro studies14,15. ADE has the potential to
turn mild infections into life-threatening conditions, as exem-
plified by dengue virus infections, in which non-neutralizing
cross-reacting antibodies can exacerbate disease progression16.
Although cross-reactive antibodies to SARS-CoV-2 antigens, such
as the nucleoprotein (NP) and spike 2 (S2), have been detected in
uninfected individuals, it is not understood whether ADE could
contribute to poorer disease outcome amongst COVID-19
patients, particularly amongst the elderly17. Given the alarming
rise in COVID-19 deaths, particularly amongst the elderly, it is
imperative to profile the impact of age on CoV antibodies. Here,
we present evidence of markedly different Ab signatures between
pre-pandemic healthy children and elderly samples. We further
contrast the pre-pandemic antibody signatures observed in
healthy individuals with those of COVID-19-infected patients,
children and elderly, to provide a broader context for the
implications of these systems serology signatures for disease
outcome and future vaccine development strategies.

Results
Distinct systems serology signatures in children versus elderly.
In-depth characterization of cross-reactive SARS-CoV-2 Ab
responses in healthy children compared to healthy elderly is
needed to understand whether pre-existing human coronavirus
(hCoV)-mediated Ab immunity potentially contributes to
COVID-19 disease outcome. We designed a cross-reactive CoV
multiplex array, including SARS-CoV-2, SARS-CoV-1, MERS-
CoV and hCoV (229E, HKU1, NL63) spike (S) and NP antigens
(Fig. 1a). We assessed CoV-antigen-specific detector levels of
isotypes (IgG, IgA, IgM) and subclasses (IgG1, IgG2, IgG3, IgG4,
IgA1, IgA2), along with C1q binding (a predictor of ADCA via
the classical pathway) and FcγRIIa (CD32a), FcγRIIb (CD32b)
and FcγRIIIa (CD16a) soluble dimer engagement (recombinant
dimers which mimic FcγR engagement at the immunological
synapse and had been previously shown to correlate with a range
of Fc-effector functions18) (Fig. 1b). A composite dataset of
baseline CoV Ab features (14 CoV antigens × 14 detectors, thus
196 Ab features) was generated for the plasma of 89 children, 98
adults and 57 elderly individuals (Fig. 1c and Supplementary
Data 1).

To begin, we compared CoV Ab responses between children
and elderly. Accounting for multiple comparisons, we identified
that 58 of the 196 (29.6%) antibody features were significantly
different between the two age groups (all p < 0.00037; Fig. 2a and
Supplementary Data 2). Children (orange) were characterized by
elevated IgM Ab responses targeting a range of CoV antigens,
including several SARS-CoV-2 antigens (S, NP and RBD).
Furthermore, SARS-CoV-2 spike-specific Abs engaged the high-
affinity FcγRIIa-H131 soluble dimers, previously associated with
better disease outcome against SARS-CoV-112. FcγRIIa (CD32a)
is found on phagocytes such as macrophages, neutrophils and
dendritic cells (DCs) and mediates Ab-dependent functions such
as ADCP among others18. In contrast, the antibody response in
healthy elderly individuals (dark blue) was characterized
predominantly by IgA and IgG antibodies directed against a
range of CoV antigens, including SARS-CoV-2 S and RBD. In
particular, hCoV-specific Abs were found to engage soluble
FcγRIIIa dimers. FcγRIIIa (CD16a) can be found on NK cells and
phagocytes such as monocytes and macrophages, and mediates
Ab-dependent functions such as ADCC and ADCP18,19.

Vastly different CoV serological signatures between children
and elderly were also observed when analysing the same data
using systems serology20 (Fig. 2b, c). To identify the minimal
signature of Ab features that best distinguished children from
elderly, we performed feature selection (Elastic-Net) followed by a
supervised multidimensional clustering analysis (partial least
squares discriminant analysis, PLSDA; Fig. 2b). Fifteen Ab
features selected by Elastic-Net accurately discriminated between
children and elderly (99.1% calibration, 98.6% cross-validation
accuracy), with significant separation of children and elderly
PLSDA scores across the first latent variable (LV1) on the x-axis
(p < 0.0001, t= 21.60) (Fig. 2c). These data reiterated that
children have elevated cross-reactive IgM responses to a range
of CoV antigens, including SARS-CoV-2 Abs that engaged
FcγRIIa-H131 soluble dimers, which were also detected in the
multiple comparison analysis (Fig. 2a). Furthermore, this analysis
supported that elderly had elevated IgA and IgG to a variety of
CoV antigens, including an IgA1 response to SARS-CoV2 RBD
and an IgG2 response to SARS-CoV2 NP. Similar trends were
also observed when we visualized the data through unsupervised
hierarchical clustering (Supplementary Fig. 1a).

Primed Ab responses to CoVs increase with repeated hCoV
exposures. A recent study by Edridge et al. confirmed that
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Fig. 1 Cohort information and setup of the custom CoV multiplex. a Details of antigens included in the assay. b Overview of bead-based multiplex assay.
Assay setup for detectors Pan-IgG, IgG1-4, IgA1-2 (b-i), FcγR2aH, FcγR2aR, FcγR2b, FcγR3aV, FcγR3aF (b-ii), IgM (b-iii) and C1q (b-iv). FcγR2aH and
FcγR3aV are the high-affinity variants of the dimers, while FcγR2aR and FcγR3aF are the respective low-affinity dimer variants. (b-v) Beads coupled to
respective CoV antigens are added together into wells of a 384-well plate for multiplexing. c Overview of the demographics in the healthy donors per age
group and COVID-19 patients.
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seasonal hCoVs can repeatedly infect individuals of all ages21,
hence the differences between more immature CoV-specific IgM
signatures in children and the more mature, class-switched CoV-
specific IgA and IgG signatures observed in elderly were likely
due to decades of repeated prior exposures to circulating hCoVs
in the elderly population. To explore this hypothesis, we inves-
tigated whether these differences were gradually introduced in an
aging population. A cohort of pre-pandemic healthy adults (ages
22–63) was added to the analysis, together with our children and
elderly cohorts. Age was rank-correlated (Spearman’s) with the
strength of Ab responses picked up by the 14 multiplex detectors
against the six SARS-CoV-2 antigens (Fig. 2d). While age once
again clearly segregated IgM and IgA responses, we also noticed
that Ab responses towards SARS-CoV-2 S2 and NP were largely
associated with increasing age. As both S2 and NP22 are more
conserved regions across CoV strains, this observation supports
our hypothesis that repeated exposure to circulating hCoV could
be driving pre-existing immunity and cross-reactive responses in
the elderly. Multivariate regression analysis (partial least square
regression, PLSR) and unsupervised hierarchical clustering

performed on the combined cohort, also showed similar asso-
ciations between CoV Ab responses and age (Supplementary
Fig. 1b–d).

Immune maturation drives mature CoV Ab responses. To
interrogate Ab functionality and cross-reactivity between antigens
of selected CoV signatures, we conducted a correlation network
analysis, focusing upon significant correlations of the 15 Ab
features selected by Elastic-Net. The children’s network demon-
strates how a range of SARS-CoV-2 S2 Ab features correlate
significantly with various features related to SARS-CoV-1 S
(Fig. 3a, top left), while features relating to SARS-CoV-2 S1
cluster independently (Fig. 3a, bottom left). This is in line with
our previous observations where cross-reactivity of SARS-CoV-2
S1 signatures trended differently from that of S2, possibly due to
S2 being more conserved across CoV species23. SARS-CoV-2
FcγRIIa was associated with the higher affinity polymorphism-
H131 (SARS2 S1 FcgR2aH in Fig. 3a, bottom left) dimer binding
against S1, which also correlated strongly with multiple other
SARS-CoV-2 Fc responses against S1, including FcγRIIb

Fig. 2 Vastly different SARS-CoV-2 serological signatures between healthy children and elderly. a Volcano plot of healthy children (orange) versus
elderly (dark blue), open circles are not significantly different between two groups. Data were z-scored prior to analysis. b PCA of all 196 Ab features for
healthy children, adults (light-blue square) and elderly. PLSDA scores (c) and loadings plots (d). Two-tailed Spearman correlation was performed to
associate age with the strength of Ab features against the six SARS-CoV-2 antigens. Multiplex assays were repeated in duplicates.
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(FcgR2b), C1q and binding to FcγRIIIa-V158 (the higher affinity
FcγRIIIa polymorphism, FcgR3aV) dimers. These larger networks
suggest that children might have better capacity to engage a range
of Fc-effector functions targeting the SARS-CoV-2 S. Separately
correlated IgM networks of SARS-CoV-2 antigens together with
other CoVs (Fig. 3a, right) suggest that the IgM-dominated
immature immune system in children might be more responsive
towards SARS-CoV-2 antigens and may be polyreactive in nature,
thus might be more rapidly activated upon SARS-CoV-2
infection7.

The elderly predominantly had hCoV-driven cross-functional
Ab signatures to S protein (Fig. 3b, top). Interestingly, while the
networks were complex, and driven by both Fc-effector functions
and C1q, they were species-specific with a lack in overlap between
the networks for either circulating hCoV 229E or hCoV HKU1,
unlike the more polyreactive networks observed in the children.
These findings further support the notion of pre-conceived
immunity in the elderly primed by prior exposures to circulating
hCoV drive more focused specificity. Expanding upon our prior
observation of matured class-switched cross-reactive antibodies
in the elderly, a network of IgA1 and IgA2 responses were formed
between SARS2 RBD and S. Similarly, networks involving IgG2
and FcγRIIa-H131 (FcgR2aH) or IgA to CoV antigens were
observed (Fig. 3b, bottom). However, notably, these networks
were largely species-specific with minimal overlap, suggesting a
more rigid immune response present in the elderly, directed
towards prior hCoV-exposed antigens. Altogether, the network
analyses suggest that children have less exposure to CoV antigens
but may have a more adaptable humoral immune responses, both
in antigen recognition and Fc responses, targeted towards SARS-
CoV-2 compared to elderly. Furthermore, the overall response in
children is likely to benefit from the broad polyfunctionality of
the SARS-CoV-2 antibody repertoire, which may offer them
greater non-neutralizing protection through FcγR engagement
than the elderly following initial SARS-CoV-2 exposure, in line
with the theory proposed by Carsetti et al.7.

HLA class II alleles influence CoV Ab signatures in healthy
individuals. Establishment of an effective humoral immune
response after infection and/or vaccination depends on the

generation of affinity-matured long-lived plasma cells and
memory B cells, and is correlated with effective activation of T
follicular helper (TFH) cells24. TFH cells are activated by pre-
sentation of viral epitopes presented by HLA class II alleles on
antigen presenting cells, such as DCs. However, a broad array of
HLA class II alleles expressed in humans could affect the acti-
vation of TFH cells and thus likely to differentially shape the
humoral immune responses. Moreover, several studies demon-
strate that variations in HLA class II alleles were associated with
susceptibility or resistance to several infectious diseases including
MERS-CoV25,26 and with vaccine-induced Ab responses27.
Hence, we investigated whether HLA class II alleles could affect
CoV Ab signatures observed in healthy individuals, which would
improve our understanding on the role of HLA class II alleles in
shaping the Ab response upon SARS-CoV-2 infection. We ana-
lysed the antibody signatures of healthy individuals for whom
HLA class II allele information was available (children n= 84,
adults n= 17 and elderly n= 10; Supplementary Fig. 2 and
Supplementary Data 1). Data for all healthy donors were pooled
since subsets for adult and elderly donors were too small to
analyse individually. HLA distributions per age group can be
found in Supplementary Fig. 2. To determine whether HLA class
II alleles contributed to differences in Ab predisposition, we
conducted Elastic-Net and PLSDA to distinguish Ab responses
between the two most frequently observed HLA-DQB1, -DRB1,
or -DPB1 alleles in our cohort (Supplementary Fig. 2a, d, g).
Intriguingly, HLA-DQB1*03:01 and HLA-DQB1*06:02 were
associated with distinct Ab features (Supplementary Fig. 2b, c;
calibration 86.4%, and 82.6% cross-validation accuracy), and to a
minor extent between HLA-DRB1*07:01 and HLA-DRB1*15:01
(Supplementary Fig. 2e, f; calibration 79.1%, and 76.3%
cross-validation accuracy), and HLA-DPB1*04:01 and HLA-
DPB1*02:01 (82.3% calibration and 72.2% cross-validation
accuracy; Supplementary Fig. 2h, i). Discriminating features
included both Ab isotypes and FcR engagement for both hCoV,
SARS-CoV1 and 2, and MERS antigens. The driving HLA class II
allele behind the differences observed between HLA-DQB1*03:01
and HLA-DQB1*06:02, and HLA-DRB1*07:01 and HLA-
DRB1*15:01 remains elusive as HLA-DQB1*06:02 and HLA-
DRB1*15:01 are strongly co-expressed in our cohort (93.9% of all
HLA-DQB1*06:02 donors also expressed HLA-DRB1*15:01;

Fig. 3 Healthy children and elderly have differing correlation networks. Correlation network analyses for healthy children (a) and elderly (b) identify
features associated with the Elastic-Net-selected features (blue outline). Coded by Ab feature type (colour), antigen (shape) and correlation coefficient
(line thickness).
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27.6% of all HLA-typed donors expressed both HLA-
DQB1*06:02 and HLA-DRB1*15:01; Supplementary Data 1).
Nevertheless, these results suggest that HLA class II alleles, in
combination with prior hCoV exposures, can contribute to dif-
ferences in Ab predispositions in our healthy donor cohort.
Hence, HLA class II alleles could contribute to shaping the SARS-
CoV-2 Ab response upon infection or vaccination, possibly
resulting in differences in SARS-CoV2-specific Ab titres and/or
FcR engagements across individuals.

Distinct Fc Ab signature in COVID-19 patients. A cohort of 19
SARS-CoV-2 PCR-positive patients (Fig. 1c-iii (closed symbols)
and Supplementary Data 3) were screened for SARS-CoV-2
antigen-specific serological profiles (Supplementary Figs. 3 and
4). An individual who was SARS-CoV-2-exposed but remained
SARS-CoV-2 PCR-negative was also assessed (Donor D1). Ele-
vated SARS-CoV-2-specific Ab responses in COVID-19 patients
relative to healthy or the exposed but PCR-negative individual
were observed across multiple titrations (Supplementary Fig. 4).
In particular, we found that in the majority of COVID-19
patients, the SARS-CoV-2 antigen-specific Abs bound to
FcγRIIIa-V158 and FcγRIIa-H131 soluble dimers at high levels,
even at 1:800 plasma titrations, suggesting that besides potential
neutralizing activity, alternative antibody-mediated activity such
as ADCC and ADCP are likely to contribute to viral
clearance18,19,28.

As the global focus shifts towards serological testing as a
strategy for population surveillance to inform government
policies, there is an urgent need to distinguish unique Ab profiles
in COVID-19 patients to improve the sensitivity and specificity of
these tests29. Therefore, we next explored if we could detect
distinct serological patterns of SARS-CoV-2 antigen-specific Ab
features among the various isotypes (IgG, IgA or IgM) that would
distinguish our small COVID-19 cohort from healthy individuals
(including D1). Through the use of hierarchical clustering, we
observed that majority of COVID-19-positive individuals induced
high SARS-CoV-2-specific IgM responses, especially to spike
antigens, while modest levels of cross-reactive SARS-CoV-2-
specific IgM, mainly directed against SARS-CoV-2 NP, were
also detected within the healthy individuals, particularly amongst
the children (Fig. 4a). Similarly, modest SARS-CoV-2-specific
IgA (Fig. 4b) and IgG (Fig. 4c) were observed in healthy,
predominantly adult and elderly individuals, though less
frequently than IgM, with cross-reactive IgG responses observed
at the lowest frequencies of all isotypes (Fig. 4c). Overall, modest
levels of SARS-CoV-2 cross-reactive Abs in healthy donors
resulted in poor clustering of COVID-19 patients from healthy
individuals when a single isotype was assessed, even though
multiple SARS-CoV-2 antigens were included. These results
suggest that reported low levels of false positives in current
serological diagnostics tests could be due to pre-existing levels of
cross-reactive Abs that lead to similar serological signatures as
observed in SARS-CoV-2-infected individuals when only the
quantity of antigen-specific Abs is assessed.

To identify the minimum Ab signature that best distinguishes
the COVID-19 patients from healthy individuals, feature selection
was used and identified four SARS-CoV-2 Ab variables that
differentiated the two groups (Fig. 4d–f), targeting three different
SARS-CoV-2 antigens, S trimer, fold on stabilized spike ectodo-
main, 2P mutation30, NP, and Sclamp (molecular clamp stabilized
spike ectodomain). Intriguingly, antigen-specific engagement of
FcγRIIIa-V158 and C1q, but not IgG, was selected. This suggests
that SARS-CoV-2 infection potentially induces antigen-specific Ab
with distinct Fc qualities, e.g. Fc glycosylation changes, enhancing
binding of FcγRIIIa-V158 and C1q19,20, unlike pre-existing cross-

reactive SARS-CoV-2 Abs observed in our healthy donor cohort.
In contrast to previous unsupervised hierarchical clustering for
IgA, IgM and IgG (Fig. 4a–c) to multiple SARS-CoV-2 antigens,
these four SARS-CoV-2 Ab features had distinct patterns in
COVID-19 patients, which led to the clustering of COVID-19
patients together with a single exception, this notably being the
healthy, exposed, SARS-CoV-2 PCR-negative individual (Fig. 4d).
Strikingly, a supervised PLSDA model of these four features, all
associated with COVID-19 patients, could significantly distinguish
COVID-19 patients from healthy individuals on LV1 (Fig. 4e, f; x-
axis, p < 0.0001, t= 34.80; 98.51% calibration accuracy, 98.51%
cross-validation accuracy). Collectively, these results suggest that
future COVID-19 serological diagnostic tests could be improved by
assessing the Fc quality of antigen-specific Abs in addition to Ab
quantity.

To specifically define these four SARS-CoV-2 Ab features, we
conducted a correlation network of Ab responses in the COVID-
19-positive individuals (Fig. 4g). High levels of correlation were
observed between all SARS-CoV-2 spike antigens: S1, S2, RBD, S
trimer and Sclamp; while NP antigen-specific Ab features created
a separate network. Antigen-specific IgG1 and IgG3, which are
the most highly functional IgG subclasses31 were highly
correlated with FcγR and C1q antigen-specific Ab engagement,
demonstrating they may be the key mediators of these Fc-effector
functions. These results suggest that COVID-19 patients develop
a strong SARS-CoV-2-specific Ab response over the course of
their infection, eliciting both neutralizing and non-neutralizing
functions.

Qualitative and quantitative differences of IgM in children.
Neutralizing Ab responses targeting the RBD have been observed
in the majority of convalescent COVID-19 serum sample, which
has been associated with control of SARS-CoV-232. All baseline
pre-pandemic samples were tested via a virus microneutralization
(VN) assay33, and not surprisingly, neutralizing antibody titres
were solely detected in COVID-19 patients (Supplementary
Data 4). However, examining both the quantity and quality of
pre-existing RBD may provide insights towards the development
of these responses. Baseline RBD isotype-specific levels between
healthy children, adults, elderly and COVID-19 patient plasma
samples were assessed via multiplex-assay and validated with
published ELISA methods34 (Fig. 5). ELISA data confirmed our
earlier observations that children induced elevated IgM (Fig. 5a)
while elderly had higher RBD-specific IgA1 responses as mea-
sured by multiplex and trended with ELISA IgA results (Fig. 5b),
while no differences in IgG were observed among the healthy
donors (Fig. 5c). The absence of significant differences between
age groups in the ELISA can be accounted for by the fact that we
only tested a fraction of the healthy donors and that the multiplex
is in general more sensitive.

Since Ab neutralization quality and potency is often correlated
with Ab avidity, we conducted a urea disassociation assay on a
subset of children, elderly and COVID-19 plasma samples
(Fig. 5a-iv, b-iv). Avidity of RBD-specific IgM from children
and elderly was significantly weaker than COVID-19 patients
(p= 0.0059 and p= 0.0006, respectively). Interestingly, children’s
IgM responses span a large and slightly higher range of avidities
(median 60.88; IQR 49.37–79.8) as compared to the elderly
(median 50.73; IQR 43.83–71.55). No differences in IgA avidity
were found between children (median 62.22; IQR 56.37–70.99),
elderly (median 63.08; IQR 34.84–76.46) and COVID-19 patients
(median 64.77; IQR 32.63–81.78). The avidity assay was not
conducted for IgG, due to lack of resolution for healthy
individuals in the ELISA. Altogether, our data suggest that
compared to the elderly, children may have increased potential to
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mount, a higher quality of antibody responses originating from
the high binding avidity IgM population which is less commonly
observed in the elderly. This may offer them greater development
of non-neutralizing protection through FcR engagement than the
elderly following initial SARS-CoV-2 exposure, in line with the
theory proposed by Carsetti et al.7.

Distinct Ab features between children and elderly COVID-19
patients. In line with a recent study21, we observed that repetitive
infections with seasonal hCoVs have shaped the humoral
immune responses in elderly to a more mature and class-switched
CoV-specific IgA and IgG response. This is in contrast to the less-
experienced antibody signatures observed in children, which
potentially could impact the functionality of the humoral immune
response following SARS-CoV-2 exposure. Hereto, we investi-
gated differences in age-specific Ab features among COVID-19
patients. To this end, we included additional COVID-19 patients
(Fig. 1d-ii-iii; open symbols) to even out distribution across a
range of age groups. No significant differences in virus neu-
tralization were observed between the different age groups
(Supplementary Data 4, assay 2), indicating that additional
immune functions, beyond neutralization may contribute to
recovery.

To focus in on the particular serological differences
between COVID-19 children and elderly, we performed a
COVID-19-specific systems analysis on both cohorts

(Supplementary Data 5). Using supervised feature selection
followed by multivariate regression analysis, we were able to
identify age-dependent Ab signatures in this distinct COVID-19
patient cohort (Fig. 6a, b). We detected that SARS-CoV-2-specific
IgA and IgG features were associated with increasing age,
especially to both S223 and NP22, which could be a result of
cross-reactivity driven by prior exposure to hCoV antigens.

In contrast, SARS-CoV-2-specific functional responses,
especially both polymorphisms of FcγRIIa and FcγRIIb to
Spike 1 and RBD were associated with COVID-19 cohort
children. These data were verified using unsupervised hier-
archical clustering in which similar trends were observed
(Fig. 6c). To confirm the accuracy of the selected features
(Supplementary Fig. 5a), we compared the cross-validation
(CV) accuracy of our selected model with randomly selected
antibody features, observing significantly higher accuracy (p=
0.006) with our model (Supplementary Fig. 5b). Engagement of
FcγRIIa is commonly associated with antibody-mediated
phagocytosis. Significant univariate differences between Spike
1-specific antibody engagement for both FcγRIIa polymorph-
isms were observed (FcγRIIaR, p= 0.0332; Fig. 6d and
FcγRIIaF, p= 0.0387; Fig. 6e), despite the small sample size.
To further validate that children have enhanced FcγRIIa-
mediated antibody functions, we utilized THP-1 monocyte cell
line, which express high levels of FcγRIIa and very low levels of
FcγRIIIa35, to assess for antibody-mediated Fc-effector

Fig. 4 Healthy versus COVID-19 serological signatures. Hierarchical clustering of all SARS-CoV-2 antigens for IgM (a), IgA1 (b) and IgG (c). Levels are
coloured from low (dark blue) to high (dark red). Hierarchical clustering (d) and PLSDA model scores (e) and loadings (f) were performed using the four-
feature Elastic-Net-selected SARS-CoV-2 antigen signature (98.51% calibration accuracy, 98.51% cross-validation accuracy). Variance explained by each
LV is in parentheses. g Correlation network analysis for COVID-19 patients was performed to identify features significantly associated with the Elastic-Net-
selected features (blue outline). Coded by Ab feature type (colour), antigen (shape) and correlation coefficient (line thickness). Data were z-scored prior to
analysis. Multiplex assays were repeated in duplicates.
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functions. Children trended to have elevated THP-1 cell-based
Fc-mediated uptake of spike-coated beads (p= 0.1277, chil-
dren: median 12.35; IQR 11.09–14.92; elderly: median 10.96;
IQR 6.17–13.43; Fig. 6f). Similarly, when using cells transfected
with Spike trimer and mOrange as targets, we observed similar
trends (p= 0.0684, children: median 22.34; IQR 14.55–28.71;
elderly: median 14.17, IQR 7.16–21.47; Fig. 6g). Importantly,
both cell-based Fc-effector assays highly correlated with each
other and to SARS2 S1 FcγRIIa (Fig. 6h). Overall, these
findings, albeit done on a small cohort, support our hypothesis
that differences in Ab signatures between children and elderly,
primed by their prior exposure(s) to circulating hCoV, may
contribute to their differential clinical outcomes to COVID-19,
where children benefit from their less-experienced immune
status prior to SARS-CoV-2 infection, which provides them
with the ability to exert a more functional antibody response
against SARS-CoV-2.

Discussion
Using systems serology, we observed distinct coronavirus ser-
ological signatures in healthy children compared to elderly. Chil-
dren had elevated CoV-specific IgM signatures, whereas elderly
had more mature, class-switched CoV-specific IgA and IgG,
indicating that multiple rounds of infections and/or exposures over
several decades might be needed to develop fully experienced CoV
humoral immune response. Intriguingly, similarly to the current
SARS-CoV-2 pandemic, school-aged children have shown better
clinical outcomes during past influenza pandemic outbreaks5 and
can induce more potent, broadly neutralizing Ab responses upon
HIV infection36. It is plausible that upon infection with SARS-
CoV-2, the elderly may preferentially induce skewed Ab responses
targeting prior cross-reactive hCoV antigens and as observed in
this study, COVID-19-positive elderly induced elevated IgG and
IgA antibodies to the more cross-reactive antigens of SARS-CoV2
including S2 and NP, compared to children. Recent Ab repertoire

Fig. 5 Receptor binding domain Abs in healthy versus COVID-19 patients.Multiplex MFI data for IgM (a-i), IgA (b-i) and IgG (c-i); ELISA endpoint titres
for IgM (a-ii), IgA (b-ii) and IgG (c-ii); and their respective correlations (a–c iii). Avidity index following urea dissociation for IgM (a-iv) and IgA (b-iv).
Children (orange), adults (light blue), elderly (dark blue) and COVID-19 patients (red). Bar indicates the median response of each group. Statistical
significance was determined using one-way ANOVA (Kruskal-Wallis with Dunn’s multiple comparisons), exact p-values were provided. Serial dilutions of
plasma from healthy children (n= 14) (orange), 12 adults (n= 12) (light blue), 14 elderly (n= 14) (dark blue) and 5 COVID-19 patients (red) tested in IgM
(a-v), IgA (b-v) and IgG (c-iv) ELISA. Bold red line represents COVID-19 patient AH0073 who was used as a positive control in all multiplex and ELISA
plates. Dashed lines represent cut-offs (15% of positive control for IgA and IgG; 30% for IgM) used to interpolate endpoint titres by non-linear regression
analysis. ELISA and multiplex assays were repeated in duplicates.
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study from a single adult COVID-19 subject observed a larger
proportion of non-neutralizing Abs that displayed high levels of
somatic hypermutation which cross-react with hCoV, which the
authors suggest indicate pre-existing memory B cells by prior
hCoV37. In addition, recent studies have observed boosting of
hCoV antibody responses, especially OC43 upon SARS-CoV2
infection38–40. As such, upon exposure to SARS-CoV-2 in elderly
individuals, the influence of pre-existing memory responses in
combination with potentially slower activation of the memory B
cell response in general7, may contribute to them inducing a less
effective antibody response.

In contrast, children, who have less-experienced humoral
immunity to hCoV, may mount a more targeted immune
response towards antigens from SARS-CoV-2, such that FcyRIIa-
mediated responses and IgG features targeted against
SARS2-CoV-2 S1 and RBD dominated the antibody response in
SARS-CoV2-infected children. In line with this observation, we
also demonstrate that COVID-19 children responded better than

the elderly using two different antibody-mediated functional
assays. These results need to be repeated with in larger cohorts
studies; however, these findings give an indication that children
may benefit from early Fc-mediated viral clearance and induce
more targeted and Fc functional immunity against SARS-CoV-2
antigens in comparison to elderly.

Interestingly, no differences in the in vitro virus neutralization
were observed between the different age groups of COVID-19
patients, which indicates that additional immune functions,
possibly exerted by the FcR or complement could contribute to
the divergent age-related clinical outcomes (Supplementary
Data 4). Of note, a recent study comparing neutralizing mono-
clonal Abs observed that Fc capacity was essential for enhancing
protection against SARS-CoV-2 in vivo mouse models, which
were not detected via in vitro neutralization assays, as all the
currently described neutralization assays lack Fc functions41. This
highlights the necessity to examine both neutralizing and non-
neutralizing responses of Abs in future studies.

Fig. 6 COVID-19 Ab responses in COVID-19-positive children and elderly. PLSDA scores (a) and loadings (b) plots for the children (n= 12) (orange) and
elderly (n= 12) (dark blue) with an Elastic-Net-selected 18-feature signature (100.00% calibration accuracy, 91.37% cross-validation accuracy).
Hierarchical clustering was performed using the 18-feature signature for the children and elderly cohorts (c). S1-specific antibody engagement of FcγRIIaR
(d) and FcγRIIaR (e) were amongst the strongest features in the PLSDA loadings plot (b) and are significantly elevated in children (Supplementary Data 5
describes all comparisons between children and elderly). THP-1 monocyte cell line antibody-mediated uptake of spike-coated bead assay (f) and spike-
expressing target cell assay (g). Statistical significance was calculated using the two-tailed Mann-Whitney U test and exact p-values were reported. S1-
specific antibody engagement of FcγRIIaR, FcγRIIaR and the two THP-1 SARS-CoV2 spike Fc effector assays highly correlate with each other, as measured
by two-tailed Spearman correlation (h). Multiplex assays were repeated in duplicates.
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Our assay used recombinant FcyR dimers to assess the CoV
serological profiles of our healthy donors and COVID-19 patients
for additional functions beyond viral neutralization. Recombinant
FcyR dimers have previously been demonstrated to be an excel-
lent surrogate system to mimic FcγR engagement at the immu-
nological synapse and was shown to correlate with a range of
in vitro cellular Fc effector assays including ADCC and
ADCP19,42. Similarly, we observed that SARS-CoV2 FcyR dimer
engagement strongly correlated with two different cellular Fc
effector assays. FcγR dimers have also been used to assess Fc-
effector functions against a range of infectious disease pathogens
including HIV43,44, influenza45,46 and malaria47. Similarly, C1q
binding has been correlated with in vitro Ab-dependent com-
plement deposition (ADCD) assays48 and have been used to
assess ADCD against HIV49, Ebola50 and malaria51.

We observed distinct SARS-CoV-2 Fc Ab signatures associated
with enhanced engagement of the high-affinity FcγRIIIa-V158 dimer
and C1q, distinguishing COVID-19 patients from healthy controls.
Ab Fc binding to FcγR can be modulated by multiple structural,
genetic and post-translational modifications, including Fc
glycosylation52,53. Fc-effector functions, while beneficial against many
pathogens20,28,54,55, can also enhance infection and pathogenesis in
other infectious diseases, including dengue, where disease severity is
associated with afucosylated IgG1 that enhances FcγRIIIa affinity56.
This is also observed with other respiratory diseases including
tuberculosis, where greater overall inflammation, including inflam-
matory Fc glycosylation is associated with poorer disease
outcomes55,57. IgG with reduced fucosylation has been detected in
COVID-19 patients and further implicated with COVID-19 pro-
gression, with the critically ill showing aggravated afucosylated-IgG
responses against spike, while mild cases displayed higher levels of
fucosylation of spike-specific IgG58,59. It is important for future larger
SARS-CoV-2 serological studies to assess not only quantitative
changes in Ab titres, but also qualitative differences in FcR engage-
ments between patients with mild and severe disease, whereas in our
study the majority of patients had mild-to-moderate COVID-19.

Pandemic outbreaks provide unique opportunities to study
how different aspects of the immune system contribute to the
formation of a novel immune response, for example the protec-
tive or risk-associated effects of HLA alleles60. Due to the low
frequency of shared HLA class II alleles in our cohort, this ana-
lysis could not be further explored to the impact of the full range
of HLA class II alleles, neither to determine the contribution of
age nor of sex. However, the distinction in Ab signatures observed
in our study emphasizes the need to better understand the con-
tributions of HLA class II alleles to the maturation of humoral
immunity and would require a sufficiently large cohort of HLA-
typed healthy controls and COVID-19 patients. The current
pandemic outbreak provides a unique opportunity to perform
such studies, when large patient cohorts which include infor-
mation on antibody responses, HLA class II phenotypes and
disease outcome are combined.

Overall, our in-depth serological profiling of healthy children,
elderly and COVID-19 patients brings us closer to understanding
why the elderly are more susceptible to COVID-19 and provides
insights into Ab Fc signatures associated with convalescence of
mild/moderate symptomatic individuals. This knowledge is
important for the development of improved serological
diagnostics57, evaluation of convalescent plasma therapeutic
trials, and will inform immunogenicity assessment of Ab-based
SARS-CoV-2 vaccine strategies, which could potentially extend
beyond neutralizing Abs.

Methods
Study participants and sample collection. Our study assessed antibodies to
SARS-CoV-2 in a total of 244 healthy individuals and 43 SARS-CoV-2-infected

patients (Supplementary Data 1 and 3). Children undergoing elective tonsillectomy
(age 1.5–19) were recruited at the Launceston General Hospital (Tasmania) and,
apart from fulfilling the criteria for tonsillectomy, they were considered otherwise
healthy, showing no signs of immune compromise. Healthy adult donors (age
22–63) were recruited via the University of Melbourne. Healthy elderly donors (age
65–92) were recruited at the Deepdene Medical Clinic (Victoria). All healthy
donors were recruited prior to SARS-CoV-2 pandemic. SARS-CoV-2-infected
patients (age 1–76) were recruited at the Alfred Hospital (AH), at the Murdoch
Children’s Research Institute (FFX), by James Cook University (D) and University
of Melbourne (CP). Eligibility criteria for COVID-19 acute and convalescent
recruitment were having at least one swab PCR-positive for SARS-CoV-2. Each
patient was categorized into one of the following 6 severity categories: very mild
(stay at home, minimal symptoms), mild (stay at home with symptoms), moderate
(hospitalized, not requiring oxygen), severe/moderate (hospitalized with low-flow
oxygen), severe (hospitalized with high-flow oxygen) or critical (intensive care unit,
ICU). Heparinized blood was centrifuged for 10 min at 300g to collect plasma,
which was frozen at −20 °C until required. HLA class I and class II molecular
genotyping was performed from genomic DNA by the Australian Red Cross
Lifeblood (Melbourne).

Human experimental work was conducted according to the Declaration of
Helsinki principles and according to the Australian National Health and Medical
Research Council Code of Practice. All donors or their legal guardians provided
written informed consent. The study was approved by the Human Research Ethics
Committee (HREC) of the University of Melbourne (Ethics ID #1443389.4,
#2056761, #1647326, #2056689, #1955465) for healthy adult and elderly donors,
Tasmanian Health and Medical HREC (H0017479) for healthy child donors, Alfred
Hospital (#280/14) for AH donors, RCH HREC (#63666) for FFX donors, James
Cook University (#H7886) for D donors and University of Melbourne (#2056689)
for CP donors.

Deglycosylation of Escherichia coli-expressed NP. To minimize possible bac-
terial glycosylation background from the E. coli expression system, recombinant
hCoV 229E and NL63 NP (Prospec-Tany) were first treated with O-glycosidase
and PNGase F. Briefly, 40 µg of NP were treated with a cocktail of 8 µl 10X
GlycoBuffer 2, 8 µl 10% NP40, 12 µl O-Glycosidase, 12 µl of Remove-iT PNGase F
(New England BioLabs) and water for a final volume of 80 µl and incubated at
37 °C for 2 h on a shaker. The respective mixtures were added to Eppendorf tubes
containing 100 µl of PSB-washed Chitin magnetic beads (New England BioLabs) to
allow the binding and removal of Remove-iT PNGase F. Tubes were agitated for
10 min then placed onto a magnetic separation rack for 5 min. The supernatant was
retrieved and passed through a 100 kDa Amicon Ultra centrifugal filter (Merck) to
remove remaining O-glycosidase. Finally, NPs were washed with PBS using a 3 kDa
Amicon Ultra centrifugal filter (Merck) to prepare them for coupling.

Coupling of carboxylated beads. A custom CoV multiplex assay was designed with
SARS-CoV-2, SARS-CoV-1, MERS-CoV and hCoV (229E, HKU1, NL63) S and NP
antigens, as well as SARS-CoV-2 RBD (gift from Florian Krammer)34, SARS-CoV-2
Trimeric S (gift from AdamWheatley) and SClamps of both SARS-CoV-2 and MERS-
CoV (gift from University of Queensland) (Fig. 1a). Amino acid sequences for CoV
spike and NP are as described in Fig. 1a. Tetanus toxoid (Sigma) and influenza
hemagglutinin (H1Cal2009; Sino Biological) were also added to the assay as positive
controls, while BSA-blocked beads were included as negative controls. Magnetic car-
boxylated beads (Bio Rad) were covalently coupled to the antigens using a two-step
carbodiimide reaction, in a ratio of 10 million beads-to-100 µg of antigen, with the
exception of the deglycosylated NPs mentioned above in which 40 µg were used instead,
and SARS-CoV-2 RBD which were used at 49.7 µg instead. Briefly, beads were washed
and activated in 100mM monobasic sodium phosphate, pH 6.2, followed by the
addition of Sulfo-N-hydroxysulfosuccinimide and 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide (Thermo Fisher Scientific). After incubation at room temperature (RT)
for 30min, the activated microspheres were washed three times and resuspended in 50
mMMES pH 5.0 (Thermo Fisher Scientific). The respective antigens were added to the
activated beads and the mixture was incubated at RT for 3 h on a rotator in the dark.
Subsequently, the beads were washed with PBS and blocked with blocking buffer (PBS,
0.1% BSA, 0.02% TWEEN-20, 0.05% Azide, pH 7) for 30min. Finally, beads were
washed in PBS 0.05% Sodium Azide and resuspended as one million beads per 100 µl.

Luminex bead-based multiplex assay. The isotypes and subclasses of pathogen-
specific antibodies present in the collected plasma were assessed using a multiplex
assay as described61 (Fig. 1b). Using a black, clear-bottom 384-well plate (Greiner
Bio-One), 20 µl of working bead mixture containing 1000 beads per bead region
and 20 µl of diluted plasma were added per well. From validation experiments in
which cross-reactive Abs present in healthy individuals were titrated, an optimal
concentration of 1:100 working dilution of plasma was selected for downstream
assays (Supplementary Fig. 3a, b). The plate was covered and incubated overnight
at 4 °C on a shaker and was then washed with PBS containing 0.05% Tween20
(PBST). Pathogen-specific antibodies were detected using phycoerythrin (PE)-
conjugated mouse anti-human pan-IgG, IgG1-4, IgA1-2 (Southern Biotech), at
1.3 µg/ml, 25 µl per well. After incubation at RT for 2 h on a shaker, the plate was
washed before the beads were resuspended in 50 µl of sheath fluid. The plate was
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then incubated at RT for 10 min on a shaker before being read by the FlexMap 3D.
The binding of the PE-detectors was measured to calculate the median fluorescence
intensity (MFI). Double background subtraction was conducted, removing first
background of blank (buffer only) wells followed by removal of BSA-blocked
control bead background signal for each well.

For the detection of IgM, biotinylated mouse anti-human IgM (mAb MT22;
MabTech) was added at 1.3 µg/ml, 25 µl per well. After incubation at RT for 2 h on
a shaker, the plate was washed, and streptavidin, R-Phycoerythrin conjugate
(SAPE, Invitrogen) was added at 1 µg/ml, 25 µl per well. The plate was then
incubated at RT for 2 h on a shaker before being washed and read as mentioned
above. For the detection of FcγR, soluble recombinant FcγR dimers (higher affinity
polymorphisms FcγRIIa-H131, lower affinity polymorphisms FcγRIIa-R131,
FcγRIIb, higher affinity polymorphisms FcγRIIIa-V158, lower affinity
polymorphisms FcγRIIIa-F158) were provided by Bruce Wines and Mark Hogarth.
For the detection of C1q, C1q protein (MP Biomedicals) was first biotinylated
(Thermo Fisher Scientific), washed and resuspended in PBS and tertramerized with
SAPE. Dimers or tetrameric C1q-PE were added at 1 µg/ml, 25 µl per well,
incubated at RT for 2 h on a shaker and then washed. For Dimers, SAPE was added
at 1 µg/ml, 25 µl per well, incubated at RT for 2 h on a shaker before being washed
and read as mentioned above. Assays were repeated in duplicate. A titration of
AH0073 was included in the layout of all multiplex array plates as this patient was
known to have IgG, IgM and IgA responses (Supplementary Fig. 4). These
titrations were used to normalize replicate multiplex array plates.

Enzyme-linked immunosorbent assay (ELISA). Detection of RBD-specific anti-
bodies was performed as described in Stadlbauer et al.34,62 with the following
modifications; Nunc MaxiSorp flat-bottom 96-well plates (Thermo Fisher Scien-
tific) were used for antigen coating, blocking performed with PBS containing 10%
BSA and half-logarithmic serial dilutions (beginning at 1:10 for IgA and 1:31.6 for
IgG/IgM) performed with PBST containing 5% BSA. For detection of IgG and IgA,
peroxidase-conjugated goat anti-human IgG (Fcγ fragment specific; #109-035-098;
Jackson ImmunoResearch) or alkaline phosphate-conjugated rat anti-human IgA
(mAb MT20; #3860-9A-1000; MabTech), was used and developed with TMB
(Sigma) substrate for IgG or pNPP (Sigma) for IgA. For IgM, biotinylated mAb
MT22 (#3880-6-250; MabTech) and peroxidase-conjugated streptavidin (Pierce;
Thermo Fisher Scientific) were used. Peroxidase reactions were stopped using 1 M
H3PO4 and plates read at 450 or 405 nm on a Multiskan plate reader (Labsystems).
All measurements were normalized using a positive control plasma from a
COVID-19 patient (AH0073) run on each plate (Fig. 5a–v, b–v, c–v). Endpoint
titres were determined by interpolation from a sigmoidal curve fit (all R2 values
>0.95; GraphPad Prism 8) as the reciprocal dilution of plasma that produced ≥15%
absorbance of the positive control. A total of 28 donors from each cohort was
randomly selected for IgA analysis, 14 for IgG and 10–14 for IgM. All assays also
included the five same COVID-19 patient samples.

Antibody avidity assay. Avidity of antibodies in plasma samples was measured
using urea as the chaotropic agent and only performed on samples with detectable
RBD-specific antibodies (IgA and IgM). Following incubation of plasma at a 1:10
dilution (IgA) or 1:100 dilution (IgM) on RBD-coated plates, 6 M of urea was
added and incubated for 15 min. Bound antibodies were then detected using
respective secondary detection reagents described above. The avidity index is
expressed as the percentage of remaining antibody bound to antigen following urea
treatment compared to the absence of urea.

Neutralization antibody assay. SARS-CoV-2 isolate CoV/Australia/VIC01/
202063 was passaged in Vero cells and stored at −80 °C. Serial two-fold dilutions of
heat-inactivated plasma or serum were incubated with 100 TCID50 of SARS-CoV-
2 for 1 h and residual virus infectivity was assessed in Vero cells; viral cytopathic
effect was read on day 5. The neutralizing antibody titre is calculated using the
Reed/Muench method as previously described64,65.

Cell-based antibody Fc effector assays. To examine the COVID-positive plasma
of children and elderly for antibody-mediated activation of FcgRIIa expressing
THP-1 monocyte cell lines, a previously described bead-based ADCP assay66,67 was
adapted for use in the context of SARS-CoV268. SARS-CoV-2 S trimer was bio-
tinylated using EZ-Link Sulfo-NHS-LC biotinylation kit (Thermo Scientific) with
20 mmol excess according to manufacturer’s instructions and buffer exchanged
using 30 kDa Amicon centrifugal filters (EMD millipore) to remove free biotin.
Biotinylated S was then used to coat the binding sites of 1 μm fluorescent Neu-
trAvidin Fluospheres beads (Invitrogen) overnight at 4 °C. S-conjugated beads were
washed four times with 2% BSA/PBS to remove excess antigen and incubated with
plasma (1:100 dilution) for 2 h at 37 °C in a 96-well U-bottom plate. THP-1
monocytes (10,000/well) were then added to opsonized beads and incubated for
16 h under cell culture conditions. Cells were fixed with 2% formaldehyde and
acquired by flow cytometry on a BD LSR Fortessa with a high-throughput sampler
attachment (HTS). The data were analysed using FlowJo 10.7.1 and a phagocytosis
score was calculated as previously described69 using the formula: (%bead-positive
cells × mean fluorescent intensity)/103. To account for non-specific uptake of S-

conjugated beads, the phagocytosis scores for each plasma sample were subtracted
with that of the ‘no plasma’ control.

The bead-based assay was also adapted to use Ramos cells expressing Spike as
target cells 68. THP-1 monocytes were first stained with CellTraceTM Violet (CTV;
#C34557; Life Technologies) as per manufacturer’s instructions. In a 96-well V-
bottom cell culture plate, Ramos S-orange cells (10,000/well) were incubated with
plasma from convalescent or uninfected donors (1:5000 dilution) for 30 min.
Opsonized Ramos S-orange cells were then washed prior to co-culture with CTV-
stained THP-1 monocytes (10,000/well) for 1 h at 37 °C with 5% CO2. After the
incubation, cells were washed with PBS, fixed with 2% formaldehyde and acquired
using the BD LSR Fortessa with a HTS. The data were analysed using FlowJo
10.7.1. The percentage of Spike-orange-positive THP-1 monocytes was measured
for each plasma sample and background-subtracted with the ‘no plasma’ control.

Statistical analysis. Children versus the elderly Volcano plot was conducted using
Prism 8. Statistical significance determined using the Holm-Sidak method, with α
= 0.05 adjusted for 196 tests (Ab features). Each feature was analysed individually,
without assuming a consistent SD. The overall multiplex dataset was analysed for
normal distribution using the Shapiro-Wilk test by Prism 8. The data were further
analysed by SPSS statistics 26 (IBM Corp.) using the Kruskal-Wallis one-way
analysis with a Bonferroni correction to determine the p-values, differences
between groups were considered significant at an adjusted p-value of 0.000035
(Supplementary Data 2). ELISA data were analysed using one-way ANOVA
(Kruskal-Wallis one-way analysis with Dunn’s multiple comparison) using Prism
8. Comparisons between COVID-positive children and elderly were analysed by
two-tailed Mann-Whitney U test (Supplementary Data 5). CV accuracies of ran-
domly selected models were compared to the selected model (Supplementary
Fig. 5a, b) based on previously published methods, which use a one-sided Fisher’s
permutation test to calculate a CV p-value in Matlab70. The CV p-value represents
the proportion of randomized signatures that outperformed the original feature
selected model in cross-validation accuracy.

Data normalization. For all multivariate analysis, Tetanus, H1Cal2009 antigens
(positive controls) were removed, with the exception of HLA analysis. Any healthy
samples with a missing age, or missing Ab features were removed (n= 9). When
analysing COVID-19 samples with healthy samples, only the features where data were
available for all COVID-19 samples were included. COVID-19 samples in the initial
cohort lacked entire datasets for IgG4, IgA2, FcγRIIaR131, FcγRIIIaF158 and FcγRIIb,
thus these detectors were excluded. The second COVID-19 cohort was normalized
separately, contained all detectors and no missing data. When COVID-19 samples
were analysed based on the time from disease onset, all visit days were used for each
patient. In all other analyses when a patient has two visit days, only the second visit
was used. Right shifting was performed on each feature (detector–antigen pair)
individually if it contained any negative values, by adding the minimum value for that
feature back to all samples within that feature. Following this, all data were log-
transformed using the following equation, where x is the right-shifted data and y is the
right-shifted log-transformed data: y= log10(x+ 1). This process transformed the
majority of the features to having a normal distribution. In all the subsequent mul-
tivariate analyses, the data were furthered normalized by mean centering and variance
scaling each feature using the z-score function in Matlab. For the HLA analysis, the
same data-normalization methods were used, except that positive controls and all
samples with any HLA typing were included. Samples with one copy of each most-
frequent allele were removed to avoid double classification.

Feature selection using Elastic Net/PLSR and Elastic Net/PLSDA. To deter-
mine the minimal set of features (signatures) needed to predict numerical out-
comes (age, days from symptom onset) and categorical outcomes (age cohort,
COVID-19 infection status, HLA allele) a three-step process was developed based
on Gunn et al.71. First, the data were randomly sampled without replacement to
generate 2000 subsets. The resampled subsets spanned 80% of the original sample
size, or sampled all classes at the size of the smallest class for categorical outcomes,
which corrected for any potential effects of class size imbalances during regular-
ization. Elastic-Net regularization was then applied to each of the 2000 resampled
subsets to reduce and select features most associated with the outcome variables.
The Elastic-Net hyperparameter, α, was set to have equal weights between the L1
norm and L2 norm associated with the penalty function for least absolute
shrinkage and selection (LASSO) and ridge regression, respectively72. By using
both penalties, Elastic-Net provides sparsity and promotes group selection. The
frequency at which each feature was selected across the 2000 iterations was used to
determine the signatures by using a sequential step-forward algorithm that itera-
tively added a single feature into the PLSR (numerical outcome) or PLSDA
(categorical outcome) model starting with the feature that had the highest fre-
quency of selection, to the lowest frequency of selection. Model prediction per-
formance was assessed at each step and evaluated by 10-fold cross-validation
classification error for categorical outcomes and 10-fold goodness of prediction
(Q2) for numerical outcomes. The model with the lowest classification error and
highest Q2 within a 0.01 difference between the minimum classification error and
the maximum Q2 was selected as the minimum signature. If multiple models fell
within this range, the one with the least number of features was selected and if
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there was a large disparity between calibration and cross-validation error (over-
fitting), the model with the least disparity and best performance was selected.

PCA. Principal component analysis (PCA), performed in Eigenvectors PLS toolbox
in Matlab, is an unsupervised technique that was used to visualize the variance in
the samples based on all of the measured features. Every feature is assigned a
loading, the linear combinations of these loadings create a principal component
(PC). Loadings and PCs are calculated to describe the maximum amount of var-
iance in the data. Each sample is then scored and plotted using their individual
response measurements expressed through the PCs. The percent of variance
described by each PC is a measure of the amount of variance in antibody response
explained by that respective PC. Separation of groups on the scores plot indicates
unsupervised separation of groups based on all features.

PLSDA. Partial least squares discriminant analysis (PLSDA), performed in
Eigenvectors PLS toolbox in Matlab, was used in conjunction with Elastic-Net,
described above, to identify and visualize signatures that distinguish categorical
outcomes (age cohort, COVID-19 infection status). This supervised method assigns
a loading to each feature within a given signature and identifies the linear com-
bination of loadings (a latent variable, LV) that best separates the categorical
groups. A feature with a high loading magnitude indicates greater importance for
separating the groups from one another. Each sample is then scored and plotted
using their individual response measurements expressed through the LVs. The
scores and loadings can then be cross-referenced to determine which features are
loaded in association with which categorical groups (positively loaded features are
higher in positively scoring groups, etc.). All models go through 10-fold cross-
validation, where iteratively 10% of the data is left out as the test set, and the rest is
used to train the model. Model performance is measured through calibration error
(average error in the training set) as well as cross-validation error (average error in
the test set), with values near 0 being best. All models were orthogonalized to
enable clear visualization of results. Statistically significant separation of groups on
the PLSDA score plots was determined using a two-tailed t-test on LV1 scores in
Prism 8. Confidence ellipsoids (90% confidence level) were plotted for classification
groups by calculating the mean and covariance matrix from the scores data of the
first and second LVs (or PCs), which follows a chi-square distribution73.

PLSR. Partial least squares regression (PLSR), performed in Eigenvectors PLS
toolbox in Matlab, was used in conjunction with Elastic-Net, described above, to
identify and visualize signatures that distinguish numerical outcomes (age, days
from symptom onset). This supervised method assigns a loading to each feature
within a given signature and identifies the linear combination of loadings (a LV)
that best describes the variance in the numerical outcome. As in PLSDA, a feature
with a high loading indicates greater importance for describing the variance in
outcome. Each sample is then scored and plotted using their individual response
measurements expressed through the LVs. The scores and loadings can then be
cross-referenced to determine which features are loaded in association with which
numerical outcomes (positively loaded features are higher in positively scoring
samples, etc.). All models go through 10-fold cross-validation, where iteratively
10% of the data is left out as the test set, and the rest is used to train the
model. Model performance is measured through R2 (average goodness of fit in the
training set) as well as Q2 (average goodness of prediction in the test set), with
values near 1 being best. All models were orthogonalized to enable clear visuali-
zation of results.

Hierarchical clustering. We visualized separation of numerical (age, days from
symptom onset) and categorical (age cohort, COVID-19 infection status) outcomes
based on their respective signatures using unsupervised average linkage hier-
archical clustering of normalized data. Euclidean distance was used as the distance
metric.

Software. PCA, PLSDA and PLSR models were completed using the Eigenvector
PLS toolbox in Matlab. Hierarchical Clustering and Correlation Networks were
completed using MATLAB 2017b (MathWorks, Natick, MA). PCA, PLSDA and
PLSR scores and loadings plots were plotted in Prism version. Statistical analysis
were performed in SPSS.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The coding used for analysis can be found in the Source Coding file. All other data are
available from the authors upon request. Source data are provided with this paper.
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Articles

Safety and immunogenicity of an MF59-adjuvanted spike 
glycoprotein-clamp vaccine for SARS-CoV-2: a randomised, 
double-blind, placebo-controlled, phase 1 trial
Keith J Chappell, Francesca L Mordant, Zheyi Li, Danushka K Wijesundara, Paula Ellenberg, Julia A Lackenby, Stacey T M Cheung, 
Naphak Modhiran, Michael S Avumegah, Christina L Henderson, Kym Hoger, Paul Griffin, Jillian Bennet, Luca Hensen, Wuji Zhang, 
Thi H O Nguyen, Sara Marrero-Hernandez, Kevin J Selva, Amy W Chung, Mai H Tran, Peter Tapley, James Barnes, Patrick C Reading, 
Suellen Nicholson, Stavroula Corby, Thomas Holgate, Bruce D Wines, P Mark Hogarth, Katherine Kedzierska, Damian F J Purcell, 
Charani Ranasinghe, Kanta Subbarao, Daniel Watterson, Paul R Young, Trent P Munro

Summary
Background Given the scale of the ongoing COVID-19 pandemic, the development of vaccines based on different 
platforms is essential, particularly in light of emerging viral variants, the absence of information on vaccine-induced 
immune durability, and potential paediatric use. We aimed to assess the safety and immunogenicity of an 
MF59-adjuvanted subunit vaccine for COVID-19 based on recombinant SARS-CoV-2 spike glycoprotein stabilised in 
a pre-fusion conformation by a novel molecular clamp (spike glycoprotein-clamp [sclamp]).

Methods We did a phase 1, double-blind, placebo-controlled, block-randomised trial of the sclamp subunit vaccine in 
a single clinical trial site in Brisbane, QLD, Australia. Healthy adults (aged ≥18 to ≤55 years) who had tested negative 
for SARS-CoV-2, reported no close contact with anyone with active or previous SARS-CoV-2 infection, and tested 
negative for pre-existing SARS-CoV-2 immunity were included. Participants were randomly assigned to one of five 
treatment groups and received two doses via intramuscular injection 28 days apart of either placebo, sclamp vaccine 
at 5 μg, 15 μg, or 45 μg, or one dose of sclamp vaccine at 45 μg followed by placebo. Participants and study personnel, 
except the dose administration personnel, were masked to treatment. The primary safety endpoints included solicited 
local and systemic adverse events in the 7 days after each dose and unsolicited adverse events up to 12 months after 
dosing. Here, data are reported up until day 57. Primary immunogenicity endpoints were antigen-specific IgG ELISA 
and SARS-CoV-2 microneutralisation assays assessed at 28 days after each dose. The study is ongoing and registered 
with ClinicalTrials.gov, NCT04495933.

Findings Between June 23, 2020, and Aug 17, 2020, of 314 healthy volunteers screened, 120 were randomly assigned 
(n=24 per group), and 114 (95%) completed the study up to day 57 (mean age 32·5 years  [SD 10·4], 65 [54%] male, 
55 [46%] female). Severe solicited reactions were infrequent and occurred at similar rates in participants receiving 
placebo (two [8%] of 24) and the SARS-CoV-2 sclamp vaccine at any dose (three [3%] of 96). Both solicited reactions 
and unsolicited adverse events occurred at a similar frequency in participants receiving placebo and the SARS-CoV-2 
sclamp vaccine. Solicited reactions occurred in 19 (79%) of 24 participants receiving placebo and 86 (90%) of 
96 receiving the SARS-CoV-2 sclamp vaccine at any dose.  Unsolicited adverse events occurred in seven (29%) of 
24 participants receiving placebo and 35 (36%) of 96 participants receiving the SARS-CoV-2 sclamp vaccine at any 
dose.  Vaccination with SARS-CoV-2 sclamp elicited a similar antigen-specific response irrespective of dose: 4 weeks 
after the initial dose (day 29) with 5 μg dose (geometric mean titre [GMT] 6400, 95% CI 3683–11 122), with 15 μg dose 
(7492, 4959–11 319), and the two 45 μg dose cohorts (8770, 5526–13 920 in the two-dose 45 μg cohort; 8793, 
5570–13 881 in the single-dose 45 μg cohort); 4 weeks after the second dose (day 57) with two 5 μg doses (102 400, 
64 857–161 676), with two 15 μg doses (74 725, 51 300–108 847), with two 45 μg doses (79 586, 55 430–114 268), only a 
single 45 μg dose (4795, 2858–8043). At day 57, 67 (99%) of 68 participants who received two doses of sclamp vaccine 
at any concentration produced a neutralising immune response, compared with six (25%) of 24 who received a 
single 45 µg dose and none of 22 who received placebo. Participants receiving two doses of sclamp vaccine 
elicited similar neutralisation titres, irrespective of dose: two 5 µg doses (GMT 228, 95% CI 146–356), two 15 µg doses 
(230, 170–312), and two 45 µg doses (239, 187–307).

Interpretation This first-in-human trial shows that a subunit vaccine comprising mammalian cell culture-derived, 
MF59-adjuvanted, molecular clamp-stabilised recombinant spike protein elicits strong immune responses with a 
promising safety profile. However, the glycoprotein 41 peptide present in the clamp created HIV diagnostic assay 
interference, a possible barrier to widespread use highlighting the criticality of potential non-spike directed 
immunogenicity during vaccine development. Studies are ongoing with alternative molecular clamp trimerisation 
domains to ameliorate this response.
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Introduction
The COVID-19 pandemic is placing unprecedented 
pressure on patients, communities, health-care systems, 
and economies worldwide. As a result, accelerated 
development of safe and effective COVID-19 vaccines 
has become the focus of globally coordinated research 
activities. The desired attributes of a successful pandemic 
vaccine include the ability to confer long-term protection, 
demonstrated efficacy with an acceptable safety profile at 
a maximum of two doses, the ability for rapid and 
large-scale manufacturing, and widespread distribution 
using existing cold-chain infrastructure.1 The candidate 
COVID-19 vaccines under development can be broadly 
categorised into inactivated virus vaccines, protein 
subunit vaccines, nucleic acid vaccines, and viral vectors, 
each with specific advantages and disadvantages.2

The SARS-CoV-2 spike glycoprotein binds the human 
angiotensin-converting enzyme 2 (ACE2) receptor, 
which mediates cell entry and is the main target of the 
neutralising antibody response during infection.3 
The candidate SARS-CoV-2 spike glycoprotein-clamp 
(sclamp) vaccine is an adjuvanted protein subunit 
vaccine that comprises a recombinant SARS-CoV-2 
spike glycoprotein and squalene-oil-in-water adjuvant 
(MF59).4 A molecular clamp is used to stabilise the 
spike glycoprotein in the authentic pre-fusion con-
formation that preserves neutralising epitopes present 
on the virion surface. Immunisation with the stabilised 
antigen therefore stimulates neutralising antibodies 
against SARS-CoV-2, which mimics the response 
induced by natural infection and minimises the 
induction of potentially confounding non-neutralising 
antibodies.4 Similar to other vaccine platforms that 

stabilise the pre -fusion conformation of spike glyco-
protein,5–7 this approach is anticipated to generate 
vaccines with enhanced stability, immuno genicity, and 
safety profiles.8 In addition, MF59 is a commercially 
approved adjuvant with a well established safety record 
in children, adults, and older people9–11 and that elicits 
strong antibody responses, along with a balanced 
T-helper 1 (Th1) and T-helper 2 (Th2) cell response.12 
Although Alhydrogel (aluminium adjuvant) is widely 
available and recognised as safe in humans, it is noted 
for driving a predominantly Th2 immune response. 
A strong Th2 response has previously been associated 
with immunopathology in humans immunised with a 
candidate respiratory syncytial virus vaccine, and 
in preclinical animal studies for MERS-CoV and 
SARS-CoV.13–15 Early in the pandemic it was the recom-
mendation of regulators that Alhydrogel be avoided in 
human trials of SARS-CoV-2 vaccines. Due to the 
limited amount of information available at this early 
stage in the pandemic and the combination of the 
preferred immune stimulation, the established safety 
profile, and availability, the decision was made to focus 
on MF59 as the adjuvant of choice for this study. 
Preclinical data have shown that the SARS-CoV-2 
sclamp vaccine elicits a robust neutralising antibody 
response to wild-type SARS-CoV-2 virus, in cluding 
three of the currently dominant strains, and spike 
glycoprotein-specific T-cell immunity in animals that 
protects against SARS-CoV-2 infection.4

Here, we report the primary findings of our trial of the 
SARS-CoV-2 sclamp vaccine in healthy adults. We aimed 
to assess the safety, tolerability, and immunogenicity of 
5 µg, 15 µg, and 45 µg doses of vaccine compared with 

Research in context

Evidence before this study
We searched PubMed on Dec 22, 2020, for clinical trials of 
COVID-19 vaccines, using the search terms “SARS-CoV-2”, 
“vaccine”, and “clinical trial” with no language restrictions. 
Only peer-reviewed publications were included. Although 
many vaccines are in development, we found only one 
published trial of a vaccine based on the recombinant 
SARS-CoV-2 spike protein, packaged as a nanoparticle. 
In preclinical studies, an adjuvanted vaccine based on the 
recombinant spike protein stabilised in the pre-fusion 
conformation by a molecular clamp (spike glycoprotein-clamp 
[sclamp]) elicited strong, neutralising immune responses in 
mice, and reduced viral load and conferred protection 
against pulmonary disease in SARS-CoV-2-challenged 
hamsters.

Added value of this study
In this phase 1, double-blind, randomised, placebo-controlled 
trial, two doses of the SARS-CoV-2 sclamp vaccine elicited 
robust, highly correlated humoral and cellular immune 
responses, with very low rates of systemic reactions. However, 
sequences of the HIV-1 glycoprotein 41 used in the molecular 
clamp elicited antibodies that cross-reacted with rapid HIV 
diagnostic tests that included recombinant glycoprotein 41.

Implications of all the available evidence
Although this specific vaccine design will not be progressed 
further because of cross-reactivity with some HIV diagnostics, 
these first-in-human results validate the molecular clamp 
technology as a viable platform for vaccine development with 
potential for large-scale manufacturability and distribution.
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placebo. In addition, humoral and cellular responses to 
the vaccine are reported as exploratory outcomes.

Methods
Study design and participants
This phase 1, randomised, double-blind, placebo-
controlled, single and multiple-ascending dose trial was 
done at a single centre (Nucleus Network, Brisbane, QLD, 
Australia). This study comprised two populations: healthy 
adults (aged ≥18 to ≤55 years on Oct 21, 2020) and healthy 
adults aged 56 years and older (to be subsequently 
reported). All participants tested negative for SARS-CoV-2 
infection at screening or day 1, reported no close contact 
with anybody with active or previous SARS-CoV-2 
infection, and tested negative for pre-existing SARS-CoV-2 
immunity. Detailed information on inclusion and exclu-
sion criteria is provided in the appendix (p 2).

The protocol was approved by the Alfred Health 
Human Research Ethics Committee (2020001376/334/20). 
The study was done in accordance with the protocol, 
Good Clinical Practice, the Declaration of Helsinki, and 
all local regulations. All participants provided written 
informed consent before any study procedures were 
undertaken.

Randomisation and masking
Participants were randomly assigned to either a placebo 
group or one of four treatment groups (1:1:1:1:1): 
two 5 µg doses of vaccine; two 15 µg doses of vaccine; 
two 45 µg doses of vaccine; and one 45 µg dose of vaccine 
followed by one dose of placebo. Participants were 
administered vaccine or placebo according to a block 
randomisation scheme. Participants and study personnel 
were masked to treatment, except the dose administration 
personnel who were not otherwise involved in the study. 
After day 57, specific study personnel were unmasked to 
allow data analysis; participants will remain masked 
until the end of the study.

Procedures
The study comprised three cohorts in a step-wise dose-
escalation design. In cohort 1, participants received 
two 5 µg doses of vaccine on days 1 and 29. In cohort 2, 
participants received two 15 µg doses of vaccine on days 1 
and 29. In cohort 3, participants received one 45 µg dose 
of vaccine on day 1 followed by placebo on day 29, or 
participants received two 45 µg doses on days 1 and 29. In 
each cohort, a third of participants received placebo on 
days 1 and 29.

SARS-CoV-2 sclamp antigen (CSIRO Manufacturing, 
Clayton, VIC, Australia) was produced in Chinese 
hamster ovary cells and comprises a trimeric glycosylated 
SARS-CoV-2 spike glycoprotein ectodomain (GenBank 
accession number MN908947) fused to a molecular 
clamp. The recombinant protein was based on the 
sequence of the prototypic SARS-CoV-2 strain first 
detected in Wuhan, China. This protein includes the 

spike glycoprotein native signal peptide, replacement of 
the furin cleavage site of spike glycoprotein amino acids 
680–690 with a glycine-serine-glycine linker, and 
truncation at amino acid 1204 to remove the C-terminal 
domain and replace this with the molecular clamp 
trimerisation sequence (HIV-1 glycoprotein 41 heptad 
repeat [HR] elements, HR1 [amino acids 540–576], and 
HR2 [amino acids 619–656] separated by a glycine2-
serine-glycine2 linker).4 The SARS-CoV-2 sclamp antigen 
has been shown to adopt the native pre-fusion 
conformation and to bind to the human ACE2 receptor 
and SARS-CoV-2-specific monoclonal antibodies.4 The 
SARS-CoV-2 sclamp and MF59 adjuvant were stored 
at 2–8°C.

SARS-CoV-2 sclamp antigen and squalene adjuvant 
MF59C (Seqirus, Parkville, VIC, Australia) were mixed at 
the clinical site and 0·5 mL of suspension drawn into a 
syringe. Sterile 0·9% saline (0·5 mL) was used as 
placebo. Because physical masking of prepared syringes 
was not possible, doses were transported in a boxed 
blinding bag, and unmasked study personnel adminis-
tered each dose. All doses of vaccine and placebo were 
administered as a single intramuscular injection into the 
deltoid region. Within each cohort, immediate post-
vaccination (≥24 h after first dose); safety data from the 
first two participants (so-called sentinels; one vaccine, 
one placebo) were reviewed by the safety review 
committee before proceeding with dosing of the 
remaining participants in the cohort. Cumulative safety 
data from the first 7 days after the first vaccination of 
each cohort were reviewed by the safety review committee 
before proceeding to the next higher-dose cohort.

Outcomes
The primary safety endpoints included the frequency, 
duration, and intensity of solicited local and systemic 
adverse events for 7 days after each dose; the frequency, 
duration, intensity, and relatedness of unsolicited adverse 
events up to 12 months; and the frequency of serious 
adverse events and adverse events leading to study 
discontinuation throughout the study. The toxicity 
grading system for solicited local and systemic adverse 
events are detailed in the appendix (pp 5–6).

The primary immunogenicity endpoints included the 
geometric mean of the serum antibody response to 
SARS-CoV-2 sclamp vaccine compared with placebo by 
antigen-specific ELISA at day 29 and day 57, and the 
geometric mean of the serum neutralising antibody titres 
to SARS-CoV-2 virus compared with placebo at day 29 
and day 57 by microneutralisation assay.

Secondary immunogenicity endpoints included the 
geometric mean of antigen-specific serum antibody 
response on day 43, and seroconversion rate (the 
proportion of participants with a four times or more 
increase above baseline) for antigen-specific serum 
antibody response at days 29, 43, and 57. Additional 
exploratory humoral and cellular immuno genicity 
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endpoints were examined. Detailed information on all 
methods is provided in the appendix (pp 2–5).

Serum samples for immunological assessments were 
taken at screening and on days 1 (pre-dose on day of first 
dose), 8, 15, 29 (pre-dose on day of second dose), 36, 43, 
and 57. Serum samples collected with written informed 
consent from 67 Australian adults between 14 and 
90 days after recovery from mild-to-moderate 
SARS-CoV-2 infection were used as a reference. The 
demographics of this patient cohort have been previously 
described.16,17

Antigen-specific serum antibody responses against the 
SARS-CoV-2 sclamp or clamp-specific Nipah virus 
Fclamp vaccines were measured by ELISA. Detection of 
neutralising antibodies against infectious SARS-CoV-2 
(CoV/Australia/VIC01/2020)18 was assessed with a 
traditional microneutralisation assay19 and the neutra-
lising antibody titre, expressed as 50% micro-
neutralisation titre (MN50), was calculated using the 
Reed–Muench method as previously described.19 The 
limit of detection was the reciprocal of the highest 
concentration of serum tested and any values falling 
below the limit of detection were reported as half that of 
the limit of detection. National Institute for Biological 
Standards and Control reference serum 130/20 was 
included as an internal control for assay variation. Each 
patient serum sample was assayed twice on different 
days and in the event that the repeat MN50 differed by 
more than two times, the sample was analysed a third 
time. MN50 titres are reported as the geometric mean of 
the two or three assay repeats.

Neutralising antibodies were also assessed against 
pseudotype viruses encoding the spike glycoprotein from 
the reference Wuhan sequence (GenBank accession 
number NC_045512), as well as circulating SARS-CoV-2 
virus spike glycoprotein variants (mutations Ser477Asn 
and Asp614Gly, Gly485Arg and Asp614Gly, and Asn501Tyr 
and Asp614Gly; GenBank accession numbers 519263, 
456508, and 480701).20–22 HIV reporter virus pseudotyped 
with SARS-CoV-2 spike glycoprotein was produced by 
lipofectamine co-transfection, and pseudovirus neutral-
isation was measured and expressed as the reciprocal titre 
of the participant serum sample required for 50% reduction 
of relative luciferase units compared with controls.

A blocking ELISA was used to measure neutralising 
antibodies against SARS-CoV-2, which block the inte-
raction between the spike glycoprotein and ACE2 
receptors (SARS-CoV-2 surrogate virus neutralisation 
test, GenScript, Piscataway, NJ, USA) as previously 
described.23 The absorbance at 450 nm is inversely 
proportional to the titre of anti-SARS-CoV-2 neutralising 
antibodies.

The potential for the immune response directed to the 
HIV glycoprotein 41 sequences, which comprised the 
clamp, to cause diagnostic interference was assessed 
(Queensland Health Pathology Services, Brisbane QLD, 
Australia) using a three-tiered routine procedure (Abbot 

Architect Ag/Ab Combo Quantitative Assay, Abbot, 
Chicago, IL, USA; MP Diagnostics HIV Blot 2, 2 Western 
Blot assay, MP Biomedicals, Santa Ana, CA, USA; and 
nucleic acid testing). Cross-reactivity was assessed with 
nine additional HIV diagnostic platforms (laboratory-
based, point-of-care, and self-test diagnostics).

A custom multiplex bead array was done to examine the 
elicited antibody response, including analysis of antibody 
isotypes and subclasses; specificity to SARS-CoV-2 sclamp, 
S1 (amino subunit), S2 (carboxyl subunit), spike receptor 
binding domain, and clamp; as well as cross-reactivity to 
human coronaviruses (229E, NL63, HKU1, OC43).

Fresh whole blood was used to measure spike-specific 
CD4+ and CD8+ T cells, T follicular helper (Tfh) cells, and 
antibody secreting cells using flow cytometry to detect 
cytokine expression after stimulation with a SARS-CoV-2 
spike peptide library as described previously.24–27

Statistical analysis
No sample size calculations for statistical power were 
done due to the absence at the time of any pre-existing 
data on effect size or SD for SARS-CoV-2 neutralisation 
in humans, and an enrolment of 120 participants (n=32 
in cohorts 1 and 2, n=56 in cohort 3) was planned. 
Baseline demographic and safety data are summarised 
using descriptive statistics. Safety data are presented for 
all randomly assigned participants (intention-to-treat 
population); immunogenicity data are presented for the 
per-protocol population. Detailed information on all the 
statistical analyses is provided in the appendix (p 5). This 
study is registered with ClinicalTrials.gov, NCT04495933.

Role of the funding source
Coalition for Epidemic Preparedness Innovations 
provided advice on the study design but had no role in 
data collection, data analysis, data interpretation, or 
writing of the report.

Results
Between June 23, 2020, and Aug 17, 2020, of 314 healthy 
volunteers screened, 120 met eligibility criteria (mean age 
32·5 years [SD 10·4], 65 [54%] male, 55 [46%] female) and 
were randomly assigned to treatment (figure 1). Of the 
randomly assigned participants, 114 (95%) completed the 
study (day 57). The six participants who discontinued 
(two each in the placebo, two dose 15 μg, and two dose 
45 μg vaccine groups) decided to withdraw. One participant 
in the placebo group who withdrew was excluded from the 
per-protocol population due to early withdrawal (day 9) 
without at least one post-dose immunogenicity assessment. 
Participant demographics at baseline were similar across 
each of the treatment groups (table). The trial is ongoing at 
the time of writing, with 12-month follow-up planned for 
participants in treatments reported here concluding 
September, 2021.

Overall, the SARS-CoV-2 sclamp vaccine was well 
tolerated. Solicited adverse events occurred in 19 (79%) 
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participants in the placebo group, 22 (92%) partici  pants 
in the 5 μg group, 23 (96%) participants in the 
15 μg group, 20 (83%) participants in the single-dose 
45 μg group, and 21 (88%) participants in the 
two-dose 45 μg vaccine group. Unsolicited adverse events 
occurred in seven (29%) participants in the placebo 
group, 13 (54%) participants in the 5 μg group, 
seven (29%) participants in the 15 μg group, eight (33%) 
participants in the single-dose 45 μg group, and seven 
(29%) participants in the two-dose 45 μg vaccine group. 
Vaccine-related unsolicited adverse events occurred in 
one (4%) participant in the placebo group, four (17%) 
participants in the 5 μg group, three (13%) participants in 
the 15 μg group, four (17%) participants in the single-dose 
45 μg group, and one (4%) participant in the two-dose 
45 μg vaccine group (appendix pp 8–9). No severe 
treatment-emergent adverse events or serious unsolicited 
adverse events, discontinuations due to an adverse event, 
or deaths occurred in any group.

The most common solicited local adverse events 
occurring within 7 days of vaccination were injection 
site pain and tenderness. Pain was reported by 
88 (54%) of 163 participants who received any dose of 
SARS-CoV-2 sclamp vaccine compared with eight 
(17%) of 46 participants who received placebo. Tenderness 
was reported in 91 (56%) participants who received any 
dose of SARS-CoV-2 sclamp vaccine compared with five 
(11%) of 45 participants who received placebo (figure 2A; 

appendix p 10). Most local adverse events were mild or 
moderate. After the first dose, grade 3 (severe) pain was 
reported by one participant each in the placebo and the 
5 μg groups; after the second dose, grade 3 pain was 
reported by one participant in the two-dose 45 μg group.

The rates of solicited systemic adverse events were 
similar in placebo and experimental groups (figure 2B; 
appendix pp 11–12). The most common solicited systemic 
adverse event was headache, followed by fatigue and 
malaise. Grade 3 systemic adverse events after the first 

32 randomised to treatment A or placebo

Review by safety
review committee

24* received
         2 doses of
         5 µg
         sclamp

7* received
      2 doses of
      placebo
      1 withdrew
         after first
         dose

32 randomised to treatment B or placebo

120 participants enrolled and randomised

22* received
         2 doses of
         15 µg
         sclamp
         2 withdrew
             after first
             dose

8* received
      2 doses of
      placebo

56 randomised to treatment C, treatment D, or placebo

22* received
         2 doses of
         45 µg
         sclamp
        2 withdrew
            after first
            dose 

7* received
      2 doses of
      placebo
      1 withdrew
           after first
         dose

24 received
       one dose of
      45 µg sclamp
       and one dose
       of placebo

24 in the
      pooled 
      placebo
      group 

22 completed
      day 57

24 completed
      day 57

2 withdrew

22 completed
      day 57

2 withdrew

22 completed
      day 57

24 completed
      day 57

2 withdrew

Review by safety
review committee

Figure 1: Trial profile
*Includes one sentinel participant whose immediate post-dose safety data were reviewed by the safety review committee before proceeding with dosing of the rest of the cohort. †Cumulative safety 
data from the first 7 days after the first dose of each cohort were reviewed by the safety review committee before proceeding to the next higher-dose cohort.

Placebo 
(n=24)

Two doses of 
5 μg vaccine 
(n=24)

Two doses of 
15 μg vaccine 
(n=24)

Two doses of 
45 μg vaccine 
(n=24)

One dose of 
45 μg vaccine 
(n=24)

Age, years 32·6 (11·0) 34·1 (11·9) 31·0 (10·6) 32·6 (10·2) 32·0 (8·7)

Sex

Female  13 (54%)  13 (54%)  13 (54%)  11 (46%) 5 (21%)

Male 11 (46%) 11 (46%) 11 (46%) 13 (54%) 19 (79%)

Body-mass 
index, kg/m²

24·3 (3·8) 25·0 (4·1) 25·6 (4·6) 25·0 (3·7) 25·8 (4·0)

Ethnicity

White 21 (88%) 21 (88%) 19 (79%) 16 (67%) 17 (71%)

Asian 3 (13%) 3 (13%) 4 (17%) 8 (33%) 6 (25%)

Other* 0 0 1 (4%) 0 1 (4%)

Data are mean (SD) or n (%). *Other refers to people of mixed heritage and Indigenous Australians.

Table: Baseline characteristics
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dose included vomiting reported by one (4%) participant 
in the placebo group, severe headache reported by one 
participant who received a 45 μg dose; and severe chills, 
myalgia, headache, fatigue, and malaise, which were 
each reported by one participant who received a 45 μg 
dose. One (4%) participant reported grade 3 headache 
after the second dose of placebo, and one (4%) participant 
reported malaise after the second 45 μg dose. There were 
no reports of fever (temperature >38°C) in any group 
after the first dose; one participant reported moderate 
fever (38·5–38·9°C) after the second dose of the 5 μg 
vaccine. Severe solicited reactions were infrequent and 
occurred in a similar proportion of patients receiving 
placebo (two [8%] of 24) and the SARS-CoV-2 sclamp 
vaccine at any dose (three [3%] of 96).

At day 57, 67 (99%) of 68 participants who received two 
doses of sclamp at any concentration produced a 
neutralising immune response, compared with six (25%) 
of 24 who received a single 45 µg dose and none of 
22 who received placebo. At day 57, 66 (100%) of 
66 samples tested from participants who received two 
doses of sclamp vaccine were reactive in the Abbott 
Architect HIV Ag/Ab Combo assay, compared with 
seven (29%) of 24 participants who received a single 
45 µg dose, and none of 21 participants who received 
placebo.

 Serum antibody responses to SARS-CoV-2 sclamp 
vaccine increased in a similar manner in all two-dose 
groups, irrespective of dose concentration (figure 3A, 
appendix p 13). No significant differences were seen 
between the dosing groups for serum antibody responses. 
Geometric mean antigen-specific responses were 
significantly greater than placebo for all dose groups at 
days 15, 29, and 43, and for the two-dose groups at day 57 
(figure 3A). At day 29, geometric mean reciprocal titres 
were 6400 (95% CI 3683–11 122) for two doses of 5 µg, 
7492 (4959–11 319) for two doses of 15 µg, 8770 (5526–13 920) 
for two doses of 45 µg vaccine, 8793 (5570–13 881) for the 
single 45 µg dose, and 55 (49–61) for placebo. At day 57, 
geometric mean reciprocal titres were 102 400 (95% CI 
64 857–161 676) for two doses of 5 µg, 74 725 (51 300–108 847) 
for two doses of 15 µg, 79 586 (55 430–114 268) for 
two doses of 45 µg vaccine, 4795 (2858–8043) for the 
single 45 µg dose, and 59 (50–69) for placebo. The 
seroconversion rate for two doses of 5 µg vaccine was 96% 
(23 of 24), and it was 100% (44 of 44) for two doses of 
either the 15 µg and 45 µg vaccine at days 43 and 57. 
Seroconversion for the single 45 µg dose was 
13% (three of 24) on both days 43 and 57. 

At baseline, serum neutralising antibodies to live 
SARS-CoV-2 virus were lower than the limit of 
detection for all participants (figure 3B, appendix p 13). 
At day 29, geometric mean neutralisation titres were not 
significantly different from placebo in any dose group. At 
days 43 and 57, geometric mean neutralisation titres 
were significantly greater (p<0·0001 for each) than 
placebo for the two-dose groups, but not for the single 

45 µg dose group. At day 57, participants receiving 
two doses of sclamp vaccine elicited similar geometric 
mean neutralisation titres (normalised against the 
internal assay control), irrespective of dose; two 5 µg doses 
(geometric mean titre [GMT] 228, 95% CI 146–356), 
two 15 µg doses (GMT 230, 170–312), and two 45 µg doses 
(GMT 239, 187–307). Of the participants receiving a 
single 45 µg dose, six (25%) of 24 had a detectable 
neutralising titre and no participants receiving placebo 
had a neutralising immune response.

For comparison, a panel of serum samples collected 
from a cohort of adults between 14 and 90 days after 
recovery from mild-to-moderate SARS-CoV-2 infection 
had a GMT of 156 (95% CI 117–207, figure 3B). At day 57, 
of the participants in the two-dose groups, 75% (51 of 68) 
had a neutralising response greater than the geometric 
mean for convalescent patient serum samples, and 38% 
(26 of 68) had a response that was more than twice the 
geometric mean.

In the surrogate virus neutralisation test, partial 
inhibition of attachment of the spike glycoprotein 
receptor binding domain to the ACE2 receptor was 
achieved after the first dose in all dose groups; inhibition 
increased to more than 80% for 23 (96%) of 24 participants 
receiving two doses of the 5 µg vaccine and 100% of 
participants receiving two doses of the 15 µg and 45 µg 
vaccines (figure 3C).

Neutralising antibody responses against pseudovirus 
spike glycoprotein variants, including the index Wuhan 
and variant Asn501Tyr strains, were similar to responses 
seen against live SARS-CoV-2 (figure 3D). At day 57, 
geometric mean neutralisation was significantly greater 
than placebo for the two-dose groups (p<0·0001). 
Pseudovirus neutralisation responses appeared to be 
consistent across each of the spike glycoprotein variants 
in all dose groups.

Serum antibody responses were elicited to the S1, S2, 
and receptor binding domain spike glycoprotein 
sub domains and the clamp domain (appendix p 14). 
SARS-CoV-2 sclamp induced primarily IgG1 and IgG3, 
indicative of a strong Th1 response (appendix p 14). 
Antigen-specific IgG responses were boosted by the 
second vaccine dose, which also contri buted to enhanced 
engagement of Fc gamma receptor ectodomain dimers. 
IgA responses were elevated at the first dose, then rapidly 
waned, despite a second dose (appendix p 14). IgG 
responses to the S1 subunit of the spike protein of human 
betacoronaviruses increased after vaccination; however, it 
was not possible to ascertain whether this increase 
was through boosting of pre-existing responses or the 
induction of new cross-reactive antibodies (appendix p 15).

The clamp-specific serum antibody response to the 
SARS-CoV-2 sclamp vaccine was assessed with an 
unrelated, similarly clamped antigen comparator, the 
Nipah virus Fclamp. The geometric mean antibody 
response at day 57 was significantly greater for 
SARS-CoV-2 sclamp than Nipah virus Fclamp for all 
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two-dose groups (p<0·0001 for 5 µg dose, p=0·0063 for 
15 µg dose, and p<0·0001 for 45 µg dose; figure 3E). 
For most participants (72 [80%] of 90), the percentage of 
the geometric mean antibody response that was specific 
for the clamp trimerisation domain ranged from 10–40% 
(figure 3E).

The potential for an immune response elicited by the 
HIV-1 glycoprotein 41 sequences that comprise the clamp 
to cause HIV screening diagnostic assay interference was 
assessed (figure 3F). At day 57, all participants in the 
two-dose SARS-CoV-2 sclamp groups produced a result 
that was considered indeterminate (figure 3F). The 

amount of reactivity was more variable for the single 
45 µg dose, with some samples showing similar 
cross-reactivity to participants in the two-dose groups. 
P24 antigen and nucleic acid testing confirmed that 
all participants were negative for HIV infection 
(appendix pp 16–17). Cross-reactivity for participant 
samples at day 57 was also evident in eight of the 12 HIV 
screening immuno assay diagnostic platforms assessed 
(appendix p 18). In summary, samples assessed with 
diagnostic platforms that used recombinant glyco-
 protein 41 as a detection reagent were reactive, whereas 
those using glycoprotein 41 peptides were non-reactive, a 

Figure 2: Adverse events
Percentage of (A) solicited local adverse events and (B) solicited systemic adverse events within 7 days of first and second dose. Data for the first dose of treatment C (two doses of 45 μg SARS-CoV-2 
sclamp) and D (one dose of 45 μg SARS-CoV-2 sclamp, followed by one dose of placebo) were pooled (n=48), whereas data for the second dose are shown separately. Sclamp=spike glycoprotein-
clamp vaccine. *Solicited adverse events after saline dosing in the single 45 μg dose cohort.
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finding consistent with the immuno dominant sequences 
used in the peptide-based assays not being present in the 
molecular clamp.

SARS-CoV-2 sclamp elicited robust SARS-CoV-2 spike-
specific CD4+ T-cell responses including poly functional 
Th1 and Th2 responses. Analysis of interferon γ, tumour 

Figure 3: Serum antibody response to vaccine
Circles represent geometric mean and error bars represent the geometric mean SD at each timepoint. (A) Anti-SARS-CoV-2 sclamp IgG ELISA responses in trial participants. The dotted line represents 
the limit of detection. Adjusted p values compare treatment versus placebo (two-way ANOVA Dunnett’s multiple comparison test). (B) Live SARS-CoV-2 microneutralisation in trial participants and 
from serum of convalescent patients with COVID-19 infected with SARS-CoV-2 during the first outbreak of the pandemic in Victoria, Australia. Dashed line represents the geometric mean MN50 of 
convalescent serum of patients with COVID-19 and the dotted line represents the limit of detection. Adjusted p value versus placebo (two-way ANOVA Dunnett’s multiple comparison test). (C) 
Surrogate virus neutralisation assay results in trial participants at each timepoint. The dotted line represents 20% inhibition below which readings are considered negative. Adjusted p value versus 
placebo (two-way ANOVA Dunnett’s multiple comparison test). (D) SARS-CoV-2 pseudovirus neutralisation in trial participants at day 57. The dotted line represents the limit of detection. Adjusted 
p value versus placebo (one-way ANOVA Dunn’s multiple comparison test). (E) Anti-SARS-CoV-2 sclamp IgG ELISA responses in trial participants; titres of antibodies specific for the SARS-CoV-2 sclamp 
and Nipah Fclamp antigens at day 57 and the percentage of the anti-SARS-CoV-2 sclamp IgG ELISA response that was specific to the clamp trimerisation domain are shown. The dotted line represents 
the limit of detection. Adjusted p value of sclamp versus clamp (two-way ANOVA Sidak’s multiple comparison test). (F) Reactivity of trial participants’ serum at day 57. For comparison of reactivity, 
samples from 50 patients with HIV are shown (pink). ACE2=angiotensin-converting enzyme 2. MN50=50% microneutralisation. Sclamp=spike glycoprotein-clamp vaccine. RBD=receptor binding 
domain. psNT50=50% pseudovirus neutralisation titre. *p<0·0001.
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necrosis factor α (TNFα), and IL-2 production of 
CD4+ T cells after peptide stimulation showed that 
spike-specific responses were significantly elevated in all 
four treatment groups at days 15, 36, 43, and 57 compared 
with placebo and baseline (day 1; figure 4A, appendix 
pp 19–27). A single dose in all SARS-CoV-2 sclamp 
vaccination regimens reproducibly elicited CD4+ T-cell 
responses, but the two-dose regimens were the most 
effective compared with placebo (figure 4A). Analysis of 
the polyfunctionality of responding spike-specific CD4+ 
T cells showed that the two-dose regimens elicited 
polyfunctional Th1 and Th2 (IL-4 and IL-13) responses, 
although the increase in the IL-4 or IL-13 expressing Th2 
cells was subtle (figure 4B). Notably, the TNFα+IL-2+ Th1 
subset was highly elevated compared with other 

poly functional subsets (figure 4B). SARS-CoV-2 sclamp 
vaccine had no effect on regulating CD8+ T-cell subsets. 
Detailed analysis of CD4+ and CD8+ T-cell responses is 
included in the appendix (pp 19–27).

Two doses of SARS-CoV-2 sclamp induced elevated 
antibody-secreting cells (ASCs) and type-1 Tfh cells (Tfh1; 
figure 4). Activity appeared to be dose-dependent. After 
the first dose, a very modest and non-significant increase 
in ASCs and activated circulating Tfh1 cells, along with a 
signi ficant increase in activated inducible co-stimulator 
(ICOS)+CD38+ Th1 was observed in the 15 µg and 45 µg 
groups but not the 5 µg group. After the second dose, the 
frequency of ASCs and activated ICOS+CD38+ Th1 cells 
increased significantly in the 5 µg and 15 µg groups 
compared with placebo, but not the 45 µg group.

Figure 4: SARS-CoV-2 spike-specific cytokine expression by CD4 + T cells, antibody-secreting cells, and Tfh1 responses in peripheral blood
Summation analysis of SARS-CoV-2 spike-specific Th1 cytokine (IFNγ, TNF, and IL-2) expression by CD4+ T cells at each timepoint (A). SARS-CoV-2 spike-specific Th1 and Th2 cytokine expression by 
CD4+ T cells at day 43 (B). Fold-change in the frequency of CD3–D19+CD27hiCD38hi antibody-secreting cells (C), activated ICOS+PD-1+CXCR5+CXCR3+CCR6–CD4+ circulating Tfh1 cells (D), and activated 
ICOS+CD38+CCR5–CD4+ Th1 cells (E), at day 8 and 36. Bars and lines and error bars indicate the median (IQR). Statistical significance between different groups was determined using a fitted mixed-model 
two-way ANOVA. Tfh1=type 1 T follicular helper cells. Sclamp=spike glycoprotein-clamp vaccine. Th=T-helper. TNF=tumour necrosis factor. ICOS=inducible T cell costimulator. *p<0·0001.
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CD4+ T-cell activation strongly correlated with robust 
humoral responses, as assessed using Spearman’s 
correlation. For most timepoints in the two-dose groups, 
strong correlation (rs=0·8–1·0) was detected across all 
antibody assays, including ELISAs, surrogate virus 
neutralisation tests, neutralisation assays, IgG multi plex 
serology assays, and reactivity against divergent 
SARS-CoV-2 strains via the pseudovirus assay (appendix 
pp 28–29). Importantly, these antibody responses 
positively correlated with broad CD4+ T-cell activation 
(intracellular flow cytometry assay) in the two-dose 
groups, although there were fewer correlations in the 
single 45 µg group, indicating that robust cellular vaccine 
responses benefit from a two-dose vaccine regimen 
(appendix pp 28–29). The highest correlations between 
antibody and cellular responses occurred in the two-dose 
15 µg group, with antibodies strongly correlating 
with activated CD38+ human leucocyte antigen (HLA)-
DR+CD4+ T cells and CD38+ICOS+ Th1 cells on day 7, 
followed by additional correlations with other CD4+ Th 
and Tfh cell subsets on day 36. Increase of CD38+ICOS+ 
Th1 cells on day 7 correlated strongly for all groups, 
except the two-dose 5 µg group, with antibody responses 
up to day 57 and could be a potential early predictor of 
both robust humoral and cellular vaccine responses 
(appendix pp 28–29). This finding is important, given 
that Th1 activation has been associated previously with 
durable immune responses induced by vaccination in 
mice.28 No correlations were seen between the humoral 
response and cellular ASC, Th, or Tfh responses at day 7 
in the two-dose 5 µg group; activated CD38+HLA-
DR+CD4+ T cells and CD38+ICOS+ Th2 cells were 
negatively correlated, but positive correlations with ASCs 
were found on day 36 (7 days after the second dose). The 
two groups receiving one or two doses of 45 µg showed 
good antibody correlation with ASC, Th, and Tfh 
responses on day 7, but weaker correlation on day 36, 
even after the second dose. Notably, the highest 
correlation with cellular and antibody responses was 
observed for the neutralisation assay on day 57 in the 
two-dose 15 µg group (appendix pp 28–29). Multiple 
comparisons factoring in all antibody and cellular data 
compared with the placebo group showed that the later 
antibody titres (days 43 and 57) were enriched in the 
two-dose groups (>1024 fold change) compared with the 
single 45 µg dose (appendix pp 28–29).

Discussion
These phase 1 findings in healthy adults show that two 
doses of the SARS-CoV-2 sclamp vaccine were well 
tolerated with a similar frequency of adverse events to 
placebo, irrespective of dose concentration. In addition, 
two doses of SARS-CoV-2 sclamp vaccine, at all dose 
concentrations studied (5, 15, and 45 µg), induced a 
robust neutralising immune response and a spike 
glycoprotein-specific T-cell response presumed to be 
indicative of protection against SARS-CoV-2 infection. 

Analyses of more than 100 immune features showed 
strong corre lations between antibody responses detected 
across all antibody assays, with the highest correlations 
observed with two doses of the 15 µg SARS-CoV-2 sclamp, 
which was also strongly correlated with activated ASCs, 
CD4+ Th, and Tfh cell subsets. These findings are the first 
to show the viability of the molecular clamp trimerisation 
motif for human vaccine development.

The molecular clamp platform of SARS-CoV-2 sclamp 
was designed based on the well characterised and highly 
stable six-helix bundle of HIV-1 glycoprotein 41, which 
comprises two heptad repeat regions, HR1 (amino 
acids 540–576) and HR2 (amino acids 619–656).4 
Inclusion of these sequences enables the manufacture 
and purification of a highly stable pre-fusion confor-
mation of the SARS-CoV-2 spike glycoprotein.4 Because 
immuno dominant epitopes of glycoprotein 41 are not 
present in the HR1 and HR2 regions, it was considered 
possible but unlikely that these regions would cause HIV 
diagnostic interference.29 All participants who received 
two doses of SARS-CoV-2 sclamp elicited a humoral 
response that was detected by several commonly used 
HIV diagnostic tests. Although the geometric mean for 
vaccine cross-reactivity was 30 times lower than the 
geometric mean for samples from a randomly selected 
set of 50 patients with HIV, it was within the range of 
nine of these patients with HIV. Therefore, widespread 
use of this vaccine would have the potential to impact 
existing HIV screening programmes and processes and 
could ultimately delay timely diagnosis for a subset of 
patients with HIV. Additionally, where a climate of 
vaccine hesitancy exists, the potential negative effects of 
miscommunication and misunderstanding of this issue, 
and the potential for societal misconception around the 
inclusion of HIV-1 glycoprotein 41 regions within a 
SARS-CoV-2 vaccine, could not be ignored and further 
development of this vaccine is currently paused.

The candidate SARS-CoV-2 sclamp vaccine was shown 
to be safe and well tolerated. Most adverse events were 
injection-site related, mild, and transient. In contrast to 
other SARS-CoV-2 vaccines,6,7,30,31 only a single participant 
had a fever (>38°C) and the frequency of solicited 
systemic adverse events was low and similar to placebo. 
These safety findings are notable as a first-in-human test 
of the molecular clamp platform and highlight the 
benefits of using a subunit vaccine with a well understood 
and commercially licensed adjuvant.

Studies of several nucleic acid and vectored vaccines 
in non-human primates have shown that neutralising 
antibodies against the full-length spike glycoprotein 
confer protection against SARS-CoV-2 infection.32–34 In 
this study, we showed that neutralising antibody titres 
after the second dose of SARS-CoV-2 sclamp were similar 
to those of patients with SARS-CoV-2, with 75% of 
participants having a neutralising response greater than 
that of convalescent patient serum samples. Importantly, 
the immunogenicity of the lower doses was similar to 
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that of the highest dose, which is important for antigen 
sparing and scalability of manufacture. Moreover, the 
neutralising antibody responses across several spike 
glycoprotein variants were similar to the responses seen 
against live SARS-CoV-2, suggesting that SARS-CoV-2 
sclamp vaccine is likely to confer protection against 
divergent strains. This finding is promising given that 
novel (and potentially more infectious or dangerous) 
variants will continue to emerge, which might affect the 
immuno genicity and efficacy of existing and candidate 
vaccines.

Our findings showed that two doses of SARS-CoV-2 
sclamp were required to elicit a strong SARS-CoV-2-
specific polyfunctional CD4+ T-cell response. The 
response had a predominantly Th1 phenotype that 
was consistent with the ASC, Tfh1, and neutralising 
antibody responses. Poor CD8+ T-cell and non-cytotoxic 
T-cell responses were not unexpected as the MF59 
adjuvant is well understood to preferentially drive a CD4+ 
T-cell antibody response in humans,35 and spike-specific 
CD8+ T-cells have not been observed in humans with 
similar adjuvanted subunit SARS-CoV-2 vaccines.7

Findings from studies in acute and convalescent 
patients with COVID-19 suggest that ASCs, and 
particularly activated circulating Tfh1 cells, are important 
for recovery from COVID-19.17,27,36 In this study, ASCs and 
activated Tfh1 cells were significantly elevated after 
two doses of either 5 µg or 15 µg vaccine. The requirement 
for two doses is not surprising given that ASCs are 
predominantly derived from memory B cells,37,38 and 
circulating Tfh1 cells are known to assist memory B-cells, 
but not B-cell differentiation into ASCs.39,40 Unexpectedly, 
the 45 µg dose led to less activation in the cellular 
compartments analysed here, possibly indicating that the 
interplay between antibodies and cellular immunity vary 
with vaccine dose.41 A range of vaccine platforms that are 
commercially licenced and available for COVID-19 are 
needed. The SARS-CoV-2 sclamp vaccine was derived 
from Chinese hamster ovary cells, a mainstay of the 
biotechnology industry for which there is extensive 
global manu facturing capacity. The results of this study 
provide confidence that mammalian cell-derived spike 
protein-based vaccines have a safety and immunogenicity 
profile consistent with other vaccine platforms that 
have shown very promising efficacy data. Furthermore, 
adjuvanted protein-based vaccines are known to confer a 
durable immune response, and the combination with 
MF59 in this study is of particular importance given its 
extensive safety and large-scale manufacturing track 
record.

In conclusion, this study has shown the safety and 
potential efficacy that can be achieved in humans with 
molecular clamp-stabilised vaccines and MF59 adjuvant. 
Coupled with the high thermostability and manu factu-
rability previously shown,4 these vaccines would make 
a valuable addition to the global COVID-19 response. 
Further development is underway to identify an alternate 

molecular clamp stabilisation domain that does not 
include HIV-1 glycoprotein 41 sequences.
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SUMMARY  76 
 77 

To better understand primary and recall T cell responses during COVID-19, it is important to 78 

examine unmanipulated SARS-CoV-2-specific T cells. Using peptide-HLA tetramers for 79 

direct ex vivo analysis, we characterized CD8+ T cells specific for SARS-CoV-2 epitopes in 80 

COVID-19 patients and unexposed individuals. Unlike CD8+ T cells directed towards 81 

subdominant epitopes – B7/N257, A2/S269 and A24/S1208 – CD8+ T cells specific for the 82 

immunodominant B7/N105 epitope were detected at high frequency in pre-pandemic samples, 83 

and at increased frequency during acute COVID-19 and convalescence. SARS-CoV-2-84 

specific CD8+ T cells in pre-pandemic samples from children, adults and elderly individuals 85 

predominantly displayed a naïve phenotype, indicating a lack of previous cross-reactive 86 

exposures. T cell receptor (TCR) analyses revealed diverse TCRαβ repertoires and 87 

promiscuous αβ-TCR pairing within B7/N105
+CD8+ T cells. Our study demonstrates high 88 

naive precursor frequency and TCRαβ diversity within immunodominant B7/N105-specific 89 

CD8+ T cells, and provides insight into SARS-CoV-2-specific T cell origins and subsequent 90 

responses. 91 

 92 

 93 
 94 
 95 
 96 
  97 
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INTRODUCTION  98 

As global research efforts are moving at record speed to develop and evaluate SARS-CoV-2 99 

vaccines, concurrent efforts are needed to provide an understanding of the optimal immune 100 

responses in COVID-19, thus enabling the rational design of long-lasting and broadly 101 

protective vaccines and immunotherapies. Virus-specific CD8+ T cells can greatly ameliorate 102 

recovery from respiratory diseases such as avian influenza, SARS and MERS 103 

(Channappanavar et al., 2014; Wang et al., 2015b; Wang et al., 2018; Zhao et al., 2017), and 104 

persist long-term as cross-reactive memory pools (Koutsakos et al., 2019). Therefore, 105 

understanding human epitope-specific CD8+ T cell responses to SARS-CoV-2 directly ex 106 

vivo is needed to better define the role of CD8+ T cells in primary SARS-CoV-2 infection, 107 

long-term memory persistence and their subsequent recall following re-infection and/or 108 

vaccination.  109 

SARS-CoV-2-specific CD8+ T cells can be elicited during primary COVID-19 and 110 

survive into short-term convalescence (Dan et al., 2020). Activated CD8+ T cells, displaying 111 

a broad range of cytotoxic molecules, appear in patients’ blood prior to recovery (Koutsakos 112 

et al., 2020; Thevarajan et al., 2020), suggesting involvement of CD8+ T cells in the 113 

resolution of COVID-19. Activated T cells directed towards spike (S), membrane (M), 114 

nucleocapsid (N) and other ORFs can be detected in ~70% of acute and convalescent 115 

COVID-19 patients by utilizing HLA class I and II predicted peptide ‘megapools’ to 116 

stimulate peripheral blood mononuclear cells (PBMCs) (Grifoni et al., 2020; Weiskopf et al., 117 

2020). Stimulation of PBMCs from COVID-19 patients with SARS-CoV-2 overlapping 118 

peptides also leads to IFN-γ production and clonal expansion of CD8+ T cells in vitro. Thus, 119 

both ex vivo and in vitro studies indicate that CD8+ T cells get activated during primary 120 

SARS-CoV-2 infection. 121 
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SARS-CoV-2 CD8+ T cell epitopes (peptides + MHC-I) are identified for dominant 122 

HLA class I alleles, including HLA-A*01:01, A*02:01, A*03:01, A*11:01, HLA-B*07:02, 123 

B*27:05, B*40:01, B*44:03, using both peptide stimulations and peptide-MHC class I 124 

tetramers (Ferretti et al., 2020; Habel et al., 2020; Peng et al., 2020; Schulien I et al., 2020). 125 

Identification of SARS-CoV-2 CD8+ T cell epitopes allows accurate determination of the 126 

magnitude and phenotype of SARS-CoV-2-specific CD8+ T cells directly ex vivo in COVID-127 

19 patients and pre-pandemic PBMCs. It also allows us to precisely define the persistence of 128 

long-term memory CD8+ T cells and their recall following SARS-CoV-2 re-infection and/or 129 

vaccination. Ex vivo frequencies of SARS-CoV-2-specific CD8+ T cells appear to be present 130 

mainly in the range of ∼1x10-5 to 5x10-5 in the CD8+ T cell population, which is ∼2-10-fold 131 

lower than the frequency of long-term memory CD8+ T cells specific for influenza or EBV. 132 

HLA-A*02:01-restricted SARS-CoV-2 epitopes appear to exhibit the lowest frequency of 133 

∼1x10-5 in the CD8+ T cell population (Habel et al., 2020; Peng et al., 2020). Direct ex vivo 134 

phenotypic analysis of A2/S269
+CD8+ T cells from COVID-19 convalescent individuals 135 

revealed that A2/S269
+CD8+ T cells were suboptimally stimulated and comprised of naïve, 136 

stem cell memory and central memory T cells rather than effector memory populations. In 137 

contrast, the HLA-B*07:02-restricted N105-113 epitope (B7/N105) appears to be the most 138 

dominant SARS-CoV-2 CD8+ T cell specificity known to date (Ferretti et al., 2020; Peng et 139 

al., 2020; Schulien I et al., 2020),  applicable to one in 12 people globally (Gonzalez-Galarza 140 

et al., 2020). The question remains, however, whether these immunodominant B7/N105
+CD8+ 141 

T cell responses arise from pre-existing memory pools established following infection with a 142 

cross-reactive seasonal human coronavirus or other pathogens, or represent a high frequency 143 

of naïve pools found across HLA-B*07:02-expressing individuals.   144 

 To provide an in-depth understanding of CD8+ T cell responses directed at the 145 

immunodominant B7/N105 epitope, we performed direct ex vivo analyses in PBMCs from 146 
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COVID-19 patients as well as pre-pandemic PBMCs, tonsils, lungs and spleens. Using ex 147 

vivo tetramer enrichment, single-cell RT-PCR and in vitro IFN-γ/TNF intracellular cytokine 148 

secretion (ICS) assay, we determined the magnitude, naïve/effector/memory phenotype and 149 

molecular TCRαβ signatures. Overall, we assessed CD8+ T cells directed at four SARS-150 

CoV-2 epitopes–B7/N105, B7/N257, A2/S269 and A24/S1208. In contrast to the three 151 

subdominant SARS-CoV-2-specific CD8+ T cell populations, B7/N105-specific CD8+ T cell 152 

pools were numerically immunodominant by 4.89-38.03-fold in both COVID-19 patients and 153 

pre-pandemic donors. Tetramer-specific CD8+ T cell populations directed at all four SARS-154 

CoV-2 epitopes were predominantly of a naïve phenotype in 22 of the 27 pre-pandemic 155 

donors. Together with the TCR data, the findings support our conclusion that high precursor 156 

frequency and promiscuity in αβ T cell receptor pairing may underpin CD8+ T-cell responses 157 

to an immunodominant SARS-CoV-2 nucleocapsid epitope. 158 

 159 

 160 

  161 
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RESULTS 162 

COVID-19 patient cohort and pre-pandemic controls 163 

We recruited a total of 21 COVID-19 subjects, including 8 acute hospitalized patients and 13 164 

convalescent COVID-19 patients (Fig.1A, Table S1). Of the 8 patients hospitalised, 1 ICU 165 

and 3 ward patients required oxygen support. Ten of the convalescents were community 166 

SARS-CoV-2 infections. All COVID-19 patients seroconverted for SARS-CoV-2 antibodies. 167 

The median age of COVID-19 patients was 54 years and 33% were females. As controls, we 168 

analysed pre-pandemic PBMC and tonsil samples from 31 subjects across three age groups: 4 169 

children (median age 6 years, range 3-15), 20 adults (median age 46 years, range 24-63) and 170 

7 elderly (median age 72 years, range 65-76), 37.6% were females. Additionally, we tested 171 

pre-existing B7/CD8+ T cell populations in lung and spleen tissues from 9 HLA-B7 172 

individuals (median age 46 years, range 22-63). 173 

Within this study, a traveller cohort included three male SARS-CoV-2 cases (a 19-174 

year-old CA3 index case with moderate COVID-19, one 21-year-old CA2 individual with 175 

mild symptoms and one 24-year-old CA1 individual who remained asymptomatic; Table S1). 176 

Four asymptomatic suspected cases (SU1, SU2, SU3, SU4; all 20 years old) were also 177 

investigated. All were returned travellers. RBD and Spike IgG antibody levels were 178 

significantly (p<0.05) higher in cases (log10 median titre 3.195 RBD IgG, 3.237 Spike IgG) 179 

compared to suspected cases (log10 median titre 1.762 RBD IgG, 1.994 Spike IgG) and 180 

healthy unexposed individuals (log10 median titre 2.024 RBD IgG, 2.239 Spike IgG) 181 

(Fig.S1A). IgM titres in COVID-19 cases were significantly elevated compared to those 182 

found in healthy unexposed individuals (Fig.S1A). RBD- and Spike-reactive B cell responses 183 

were concordant with the antibody titres and showed significantly increased frequencies of 184 

RBD- and Spike-specific B cells in COVID-19 cases when compared to the suspected cases 185 

(Fig.S1B-D). Minimal immune cell activation across a broad range of cell populations 186 
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(CD56+ NK cells, CD3+ γδ T cells, CD8+ T cells, CD4+ T cells, antibody-secreting cells 187 

(ASC), T follicular helper cells (Tfh) and monocytes), low granzyme/perforin levels within 188 

CD8+ and CD4+ T cells and normal inflammatory milieu (Fig.S2) verified lack of acute 189 

COVID-19 in the traveller cohort. 190 

 191 

CD4+ and CD8+ T cell responses react to SARS-CoV-2 overlapping peptide pools  192 

Probing SARS-CoV-2-specific CD4+ and CD8+ T cells in the traveller cohort was performed 193 

using overlapping SARS-CoV-2 peptide pools spanning the entire N and M proteins and the 194 

immunogenic regions of S protein, followed by an ICS assay (Fig.1B). PBMCs were 195 

stimulated with one peptide pool, expanded for 10 days before the analysis of SARS-CoV-2-196 

reactive T cells by ICS for intracellular IFN-γ, TNF, MIP-1β and CD107a (Fig.1B, Fig.S3A). 197 

In agreement with the antibody and B cell data, SARS-CoV-2-reactive CD4+ and CD8+ T 198 

cells were detected in COVID-19 cases, but not the suspected cases, with CD4+ T cells 199 

generally dominating over CD8+ T cell populations, as previously reported (Habel et al., 200 

2020). No differences were observed between the responses against S, N and M proteins for 201 

both CD4+ and CD8+ T cells (Fig.1B, right panel). The exception was CA2 with highly 202 

prominent CD8+ T cell responses directed towards the N peptide pool (IFN-γ production up to 203 

∼25% of CD8+ T cells), markedly above IFN-γ-producing CD4+ T cells (range 0.24-1.15%) 204 

(Fig.1C). As CA2 was HLA-B*07:02+ and HLA-A*02:01+ (Table S1), we further dissected 205 

the CD8+ T cell response to five previously reported immunogenic peptides derived from N 206 

and restricted by both HLA-B*07:02 and HLA-A*02:01 (B7/N66, B7/N105, B7/N257, A2/N219 207 

and A2/N222) (Ferretti et al., 2020; Schulien I et al., 2020). In CA2, immunodominant CD8+ T 208 

cell responses were directed towards B7/N105, while subdominant CD8+ T cell responses were 209 

against B7/N257, as shown by both IFN-γ production towards those peptides and B7/N105, 210 

B7/N257, B7/N66 tetramer staining (Fig.1D, Fig.S3B).  211 
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 212 

Immunodominant B7/N105
+CD8+ T cells possess a high precursor frequency  213 

To determine the magnitude of SARS-CoV-2-specific CD8+ T cell populations in 19 214 

COVID-19 patients and 23 pre-pandemic unexposed individuals expressing HLA-B*07:02, 215 

HLA-A*02:01 and/or HLA-A*24:02, we used tetramer-associated magnetic enrichment 216 

(TAME) directly ex vivo (Nguyen et al., 2017; Valkenburg et al., 2016) for the 217 

immunodominant B7/N105 and subdominant B7/N257, A2/S269 (Habel et al., 2020) and 218 

A24/S1208 (Ferretti et al., 2020). After validating tetramers in peptide-expanded T cell lines 219 

(as shown in Fig. 1D), further ex vivo tetramer validation experiments were performed using 220 

direct ex vivo dual-tetramer staining of the immunodominant B7/N105 tetramers conjugated to 221 

PE and APC fluorophores, as well as dual-TAME with B7/N105 tetramer-PE and an irrelevant 222 

B7/EBV-tetramer (EBNA-3379-387, RPPIFIRRL) conjugated to APC (Fig.S4AB). Following 223 

TAME (Fig.2), CD8+ T cells specific for the immunodominant B7/N105 epitope could be 224 

readily detected ex vivo in all COVID-19 patients (Fig.2A, Fig.S4C) at a mean frequency of 225 

6.88x10-4 (n=11; Fig.2D), with the B7/N105
+CD8+ T cells being easily detected without 226 

enrichment (Fig.2A). B7/N105-specific CD8+ T cell pools in COVID-19 patients were 227 

numerically immunodominant when compared to three subdominant SARS-CoV-2-specific 228 

CD8+ T cell populations directed at B7/N257, A2/S269 and A24/S1208 epitopes (by 38.03-, 229 

21.54- and 8.92-fold respectively, p<0.05; Figure 2D).  230 

The frequency of B7/N105-specific CD8+ T cells in COVID-19 patients was 231 

significantly higher than that in adult (mean 3.00x10-5; p=0.0017) and elderly (mean 6.76x10-232 

5, p=0.0023) pre-pandemic PBMC samples (Fig.2BD), suggesting clonal expansion after 233 

SARS-CoV-2 infection. The values for pre-pandemic children tonsil samples (mean 2.76x10-234 

4) and elderly PBMCs (mean 6.76x10-5) were variable, with some elderly individuals showing 235 

a decline in the magnitude of B7/N105-specific CD8+ T cells, most likely reflecting a loss of 236 
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tetramer+CD8+ T cells with age (Nguyen et al., 2017b). Moreover, the magnitude of the 237 

immunodominant B7/N105 in combined pre-pandemic adult and elderly PBMCs (mean 238 

4.64x10-5) was higher than that for the subdominant B7/N257 (mean 1.52x10-6, p<0.0001), the 239 

previously described A2/S269 frequencies (Habel et al., 2020) (mean 1.65x10-6, p=0.0022) and 240 

A24/S1208, although not statistically significant (mean 9.5x10-6, p=0.2484 Mann-U) (Fig.2D), 241 

suggesting that the immunodominance of B7/N105-specific CD8+ T cell responses in COVID-242 

19 reflects higher precursor frequencies in unexposed individuals. Although the frequency of 243 

SARS-CoV-2-specific B7/N105
-tetramer-positive CD8+ T cells in children’s pre-pandemic 244 

tonsils (mean 2.76x10-4) appeared higher than that found in matched PBMCs (mean 2.5x10-5) 245 

(Fig.2C), this difference was not statistically significant (p=0.125). Analysis of spleen and 246 

lung samples did not show any robust distinct populations of B7/N105-specific CD8+ T cells 247 

in pre-pandemic tissues (Fig.S4D). It thus seems that the immunodominant B7/N105-specific 248 

CD8+ T cells are present in high precursor frequencies in pre-pandemic adult PBMCs and 249 

increase by 14.82-fold during SARS-CoV-2 infection in the peripheral blood. 250 

 251 

SARS-CoV-2 tetramer+CD8+ T cells in pre-pandemic individuals show predominantly 252 

naïve phenotype  253 

The activation profiles of B7/N105-specific CD8+ T cells tested by tetramer staining directly 254 

ex vivo from COVID-19 patients and pre-pandemic donors across different ages were 255 

assessed by CD27, CD45RA and CD95 staining to determine the prevalence of the naïve 256 

(TNaïve) (CD27+CD45RA+CD95-), stem cell memory (TSCM) (CD27+CD45RA+CD95+), 257 

central memory (TCM)-like (CD27+CD45RA-), effector memory (TEM)-like (CD27-CD45RA-258 

), and effector memory CD45RA (TEMRA) (CD27-CD45RA+) subsets (Fig.3). As expected, 259 

COVID-19 donors displayed the lowest proportion of TNaïve B7/N105
+CD8+ T cells (mean of 260 

10%) and instead had the highest proportion of TCM-like B7/N105
+CD8+ T cells (mean of 261 
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61%). In converse, pre-pandemic children and adult B7/N105
+CD8+

 T cells were 262 

predominantly of the TNaïve phenotype (p<0.0001 for both age groups in comparison with 263 

COVID-19 samples) and had minimal activation profiles across all the T cell subsets tested 264 

(Fig. 3C), indicating that these B7/N105
+CD8+ T cells constitute a naïve precursor pool rather 265 

than a pre-existing memory population from exposure to other coronaviruses or 266 

pathogens. While cross-reactive memory T cell responses between human coronaviruses and 267 

SARS-CoV-2 have been described after stimulation of pre-pandemic PBMCs with peptide 268 

megapools and readouts by IFN-γ production, these T cells usually express distinct memory 269 

markers (Lebert et al., 2020; Peng et al., 2006), indicating that SARS-CoV-2 tetramer-270 

reactive T cells in our pre-pandemic samples detected by tetramers are truly naïve. Both 271 

TNaïve and TCM-like subsets varied across different elderly individuals, suggesting that 272 

B7/N105
+CD8+ T cells in some elderly individuals were either previously activated by cross-273 

reactive peptides or underwent age-related dysregulated homeostatic proliferation, as 274 

commonly observed with age (LeMaoult et al., 2000; Messaoudi et al., 2006; Valkenburg et 275 

al., 2012). 276 

 Naive profiles in pre-pandemic subdominant B7/N257-, A2/S269- and A24/S1208-277 

specific CD8+ T cells largely reflected those found for the immunodominant pre-pandemic 278 

B7/N105-specific CD8+ T cells (Fig.3C). In COVID-19 patients, activation profiles of 279 

subdominant B7/N257-specific CD8+ T cells were similar to those in immunodominant 280 

B7/N105-specific CD8+ T cells, and consisted largely of TCM phenotypes. In contrast, A2/S269-281 

specific CD8+ and A24/S1208-specific CD8+ T cells in COVID-19 were more skewed towards 282 

TNaive, TSCM and/or TEMRA phenotypes. 283 

 284 

Frequencies and phenotypes of SARS-CoV-2-specific B7/N105
+CD8+ T cells remain 285 

largely stable in convalescent COVID-19 individuals 286 
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To assess whether the high numbers and central memory phenotype of B7/N105-specific 287 

CD8+ T cells changed or remained stable over time, HLA-B*07:02-expressing COVID-19 288 

individuals were longitudinally sampled from acute to convalescent time points for up to 270 289 

days post disease onset (n=9 COVID-19 patients, 22 samples). The longitudinal frequencies 290 

of B7/N105-specific CD8+ T cells remained stable and relatively high, whereas the very low 291 

numbers of subdominant B7/N257-specific CD8+ T frequencies, many below the detection 292 

limit (<10 tetramer+-enriched events), did not expand over time (Fig.4AC). Individual 293 

phenotypes were then tracked over time and across age (Fig.4BC), which generally showed 294 

very stable populations of TCM-like B7/N105-specific CD8+ T cells in most COVID-19 295 

individuals, as well as in one individual with longitudinal B7/N257-specific CD8+ T cell 296 

responses (Fig.4B). However, TEMRA-like populations increased over time in 4 individuals 297 

(CA6, 10, 11 and 13), 3 out of 4 being elderly donors (65 years and over), while TSCM 298 

populations either increased or decreased in certain individuals. Overall, apart from some 299 

fluctuations in TSCM- and TEMRA-like populations, both the frequencies and TCM-like 300 

phenotypes remained stable over time in convalescent individuals up to 270 days post disease 301 

onset. 302 

 303 

CD8+ T cells specific for B7/N105
 display diverse TCRαβαβαβαβ repertoire and promiscuous 304 

TCRαααα-TCRββββ pairing  305 

The nature of the TCR repertoire can affect CD8+ T cell immunodominance, functionality 306 

and protection (Messaoudi et al., 2002; Ndhlovu et al., 2015; Price et al., 2009). We therefore 307 

defined the molecular signatures underpinning the immunodominant B7/N105
+CD8+ T cell 308 

response. We dissected TCRαβ clonal composition and diversity using direct ex vivo 309 

tetramer staining and human single-cell TCRαβ multiplex RT-PCR, as described previously 310 

(Nguyen et al., 2016; Valkenburg et al., 2016). Here, we showed ex vivo dissection of 311 
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TCRαβ repertoires for immunodominant B7/N105-specific CD8+ T cells in PBMCs from 4 312 

HLA-B*07:02-expressing COVID-19 patients and 4 pre-pandemic PBMC samples. We 313 

examined a total of 264 B7/N105-specific CD8+ T cells TCRαβ pairs in total (Table S2; 314 

Fig.5).  315 

TCRαβ sequences were first analyzed for the overall TCRαβ diversity on a per-316 

individual basis (Fig.5A). Segments shown by the same colour represent TCRαβ clonotypes 317 

with the same V segment usage but different CDR3 sequences. The B7/N105-specific CD8+ 318 

TCRαβ repertoire of each COVID-19 patient was generally diverse, with the presence of one 319 

to three largely expanded TCRαβ clonotypes and a number (mean of 19 per donor) of smaller 320 

TCRαβ clonotypes. Clone B (TRBV6-6/TRAV17) was detected in two COVID-19 patients 321 

(Fig.5A,E), thus representing a shared TCRαβ clonotype for the B7/N105
+CD8+ repertoire. 322 

Apart from clone B, each donor had distinct usage of TRAV, TRBV, TRAJ and TRBJ gene 323 

segments, with no common gene features found across the COVID-19 patients and no 324 

common motifs within CDR3α and CDR3β sequences (Table S2; Fig.5E). Similarly, the pre-325 

pandemic B7/N105-specific CD8+ repertoires were highly diverse between donors with no 326 

predominant TCRαβ V-J gene sharing between them (Fig.5B).  327 

Lack of common TCRαβ segment features was even more evident when we analysed 328 

the TCRαβ repertoire on a per-individual basis using circos plots (Fig.5C), with the colour of 329 

the segment indicating TRBV gene usage (on the right), and the pairing with a specific 330 

TRAV segment depicted by the colour of the outer arch (on the left). Again, our circos 331 

analysis revealed a remarkable level of diversity in TRAV and TRBV usage within the 332 

individual COVID-19 patients and across the donors for both COVID-19 and pre-pandemic, 333 

suggesting the plasticity of TCRα-TCRβ pairings. Across all COVID-19 and pre-pandemic 334 

TCRs, only 1 COVID-19 patient (CA4, 2 clonotypes) shared the same TRAV-TRBV pairing 335 

(TRBV29-1/TRAV13-1) with 1 pre-pandemic individual (BP161, 8 clonotypes), with very 336 
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similar CDR3αβ regions (Fig.5E). To further investigate TCRα-TCRβ pairings, we 337 

represented TRAV versus TRBV gene usage in a bubble plot for COVID-19 patients. We 338 

found 26 different TRBVs capable of pairing across 31 distinct TRAVs gene segments (Fig. 339 

5D). This shows that the TCRαβ diversity in B7/N105-specific CD8+ T cells arises from 340 

distinct TCRαβ gene segment usage and TRAV-TRBV pairings both across and within the 341 

donors, and not being associated with any CDR3α or CDR3β motifs across different donors. 342 

These data suggest that promiscuity in TCRα-TCRβ pairing and CDR3α-CDR3β sequences 343 

(rather than stringent requirements for TCRαβ common features) underlie high naïve 344 

precursor frequency within immunodominant B7/N105-specific CD8+ T cells, capable of 345 

expansion following SARS-CoV-2 infection. 346 

 347 

A2/S269
+CD8+ TCRαβαβαβαβ repertoire contains common TRAV/TRAJ motifs 348 

As CD8+ T cells directed at SARS-CoV-2-specific A2/S269 represent subdominant and 349 

suboptimal T cell specificity in COVID-19 (Habel et al., 2020), we also investigated ex vivo 350 

TCRαβ repertoires within A2/S269-specific CD8+ T cells, and how it differs to that of 351 

immunodominant B7/N105-specific CD8+ T cells. As we and others previously reported 352 

(Habel et al., 2020; Peng et al., 2020), A2/S269-specific CD8+ T cells detected ex vivo with 353 

tetramers represented a small but distinct population in COVID-19 patients (n=5, Fig.3A). 354 

The TCRαβ repertoire displayed a considerable level of diversity by both circos and bubble 355 

plots (Fig.6A-C), although common TRBV (43% of total 175 TCRs: TRBV2 at 11%, 356 

TRBV7-9 at 13%, TRBV20-1 at 20%), TRBJ (68% of total TCRs: TRBJ2-2 at 59%, TRBJ2-357 

7 at 9%), TRAV (32% of total TCRs: TRAV12-1 at 23%, TRAV12-2 at 3%, TRAV14/DV4 358 

at 6%) and TRAJ (24% of total TCRs: TRAJ43 at 18%, TRAJ30 at 6%) gene segments were 359 

found across different COVID-19 patients (Fig.6AB; Table S3). More importantly, two key 360 

TCRα motifs within the CDR3α loop were found across the COVID-19 patients (Fig.6D). 361 
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These included (i) TRAV12-1/TRAJ43 CVVNXXXDMRF motif (where X denotes any 362 

amino) found across all COVID-19 patients (16% of total TCR repertoire), paired with 363 

different prominent TRBV segments; and (ii) TRAV12-2/TRAJ30 CAVNXDDKIIF pairing 364 

with TRBV7-9 across 4 donors (except CA6) (3.4% of TCR repertoire), as also recently 365 

reported by Shomuradova and colleagues (Shomuradova et al., 2020). These findings suggest 366 

that, in contrast to the B7/N105-specific CD8+ repertoire with no common motif and lack of 367 

shared TRBV, TRBJ, TRAV or TRAJ gene segment usage, TCRαβ clonotypes within the 368 

subdominant A2/S269-specific CD8+ T cells had dominant TRBV, TRBJ, TRAV or TRAJ 369 

gene segment usage across the donors and well-defined CDR3α motifs, suggesting more 370 

rigid requirements for TCRαβ clones capable of recognizing A2/S269 epitopes. Such lack of 371 

TCRαβ plasticity most likely results in such low naïve precursor frequency (Habel et al., 372 

2020).  373 

 374 

CD8+ T cells specific for B7/N105
 display high TCR diversity within pre-pandemic 375 

PBMCs 376 

To determine the extent of TCR diversity between pre-pandemic B7/N105, COVID-19 377 

B7/N105 and A2/S269 TCR repertoires, an independent analysis was performed using the 378 

TCRdist framework (Dash et al., 2017; Valkenburg et al., 2016), across equivalent numbers 379 

of TCRαβ pairs per group, to calculate diversity scores for single alpha and beta chains and 380 

paired TCRαβ clonotypes (Fig.7A, Table S4). As observed in our earlier analyses, A2/S269 381 

TCR repertoire (paired TCRdiv=147.9) was less diverse when compared to both pre-382 

pandemic and COVID-19 B7/N105 repertoires, in which diversity was mainly driven by the 383 

beta chain. Pre-pandemic B7/N105-specific TCRs were extremely diverse (paired 384 

TCRdiv=730.4), and then narrowed following primary COVID-19 infection with different 385 

individuals (paired TCRdiv=299.9), although the latter were still considered highly diverse. 386 
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To contextualize the COVID-19 TCR diversity with other well-established acute (influenza 387 

A) and chronic viral infections (EBV and CMV), the TCR diversity against the B7/N105 388 

epitope was reminiscent of the relatively diverse TCR repertoires against the chronic and 389 

immunodominant A2/CMV-pp65495-503 epitope. Independent analysis of the common CDR3 390 

motifs was also conducted using TCRdist (Dash et al., 2017; Valkenburg et al., 2016) to 391 

generate highly significant alpha and beta amino acid motifs for A2/S269 and B7/N105 TCRs 392 

(Fig.7B, Fig.S5). Similar to our initial analysis (Fig.6D), COVID-19 A2/S269 TCR repertoire 393 

generated two dominant alpha motifs (TRAV12-2/12-1-TRAJ43/30), where the gene pairing 394 

of TRAV12-1 with TRAJ43 was highly significant (p<2.3E-07, Fig.S6). In comparison, 395 

COVID-19 B7/N105 TCR repertoire encompassed several alpha and beta chain motifs which, 396 

surprisingly did not overlap with the pre-pandemic B7/N105 motifs.  397 

The probability of generating (Pgen) TCR alpha and beta chains were then calculated 398 

using TCRdist, which correlates with the number of insertions and deletions within the CDR3 399 

region (Fig.7C). Within the TCR alpha chain, Pgen values were similar for COVID-19 and 400 

well-established IAV, EBV and CMV epitopes. The probability of generating beta chains in 401 

the B7/N105 groups were comparable between pre-pandemic and COVID-19, but both 402 

COVID-19 and pre-pandemic B7/N105’s Pgen were significantly lower than A2/S269 403 

(padj=0.0012 and 0.0435, respectively), and was similar to the A2/CMV repertoire. The lower 404 

beta Pgen values for B7/N105 were supported by both B7/N105 groups having significantly 405 

more beta N-insertions than A2/S269, however lower numbers of N-deletions were 406 

significantly only observed for the COVID-19 B7/N105 TCR repertoire, but not for pre-407 

pandemic B7/N105 or A2/S269. Taken together, the lower probability of generating B7/N105 408 

TCRs, by way of more insertions, reflects the extreme nature in diversity for both pre-409 

pandemic and COVID-19 B7/N105 TCR repertoires. 410 

 411 
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DISCUSSION  414 

Our study deciphered the most immunodominant CD8+ T cell response known to date in 415 

COVID-19, the B7/N105
+CD8+ T cell population. Our direct ex vivo approach, without any in 416 

vitro manipulations, revealed high precursor frequencies of B7/N105-specific CD8+ T cells in 417 

COVID-19 patients (∼6.88x10-4), comparable to the magnitude of a well-established 418 

influenza-specific A2/M158-specific CD8+ T cell memory population (3.04x10-4). High 419 

precursor frequencies were also detected in pre-pandemic adult and elderly PBMCs (3.00x10-420 

5 and 6.76x10-5, respectively), much higher than the precursor frequencies previously 421 

observed for naïve CD8+ T cells directed towards HLA-A*02:01-restricted NY-ESO-11157-422 

1165, WT1126-134, HIV Gag p1777-85, HCV Core132-140, and CMV pp65 antigens (between 423 

0.6x10-6 to 5.3x10-6) in cancer-free and seronegative individuals (Alanio et al., 2010; Nguyen 424 

et al., 2017a). It was thus quite surprising that these B7/N105-specific CD8+ T cells in pre-425 

pandemic samples mainly displayed a naïve phenotype, indicating a lack of previous cross-426 

reactive exposures. As the SARS-CoV-2-derived N105-113 peptide SPRWYFYYL displays a 427 

close amino acid (aa) homology with the corresponding peptide LPRWYFYYL derived from 428 

N in the globally distributed coronavirus strains HCoV-OC43 and HCoV-HKU1, there is 429 

potential for cross-reactive CD8+ T cell responses, which was notably observed in all 4 430 

donors tested by Ferretti et al.’s study via genome-wide epitope screening technology and the 431 

secretion of granzyme B (Ferretti et al., 2020; Schulien I et al., 2020). However, the overall 432 

conclusion was that the COVID-19 CD8+ T cell response was not significantly shaped by 433 

pre-existing immunity to endemic coronaviruses. However, as 100% of the paediatric and 434 

81.3% of adult pre-pandemic donors in our study had a prototypical naïve (and not even stem 435 

cell memory; TSCM) B7/N105-specific CD8+ T cell phenotype directly ex vivo, this suggests that 436 

either the HCoV-OC43/HKU1 peptide is not presented on the infected cell surface (for 437 

example due to different processing of the peptide within the cell), the SARS-CoV-2-derived 438 
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N105-113 peptide is not cross-reactive with the corresponding N-derived peptides originating 439 

from other human coronaviruses, or our pre-pandemic adult and paediatric donors were not 440 

exposed to those circulating coronaviruses. While we cannot exclude that these CD8+ T cells 441 

are naïve antigen-experienced T cells that express a naïve CD45RA+CD27-CD95- phenotype, 442 

our previous study indicated that the SARS-CoV2 A2/S269-specific CD8+ T cells with naïve 443 

CD45RA+CD27-CD95- phenotype could not respond to the peptide stimulation (Habel et al., 444 

2020). These data are in line with previous phenotypical analysis of human coronavirus-445 

specific T cells which do not express a naïve phenotype (Lebert et al., 2020; Peng et al., 446 

2006), indicating that infection with human coronaviruses might not induce SARS-CoV-2 447 

B7/N105-113-specific T cells. We have not found effector and/or memory SARS-CoV-2 448 

tetramer+CD8+ T cells in lungs or spleens from pre-pandemic donors, in contrast to readily 449 

detected memory influenza tetramer+CD8+ T cells across different epitopes found at these 450 

anatomical sites in our previous studies (Koutsakos et al., 2019; Sant et al., 2018).  451 

 Both the magnitude and phenotype of B7/N105-specific CD8+ T cells were highly 452 

variable in the pre-pandemic elderly. Reduced magnitude of B7/N105-specific CD8+ T cells in 453 

elderly individuals corresponds with published reports providing clear evidence for a loss of 454 

tetramer+CD8+ T cells as well as naïve CD8+ T cell precursors with aging (Nguyen et al., 455 

2017b; Valkenburg et al., 2012). While B7/N105-specific CD8+ T cells within four elderly 456 

donors mainly had a naïve phenotype, three donors had a high prevalence of TEMRA (75%) 457 

and TCM-like (37-73%) subsets. This could be due to either priming with cross-reactive 458 

peptides derived from circulating coronaviruses occurring sequentially with age, or SARS-459 

CoV-2 CD8+ T cells undergoing age-related dysregulated homeostatic proliferation, as 460 

commonly observed with age and CMV seropositivity (LeMaoult et al., 2000; Messaoudi et 461 

al., 2006; Valkenburg et al., 2012; Wertheimer et al., 2014). Especially the high frequency of 462 

TEMRA-phenotype T cells observed in PP27 could be a result of age-related CD45RA 463 
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upregulation observed previously in CMV-specific CD8+ T cells (Griffith et al., 2013). It is, 464 

however, unclear whether this upregulation also occurs in antigen-specific CD8+ T cells in 465 

acute infection in contrast to constant exposure to antigens derived from persistent infections 466 

such as CMV, given that persistent infections can induce different memory phenotypes 467 

(Appay et al., 2002). 468 

As our TCRαβ analysis of the B7/N105-specific CD8+ T cells obtained from the pre-469 

pandemic elderly individual (PP27) with the high frequency TEMRA population showed a 470 

highly clonal TCRαβ repertoire, atypical of what we observed in other COVID-19 and pre-471 

pandemic individuals, this suggested that the clonal B7/N105-specific CD8+ TEMRA population 472 

in this elderly individual represented a highly proliferating non-COVID-19-specific CD8+ T 473 

cell population. Whether the frequencies of SARS-CoV-2 tetramer+CD8+ T cells within adult 474 

tonsils are higher than those in adult blood will require future investigation. From our 475 

previous study, we found higher levels of influenza-specific CD8+ T cells in healthy adult 476 

tonsils compared to unmatched healthy adult blood (Koutsakos et al., 2019). 477 

Our analyses of longitudinal COVID-19 samples for B7/N105
+CD8+ T cell populations, 478 

demonstrated the maintenance of predominant TCM-like phenotypes into the long-term 479 

memory (up to d270 for some patients) after disease onset, similar to what we observed in 480 

patients hospitalised with H7N9 in Shanghai (Wang et al., 2015a). Our findings are in 481 

agreement with studies showing that SARS-CoV-specific memory T cells persist into long-482 

term memory, for at least 6 to 11 years (Peng et al., 2006; Tang et al., 2011). However, it 483 

should be noted that distinct memory populations can be established following infection with 484 

different viruses (Appay, Nat Med 2002) or even across different epitope-specific CD8+ T 485 

cells, as exemplified by our recent study (Habel et al., 2020) showing mainly TSCM/naïve 486 

phenotypes within A2/S269
+CD8+ T cells during convalescence.  487 
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Ex vivo TCRαβ analyses for the remaining COVID-19 patients and pre-pandemic 488 

samples across all ages revealed that a diverse TCRαβ repertoire and promiscuity in TCRα-489 

TCRβ pairing may underlie such high naïve precursor frequencies of B7/N105-specific CD8+ 490 

T cells. The importance of TCRαβ repertoire diversity on disease outcome has been 491 

previously demonstrated in mice, macaques and humans (Messaoudi et al., 2002) (Chen et 492 

al., 2012; Messaoudi et al., 2002; Price et al., 2009). Generally, a diverse TCRαβ repertoire 493 

provides a greater scope for selection of TCRαβ clonotypes with high peptide-MHC-I 494 

avidity. CD8+ T cells with diverse TCR repertoires can generate broadly protective responses 495 

and are often capable of recognising both the wild-type virus and newly emerging mutants. 496 

Our single-cell ex vivo TCRαβ analysis, including independent analysis using the TCRdist 497 

framework, demonstrated higher TCRαβ diversity within immunodominant B7/N105-specific 498 

CD8+ T cells with variable usage of TRAV, TRBV, TRAJ and TRBJ gene segments. 499 

Furthermore, no common gene features and no common motifs within CDR3α and CDR3β 500 

sequences were observed across the donors. Such TCRαβ repertoire diversity, combined with 501 

the promiscuity of TCRα-TCRβ pairing, might reflect a high degree of TCRαβ plasticity to 502 

recognise the immunodominant B7/N105 epitope. Consequently, this plasticity could lead to 503 

the generation of a large and diverse pool of naïve TCRαβ precursors, and hence high 504 

precursor frequency of B7/N105-specific CD8+ T cells. When it comes to immunodominance 505 

hierarchies, both naïve precursor frequency and antigen dose play a key role (La Gruta et al., 506 

2006). Thus, a high naïve precursor frequency in pre-pandemic samples may underlie highly 507 

immunodominant B7/N105
+CD8+ T cell responses in COVID-19 patients during acute disease 508 

and convalescence. Future crystallography studies of ternary N105 peptide in the context of 509 

HLA-B*07:02 and TCRαβs are needed to provide key insights into promiscuous TCRαβ 510 

recognition of the B7/N105 epitope, as well as the inclusion of more Nucleocapsid-derived 511 
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epitopes and tetramers for further TCR repertoire studies. The TCRαβ repertoire within the 512 

dominant B7/N105-specific CD8+ T cells contrasted those of subdominant SARS-CoV-2-513 

specific A2/S269-specific CD8+ T cells containing clear CDR3α motifs and TRAV usage (as 514 

shown by our study and the recent report (Shomuradova et al., 2020)). The latter reflected 515 

numerous previously analysed TCRαβ repertoires of viral-specific CD8+ T cell populations 516 

in mice and humans, characterised by biased usage of TCR gene segments (Kedzierska and 517 

Koutsakos, 2020).  518 

Overall, our study suggests that high precursor frequency and plasticity of TCRα-519 

TCRβ pairing underpin the immunodominance of SARS-CoV-2-specific B7/N105
+CD8+ T 520 

cell responses. As both the immunodominant B7/N105 and subdominant B7/N257 SARS-CoV-521 

2-specific epitopes encompass Nucleocapsid-derived peptides, infection with SARS-CoV-2 522 

clearly leads to robust CD8+ T cell immunity in HLA-B*07:02 individuals. Better 523 

understanding of T cells directed towards immunodominant epitopes and their origins 524 

provides important insights into the rational design of next generation vaccine strategies to 525 

optimise long-lasting CD8+ T cell immunity. 526 

 527 

LIMITATIONS OF THE STUDY 528 
 529 

We recognise that our pre-pandemic and COVID-19 donors originate from one country and thus do 530 

not represent the global population. This might be especially relevant when CD8+ T cell responses 531 

towards the circulating human coronavirus strains are assessed. Cross-reactivity of CD8+ T cell 532 

responses against different SARS-CoV-2 variants was not addressed in the current manuscript and is 533 

of interest for future studies. The number of pre-pandemic children’s samples were relatively small to 534 

perform in-depth analyses. Further ex vivo examination of tetramer-positive CD8+ T cells in SARS-535 

CoV-2 infected children would be of a great interest to understand SARS-CoV-2-specific CD8+ T 536 

cells responses in acute COVID-19 and convalescence. 537 
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FIGURE LEGENDS 581 

 582 

Figure 1. CD4+ and CD8+ T cell responses to SARS-CoV-2 overlapping peptide pools 583 

and individual SARS-CoV-2 HLA-B*07:02-restricted peptides. (A) Overview of cohort 584 

and samples collected. (B) CD4+ and CD8+ T cell responses to SARS-CoV-2 S, N and M 585 

peptide pools in COVID-19 cases and suspected cases. Representative FACS plots showing 586 

IFN-γ and TNF staining of CD4+ or CD8+ T cell populations; background staining values are 587 

shown in brackets. Frequencies of IFN-γ
+, TNF+, MIP-1β+ or CD107a+ within the CD4+ or 588 

CD8+ T cells, with background staining subtracted in COVID-19 cases (n=3, 2 time points 589 

each) and suspected cases (n=4); data are shown as mean with SD. Statistical significance 590 

was determined with Mann-Whitney test. (C) FACS plots showing IFN-γ staining of CD4+ or 591 

CD8+ T cell populations from COVID-19 case CA2 V1 and V2 after stimulation with S, N 592 

and M peptide pools; the number of IFN-γ
+ cells are shown. Paired frequencies of IFN-593 

γ
+CD4+ and CD8+ T cells for S, N and M peptide pools (right). (D) FACS plots of CD8+ IFN-594 

γ/TNF staining after stimulation with individual N-derived SARS-CoV-2 peptides (N66, N105, 595 

N257, N219 and N222) and FACS plots showing CD8+ T cell staining with B7/SARS-CoV-2 596 

tetramers (B7/N66, B7/N105, B7/N257) on expanded cells. Frequency of IFN-γ
+CD8+ or 597 

tetramer+CD8+ T cells are shown. See also Table S1 and Figure S3. 598 

 599 

Figure 2. High precursor frequency for immunodominant B7/N105-specific CD8+ but not 600 

subdominant B7/N257-
 , A2/S269-

 and A24/S1208-specific CD8+ T-cells. B7/N105-, B7/N257-, 601 

A2/S269- and A24/S1208-specific CD8+ T cells were identified directly ex vivo from COVID-602 

19 PBMCs, as well as healthy pre-pandemic PBMCs and tonsils by tetramer magnetic 603 

enrichment. Representative FACS plots of enriched and unenriched B7/N105-, B7/N257-, 604 

A2/S269- and A24/S1208-specific CD8+ T cells from (A) acute and convalescent COVID-19 605 
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donors, and (B) pre-pandemic children (PBMCs and tonsils), adult and elderly donors. Pre-606 

pandemic A2/S269 donors from (Habel et al., 2020). (C) B7/N105-specific CD8+ T cell 607 

precursor frequencies were calculated for matched children’s PBMC and tonsil samples, with 608 

statistical significance analysed by Wilcoxin test. (D) CD8+ precursor frequencies were 609 

calculated for B7/N105-, B7/N257-, A2/S269- and A24/S1208-specific CD8+ T cells enriched 610 

from PBMCs and tonsils. Dots represent individual donors; data are shown as mean. Donors 611 

with undetectable precursor frequencies are included on the graph to show the number of 612 

donors tested; these donors were not included in statistical analyses. Statistical significance 613 

was determined with Dunn’s multiple comparison test unless indicated otherwise. See also 614 

Figure S4. 615 

 616 

Figure 3. Ex vivo activation profiles of SARS-CoV-2-specific CD8+ T cells in COVID-19 617 

and pre-pandemic donors. Representative FACS plots of B7/N105-, B7/N257-, A2/S269- and 618 

A24/S1208-specific CD8+ T cells from (A) acute and convalescent COVID-19 donors, and (B) 619 

pre-pandemic children (PBMCs and tonsils), adult and elderly donors show TNaïve 620 

(CD27+CD45RA+CD95-), TSCM (CD27+CD45RA+CD95+), TCM-like (CD27+CD45RA-), TEM-621 

like (CD27-CD45RA-) and TEMRA (CD27-CD45RA+) subsets. To account for donor 622 

variability in the phenotype markers and day-to-day variations in flow cytometry settings 623 

(e.g. laser power, compensation, calibration), phenotype gates were first selected on the 624 

larger parent CD8+ T cell population for each individual before applying the gates to the 625 

smaller tetramer+ population. The same gates were used across time points from the same 626 

individual if they were acquired on the same day. (D) Stacked plots display the proportion of 627 

each phenotype subset within the B7/N105-, B7/N257-, A2/S269- and A24/S1208-specific CD8+ T 628 

cells. Only donors above the detection limit (≥10 tetramer+-enriched events) were included 629 
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for analysis; mean with SD is shown and statistical significance was determined using 630 

Tukey’s multiple comparisons test.  631 

 632 

Figure 4. Tracking longitudinal COVID-19 B7/CD8+ T cell responses up to day 270 post 633 

disease onset. (A) TAME-enriched precursor frequencies of B7/N105-specific CD8+ and 634 

B7/N257-specific CD8+ T cells from each individual with multiple time points. (B) Stacked 635 

bar graphs of each individual phenotype profiles of each donor across age. (C) Representative 636 

FACS plots of donors’ longitudinal B7/N105-specific CD8+ T cell responses in terms of 637 

TAME-enriched (ii) tetramer and (ii) phenotype profiles.   638 

 639 

Figure 5. Diverse TCRααααββββ repertoire and promiscuous TCRαααα-TCRββββ pairing within 640 

B7/N105-specific CD8+ T cells. B7/N105-specific CD8+ T cells were enriched by TAME and 641 

then single-cell sorted for TCRαβ analysis. Pie charts of TRBV and TRAV gene usage in 642 

B7/N105
+CD8+ T cells in (A) COVID-19 (n=4) and (B) pre-pandemic donors (n=4). All 643 

COVID-19 patients were from convalescent samples with one exception, where 5 out of 36 644 

TCR clonotypes for Donor CA12 were from the acute time point. Segments shown by the 645 

same colour represent TCRαβ clonotypes with the same V segment usage but different CDR3 646 

sequences. (C) Circos plots of TRBV and TRAV clonotype pairings, right arch and segment 647 

colour indicates TRBV usage and left outer arch colour depicts TRAV usage. (D) Bubble plot 648 

showing the distribution (number of donors and frequency) of TRBV/TRAV gene usage in 649 

COVID-19 patients. (E) Dominant clonotypes identified in HLA-B*07:02 donors specific to 650 

B7/N105
+CD8+ T cells. ND = not determined. See also Table S2. 651 

 652 

Figure 6. Common TRAV/TRAJ motifs within suboptimal A2/S269-specific CD8+ 653 

TCRααααββββ repertoire. A2/S269
+CD8+ T cells from COVID-19 PBMCs were identified ex vivo 654 
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and enriched by TAME before single-cell sorting for TCRαβ analysis. (A) Pie charts of 655 

TRBV and TRAV gene usage in A2/S269
+CD8+ T cells in acute and convalescent COVID-19 656 

donors. Segments shown by the same colour represent TCRαβ clonotypes with the same V 657 

segment usage but different CDR3 sequences. (B) Circos plots of TRBV and TRAV 658 

clonotype pairings, right arch and segment colour indicates TRBV usage and left outer arch 659 

colour depicts TRAV usage. Ac = acute; Fup = follow-up convalescent sample. (C) Bubble 660 

plot showing the distribution (number of donors and frequency) of TRBV/TRAV gene usage. 661 

(D) Dominant clonotypes identified in HLA-A*02:01 donors specific to A2/S269
+CD8+ T 662 

cells. X denotes any amino acid and (n) denotes any number of additional amino acids. See 663 

also Table S3. 664 

 665 

Figure 7. TCR repertoire diversity and distinct single-chain motifs within COVID-19 666 

and pre-pandemic individuals. (A) Single alpha, beta and paired TCRdiv diversity values 667 

between COVID-19 A2/S269, B7/N105 and pre-pandemic (PP) B7/N105 repertoires. COVID-19 668 

A2/S269 (43 out of 75) and B7/N105 TCRs (42 out of 82) were randomly down-sampled to 669 

obtain equivalent TCR pairs for comparison with the pre-pandemic B7/N105 group. The 670 

higher value indicates higher diversity. (B) Enriched alpha and beta amino acid motifs in the 671 

CDR3 region were generated by TCRdist for all TCR pairs. Each TCR chain motif depicts 672 

the variable (left side) and joining (right side) gene frequencies, CDR3 amino acid sequences 673 

(middle), and inferred rearrangement structure (bottom bars coloured by source region: light 674 

grey = V-region, dark grey = J-region, black = diversity (D)-region, red = insertions). Chi-675 

squared values greater than 50 were considered highly significant, values below 50 were 676 

borderline significant. The full set of motifs are shown in Fig.S5. (C) Probabilities of 677 

generation (Pgen; log10 transformed), and number of nucleotide insertions and deletions for 678 

all single alpha and beta chains, were generated with the TCRdist pipeline, and 679 
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contextualized using publicly available data from A2/EBV-BMLF1280-288, A2/M158-66 680 

(influenza A), and A2/CMV-pp65495-503 TCR repertoires, which were not included in the 681 

statistical analysis. Statistically analysis between COVID-19 A2/S269, B7/N105 and B7/N105 682 

pre-pandemic (PP) repertoires for variations in Pgen, insertions, and deletions are further 683 

described in Methods using linear mixed models and P-values were adjusted (padj) for 684 

multiple testing using the Benjamini & Hochberg FDR method. See also Table S4, Figure S5 685 

and Figure S6. 686 

 687 

  688 
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STAR Methods 689 

Resource availability 690 

Lead contact 691 

Further information and requests for resources and reagents should be directed to and will be 692 

fulfilled by the Lead Contact, Katherine Kedzierska (kkedz@unimelb.edu.au). 693 

 694 

Materials availability 695 

This study did not generate new unique reagents. 696 

 697 

Data and code availability 698 

The published article includes all datasets generated or analyzed during the study. 699 

 700 

Experimental model and subject details 701 

A total of 21 COVID-19 cases (CA) and 40 pre-pandemic (PP) subjects were recruited into 702 

this study (Table S1). The traveller cohort included 3 COVID-19 cases (CA1-3) at 703 

convalescence and 4 suspected cases (SU1-4). Acute and convalescent COVID-19 patients 704 

were recruited via the Alfred Hospital, Austin Hospital, University of Melbourne or James 705 

Cook University. Eight of the donors were admitted to hospital during their active infection 706 

(Table S1). Healthy pre-pandemic blood donors were recruited via the University of 707 

Melbourne or buffy packs obtained from the Australian Red Cross LifeBlood (West 708 

Melbourne, Australia) (Table S1). Healthy COVID-19-unexposed and pre-pandemic tonsils, 709 

spleens and lungs were also obtained. Matched tonsils and PBMCs were obtained from 710 

healthy individuals undergoing tonsillectomy (Launceston General Hospital, Tasmania, 711 

Australia), lung samples via the Alfred Hospital’s Lung Tissue Biobank, while spleens were 712 

provided by DonateLife Victoria. Donors were HLA typed by VTIS (Melbourne, Australia). 713 
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Peripheral blood was collected in heparinized tubes and peripheral blood monocular cells 714 

(PBMCs) were isolated via Ficoll-Paque separation. Single cell suspensions were isolated 715 

from tissues as previously described (Habel et al., 2020; Koutsakos et al., 2018). 716 

 Experiments conformed to the Declaration of Helsinki Principles and the Australian 717 

National Health and Medical Research Council Code of Practice. Written informed consents 718 

were obtained from all blood donors prior to the study. Lung and spleen tissues were 719 

obtained from deceased organ donors after written informed consents from the next of kin. 720 

Written informed consents were obtained from participants’ parental or guardians for 721 

underage tonsil tissue donors. The study was approved by the Alfred Hospital (#280/14), 722 

Austin Health (HREC/63201/Austin-2020); the University of Melbourne (#2057366.1, 723 

#2056901.1, #2056689, #2056761, #1442952, #1955465, and #1443389), the Australian Red 724 

Cross Lifeblood (ID 2015#8), the Tasmanian Health and Medical (ID H0017479) and the 725 

James Cook University (H7886) Human Research Ethics Committees. 726 

 727 

Method details 728 

Peptides and peptide-HLA class I tetramers 729 

Overlapping synthetic peptides spanning the SARS-CoV-2 Nucleocapsid (N) and Membrane 730 

(M) proteins, and the immunogenic regions of Spike (S) were purchased from Miltenyi 731 

Biotec and reconstituted in 80% DMSO. SARS-CoV-2 peptides shown to bind HLA-732 

B*07:02, HLA-A*02:01 and HLA-A*24:02 (B7/N66-74 FPRGQGVPI; B7/N105-113 733 

SPRWYFYYL; B7/N257-265 KPRQKRTAT; A2/N219-227 LALLLLDRL; A2/N 222-230 734 

LLLDRLNQL and A24/S1208 QYIKWPWYI) were purchased from GenScript and 735 

reconstituted in DMSO. Tetramers were generated from soluble, biotinylated HLA-B*07:02 736 

or HLA-A*24:02 monomers. Briefly, HLA α-heavy chain with C-terminal BirA biotinylation 737 

motif and β2-microglobulin were expressed and purified as inclusion bodies in E. coli, 738 
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solubilized in 6M Guanidine HCl and refolded with either N105, N257, N66 (for HLA-B*07:02) 739 

or S1208 (for HLA-A*24:02) peptide, in buffer containing 50mM Tris pH8, 3M urea, 0.4M 740 

Arginine, 2mM oxidised Glutathione, 20mM Glutathione, 2mM EDTA, 10mM PMSF and 741 

cOmplete™ protease inhibitor (Roche). Following dialysis in 10mM Tris, HLA monomers 742 

were purified via DEAE and HiTrapQ ion exchange chromatography, and biotinylated with 743 

BirA ligase in 50mM Bicine pH 8.3, 10mM ATP, 10mM magnesium acetate and 100µm d-744 

biotin. Following S200 gel permeation chromatography fully biotinylated HLA monomers 745 

were stored at -80 °C and conjugated to fluorescently-labeled streptavidin (SA), PE-SA or 746 

APC-SA (BD Biosciences) at an 8:1 monomer to SA molar ratio to form pMHC-I tetramers. 747 

The A2/S269 (SARS-CoV-2, S269, YLQPRTFLL) and B7/EBV (EBNA-3379-387, RPPIFIRRL) 748 

tetramers were generated as previously described (Habel et al., 2020) (Rowntree et al., 2020). 749 

 750 

Ex vivo tetramer enrichment 751 

PBMCs, tonsils and spleens (7-50x106) were stained with B7/N105-PE, B7/N257-APC, 752 

A2/S269-PE or A24/S1208-APC tetramers at room temperature for 1 hr in MACS buffer (PBS 753 

with 0.5% BSA and 2 mM EDTA). Cells were then incubated with anti-PE and anti-APC 754 

microbeads (Miltenyi) and tetramer+ cells were enriched using magnetic separation (Nguyen 755 

et al., 2017a; Valkenburg et al., 2016). Lymphocytes were stained with anti-CD71-BV421 756 

(#562995), anti-CD4-BV650 (#563875), anti-CD27-BV711 (#563167), anti-CD38-BV786 757 

(#563964), anti-CCR7-AF700 (#561143), anti-CD14-APC-H7 (#560180), anti-CD19-APC-758 

H7 (#560177), anti-CD45RA-FITC (#555488), anti-CD8-PerCP-Cy5.5 (#565310), anti-759 

CD95-PE-CF594 (#562395), anti-PD1-PE-Cy7 (#561272) (BD Biosciences), anti-CD3-760 

BV510 (#317332), anti-HLA-DR-BV605 (#307640) (BioLegend, San Diego, CA, USA) and 761 

Live/Dead near-infrared (#L10119, Invitrogen) stain for 30 mins, washed, resuspended in 762 

MACS buffer and analysed by flow cytometry. Lung cells were stained with tetramer for 1 hr 763 
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then cell surface stained using a modified panel to include anti-CD69-BV421 (#310930), 764 

anti-CD103-FITC (#350203) (BioLegend) and anti-CD45RO-PE-Cy7 (#25-0457-41, Thermo 765 

Fisher Scientific). In some experiments, cells were fixed with 1% PFA and washed before 766 

acquiring on a LSRII Fortessa (BD) or single cell sorted using the FACSAriaIII (BD) for 767 

TCR analyses. FCS files were analysed using FlowJo v10 software. 768 

 769 

TCRααααββββ repertoire analysis  770 

Tetramer+ CD8+ T cells were single-cell sorted into empty 96-well Twin.tec PCR plates 771 

(Eppendorf, Hamburg, Germany), centrifuged then stored at -80°C. Multiplex-nested RT-772 

PCR amplification of paired CDR3a and CDR3b regions were performed as described 773 

(Nguyen et al., 2017a; Valkenburg et al., 2016). TCR sequences were analyzed using 774 

IMGT/V-QUEST. Data visualization was performed in R using packages for circular layout 775 

(Gu et al., 2014) and graphics generation (Wickham, 2016). 776 

 777 

Phenotypic whole blood immune analyses 778 

Fresh whole blood was used to analyse immune cell populations using three human antibody 779 

panels for enumerating immune cell activation (monocytes and T/B/NK/γδ cells), TFH and 780 

ASC cell activation, and cytotoxicity profiles of T cell’s expressing intracellular granzymes 781 

(A, B, K and M) and perforin, as previously described (Thevarajan et al., 2020). PBMCs 782 

were stained, red blood cell lysed, then fixed in 1% PFA, or intracellularly stained using the 783 

eBioscienceTM Foxp3/Transcription Factor Staining Buffer Set (Thermo Fisher Scientific, 784 

Carlsbad, CA, USA) (Thevarajan et al., 2020). Samples were acquired on a BD LSRII 785 

Fortessa and analysed using FlowJo v10 software. 786 

 787 

Detection of SARS-CoV-2 RBD- and Spike-reactive B cells 788 
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PBMCs were stained with SARS-CoV-2 Spike and RBD probes, as previously described 789 

(Juno et al., 2020). Probes were generated by sequential addition of streptavidin-790 

phycoerythrin (PE) (Thermo Fisher Scientific) to trimeric S protein biotinylated using 791 

recombinant Bir-A (Avidity), while SARS-CoV-2 RBD was labelled to APC using an APC 792 

Conjugation Lightning-Link Kit (Abcam). PBMCs were surface stained with Aqua viability 793 

dye (Thermo Fisher) and monoclonal antibodies against CD19-ECD (#IM2708U, Beckman 794 

Coulter), IgM BUV395 (#563903), CD21 BUV737 (#564437), IgD PE-Cy7 (#561314), IgG 795 

BV786 (#564230), streptavidin-BV510 (#563261) (BD Biosciences), CD20 APC-Cy7 796 

(#302314), CD14 BV510 (#301841), CD3 BV510 (#317332), CD8a BV510 (#301048), 797 

CD16 BV510 (#302048), CD10 BV510 (#312220) and CD27 BV605 (#302829) 798 

(BioLegend). Cells were washed, fixed with 1% formaldehyde and acquired on a BD LSRII 799 

Fortessa. 800 

  801 

Intracellular cytokine staining (ICS) 802 

PBMCs were stimulated with 0.6 nmol of overlapping SARS-CoV-2 peptides for 10 days in 803 

RF-10 medium (+10U/mL IL-2) (Koutsakos et al., 2019). On d10, cells were stimulated with 804 

peptides for 5-6 hrs in the presence of GolgiPlug and GolgiStop (BD Biosciences) plus 805 

10U/mL IL-2, and SARS-CoV-2-reactive T cells were quantified using anti-IFN-γ-V450 806 

(#560371), anti-TNF-AF700 (#557996), anti-MIP-1b-APC (#560686) (BD Biosciences), and 807 

anti-CD107a-AF488 (#53-1079-42, Thermo Fisher Scientific) in an ICS assay as previously 808 

described (Clemens et al., 2016).  809 

 810 

SARS-CoV-2 RBD and Spike ELISA 811 

RBD- and Spike-specific ELISA for detection of IgM, IgG and IgA antibodies was 812 

performed as described (Amanat et al., 2020; Stadlbauer et al., 2020), with some 813 
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modifications: Nunc MaxiSorp flat bottom 96-well plates (Thermo Fisher Scientific) were 814 

used for antigen coating, blocking with PBS (containing w/v 1% BSA) and serial dilutions 815 

performed in PBS (containing v/v 0.05% Tween and w/v 0.5% BSA). For detection of IgG 816 

and IgA, peroxidase-conjugated goat anti-human IgG (Fcγ fragment specific; Jackson 817 

ImmunoResearch) or alkaline phosphate-conjugated rat anti-human IgA (mAb MT20; 818 

MabTech) was used and developed with TMB (Sigma) substrate for IgG or pNPP (Sigma) 819 

for IgA. For IgM, biotinylated mAb MT22 and peroxidase-conjugated streptavidin (Pierce; 820 

Thermo Fisher Scientific) was used. Peroxidase reactions were stopped using 1M H3PO4 and 821 

plates read on a Multiskan plate reader (Labsystems). Inter- and intra-experimental 822 

measurements were normalised using a positive control plasma from a COVID-19 patient run 823 

on each plate. Endpoint titres were determined by interpolation from a sigmodial curve fit (all 824 

R-squared values >0.95; GraphPad Prism 8) as the reciprocal dilution of plasma that 825 

produced >15% (for IgA and IgG) or >30% (for IgM) absorbance of the positive control at a 826 

1:31.6 (IgG and IgM) or 1:10 dilution (IgA). Seroconvertion was defined when titres were 827 

above the mean titre (plus 2 standard deviations) of healthy non-COVID-19 donors.  828 

 829 

Microneutralisation assay 830 

Microneutralisation activity of serum samples was assessed as previously described (Juno et 831 

al., 2020). SARS-CoV-2 isolate CoV/Australia/VIC01/2020 (Caly et al., 2020) was 832 

propagated in Vero cells and stored at -80°C. Sera were heat-inactivated at 56°C for 30 min 833 

and serially diluted. Residual virus infectivity in the serum/virus mixtures was assessed in 834 

quadruplicate wells of Vero cells incubated in serum-free media containing 1µg/ml of TPCK 835 

trypsin at 37°C and 5% CO2. Viral cytopathic effect was read on day 5. The neutralising 836 

antibody titer was calculated using the Reed–Muench method, as described (Juno et al., 837 

2020). 838 
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 839 

Cytokine analysis 840 

Patients’ plasma was diluted 1:2 for measuring IL-1β, IFN-α2, IFNγ, TNFα, MCP-1 (CCL2), 841 

IL-6, IL-8 (CXCL8), IL-10, IL-12p70, IL-17A, IL-18, IL-23 and IL-33 using the 842 

LEGENDplex™ Human Inflammation Panel 1 kit, as per manufacturer’s instructions 843 

(BioLegend).  844 

 845 

Quantification and statistical analysis 846 

TCR statistical analysis 847 

Single-chain alpha and beta TCR sequences were independently parsed and analyzed using 848 

the TCRdist pipeline to detect statistically significant amino acid motifs and to model CDR3 849 

insertions, deletions, and probabilities of generation (Pgen) (Dash et al., 2017; Valkenburg et 850 

al., 2016). To test for variations in Pgen, insertions, and deletions across epitope specificities, 851 

we used linear mixed models (Bates et al., 2014) with the number of sequences per subject 852 

per epitope included as a covariate and subject included as a random effect in order to control 853 

for unintentional differences in sequencing effort and non-independence of the data across 854 

subjects, respectively.  Log10 of Pgen was modelled using a Gaussian distribution, whereas 855 

insertions and deletions were analyzed using a generalized model for the negative binomial 856 

distribution. P-values were adjusted (padj) for multiple testing using the Benjamini & 857 

Hochberg FDR method. We also used the TCRdist framework on a subset of the data to 858 

characterize repertoire diversity using TCRdiv, which was contextualized using publicly 859 

available data from A2/EBV-BMLF1280-288, A2/M158-66 (influenza A), and A2/CMV-pp65495-860 

503 repertoires. For this analysis, we only considered cells that had functional, paired alpha 861 

and beta sequences, and we randomly down-sampled repertoires such that each were derived 862 

from an equivalent number of donors and had an equivalent number of TCRs for comparison 863 
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(i.e., A2/S269, B7/N105 COVID-19, A2/EBV, A2/M1 and A2/CMV). The subsampled and full 864 

repertoires are detailed in Table S4. 865 

 866 

Statistical analysis 867 

Statistical significance of nonparametric datasets (two-tailed) were determined using 868 

GraphPad Prism v9 software. Mann-Whitney (unpaired) and Wilcoxin (paired) tests were 869 

used for comparisons between two groups. Kruskal-Wallis (unmatched) test with Dunn’s 870 

multiple comparisons was used to compare more than two groups. Tukey’s multiple 871 

comparison test compared row means between more than two groups. 872 

 873 
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eTOC Summary 

 

Examining unmanipulated SARS-CoV-2-specific T cells is important for understanding 

primary and recall responses during COVID-19. Nguyen et al. analyze ex vivo CD8+ T cells 

specific for SARS-CoV-2 epitopes and find that immunodominant B7/N105-specific CD8+ T 

cells are present at high frequencies in blood samples from unexposed, acute COVID-19, 

and convalescence individuals, which is underpinned by diverse TCR repertoires.  

 
 

HIGHLIGHTS 

• Analyses of SARS-CoV-2-specific CD8+ T cells ex vivo using peptide-HLA tetramers 
 

• Tetramer-specific CD8+ T cells in unexposed individuals display a naïve phenotype 
 

• B7/N105
+CD8+ T cells are seen in high numbers during COVID-19 and persist long-

term 
 

• High naïve frequency and TCR plasticity underpin dominant B7/N105
+CD8+ T cells  
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An improved understanding of human T cell-mediated immunity in
COVID-19 is important for optimizing therapeutic and vaccine strate-
gies. Experience with influenza shows that infection primes CD8+ T cell
memory to peptides presented by common HLA types like HLA-A2,
which enhances recovery and diminishes clinical severity upon rein-
fection. Stimulating peripheral blood mononuclear cells from
COVID-19 convalescent patients with overlapping peptides from se-
vere acute respiratory syndrome coronavirus 2 (SARS-CoV-2) led to
the clonal expansion of SARS-CoV-2−specific CD8+ and CD4+ T cells
in vitro, with CD4+ T cells being robust. We identified two HLA-
A*02:01-restricted SARS-CoV-2-specfic CD8+ T cell epitopes, A2/
S269–277 and A2/Orf1ab3183–3191. Using peptide−HLA tetramer en-
richment, direct ex vivo assessment of A2/S269

+CD8+ and A2/
Orf1ab3183

+CD8+ populations indicated that A2/S269
+CD8+ T cells were

detected at comparable frequencies (∼1.3 × 10−5) in acute and conva-
lescent HLA-A*02:01+ patients. These frequencies were higher than
those found in uninfected HLA-A*02:01+ donors (∼2.5 × 10−6), but
low when compared to frequencies for influenza-specific (A2/M158)
and Epstein–Barr virus (EBV)-specific (A2/BMLF1280) (∼1.38 × 10−4) pop-
ulations. Phenotyping A2/S269

+CD8+ T cells from COVID-19 convalescents
ex vivo showed that A2/S269

+CD8+ T cells were predominantly negative
for CD38, HLA-DR, PD-1, and CD71 activation markers, although the
majority of total CD8+ T cells expressed granzymes and/or perforin. Fur-
thermore, the bias toward naïve, stem cell memory and central memory
A2/S269

+CD8+ T cells rather than effector memory populations suggests
that SARS-CoV-2 infection may be compromising CD8+ T cell activation.
Priming with appropriate vaccines may thus be beneficial for optimizing
CD8+ T cell immunity in COVID-19.

CD8+ T cells | COVID-19 | HLA-A*02:01 | SARS-CoV-2 epitopes

The current severe acute respiratory coronavirus 2 (SARS-CoV-
2) pandemic has, as of September 2020, infected more than 25

million people, caused at least 850,000 deaths (1), and paralyzed
economies globally. Although the majority of infections are mild to
moderate and short in duration, ∼12 to 18% of COVID-19 pa-
tients develop severe disease requiring hospitalization, ∼5% are
critical (2–4), and others who are less severely affected, and even
asymptomatic, may still have some underlying pathology (5). These
are still early days, and there is much that remains unknown about
both the innate and adaptive immune responses in COVID-19. An
urgent need is to develop a better understanding so that any

immunopathology can be managed, and vaccine design and
immunotherapies optimized.
So far as adaptive immunity is concerned, we do know that

SARS-CoV-2−specific antibodies can be found in ∼95% of con-
valescent COVID-19 patients (6, 7) and that titers determined in
virus neutralization assays correlate well with spike protein-
binding immunoglobulin (Ig) levels measured by ELISA (8, 9).
High serum-neutralizing antibody titers tend to be more prominent

Significance

As the recall of CD8+ T cell memory promotes rapid recovery in, for
example, influenza, we investigated circulating SARS-CoV-2−
specific CD8+ T cells from COVID-19 patients. For two HLA-A*02:01
SARS-CoV-2−specific CD8+ T cell epitopes, we found that, while
ex vivo frequencies of responding T cells were approximately
fivefold higher than for pre−COVID-19 samples, they were ∼10-
fold lower than for influenza or EBV-specific memory CD8+ T cells.
Additionally, SARS-CoV-2−specific CD8+ T cells recovered from
convalescent COVID-19 patients had an atypically high prevalence
of stem cell memory, central memory, and naïve phenotypes.
Might this unexpectedly low prevalence of classical effector
memory T cells be a negative consequence of the infectious pro-
cess that could be avoided by prior priming with an appropriately
constituted vaccine?
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in severe COVID-19, which could be characteristic of prolonged
antigen stimulation due to delayed virus clearance. Otherwise,
the duration of SARS-CoV-2−specific IgG persistence in serum
is far from clear, and we have much to learn about the CD4+ and
CD8+ T cell responses.
Virus-specific CD8+ T cells are generally thought to be in-

volved in the elimination of virus-infected cell “factories” in the
acute response to respiratory viruses with, where there is estab-
lished CD8+ T cell memory, that response being enhanced in
both rapidity and magnitude to provide a measure of protec-
tion against the development of severe disease following sec-
ondary virus challenge. Survivors of the 2002–2003 SARS
outbreak still maintain CD4+ and CD8+ T cell populations
reactive to the SARS-CoV-1 nucleocapsid protein (10), and evi-
dence of sustained T cell memory has also been found for Middle
East respiratory syndrome (MERS) (11). Furthermore, it is pos-
sible that there may be some cross-reactive T cell memory for
COVID-19 in people who have been infected with these viruses
and, perhaps, more broadly, with the previously circulating common
cold coronaviruses (12).
For SARS-CoV-2, there is growing evidence that virus-specific

T cells are indeed being generated. Our early COVID-19 case
study showed that both CD4+ T-follicular helper cells and acti-
vated CD38+HLA-DR+CD8+ T cells appeared in the patient’s
blood at 3 d prior to recovery, suggesting that they played a part
in the resolution of COVID-19 (13). Recent communications
from others also reported the presence SARS-CoV-2−reactive
CD4+ and CD8+ T cells in both acute and convalescent COVID-
19 patients (14, 15). More disturbing, however, is an analysis
suggesting that at least a proportion of the SARS-CoV-2−specific
CD8+ T cells recovered from peripheral blood may be showing as
an “exhausted” phenotype (16). Clearly, it is a matter of urgency
to develop a better understanding of the integrity of the acute
CD8+ T cell response in COVID-19 and how this impacts
disease outcome.
Here, we utilized a combination of peptide prediction and

in vitro peptide stimulation with overlapping peptides from the
spike (S), nucleocapsid (N), and membrane (M) proteins to
identify two SARS-CoV-2 epitopes restricted by HLA-A*02:01
(A2/S269 and A2/Orf1ab3183) in individuals with COVID-19. Using
peptide-HLA-I tetramers, we performed direct ex vivo tetramer
enrichment to define the frequency and activation profiles of the
responding SARS-CoV-2−specific CD8+ T cells in acute and
convalescent COVID-19 patients and in prepandemic peripheral
blood monocular cells (PBMCs), tonsil, and lung tissues from
uninfected donors.
Our data establish that HLA-A*02:01−restricted SARS-

CoV-2−reactive CD8+ T cells can be detected directly ex vivo
in both COVID-19 patients and in immunologically naïve indi-
viduals. However, while SARS-CoV-2−specific CD4+ T cell re-
sponses were broadly comparable to those found previously for
other viruses, virus-activated CD8+ T cells that recognize
SARS-CoV-2 peptides presented by the common (at least in
Caucasians) HLA-A*02:01 MHC-I glycoprotein both were at
low prevalence and express a less than optimal (for virus elimi-
nation) phenotype. These findings raise a number of questions.
Is this apparent CD8+ T cell response defect limited to these
particular epitopes? If so, are HLA-A*02:01 individuals at
higher relative risk? Alternatively, if this is a general effect, is the
SARS-CoV-2 virus in some way subverting CD8+ T cell re-
sponsiveness? Perhaps COVID-19 may be one disease where an
appropriately designed vaccine may do better than nature when
it comes to generating a protective CD8+ T cell recall response.

Results
COVID-19 Patient Cohort and Uninfected Controls. This study of
18 COVID-19 cases included one person who remained asymp-
tomatic, 10 who were symptomatic but were cared for at home,

and 7 who were admitted to hospital, including 2 requiring sup-
plemental oxygen (SI Appendix, Table S1). Control cells were
tested from another 17 uninfected individuals who formed a
control group (SI Appendix, Table S2). All COVID-19 patients
(median age 54 y, 55.6% females) seroconverted for SARS-CoV-2
antibodies by receptor-binding domain ELISA (17), and 12 were
HLA-A*02:01−expressing individuals. As controls, we analyzed
preexisting A2/CD8+ T cell responses in prepandemic PBMC and
tonsil samples from 12 HLA-A*02:01−expressing subjects across
three age groups: children (median age 9.5 y), adults (median age
51 y), and the elderly (median age 66.5 y), with 44% being female
(SI Appendix, Table S2). Additionally, we tested preexisting A2/
CD8+ T cell populations in lung tissues from five HLA-A2 indi-
viduals (median age 42 y).

CD4+ and CD8+ T Cell Responses to SARS-CoV-2 Overlapping Peptide
Pools. We first probed for SARS-CoV-2−specific CD4+ and
CD8+ T cells in convalescent COVID-19 donors using a stan-
dard 6-h intracellular cytokine staining (ICS) assay using peptide
pools containing 15mers, overlapping by 11 amino acids, which
spanned the entire N and M proteins and selected regions of
SARS-CoV-2 S protein. The PBMCs were stimulated with one
peptide pool and expanded for 10 d before the assessment of
SARS-CoV-2−reactive T cells by ICS for intracellular IFN-γ,
TNF, and MIP-1β, plus staining for CD107a and perforin (Fig. 1
and SI Appendix, Fig. S1A) using individual peptide pools. The
responding CD4+ T cells all stained for IFN-γ, TNF, MIP-1β,
CD107a, and perforin, while the CD8+ T cells were predomi-
nately positive for perforin (Fig. 1 A and B). The CD4+ T cells
showed significant staining for IFN-γ, with five out of six subjects
generating IFN-γ+CD4+ T cells responses to at least one of the
SARS-CoV-2 peptide N, M, or S pools, indicating that conva-
lescent COVID-19 patients have solid SARS-CoV-2−specific
CD4+ T cell immunity. However, while CD8+ T cells from 3/6
donors were perforin positive, evidence of modest IFN-γ+ acti-
vation for the CD8+ set was found in only one out of six donors.
It thus seems that IFN-γ−producing SARS-CoV-2−specific
CD4+ T cells expand to a much greater extent than the CD8+ set
following in vitro peptide stimulation (Fig. 1C).

Identification of SARS-CoV-2−Specific HLA-A*02:01−Restricted CD8+

T Cell Epitopes. Switching the focus to HLA-specific SARS-CoV-2
CD8+ T cell responses, we next identified CD8+ T cell speci-
ficities for HLA-A*02:01−expressing individuals. Using pre-
dicted HLA-A*02:01−binding SARS-CoV-2−derived peptides
from the S, N, M, and Polyprotein1ab (Orf1ab) proteins (SI Ap-
pendix, Table S3; based on two prediction algorithms: NetCTLpan
and NetMHCpan; accessed 27 March 2020), PBMCs from five
HLA-A*02:01+ COVID-19 convalescent individuals were ex-
panded in vitro with a pool of 14 predicted A2/SARS-CoV-2
peptides for 10 d, then restimulated with individual peptides in an
ICS assay to determine peptide immunogenicity. Of the 14 pep-
tides screened, S269–277 (YLQPRTFLL) generated the strongest
CD8+IFN-γ+ response (mean 0.19%, n = 5), with lesser responses
being elicited for S976–984 (VLNDILSRL) and Orf1ab3183–3191
(FLLNKEMYL) (0.07% and 0.08%, respectively, mean, n = 5)
(Fig. 2 and SI Appendix, Fig. S1B). Collectively, we identified one
dominant and two subdominant A2/CD8+ T cell specificities for
SARS-CoV-2.
Peptide sequence conservation analysis for these SARS-

CoV-2 immunogenic peptides was extended to previously circu-
lating coronaviruses. Reference protein sequences for SARS-CoV-1
and MERS plus the “common cold” human CoV (hCoV) strains
229E, HKU1, NL63, and OC43 were obtained from National
Center for Biotechnology Information. Using the Virus Pathogen
Resource (https://www.viprbrc.org/brc/home.spg?decorator=vipr),
SARS-CoV2 S269, S976, and Orf1ab3183 peptide sequences were
compared to their respective protein sequences within each CoV
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strain (SI Appendix, Table S3). Our data showed that SARS-CoV-
2/Orf1ab3183 and S976 lacked any sequence similarity to hCoV
or MERS strains, but each shared 100% sequence identity
with SARS-CoV-1/Orf1ab3160–3168 (FLLNKEMYL) and S958–966
(VLNDILSRL), respectively. SARS-CoV-2/S269 shared 78% and
67% sequence identity with MERS/S317–325 (KLQPLTFLL) and
SARS-CoV-1/S256–264 (YLKPTTFML), respectively (positions
that differ are underlined). Evidently, the A2/SARS-CoV-2

CD8+ T cell epitopes identified may be cross-reactive for
SARS-CoV-1 and MERS, while they did not share homology
with the common cold hCoVs that circulate in Australia.

SARS-CoV-2−Specific A2/CD8+ T Cells Are at Low Frequency in COVID-
19 Patients. To further analyze the SARS-CoV-2−specific A2/CD8+

populations from COVID-19 patients, we generated tetramers
for the A2/S269 and A2/Orf1ab3183 epitopes. Tetramer-associated

Fig. 1. CD4+ and CD8+ T cell responses to SARS-CoV-2 overlapping peptide pools. (A) CD4+ and (B) CD8+ T cell responses to SARS-CoV2 S, M, and N peptide pools
in convalescent COVID-19 individuals. (i) Representative fluorescence-activated cell sorter (FACS) plots showing IFN-γ and TNF staining of (A) CD4+ or (B) CD8+ T cell
populations. (ii) Frequencies of IFN-γ+, TNF+, MIP-1β+, CD107a+ or perforin+ within the (A) CD4+ or (B) CD8+ T cells, with background staining subtracted (n = 6,
mean). Background staining values are shown in brackets. Data points show individual COVID-19 convalescent subjects. (C) Paired frequencies of IFN-γ+ CD4+ and
CD8+ T cells for S, N, and M peptide pools. Statistical significance was determined with Wilcoxon matched-pairs signed rank test, *P < 0.05.

Fig. 2. Identification of SARS-CoV-2−specific HLA-A*02:01−restricted CD8+ T cell epitopes. (A) Representative FACS plots of CD8+ IFN-γ/TNF staining after
stimulation with the SARS-CoV-2 predicted peptide pool and individual S269–277, S976–984, and Orf1ab3183–3191 peptides. (B) Frequency of IFN-γ+ of CD8+ T cells
for each SARS-CoV-2 peptide within the predicted peptide pool, with background staining subtracted (n = 5, mean). Peptide screen was performed in
convalescent COVID-19 PBMCs after 10-d expansion in vitro.

24386 | www.pnas.org/cgi/doi/10.1073/pnas.2015486117 Habel et al.
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magnetic enrichment (18, 19) was then used to determine the
ex vivo frequencies of A2/S269

+CD8+ and A2/Orf1ab3183
+CD8+

T cells in acute and convalescent HLA-A*02:01+ cases. During the
acute phase of COVID-19, A2/S269

+CD8+ T cells were readily
detected after ex vivo tetramer enrichment at a mean frequency of

1.44 × 10−5 (n = 3) in the CD8+ set, while the values for the A2/
S269

+CD8+ and A2/Orf1ab3183
+CD8+ T cells from COVID-19

convalescents were 1.28 × 10−5 (n = 14) and 1.77 × 10−6 (n = 6),
respectively (Fig. 3 A and D). There was no significant difference in
the frequency of A2/S269

+CD8+ T cells between acute and

Fig. 3. Low ex vivo frequency of SARS-CoV-2−specific A2/CD8+ T cell specificities in acute and convalescent COVID-19 patients. A2/S269
+CD8+ and

A2/Orf1ab3183
+CD8+ T cells were identified directly ex vivo from healthy (pre−COVID-19) PBMCs, tonsils, and lungs, as well as acute and convalescent COVID-

19 PBMCs by tetramer magnetic enrichment. (A) Representative FACS plots of A2/S269
+CD8+ and A2/Orf1ab3183

+CD8+ T cells from enriched samples of (i) con-
valescent and (ii) acute COVID-19 PBMCs. (B) Representative FACS plots of A2/M158

+CD8+ and A2/BMLF1280
+CD8+ T cells from enriched healthy PBMCs. (C)

Representative FACS plots of A2/S269
+CD8+ and A2/Orf1ab3183

+CD8+ T cells from (i) enriched adult and elderly PBMCs, and child tonsils (T) and (ii) tetramer
staining of human lung tissue. (D) A2/CD8+ T cells precursor frequencies were calculated for A2/S269

+CD8+, A2/Orf1ab3183
+CD8+, A2/M158

+CD8+, and
A2/BMLF1280

+CD8+ T cells enriched from either PBMCs or tonsils, or stained in lungs. Dots represent individual donors. Means ± SEM are shown. Red dots are
COVID-19 acute (closed circle) and convalescent (open circle) donors. Black dots are healthy adult or elderly PBMCs (open circle), or MNCs from child tonsils
(closed circle). Donors with undetectable precursor frequencies of 0 are included on the graph to show the number of donors tested. These donors were not
included in statistical analyses. Statistical significance was determined with two-tailed Mann−Whitney U test, *P < 0.05, **P < 0.01, ***P < 0.001. (E) Rep-
resentative FACS plots and frequencies of A2/SARS-CoV-2+CD8+ T cells in the CD8+ population in healthy and convalescent donors on d0 and d10 of expansion.
Dots represent individual donors. Statistical significance was determined using a two-tailed Mann−Whitney U test, *P < 0.05.
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convalescent COVID-19 donors, while minimal A2/S269
+CD8+ and

A2/Orf1ab3183
+CD8+ T cells were detected in either unenriched or

flow-through samples (SI Appendix, Fig. S2). Indeed, while too few
T cells were available to test other specificities concurrently for the
COVID-19 patients, these frequencies of SARS-CoV-2−specific
CD8+ T cells were significantly lower than those found for influ-
enza A virus (IAV)-specific (1.39 × 10−4 for A2/M158; n = 6) and
Epstein–Barr virus (EBV)-specific (1.38 × 10−4 for A2/BMLF1280;
n = 6) memory T cell populations from uninfected controls (Fig. 3
B and D), and as per previous publications (19, 20).
Are SARS-CoV-2−specific CD8+ T cells present in uninfected

people? Using ex vivo tetramer enrichment with prepandemic
PBMC, tonsil, and lung samples taken from HLA-A*02:01−
expressing uninfected individuals (Fig. 3 C, i and D), naïve
SARS-CoV-2−specific CD8+ T cells directed at A2/S269 were
detected in all of the PBMC and tonsil samples (n = 12), while
CD8+ T cells directed at A2/Orf1ab3183 were found in only 33% of
individuals (n = 12), and the lung tissues were uniformly nega-
tive (Fig. 3 C, ii and D). Both the A2/S269

+CD8+ and A2/
Orf1ab3183

+CD8+ were found over a broad range of ages (A2/S269:
5 y to 68 y; A2/Orf1ab, 11 y to 65 y). Moreover, the A2/S269

+CD8+

T cell frequency of 2.5 × 10−6 (mean, n = 12) in pre−COVID-19
healthy individuals was significantly lower than that found for
COVID-19−exposed individuals (P = 0.0064; Fig. 3D). It thus
seems that the A2/S269

+CD8+ T cells are indeed being activated
and clonally expanded during SARS-CoV-2 infection. In contrast,
there was no significant difference in frequencies for the A2/
Orf1ab3183

+CD8+ T cells from the prepandemic and COVID-19
groups (P = 0.4121) (Fig. 3D).
To further probe the responsiveness of A2/SARS-CoV-2

CD8+ T cells from uninfected versus convalescent COVID-19
donors, PBMCs or tonsil cells were stimulated with the S269 and
Orf1ab3183 peptides and cultured in vitro for 10 d. In prepan-
demic “naïve” subjects, no evidence of proliferation in culture
was found for the A2/S269

+CD8+ or A2/Orf1ab3183
+CD8+

sets (Fig. 3E). In contrast, both the A2/S269
+CD8+ and A2/

Orf1ab3183
+CD8+ T cells from the COVID-19 donors increased

significantly in numbers (P = 0.0357; Fig. 3E). Evidently, the
SARS-CoV-2/CD8+ T cells from COVID-19 individuals (but not
those from SARS-CoV-2 naïve subjects) were primed by
SARS-CoV-2 and are thus, at least under in vitro conditions,
capable of clonal expansion.

Activation Profiles of SARS-CoV-2−Specific A2/CD8+ T Cells Directly
Ex Vivo. The activation profiles of A2/S269

+CD8+ T cells tested
directly ex vivo from acute and convalescent patients were
assessed by CD27, CD45RA, and CD95 staining to determine the
prevalence of the naïve (TNaïve) (CD27+CD45RA+CD95−), stem
cell memory (TSCM) (CD27+CD45RA+CD95+), central mem-
ory (TCM)-like (CD27+CD45RA−), effector memory (TEM)-like
(CD27−CD45RA−), and effector memory CD45RA (TEMRA)
(CD27−CD45RA+) subsets (Fig. 4A). Acute COVID-19 donors
displayed the highest proportion (mean of 92%) of TCM-like A2/
S269

+CD8+ T cells and a low proportion of TEM-like CD8+

T cells. The A2/S269
+ CD8+ T cells from the convalescent versus

acute subjects had a lower prevalence of TCM-like (mean of 50%)
cells, and larger proportions of the TNaïve (mean of 27%) and
TSCM (mean of 15%) sets, indicating that A2/S269

+CD8+ T cells
expressing the optimally responsive TCM phenotype fall off rapidly
in blood sampled after the infection has resolved. Conversely, the
majority of A2/S269

+CD8+ T cells within prepandemic children
and adults were naïve (TNaïve; mean of 68% and 77%, respec-
tively), while this subset was less prominent (mean of 46%) in the
elderly. Interestingly, older, uninfected people had a mean of 38%
TCM-like A2/S269

+CD8+ T cells, similar to the frequency found
for COVID-19 convalescents (mean of 50%), but less than that for
IAV A2/M158 (mean of 66%).

The expression profiles for HLA-DR, CD38, PD-1, and CD71
were also determined for tetramer+ A2/S269

+CD8+ T cells from
the COVID-19 patients (Fig. 4B). Only T cells from acutely in-
fected donors were positive for these activation markers, with the
majority coming from one individual (COVID-19 #2). In con-
trast, the A2/S269

+CD8+ T cells from prepandemic and COVID-
19 convalescent subjects were characterized by minimal levels of
HLA-DR+CD38 and PD-1+CD71−, suggesting that, while the
A2/S269

+CD8+ set can be activated during the acute phase of the
infection, it does not persist into short-term memory. Overall,
our data suggest that naïve A2/SARS-CoV-2−specific CD8+

T cells can indeed be expanded approximately fivefold and ac-
tivated during the acute phase of COVID-19 but that, atypically
for what we know for other readily resolved infections like in-
fluenza, both the extent of T cell proliferation and the persis-
tence of activated T cells in the blood is low for (days 37 to 101
post disease onset) convalescent individuals.
To further investigate the suboptimal activation of SARS-

CoV-2−specific CD8+ T cells in COVID-19, the killing capacity
of A2/S269

+CD8+ T cells was assessed by staining for granzyme A,
B, and K, and perforin directly ex vivo. Surprisingly, the majority
of A2/S269

+CD8+ T cells at both acute (mean of 77.2%) and
convalescent (mean of 72.4%) stages of COVID-19 expressed
three to four cytotoxic granzymes/perforin (Fig. 4C and SI Ap-
pendix, Fig. S3), indicating their activation status. However, a
similarly high expression level of granzymes/perforin was also found
on the majority of total CD8+ T cells (69 to 82.5%), as per our
previous case report (13), but not on non-CD8+ T cells (mean of 15
to 21%). As it is highly unlikely that ∼80% of all CD8+ T cells in
the peripheral blood during primary SARS-CoV-2 infection were
antigen specific (even if directed at several CD8+ T cell epitopes),
this suggests that a high proportion of CD8+ T cells are activated
via some “bystander”mechanism during acute/convalescent COVID-
19. The consequences, if any, of this effect for TCR-mediated acti-
vation merit further investigation.

Discussion
As the research community drives forward to design and evalu-
ate novel vaccines and immunotherapies for COVID-19, con-
current efforts directed at understanding how immunity works in
this disease process are largely focused on patient studies. Ap-
plying our established expertise in the analysis of T cell-mediated
immunity, we found here that the CD4+ “helper” T cell response
looks relatively normal when compared with what happens in, for
example, people who have been infected with an IAV. However,
when it comes to the virus-specific CD8+ T cells that play an
important role in ameliorating disease severity and driving re-
covery in other respiratory infections, our findings for COVID-
19 are less encouraging. Although we were able to identify two
SARS-CoV-2−specific CD8+ T cell epitopes associated with the
ubiquitous (in Caucasian) HLA-A*02:01 MHC-I glycoprotein
(A2/S269–277 and A2/Orf1ab3183–3191) and found evidence for
T cell responsiveness, the results were not what we expected.
Our findings show that, while “early memory” CD8+ T cells

can be detected in convalescent HLA-A*02:01 COVID-19 pa-
tients at frequencies approximately fivefold higher than those
from prepandemic samples, the SARS-CoV-2−specific response
was ∼10-fold lower than that found regularly for CD8+ T cells
directed at IAV or EBV epitopes. In general, there was an
overrepresentation of SARS-CoV-2−specific tetramer+CD8+

T cells expressing cell surface phenotypes that are considered to
be characteristic of “stem cell memory” and naïve precursor
status, suggesting that the infectious process is, in some way,
limiting both clonal expansion and differentiation of the “clas-
sical” effector and central memory sets. An alternative expla-
nation is, of course, that T cell effectors are being generated but
are localized to, and perhaps “consumed in” (driven to apoptosis?)
sites of virus-induced pathology.
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Fig. 4. Ex vivo activation profiles of SARS-CoV-2−specific A2/CD8+ T cells in COVID-19 subjects. (A) Overlaid FACS plots of A2/S269
+CD8+ T cells from acute

COVID-19 (n = 3), convalescent COVID-19 (n = 11), healthy children (tonsils) (n = 4), healthy adults (n = 4), or healthy elderly donors (n = 4) show TNaïve
(CD27+CD45RA+CD95−), TSCM (CD27+CD45RA+CD95+), TCM-like (CD27+CD45RA−), TEM-like (CD27−CD45RA−), and TEMRA (CD27−CD45RA+) subsets. Pie charts
display the proportion of each phenotype subset based on the combined data per each COVID-19 or healthy donor group. Overlaid FACS plots of
A2/M158

+CD8+ and A2/BMLF1280
+CD8+ T cell memory phenotypes from healthy adults are also shown. (B) Overlaid FACS plots and combined frequencies of

A2/S269
+CD8+ T cells showing (i) HLA-DR and CD38 or (ii) PD-1 and CD71 activation markers for acute (n = 3), convalescent (n = 11) and healthy donors (n = 12).

(C) Overlaid FACS plots and combined frequencies of A2/S269
+CD8+ T cells showing granzyme A, B, and K, and perforin staining for acute (n = 2) and convalescent

(n = 3) donors. Representative FACS plots from one donor showing granzymes A, B, and K, and perforin of the total CD3+ T cell population. Combination
gating was used to determine the frequency of cells with one to four functions for A2/S269

+CD8+, total CD8+, or non-CD8+ T cells. Graphed data across multiple
COVID-19 acute, COVID-19 convalescent, or naïve subjects were combined for the activation and phenotypic analyses of A2/S269 CD8+ T cells.
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Even so, it is the case that SARS-CoV-2−specific CD8+ T cells
were found in all COVID-19 acute and convalescent donors, and
in stored prepandemic PBMC and tonsil samples (but not lung
tissues) from HLA-A*02:01 children, mature adults, and the el-
derly. As the frequency of these naïve, prepandemic SARS-
CoV-2−specific CD8+ T cells (∼2.5 × 10−6) was numerically
comparable to that found for naïve HIV (Gag77–85, SLYNTVATL),
cancer (Survivin96–104), or Hepatitis C Virus (NS31073)-specific
CD8+ T cell populations in healthy HLA-A*02:01+ individuals
(19–21), both their presence and the fact that they were not readily
expanded following in vitro stimulation suggests that they were not
a product of prior exposure to some cross-reactive epitope. In fact,
these are likely the naïve precursors that would be stimulated by
appropriate prime-and-boost vaccine strategies.
Earlier experiments in a mouse model of SARS-CoV-1

showed that a conventional, CD8+ T cell-targeted prime-and-
boost approach indeed established substantial pools of memory
SARS-CoV-1−specific CD8+ T cells capable of driving protec-
tion against lethal SARS-CoV-1 infection (22). The fact that the
frequencies of A2/S269

+CD8+ T cells in COVID-19 patients
increased approximately fivefold suggests that these SARS-
CoV-2−specific CD8+ T cells proliferated, to some extent,
during primary COVID-19, however not to the level of well-
established memory CD8+ T cell populations directed at other
viral epitopes like IAV-specific A2/M158 and EBV-specific A2/
BMLF1280. Further studies are obviously needed to understand
why this is so. In addition, as our acquaintance with this novel
CoV continues, we will be able to determine whether there is
long-term survival (at least at >1 y) of SARS-CoV-2−specific
CD8+ memory T cells following primary COVID-19 along with
whether, in now healthy survivors, they can be activated and clonally
expanded following challenge with an appropriate vaccine.
Surprisingly, the memory A2/S269

+CD8+ T cell populations in
convalescent subjects were dominated by stem cell memory,
central memory, and naïve phenotypes, and lacked expression of
the CD38, HLA-DR, PD-1, and CD71 activation markers. This
is in stark contrast to the highly activated TEM and TEMRA
profiles found ex vivo in both short-term (day 25) and long-term
(7 mo) memory A2/M158

+CD8+ T cells following avian A/H7N9
influenza infection (23, 24). These minimal activation profiles for
epitope-specific CD8+ T cells in early COVID-19 convalescence
could possibly reflect suboptimal priming of A2/S269

+CD8+

T cells in primary COVID-19. Furthermore, a recent study by
Zhou et al. (25) demonstrated perturbed dendritic cell and T cell
function in SARS-CoV2 infection. Impaired dendritic cell
function might negatively impact antigen processing and pre-
sentation to CD8+ T cells, thus at least partially explaining the
limited differentiation of SARS-CoV-2−specific CD8+ T cells
observed here.
It remains unclear whether this is broadly representative of

primary CD8+ T cell responses in COVID-19 or specific to the
epitopes analyzed here. There is a possibility that there are other
HLA-A*02:01−restricted immunodominant epitopes, or even
immunodominant epitopes restricted by other HLAs in HLA-
A*02:01+ COVID-19 patients. The A2/S269 epitope identified in
our study was, however, also independently reported in a recent
preprint (26), suggesting it is a common HLA-A*02:01 epitope.
Moreover, it is also possible that CD8+ T cells directed toward
other HLA-A*02:01−restricted epitopes might have expressed
high levels of PD-1 and thus had an impaired capacity to expand
in vitro due to their exhausted phenotype. Further identification
of CD8+ T cell epitopes across a broad range of HLA class I
alleles and SARS-CoV-2 proteins is needed to provide a more
detailed landscape of CD8+ T cell responses in COVID-19, their
ex vivo frequencies, and activation profiles. In-depth analysis of
epitope-specific T cell responses in severe and critical cases is
also essential if we are to understand whether the activation
profiles of early CD8+ T cell memory reflect disease severity.

And, as the range of candidate vaccines that are tested through
phase 1 trials expands, it would also be of great benefit to de-
termine whether the characteristics of memory CD8+ T cells
generated in the absence of active infection look more optimal
than those described here.
Stimulation with overlapping peptides led to the expansion of

SARS-CoV-2−specific CD8+ and CD4+ T cells in vitro, although
CD4+ T cells dominated the response. This might support, at least
partially, the previous elegant study showing that CD4+ T cells but
not CD8+ T cells were of a greater importance in primary
SARS-CoV-1 infection, as depletion of CD4+ T cells (but not
CD8+ T cells) led to delayed viral clearance from the lungs, as-
sociated with reduced neutralizing antibody and cytokine pro-
duction (27). It is also important to note that the S peptide pool
fromMiltenyi Biotec used here spans only selected regions (304 to
338, 421 to 475, 492 to 519, 683 to 707, 741 to 770, 785 to 802, and
885 to 1273) rather than the entire protein; thus some CD8+ and
CD4+ T cell responses could have been missed. Recent evidence
revealed that Th2 and Th17 cytokine profiles in COVID-19 pa-
tients can be associated with differential disease outcomes (28).
Our analyses focused on Th1 cytokine responses for CD4+ T cells,
leaving Th2 and Th17 cytokine responses unknown. Different
cytokine profiles of epitope-specific CD4+ T cells should be in-
vestigated in future studies, especially when SARS-CoV2−specific
CD4+ T cell epitopes are identified.
Our early report on immunity to COVID-19 in some of Aus-

tralia’s first patients suggested that broad and concomitant immune
responses were associated with recovery from mild-to-moderate
COVID-19 disease (13). The key immune populations detected
included antibody-secreting cells, helper follicular T cells, and ac-
tivated (CD38+HLA-DR+) CD8+ and CD4+ T cells, together
with progressive increases in SARS-CoV-2−specific IgM and IgG
antibodies. Subsequent studies confirmed the activation of both
CD4+ and CD8+ T cells as indicated by cell-surface marker ex-
pression (14, 15). The present much more extensive yet focused
analysis does, however, raise questions concerning the integrity of
the epitope-specific CD8+ T cell response in COVID-19. Given
the variation in disease outcome with this infection, that obviously
merits much more detailed analysis.

Methods
Study Participants and Ethics Statement. Thirty-five subjects were recruited
into this study. Acute and convalescent COVID-19 subjects were recruited via
the Alfred Hospital, University of Melbourne, or James Cook University.
Seven of the donors were admitted to hospital during their active infection
(SI Appendix, Table S1). Acute COVID-19 cases were admitted to the hospital
ward, with two patients requiring oxygen support (SI Appendix, Table S1).
Healthy donors were recruited via University of Melbourne or buffy packs
obtained from the Australian Red Cross LifeBlood (SI Appendix, Table S2).
Tonsils were obtained from healthy individuals undergoing tonsillectomy
(Tasmania, Australia). Lung samples were obtained prior to the COVID-19
pandemic via the Alfred Hospital’s Lung Tissue Biobank. All blood and tonsil
donors were HLA typed by Victorian Transplantation and Immunogenetics
Service. Peripheral blood was collected in heparinized tubes, and PBMCs
were isolated via Ficoll−Paque separation.

Experiments conformed to the Declaration of Helsinki Principles and the
Australian National Health and Medical Research Council Code of Practice.
Written informed consents were obtained from all blood donors prior to the
study. Lung tissues were obtained from deceased organ donors after written
informed consents from the next of kin. Written informed consents were
obtained from participants’ parents or guardians for underage tonsil tissue
donors. The study was approved by the Alfred Hospital (#280/14), The Uni-
versity of Melbourne (#2056689, #2056761, #1442952, #1955465, and
#1443389), the Australian Red Cross Lifeblood (ID 2015#8), the Tasmanian
Health and Medical (ID H0017479), and the James Cook University (H7886)
Human Research Ethics Committees.

Cell lines and reagents, ICS, ex vivo tetramer enrichment, and phenotypic
analysis are described in SI Appendix.

Data Availability. All study data are included in the article and SI Appendix.
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A Shared TCR Bias toward an Immunogenic EBV Epitope
Dominates in HLA-B*07:02–Expressing Individuals
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Luca Hensen,x Jamie Rossjohn,‡,{,‖ Tom C. Kotsimbos,*,† Anthony W. Purcell,‡
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EBV is one of the most common viruses found in humans and is prototypic of a persistent viral infection characterized by periods

of latency. Across many HLA class I molecules, the latent-specific CD8+ T cell response is focused on epitopes derived from the

EBNA-3 protein family. In the case of HLA-B*07:02 restriction, a highly frequent class I allele, the T cell response is dominated by

an epitope spanning residues 379–387 of EBNA-3 (RPPIFIRRL [EBVRPP]). However, little is known about either the TCR

repertoire specific for this epitope or the molecular basis for this observed immunodominance. The EBVRPP CD8+ T cell response

was common among both EBV-seropositive HLA-B*07:02+ healthy and immunocompromised individuals. Similar TCRs were

identified in EBVRPP–specific CD8
+ T cell repertoires across multiple HLA-B7+ individuals, indicating a shared Ag-driven bias in

TCR usage. In particular, TRBV4-1 and TRAV38 usage was observed in five out of six individuals studied. In this study, we report

the crystal structure of a TRBV4-1+ TCR–HLA-B*07:02/EBVRPP complex, which provides a molecular basis for the observed

TRBV4-1 bias. These findings enhance our understanding of the CD8+ T cell response toward a common EBV determinant in

HLA-B*07:02+ individuals. The Journal of Immunology, 2020, 205: 1524–1534.

G
reater than 90% of the global human population have
been exposed to EBV (1), with infection typically oc-
curring early in life and manifesting as a high viral load

lytic phase followed by a life-long asymptomatic latent phase.
During the initial phase of EBV infection, naive CD8+ T cells

significantly expand with priming events dependent on the pre-
sentation of virus-derived peptides by HLA class I molecules.

These activated CD8+ T cells then use their armory of effector

functions, including release of cytotoxic granules and production

of Th1 cytokines, to eliminate virus-infected cells and abrogate

further infection. This antiviral T cell immunity is of particular

importance in the clinical syndromes of primary infectious

mononucleosis and EBV-associated lymphoproliferative diseases

(i.e., Burkitt lymphoma, posttransplant lymphoproliferative dis-

ease) (2, 3). Interestingly, a significant portion of the circulating

CD8+ T cell repertoire is devoted to controlling asymptomatic

EBV infection, with individual EBV epitope specificities ac-

counting for 0.05–2% of total CD8+ T cells (4–6). Preferential

recognition of lytic phase CD8+ T cell epitopes have been docu-

mented during early EBV infection, and during latter stages of

infection, both lytic- and latent-specific memory CD8+ T cells are

reported (7–9). Furthermore, latent-specific CD8+ T cell re-

sponses, across a wide range of HLA class I allotypes, have been

shown to be particularly focused toward epitopes derived from the

EBNA-3 protein family (2).
HLA-B*07:02 (HLA-B7) is one of the most common class I

alleles within white populations, 12 and 13% of individuals in

Europe and North America, respectively (10). However, relatively

little is known about HLA-B7–restricted EBV epitopes compared

with other common HLA, such as the HLA-A*02:01 (HLA-A2)–

restricted BMLF1-derived GLCTLVAML (EBVGLC) epitope (11–

15) or the HLA-B*08:01 (HLA-B8)–restricted EBNA-3A–derived

FLRGRAYGL (EBVFLR) epitope (16–20). Interestingly, in herpes

virus-exposed individuals [i.e., CMV (21) and EBV (22)], the

coexpression of HLA-A2 and -B7 allotypes induced an immu-

nodominance hierarchy, in which the HLA-B7–restricted epitope-

specific responses were significantly greater in magnitude than

HLA-A2–restricted epitope-specific responses. Further, examina-

tion of a panel of HLA-B7–restricted immunogenic EBV peptides

revealed that CD8+ T cell responses were highly focused toward

the EBNA-3A–derived epitope (residues 379–387) RPPIFIRRL
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(EBVRPP) in.80% of healthy individuals (22–24). In comparison,
either no or weak CD8+ T cell responses were observed toward
other HLA-B7–restricted EBV peptides including QPRAPIRPI
(EBNA-3C), LPCVLWPVL (BZLF1), VPAPAGPIV (EBNA-3A),
IPQCRLTPL (EBNA-1), RPQKRPSCI (EBNA-1), and LPRAWLQRL
(BBLF2/3) (22–28).
TCR repertoire diversity is associated with the effective control

of a myriad of pathogenic infections and has been shown to vary
across epitopes and individuals (29–31). The net benefit of broad
TCR diversity can include reduced disease severity (29), enhanced
CD8+ T cell function (32), peptide variant cross-reactivity (33,
34), and the prevention of viral escape mechanisms (35, 36).
Conversely, the narrowing of the TCR repertoire specific for an
individual epitope, promoting TCR bias, can result from prefer-
ential usage of certain TCR gene segments. Such TCR bias is
observed in various disease settings and is influenced by factors
such as thymic selection, initial T cell activation and proliferation
fitness, persistent infection and is characterized by the selection of
“private” versus “public” TCRs (13). Extensive thymic TCR di-
versity dictates that substantial TCR sharing between individuals
is unlikely; however, identical TCR sequences specific to defined
Ags in different individuals have been well documented and are
referred to as public T cell responses (37). For example, the HLA-
B8–restricted EBVFLR epitope selects for CD8+ T cells expressing
a highly biased and public TCR typified by the LC13-clonotype
(38, 39). Conversely, other TCRs specific for HLA-B8 viral epi-
topes, including the EBV BZLF-1–derived epitope RAKFKQLL,
show minimal sequence similarities and are essentially private
TCRs that are unique to individuals (40).
This study explores whether the prominent CD8+ T cell response

toward the immunodominant EBVRPP epitope is driven by a bi-
ased TCR usage in HLA-B7–expressing individuals. Both healthy
individuals, as well as lung transplant recipients (LTR), which are
exposed to a larger antigenic load because of their immunocom-
promised state, were examined with similar EBVRPP–specific
TCR repertories being observed across both groups. Our findings
demonstrate a biased V region usage of the TCRb-chain (TRBV4-1),
with this profile representing a shared TCR in our cohort. The
molecular basis for the repeated selection of these TRBV4-1
TCRs in multiple individuals was investigated by interrogating
the interaction of a representative TRBV4-1+ TCR with HLA-B7/
EBVRPP using a combination of biochemical and structural
analyses.

Materials and Methods
Study participants and isolation of PBMCs

HLA-B7–positive healthy individuals (n = 5) and LTR (n = 5) were
recruited to the study (Table I). All LTR received standard triple-therapy
immunosuppression (calcineurin inhibitor, steroid, and antiproliferative
drugs), with blood samples collected at three time intervals in the first year
after transplantation (Tx) (pre-Tx or 1, 6, 11–13 mo). All LTR were EBV
IgG seropositive at the time of transplant, except LTR133. Additionally, no
EBV viremia was detected in the first 12 mo post-Tx for any LTR. All
study participants provided written consent, with ethics approval granted
by The Alfred Hospital (Melbourne, VIC, Australia; Ethics numbers 175/
02 and 110/12), Monash University (Clayton, VIC, Australia; Ethics
number CF12/1636–2012000880), and the Australian Bone Marrow Donor
Registry (Alexandria, NSW, Australia; Ethics number 2012-05). Blood
samples were collected in heparinized vacutainer tubes and PBMC were
isolated by standard Ficoll-Paque (GE Healthcare, Uppsala, Sweden)
density gradient centrifugation and cryopreserved at 2196˚C until
required.

APCs and generation of EBVRPP–specific T cell lines

HLA-B*07:02–expressing APCs derived from either HLA class I–reduced
(C1R; C1R.B7) (41) or K562 (42) (K562.B7 kindly provided by Prof.
Frans Claas, Leiden University Medical Centre, Leiden, the Netherlands)

cells were maintained in RF10 (composed of RPMI 1640 [Life Technol-
ogies, Grand Island, NY] supplemented with 2 mM MEM nonessential
amino acid solution [Life Technologies], 100 mM HEPES [Life Tech-
nologies], 2 mM L-glutamine [Life Technologies], penicillin/streptomycin
[Life Technologies], 50 mM 2-ME [Sigma-Aldrich, St. Louis, MO], and
10% heat-inactivated FCS [Sigma-Aldrich]) as previously described (43).
HLA-B7 cell surface expression on these cell lines, compared with pa-
rental cells, was confirmed via flow cytometry after staining with anti-
human HLA-B7/27 ME-1 hybridoma Ab (produced in-house) and goat
anti-mouse IgG PE (Southern Biotech, Birmingham, AL).

In vitro expansion of EBVRPP–specific memory CD8+ T cells was
achieved following stimulation of PBMC with g-irradiated EBVRPP–
pulsed autologous cells (1 mM peptide, 3000 Rads) at a 2:1 ratio in RF10
supplemented with 20 U/ml IL-2 (Cetus, Emeryville, CA or PeproTech,
Rocky Hill, NJ) for 13 d at 37˚C, 5% CO2, essentially as previously de-
scribed (19, 21, 44).

T cell line specificity and functionality

The specificity and activation of outgrown EBVRPP–specific CD8
+ T cells

were assessed by anti-CD8 and EBVRPP tetramer costaining, followed by
measurement of intracellular Th1 cytokine production for functionality
using flow cytometry. HLA-B7/EBVRPP protein for tetramer staining was
generated as previously described (43). Briefly, 2 3 105 day 13 T cell
cultures were stimulated with 1 3 105 APCs (61 mM peptide) or peptide
alone for a total of 6 h with 10 mg/ml brefeldin A (Sigma-Aldrich) added
for the last 4 h. T cells were phenotyped with anti-CD8 PerCP Cy5.5
(clone SK1; BD Biosciences, San Jose, CA), HLA-B7/EBVRPP tetramer
(conjugated to either PE or allophycocyanin), and live/dead fixable aqua
stain (Thermo Fisher Scientific, Waltham, MA). T cells were then fixed
in 1% paraformaldehyde (ProSciTech, Kirwan, QLD, Australia), per-
meabilized in 0.3% saponin (Sigma-Aldrich) containing anti–IFN-g PE-
Cy7 (clone B27; BD Biosciences) and anti-TNF-a V450 (clone Mab11;
BD Biosciences), then acquired on an LSRII Flow Cytometer (Becton
Dickinson, San Jose, CA). All flow cytometry data were analyzed using
FlowJo software (TreeStar, Ashland, OR).

Paired abTCR gene analysis

Cryopreserved EBVRPP–specific CD8+ T cells lines were thawed and
rested overnight in RF10. T cell lines were incubated with 1 mM of either
EBVRPP peptide alone or EBVRPP–pulsed C1R.B7 cells for 2 h before
detection of cytokine secretion using an anti–IFN-g Ab, as previously
described (IFN-g Secretion Assay Detection Kit allophycocyanin; Miltenyi
Biotec, Auburn, CA) (45). CD8+ T cells were single-cell sorted directly
into either 96-well twin.tec (Eppendorf, Hamburg, Germany) or Hard-Shell
semiskirted (Bio-Rad Laboratories, Berkley, CA) PCR plates based on both
tetramer specificity and 6 IFN-g production: CD8+EBVRPP

+IFN-g2 (here-
after referred to as CD8+EBVRPP

+) or CD8+EBVRPP
+IFN-g+ (FACSAria I,

BD Biosciences; operated by Doherty Institute Flow Cytometry Facility,
University of Melbourne or FlowCore, Monash University). Sorted plates
were immediately centrifuged cold (pulse spin) and stored at 280˚C until
required. TCR analysis of paired CDR3a and b loops were carried out
using multiplex-nested RT-PCR and sequencing of a and b gene products
as previously described (34, 45, 46). The CDR3 lengths were calcu-
lated from position four excluding the final xF motifs (47). All circular
graphical representations were created using the circlize visualization
package in R and sequence logos were generated using the WebLogo
application (48–50).

TCR expression in SKW3 cells

Full-length human TCRa and TCRb cDNA were cloned into a self-
cleaving 2A peptide-based pMIG vector as described previously (51).
HEK293T packaging cells were incubated with 4 mg pEQ-pam3(-E) and
2 mg pVSV-G packaging vectors, in the presence of 4 mg pMIG vector
each containing a specific TCR transgene (LTR54.1 LTR54.2, LTR117, or
LTR119) using Lipofectamine 3000 (Life Technologies, Carlsbad, CA).
HEK293T cell culture supernatant containing virus particles carrying the
TCR transgene was then used to retrovirally transduce GFP-tagged
SKW3.hCD8ab cells, which are negative for endogenous TCRab but
contain CD3 and signaling components, as previously described (45).
SKW3.hCD8ab.TCR (hereafter referred to as SKW3) cell lines were
maintained in RF10: SKW3.LTR54.1, SKW3.LTR54.2, SKW3.LTR117
and SKW3.LTR119. The specificity and functionality of the SKW3.TCRs
were assessed via cell surface staining with anti-CD69 allophycocyanin
(clone L78; BD Biosciences) following 16–20 h incubation with a 1:1 ratio
of 1 3 105 APCs (61 mM peptide) at 37˚C, 5% CO2. These cells were
costained with anti-CD8 PerCP Cy5.5, anti-CD3 PECy7 (clone SK7; BD
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Biosciences) and live/dead fixable aqua stain (Thermo Fisher Scientific).
Stimulation with Dynabeads Human T-Activator CD3/CD28 (Thermo
Fisher Scientific) was included as a positive control.

Protein expression, purification, crystallization, and
structure determination

The HLA-B7/EBVRPP complex and the HD14 TCR were produced using
bacterial expression of inclusion bodies and refolding. Briefly, soluble
HLA class I H chain and the b2m proteins were expressed separately in
Escherichia coli inclusion bodies as previously reported (43). The HD14
TCR-a and b-chains were also expressed in separate E. coli inclusion
bodies, then subsequently purified and solubilized (52). We have previ-
ously reported the structure of the binary HLA-B7/EBVRPP [Protein Data
Bank (PDB) accession number 5WMO (43)]. Crystals of the ternary HD14
TCR–HLA-B7/EBVRPP complex were grown by the hanging-drop, vapor-
diffusion method at 20˚C with a protein/reservoir drop ratio of 1:1, at
8 mg/ml in 10 mM Tris-HCl (pH 8), 150 mM NaCl using 24% PEG 400,
0.1 M NaCl, 0.1 M sodium-citrate (pH 6). The crystals were soaked in a
cryoprotectant solution containing mother liquor solution with the PEG
concentration increased to 30% (w/v) and then flash frozen in liquid ni-
trogen. Data were collected on the MX1 beamline (53) at the Australian
Synchrotron (Clayton, VIC, Australia) using the ADSC-Quantum 210
CCD detector (at 100K). Data were processed using XDS software (54)
and scaled using SCALA software (55) from the CCP4 suite (56). The
structures were determined by molecular replacement using the PHASER
program (57) with LC13 TCR as the search model for the TCR (PDB
accession number 1KGC) (17) and the previously solved HLA-B7/EBVRPP

structure minus the peptide as the search model for the HLA (PDB ac-
cession number 5WMO) (43). Manual model building was conducted
using the Coot software (58) followed by maximum-likelihood refinement
with the Buster program (59). The final model has been validated using the
PDB validation Web site and the final refinement statistics are summarized
in Table II. All molecular graphics representations were created using
PyMol (60). Structural alignment is calculated on Ca atoms of each res-
idue using the program Superpose (61) from the CCP4 suite (56). The
structure has been validated by the PDB validation server (HD14 TCR-
HLA-B*07:02/EBVRPP; accession number 6VMX [https://www.rcsb.org/
structure/6VMX]).

Surface plasmon resonance experiments were conducted at 25˚C on the
BIAcore 3000 instrument (GE Healthcare, Buckinghamshire, U.K.) with
0.1 M Tris-HCl (pH 8), 0.15 M NaCl buffer supplemented with 1% BSA to
prevent nonspecific binding. The HD14 TCR was coupled to the sensor
chip via the mAb 12H8 (18). The experiment was conducted (n = 2, in
duplicate) as previously described (52) using a concentration range for the
HD14 TCR with a maximum of 20 mM. BIAevaluation Version 3.1 was
used for data analysis with the 1:1 Langmuir-binding model.

Statistical analyses

All statistical analyses were undertaken using Prism 8 (GraphPad, La Jolla,
CA). Significance of ex vivo– and in vitro–specific CD8+ T cells was
assessed using a Wilcoxon matched-pairs signed rank test and CD8+ T cell
activation was assessed using a Friedman test with Dunn multiple com-
parisons test.

Results
Characterization of EBVRPP–specific CD8+ T cells

HLA-B7+ PBMC from five healthy individuals and five LTR
(Table I) were in vitro stimulated with g-irradiated EBVRPP–
pulsed autologous cells. All EBV-seropositive individuals showed
detectable EBVRPP–specific CD8

+ T cells, with in vitro–expanded
T cell cultures having an increased magnitude of EBVRPP–specific
CD8+ T cells compared with ex vivo T cells, as measured by
tetramer staining (Fig. 1Ai and ii). The capacity of in vitro–
expanded EBVRPP–specific CD8

+ T cells to elicit effector functions,
such as the production of Th1 cytokines (IFN-g and/or TNF-a),
was confirmed following restimulation with cognate peptide
(EBVRPP). As expected, background (media) or negative controls
(K562 parental and K562.B7) did not elicit any T cell reactivity.
However, restimulation with K562.B7 APCs pulsed with cognate
EBVRPP peptide (K562.B7/EBVRPP) resulted in .40% of
EBVRPP–specific CD8+ T cells producing IFN-g and/or TNF-a
(Fig. 1Bi and ii), with the majority of activated T cells (.80%)

producing both Th1 cytokines. As expected, for the EBV sero-
negative patient LTR133, no measurable EBVRPP–specific CD8+

T cells were observed (Fig. 1A, 1B), thus serving as a specificity

control in this study.
To determine T cell functional avidity, in vitro–expanded

EBVRPP–specific CD8+ T cells (healthy individuals only) were

restimulated with decreasing concentrations of cognate EBVRPP

peptide ranging from 1026 to 10212 M, either as EBVRPP–pulsed

C1R.B7 cells (C1R.B7/EBVRPP) or free peptide alone. The data

clearly showed that EBVRPP–specific CD8+ T cells were of very

high functional avidity with responses to the cognate peptide in

the nanomolar ranges. For example, IFN-g production was readily

detectable at 10210 M (Fig. 1C), with these cells displaying an

EC50 of 1.6 3 1029 M in response to EBVRPP peptide.

Profiling the EBVRPP–specific TCRab repertoire

To determine the composition and diversity of the TCRab rep-
ertoire recognizing the HLA-B7/EBVRPP complex, we profiled the

EBVRPP–specific TCRab clonotypes from the expanded T cell

lines of the five healthy individuals and three LTR in our study

cohort. The TCRab signatures were determined using single-cell

multiplex-nested RT-PCR for simultaneous detection of paired

CDR3a and CDR3b-chains (Supplemental Tables I, II). For most

of our cohort, the CD8+EBVRPP
+ TCRab clonotypes (sorted

based on specificity using tetramer) reflected those of the

CD8+EBVRPP
+IFN-g+ (sorted based on tetramer and functionality

by IFN-g production) TCRab repertories, suggesting that func-

tional activation was not restricted by the TCR clonotype. Of note,

for two healthy donors (NM009 and NM015) a paired TCRb-

chain was ND for the majority of cells analyzed (.75%) and were

therefore excluded from further analysis. From 437 TCRs se-

quenced, we identified 19 unique TCRab pairs (grouped based

on shared variable and junction regions) across six individuals

(Fig. 2A), with most displaying restricted repertories (mean of 4.6 6
1.4 TCRs per donor) often biased to a single dominant TCR.
TRBV4-1 usage was observed in five of the six individuals and

accounted for 30–100% of an individual’s TCR repertoire, with no

other TRBV observed in donors NM005 and LTR54 (Fig. 2A;

TRBV4-1 depicted in various shades of blue). The TRBV4-1 was

rearranged with five different junctional regions (TRBJ1-2, 1–3,

2-1, 2–3, and 2–7), with the TRBJ2-3 expressed by three individuals

(HD14, LTR54, LTR117). Interestingly, the CDR3b loop from

three individuals only differed by 2 aa (CASSQETGXYZQYF,

where X denotes a variable amino acid of Q/S/I and Z denotes a

variable amino acid of A/T/E; refer to Fig. 2B, Supplemental

Tables I, II). With respect to the CDR3b length, the CDR3b

loops from TRBV4-1+ TCRs were generally shorter than those

encoded for by other TRBV (9–11 versus 10–13 aa residues in

length) (Fig. 2C). The TRBV4-1 b-chain was paired with a-chains

expressing four different variable regions (TRAV38-1, 38-2, 24,

and 40) (Fig. 2A).
The TCR repertoire of five individuals (HD14, NM005, LTR54,

LTR117, and LTR119) shared a common TRAV38-1/TRBV4-1

usage, with three (HD14, LTR117, and LTR119) also expressing

a TRAV24/TRBV4-1 usage (Fig. 2A; TRAV38-1 depicted in

shades of red). The a-chain variable and junction regions were

conserved across all five individuals, with the CDR3a loop only

differing by 2 aa for NM005, HD14 and LTR54 (CAX-

XYNNNDMRF, where X is any amino acid; refer to Fig. 2B,

Supplemental Tables I, II). Furthermore, TRAV38-2 only differs

from the TRAV38-1 by 2 aa residues in the CDR1 loop (position

30, Asn to Ser; position 31, Asn to Asp). The CDR3a loop length

was generally short and conserved (7-9mer) with the exception of
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TRAV40 (13mer); the TRAV38+ TCRs were found to be 7 aa in
length (Fig. 2C).
To determine the stability of the EBVRPP–specific TCR reper-

toire over time, the repertoire of HD14 (4-y period; 2010–2013)
and LTR117 (12 mo period; pre-Tx to 11 mo post-Tx) were ex-
amined longitudinally. Overall the TCR repertoires were found to
be highly static over time, with little perturbation of TCR clono-
types (Supplemental Tables I, II). The EBVRPP repertoire also
remained stable, given that no EBV reactivation events occurred
during this period, suggesting a continuity of TCR clonotypes
with the same gene usage bias.

Functional validation of EBVRPP–specific TCRab clonotypes

To confirm that the EBVRPP–specific TCRs identified corroborate
with preliminary T cell line data, we transduced three high frequency
TCRs containing the common TRBV4-1 gene (LTR54.1: TRAV38-
1_TRBV4-1; LTR117: TRAV38-1_TRBV4-1 and LTR119:
TRAV40_TRBV4-1) into the TCRab-negative SKW3.hCD8ab cell
line. In addition, a second TCR (LTR54.2) with the same V region

usage but different junction and CDR3 regions to the LTR54.1
was also selected to determine the specificity of the TCR/peptide/
HLA interaction. The capacity of these SKW3.TCRs to be acti-
vated following engagement with cognate peptide (EBVRPP)
presented by HLA-B7+ APCs was measured by upregulation of
cell surface CD69 using flow cytometry. Background (media) or
negative controls (C1R parental and C1R.B7) did not induce
T cell reactivity. However, restimulation with C1R.B7 in the
presence of cognate EBVRPP peptide (C1R.B7 + EBVRPP) medi-
ated cell surface CD69 upregulation (Fig. 3A, 3B). Both LTR54-
derived TCRs showed the highest and similar activation levels
(mean fluorescence intensity [MFI] CD69+: LTR54.1 = 30,316
and LTR54.2 = 30,443), followed by LTR117 (MFI CD69+:
22,922) and LTR119 (MFI CD69+: 19,477).

HD14 TCR exhibits high affinity for the
HLA-B7/EBVRPP complex

To further understand TCR interactions with the HLA-B7/EBVRPP

complex, we examined one of these newly identified TCRs for

FIGURE 1. Quantitation of EBVRPP–specific CD8
+ T cells. (Ai) Representative FACS panels (NM009) of EBVRPP tetramer staining of CD8+ T cells ex

vivo and in vitro (expanded for 13 d in the presence of EBVRPP). (Aii) Healthy controls and LTR percentage of CD8+ T cells specific to EBVRPP ex vivo and

in vitro. Statistical analysis using a Wilcoxon matched-pairs signed rank test; error bars show mean6 SEM. Time points; pre-Tx or one month post-Tx (T1,

square), 6 mo post-Tx (T2, inverted triangle), 12–13 mo post-Tx (T3, triangle). (Bi) Representative FACS panels (HD14) of in vitro CD8+ T cells stained for

EBVRPP and IFN-g expression following restimulation with K562.B7 6 EBVRPP. (Bii) Activation of in vitro expanded EBVRPP–specific CD8+ T cells

stimulated with EBVRPP–pulsed K562.B7 cells for 6 h as measured by IFN-g and TNF-a production. Statistical analysis using a Friedman test and Dunn

multiple comparisons test. (C) Functional avidity measurements of EBVRPP–specific CD8+ T cells from healthy controls using titrated doses of cognate

peptide, EBVRPP (open), or EBVRPP–pulsed C1R.B7 cells (closed). APC in this figure denotes the fluorochrome allophycocyanin.
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FIGURE 2. TCR-ab repertoires specific for HLA-B7/EBVRPP. Day 13 EBVRPP–specific CD8
+ T cells from eight HLA-B7+ donors (five healthy controls

and three LTR) were single-cell sorted on lymphocytes, singlets, CD8+tetramer+, 6IFN-g+ cells. The TCR-ab repertoire was determined using multiplex

RT-PCR. (A) Graphical representation of the TCR-ab repertoire usage for each donor recognizing the EBVRPP peptide; individual segments represent

different TRAV/TRAJ or TRBV/TRBJ usage. Because of the number of unpaired TCR-a sequences healthy donors NM009 and NM015 were excluded

from subsequent analysis. (B) Sequence logos showing a graphical representation of amino acid residue variation in the CDR3 loops of the three most

frequent TRAV genes and most common TRBV4-1 gene (divided by length). (C) CDR3a and CDR3b length usage in recognition of HLA-B7/EBVRPP,

grouped by TRAV/TRAJ and TRBV/TRBJ usage, respectively.
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further biophysical and structural characterization. The HD14
TCR (TRAV24/TRAJ37_TRBV4-1/TRJB1-2, CDR3a CAFGSSNTG-
KLIF, CDR3b CASSQDLFTGGYTF) was the highest fre-
quency TCR observed in this healthy individual, contained
the common TRBV4-1 gene and was produced recombinantly
in sufficient yield to allow further biophysical and struc-
tural studies. Interestingly, the same variable and junction
region usage was identified in LTR117 (TRAV24_TRBV4-1:
CDR3a CAFASSNTGKLIF, CDR3b CASSQDIWTSGYTF)
and LTR119 (TRAV24_TRBV4-1: CDR3a CAFSSSNTG-
KLIF, CDR3b CASSQDRFTDPYGYTF), with only a single

amino acid mutation in the CDR3a (underlined) and a mod-
ified motif in the CDR3b loop (Supplemental Tables I, II).
To determine TCR affinity, we performed surface plasmon

resonance with the HD14 TCR against HLA-B7/EBVRPP

complex. The HD14 TCR binds with a high affinity of ∼1 mM
(Fig. 3C, Table II), which is at the upper end of affinity range
for a HLA class I–restricted TCR and is well above the ob-
served average CD8+ TCR binding affinity of 35 mM for
solved peptide/HLA complexes (62, 63). In addition, the high
affinity was associated with a very slow off rate observed for
the HD14 TCR of 0.035 s21 compared with other CD8+ TCRs.

FIGURE 3. Confirmation of key TCRab recognizing

HLA-B7/EBVRPP. (A) Representative FACS panels of

CD69 upregulation of CD3+CD8+ SKW3.LTR54.1 cells

following no stimulation (media) or stimulation with 6
EBVRPP. APC in this figure denotes the fluorochrome

allophycocyanin. (B) Functionality of the SKW3.TCR cell

lines were measured by cell surface CD69 upregulation of

after 16–21 h coincubation with C1R.B7 6 EBVRPP. The

MFI CD69 + values were based on sequential gating of live

cells, CD8+ T cells, CD3+GFP+ T cells, CD69+ T cells.

Statistical analysis using a Friedman test and Dunn mul-

tiple comparisons test. (C) Affinity measurement of the

HD14 TCR for the HLA-B7/EBVRPP complex. Steady-

state (or R equilibrium) binding of the HLA-B7/EBVRPP to

the HD14 TCR. Data are representative of two experi-

ments performed in duplicate.

Table I. Demographics and HLA class I typing of study participants

Participant Age Gender EBV Serostatus (D/R)

HLA Class I

A B C

NM005 47 NA ND 01:01–02:01 07:02–08:01 ND
NM009 51 NA ND 01:01–03:01 07:02–08:01 ND
NM015 28 NA ND 01–02 07–08 ND
HD2 57 F ND 02–24 07:02–56:01 01:02–07:02
HD14 44 M ND 02:01–03:01 07:02–45:01 06:02–07:02
LTR54 50 F +/+ 02–03 07 07
LTR117 61 M +/+ 01–03 07–08 07
LTR119 30 F 2/+ 01–24 07–18 07–12
LTR130 44 F +/+ 02–03 07 05–07
LTR133 44 M ND/2 11–30 07–51 07–15

NA, not available.
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Finally, the high affinity of the HD14 TCR for HLA-B7/EBVRPP

also supports the high avidity interactions (nanomolar levels)
observed in the HD14 EBVRPP–specific CD8+ T cell line
(Fig. 1C).

Structural basis for the TRBV4-1 TCR bias

To understand the molecular basis underpinning the TRBV4-1+

TCR bias we determined the crystal structure of the HD14
TCR in complex with HLA-B7/EBVRPP at a resolution of 3.1
Å (Fig. 4A, Table III). As within the range of most abTCR-
peptide–MHC class I structures (62), the HD14 TCR docked
79˚ above the long axis of the HLA-B7/EBVRPP–binding cleft
(Fig. 4B, Supplemental Table III). The TCR a-chain and TCR
b-chain contributed 57% and 43% of the buried surface area to
the interaction, respectively. In this study, the CDR3b loop
was the main contributor to the interaction (26% buried sur-
face area), contacting both the HLA-B7 H chain and the
peptide.
Previously, we reported the binary structure of the EBVRPP

peptide bound to HLA-B7 (PDB accession number 5WMO) (43).
Upon binding by the HD14 TCR, the peptide–HLA-I adopted a
very similar conformation (rmsd of 0.68Å2) to that observed in
the binary structure (Fig. 4C). In relation to the peptide, P7-Arg
and P8-Arg side chains showed slight movement, whereas the
P6-Ile was pushed aside by the CDR3b loop reorientating to the
plane of the Ag-binding cleft (Fig. 4C). The HD14 TCR inter-
acted across the entire length of EBVRPP peptide, with P1-Arg,
P4-Ile, P5-Phe, P6-Ile, and P8-Arg forming contact points with
the TCR (Fig. 4B).
All three HD14 TCR CDRb loops interact with the peptide.

Namely, Gln108b, Asp109b, and Thr112b of the CDR3b loop
interacted with P6-Ile and P8-Arg (Fig. 4D, 4E). Arg37b from the
CDR1b loop is positioned over the top of the P8-Arg side chain,
whereas Tyr58b from the CDR2b loop forms a hydrogen bond
with P8-Arg (Fig. 4E).
In relation to the molecular basis underpinning the TRBV4-1

TCR bias, we examined the CDR1b and CDR2b loop interac-
tions with the HLA-B7/EBVRPP complex. First, the CDR1b
Arg37 interacted with both Glu76 and Arg75 residues, on the a1
helix of the HLA-B7 Ag-binding cleft, via a hydrogen bond and
van der Waals interactions (Fig. 4F). Second, the Tyr58b inserted
itself between the EBVRPP peptide and the a1 helix making
hydrogen bonds with Thr73 (Fig. 4G). Lastly, Ser57b made a
water-mediated hydrogen bond with another a1 helix residue
Gln72 (Fig. 4F).
Interestingly, the TRBV4 TCR gene segment is the only one

to carry both the Arg37b and Tyr58b germline-encoded resi-
dues within its CDR1/2 loops explaining the clonotypic bias
of TRBV4-1. Moreover, analysis of CDR3b loop sequences of
TRBV4-1+ HLA-B7/EBVRPP–specific TCRs show that at position
108, the Gln residue is conserved, and at position 109, both Asp
and Glu (another negatively charged residue) are prevalent
(Fig. 2B). Accordingly, the structure of the ternary complex pro-
vides a molecular basis for understanding the observed TRBV4-1
bias toward the HLA-B7/EBVRPP determinant; based on key
germline-encoded residues from the CDR1b and CDR2b inter-
acting with the peptide ligand and the a1 helix of HLA-B7, as
well as the selection of prevalent negatively charged CDR3b loop

residues that complement the positively charged residues of the
peptide ligand.

Discussion
Our study focused on the immunodominant and highly prevalent
HLA-B7 EBVRPP epitope, with all EBV-seropositive individuals
showing detectable, yet variable, ex vivo and in vitro frequen-
cies of EBVRPP–specific CD8+ T cells. The HLA-B7 EBVRPP–
specific TCR repertoire in our cohort demonstrated remarkable
bias toward the use of TRBV4-1 and TRAV38-1. Such biased
TCR usage appears to be a general phenomenon of repertoires
specific for immunodominant epitopes from persistent viral
infections (64).
Dissecting the TCR repertoire specific for immunogenic epi-

topes is critical for understanding the molecular mechanisms of
T cell–mediated responses toward combating viral infection.
Although TCR repertoire studies focusing on immunodominant
EBV epitopes restricted to HLA-A2 (EBVGLC) (11–15) and
HLA-B8 (EBVFLR) (16, 18, 20, 65) have been extensively
reported, there is less evidence regarding HLA-B7–restricted
EBVRPP–specific CD8+ T cell responses. Although studies have
addressed CD8+ T cell EBVRPP specificity and activation (22–
24), only two studies have examined the TCRb repertoire spe-
cific to HLA-B7/EBVRPP (66, 67). In this study, EBVRPP–specific
CD8+ T cells were single-cell sorted to simultaneously determine
paired a- and b-chain gene usage in both healthy and immuno-
compromised individuals. Despite immunosuppression following
Tx, which likely results in exposure to a larger Ag load, we ob-
served similar EBVRPP–specific TCR repertories in our expanded
CD8+ T cell lines from LTR to that of healthy individuals, which
remained static over time in the absence of an EBV reactivation
event. This is aligned with observations of immunodominant HLA-
A2–restricted EBVGLC–specific abTCRs, in which common variable
regions were found to be shared across individuals and the repertories
were relatively stable under immunosuppressive conditions following
organ Tx (15).
In our cohort, the EBVRPP–specific TCR repertoires expressed

by the majority of individuals were dominated by a single TCR
clonotype (followed by a few smaller clonotypes) that shared
identical a- and/or b-chain variable regions between donors,
revealing strong bias in the TCR usage for recognition of the
HLA-B7/EBVRPP complex. In this study, we report that five
individuals predominantly expressed TRBV4-1, with this V
region accounting for 30–100% of the expanded HLA-B7/
EBVRPP repertoire. Our data are in concordance with a previ-
ous study of HLA-B7/EBVRPP–specific TCR b-chains, in
which TRBV4-1 represented .55% of the TCR repertoire (66).
This clonotypic bias suggests that germline-encoded residues
in the CDR1b and CDR2b loops (or the TCRb framework
region) may contribute specificity determining contacts that
stabilize the TCR/peptide/HLA interface. Based on our struc-
ture, we can assert that two germline-encoded residues on
CDR1b and 2b are making important interactions with the
EBVRPP peptide, residues that are only carried on the TRBV4-1
gene segment. Interestingly, TRBV4-1 expression bias has been
observed for TCRs recognizing CD1 complexes (68–70), as
well as TCR recognition of a HLA-B8–restricted hepatitis C

Table II. Binding constants for the interaction of the HD14 TCR with HLA-B7/EBVRPP

HD14 TCR Kdeq (mM) kon (3 104 M21 s21) koff (s
21) t1/2 (s)

HLA-B*07:02/EBVRPP 1.21 6 0.10 4.34 6 0.54 0.0349 6 0.0034 19.8
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FIGURE 4. Tertiary structure of HD14 TCR/EBVRPP/HLA-B7 complex. (A) Structure of HD14 TCR/EBVRPP/HLA-B7 complex (HD14 TCR:

a-chain, pink; b-chain, purple; HLA-B7, gray; EBVRPP peptide, black; b2m, light gray). (B) Structural footprint of the HD14 TCR on the HLA-B7/

EBVRPP surface. The HLA-B7 surface is white, the EBVRPP surface is gray, and the TCR contacts are colored accordingly to the CDR loop in-

volved, in teal, green, and purple for the CDR1, 2, 3a, and red, orange, and yellow for the CDR1, 2, 3b. The mass center of the Va and Vb domains

are colored in pink and blue, respectively. (C) Overlay of the unliganded HLA-B7/EBVRPP (PDB accession number 5WMO) and the HD14 TCR–

EBVRPP–HLA-B7 complex. The alignment was made on HLA-B7 (white cartoon), the peptide is shown in stick figure: light blue for the binary

structure and in black for the ternary complex. (D–G) HLA-B7 is shown in white cartoon/stick figure, peptide in black sticks or cartoon, CDR1b,

2b, 3b loops are shown in cartoon/stick figure and colored in red, orange, and yellow, respectively. Hydrogen bonds (Figure legend continues)
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virus peptide (HSKKKCDEL) (71). In addition, in this study,
we report, to our knowledge, the first description of the paired
abTCR repertoire for HLA-B7/EBVRPP. We frequently ob-
served three different a-chains, TRAV38-1, TRAV38-2, and
TRAV24, that were paired with TRBV4-1. As TRAV38-1 and
TRAV38-2 only differ by 2 aa residues in the CDR1 loop, we
hypothesize they might form the same interaction with HLA-
B7/EBVRPP. Finally, the TRAV38-1, TRAV38-2, and TRAV24
segments all share a tyrosine as the antepenultimate (i.e., third
from the end) residue in their CDR1a loop, which based on our
structural analysis of HD14 TCR (TRAV24) contacts the Gln155

of the HLA-B7 a2-helix.
An alternate study by Koning et al. (67) examined the TCR

b-chain repertoires specific to 12 viral Ags, demonstrating that
the ex vivo and in vitro repertoires were divergent with shifts in
the clonotype hierarchy. However unsurprisingly, these changes
were much more pronounced in polyclonal than monoclonal or
oligoclonal TCR repertoires. In agreement, we have previously
observed ex vivo–derived and in vitro–expanded analogous oli-
goclonal TCR repertoires specific to HLA-A*02:01–restricted
CMV-specific epitope, NLVPMVATV (45). The ex vivo EBVRPP–
specific repertoires observed by Koning et al. (66, 67) were oli-
goclonal (average number of four clones, n = 6), with the ex vivo
repertoire reasonably well reflected in the expanded repertoire
across three individuals. Therefore, we believe our in vitro rep-
ertoire data captures the main TCR usage shared across donors
specific for the HLA-B7/EBVRPP complex.

Having profiled the HLA-B7/EBVRPP TCR repertoires from
eight individuals, we sought to determine the structural basis
of the biased HLA-B7/EBVRPP recognition. We selected the
HD14 TCR for structural analysis, which shared sequence features
with several of the other clones characterized in this study
(Supplemental Tables I, II) and others (67). The HD14 TCRab
clonotype was also observed for LTR117, consisting of TRAV24/
TRAJ37_TRBV4-1/TRBJ1-2 genes that also comprised the
same number of CDR3ab amino acid residues (CDR3a
CAFXSSNTGKLIF, CDR3b CASSQDXXTXGYTF, where X
denotes a variable amino acid). In addition, the exact b-chain has
already been reported by Koning et al. (67) and the a-chain
(paired with an unknown b-chain) was identified in our donor
NM009. Mapping of the TCR residue interactions with the HLA-
B7/EBVRPP complex revealed that TCR CDR3ab and EBVRPP

peptide interactions (sequence underlined above) are conserved
across these three a-chain and three b-chain sequences that share
the TCR clonotype.
Our structural analysis suggests that the TRBV4-1 gene bias is

likely because of germline-encoded residues, including the dual
and unique presence of Arg37 and Tyr58 within the CDR1/2b
loops. These two residues are pivotal in the bonding network
of both the EBVRPP peptide and HLA-B7 molecule and thus,
foreseeably provide the basis for the high selection of this
Vb-chain within the HLA-B7-EBVRPP–specific clonotypes.
Interestingly, a recent study using alanine scanning of CD1c-
restricted TCRs also exhibiting a TRBV4-1 bias showed
that Arg37b and Tyr58b were both critical in conferring re-
activity (70). In addition, we found the Gln108b residue to be
conserved across all TRBV4-1 sequences observed, whereas
position 109b was either Asp or Glu, which share very
similar chemical properties and likely maintain the interac-
tion with the HLA/peptide complex. This conservation is
most likely because of their interaction with the EBVRPP

peptide itself. Furthermore, the CDR3a loop was observed to
act as a “lid” on top of the N-terminal part of the Ag-binding
cleft, which might explain the conserved loop length ob-
served in the HLA-B7-EBVRPP TCR repertoire. The impor-
tance of the length instead of the sequence within the CDR3
loop has been observed before (72).
Skewing of the TCR repertoire is often observed in response to

persistent viral infections including HIV/SIV, EBV, CMV, and
influenza virus (64), with this feature suggested to result from the
prior selection of T cells with high-affinity TCRs (37). In ac-
cordance, our study has unveiled a shared TRBV4-1 TCR bias
that dominates the EBVRPP–specific CD8+ T cell response
among unrelated HLA-B7+ individuals. The highly prevalent
pairing of TRBV4-1 with TRAV38 or TRAV24 focused toward
the latent EBNA-3A protein further confirms the shared nature of
HLA-B7/EBVRPP–specific TCR repertoire in individuals with
chronic EBV infection. We also highlight key residues within the
CDR1/2b loops that drive molecular interactions between this
TCR and HLA-B7/peptide complex. Together these findings
provide a greater understanding of the antiviral CD8+ T cell
response toward a latently expressed EBV epitope in HLA-B7+

individuals.

are shown in red dashes and van der Walls interactions are shown in blue dashes. (D) CDR3b interaction with EBVRPP peptide: Gln
108b, Asp109b, and Thr112b

interacted with P6-Ile and P8-Arg. (E) All three CDR loops from HD14 b-chain interacted with residue P8-Arg from EBVRPP peptide: Arg37b, Tyr58b,

Gln108b, and Asp109b interacted with the side chain of P8-Arg (F and G). The CDR1b and CDR2b loops made extensive contacts with HLA-B7: Arg37b

interacted with Glu76 and Arg75 and Tyr58b interacted with Thr73; in addition, Ser57b makes a water-mediated hydrogen bond with Gln72 (G). Tyr58b is

inserted between the peptide and the a1-helix of HLA-B7.

Table III. Data collection and refinement statistics

HD14 TCR-EBVRPP-HLA-B*07:02

Data collection statistics
Temperature 100 K
Space group C 2 2 21
Cell dimensions (a,b,c) (Å) 165.46, 181.09, 190.29
Resolution (Å) 48.71–3.10 (3.21–3.10)
Total number of observations 104022 (10,246)
Number of unique

observations
52,054 (5123)

Multiplicity 7.5 (7.6)
Data completeness (%) 100 (100)
I/sI 9.8 (2.1)
Rmerge

a (%) 10.4 (41.3)
Refinement statistics
Nonhydrogen atoms

Protein 13,405
Water 133

Rfactor
b (%) 23.7

Rfree
b (%) 26.0

Rms deviations from ideality
Bond lengths (Å) 0.011
Bond angles (˚) 1.25

Ramachandran plot (%)
Favored region 95
Allowed region 5
Disallowed region 0.25

Statistics for the highest-resolution shell are shown in parentheses.
aRmerge = S | Ihkl 2 , Ihkl . |/SIhkl.
bRfactor = Shkl | | Fo |2 | Fc | |/Shkl | Fo | for all data except � 5% that were used for

Rfree calculation.
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1 
 

Supplemental Table I: EBVRPP-specific TCRab repertories from five healthy HLA-B7+ individuals. 1 

 2 
Amino acid residue variations across individual donors have been concatenated and replaced with ‘X’. *Sequence used for structural studies. 3 

4 

CD8+ CD8+ CD8+ CD8+ CD8+ CD8+ CD8+ CD8+ CD8+ CD8+ CD8+ CD8+ CD8+ CD8+
EBVRPP+ EBVRPP+ EBVRPP+ EBVRPP+ EBVRPP+ EBVRPP+ EBVRPP+ EBVRPP+ EBVRPP+ EBVRPP+ EBVRPP+ EBVRPP+ EBVRPP+ EBVRPP+

(%) IFNy+ (%) (%) IFNy+ (%) (%) IFNy+ (%) (%) IFNy+ (%) (%) IFNy+ (%) (%) IFNy+ (%) (%) IFNy+ (%)

Total 24 23 23 20 24 24 14 20 14 12 14 9 12 9
38-1 CAFTYNNNDMRF 43 4-1 CASSQETGQYXQYF 2-3 13.05 10
38-1 CALAYNNNDMRF 43 4-1 CASSQETGSYEQYF 2-3 8.33
38-1 CAFSYNNNDMRF 43 4-1 CASSQETGIYTQYF 2-3
38-1 CAFCYNNNDMRF 43 4-1 CASSQETGIYTIYF 1-3 100 100
38-1 CAFTYNNNDMRF 43 - - - 86.96 90
38-1 CAFMXGVVNMRF 43 4-1 CASSQEWGXGTDTQYF 2-3
38-1 CALAYNNNDMRF 43 4-1 CASSQETGSYEQYF 2-7 14.29 8.33
38-1 CVITHNNNDMRF 43 4-1 CASSQEAGTGTYEQYF 2-7
38-1 CALRDGKANLMF 31 4-1 CASSQEWGRGTDTQYF 2-3
38-1 CAVRKDKARIMF 31 4-1 CASSQEWGRGTDTQYF 2-3
38-1 CAFIQGAQKLVF 54 4-1 CASSQEAFNYEQYF 2-7
38-2/DV8 CAYIQGAQKLVF 54 7-9 CASSLGGGEGGSSYEQYF 2-7 4.17 25
38-2/DV8 CAYIQGAQKLVF 54 6-4 CASSASGGAYNEQFF 2-1 8.33
38-2/DV8 CAYIQGAQKLVF 54 - - - 87.5 75
38-2/DV8 CAYTQGAQKLVF 54 2 CASSDXXXXQGNTIYF 1-3 8.33 33.33 16.67 11.11
38-2/DV8 CAYTQGAQKLVF 54 23-1 CASSDHLGGQGNTIYF 1-3 14.29
38-2/DV8 CAYKQGAQKLVF 54 4-3 CASSQEHERGPQHF 1-5
38-2/DV8 CAYGGGAQKLVF 54 19 CASISTDSLNTEAFF 1-1
38-2/DV8 CAYYEGAQKLVF 54 5-5 CASRIWTGGDLNTEAFF 1-1
38-2/DV8 CAXXGGAQKLVF 54 28 CASRLGLGDREDEKLFF 1-4
38-2/DV8 CAYEAGYQLTF 28 4-3 CASSQDRGGLTGELFF 2-2

* 24 CAFXSXNXGXLIF 37 4-1 CASSQDLFTGGYTF 1-2 85.71 91.66 85.71 66.67 66.67 88.89
24 CAFASSNTGKLIF 37 4-1 CASSQDIWTSGYTF 1-2
24 CAFSSSNTGKLIF 37 4-1 CASSQDRFTDPYGYTF 1-2
21 CAVRRDSGYALNF 41 6-6 CASSPKAGILETQYF 2-5 100 100
40 CLLGRGDDYGGATNKLIF 32 4-1 CASSQEAYNYEQYF 2-7
40 CLLGRGDDYGGATNKLIF 32 4-1 CASSQDGFSGTYTF 2-1
6 CALVAPGGSYIPTF 6 24-1 CATAPGTGXXXEAFF 1-1
6 CALVAPGGSYIPTF 6 24-1 CATAPGTGRTLKLIF 1-1
13-1 CAAGAGGAQKLVF 54 28 CASRLGLGDREDEKLFF 1-4
29/DV5 CAASAGRTGANNLFF 36 5-8 CASSLWGTEAFF 1-1

a-chain b-chain NM005 NM009 HD2 HD14; 2013 HD14; 2012 HD14; 2010

TRAV CDR3 TRAJ TRBV CDR3 TRBJ

NM015



2 
 

 Supplemental Table II: EBVRPP-specific TCRab repertories from three HLA-B7+ LTR. 5 

 6 
Amino acid residue variations across individual donors have been concatenated and replaced with ‘X’. SKW3.TCR expressed sequences 7 
aSKW3.LTR54.1, bSKW3.LTR54.2, cSKW3.LTR117, dSKW3.LTR1198 

CD8+ CD8+ CD8+ CD8+ CD8+ CD8+ CD8+ CD8+ CD8+ CD8+

EBVRPP+ EBVRPP+ EBVRPP+ EBVRPP+ EBVRPP+ EBVRPP+ EBVRPP+ EBVRPP+ EBVRPP+ EBVRPP+
(%) IFNy+ (%) (%) IFNy+ (%) (%) IFNy+ (%) (%) IFNy+ (%) (%) IFNy+ (%)

Total 67 18 43 13 29 17 27 14 38 20
38-1 CAFTYNNNDMRF 43 4-1 CASSQETGQYXQYF 2-3
38-1 CALAYNNNDMRF 43 4-1 CASSQETGSYEQYF 2-3

a 38-1 CAFSYNNNDMRF 43 4-1 CASSQETGIYTQYF 2-3 95.52 100
38-1 CAFCYNNNDMRF 43 4-1 CASSQETGIYTIYF 1-3
38-1 CAFTYNNNDMRF 43 - - -

c 38-1 CAFMXGVVNMRF 43 4-1 CASSQEWGXGTDTQYF 2-3 82.76 100 96.3 100 97.37 95
38-1 CALAYNNNDMRF 43 4-1 CASSQETGSYEQYF 2-7
38-1 CVITHNNNDMRF 43 4-1 CASSQEAGTGTYEQYF 2-7 2.33
38-1 CALRDGKANLMF 31 4-1 CASSQEWGRGTDTQYF 2-3 3.45
38-1 CAVRKDKARIMF 31 4-1 CASSQEWGRGTDTQYF 2-3 3.45

b 38-1 CAFIQGAQKLVF 54 4-1 CASSQEAFNYEQYF 2-7 4.48
38-2/DV8 CAYIQGAQKLVF 54 7-9 CASSLGGGEGGSSYEQYF 2-7
38-2/DV8 CAYIQGAQKLVF 54 6-4 CASSASGGAYNEQFF 2-1
38-2/DV8 CAYIQGAQKLVF 54 - - -

38-2/DV8 CAYTQGAQKLVF 54 2 CASSDXXXXQGNTIYF 1-3
38-2/DV8 CAYTQGAQKLVF 54 23-1 CASSDHLGGQGNTIYF 1-3
38-2/DV8 CAYKQGAQKLVF 54 4-3 CASSQEHERGPQHF 1-5 4.65 15.38
38-2/DV8 CAYGGGAQKLVF 54 19 CASISTDSLNTEAFF 1-1 7.69
38-2/DV8 CAYYEGAQKLVF 54 5-5 CASRIWTGGDLNTEAFF 1-1 6.9 3.7
38-2/DV8 CAXXGGAQKLVF 54 28 CASRLGLGDREDEKLFF 1-4 25.58 30.77
38-2/DV8 CAYEAGYQLTF 28 4-3 CASSQDRGGLTGELFF 2-2 2.63 5
24 CAFXSXNXGXLIF 37 4-1 CASSQDLFTGGYTF 1-2
24 CAFASSNTGKLIF 37 4-1 CASSQDIWTSGYTF 1-2 3.45
24 CAFSSSNTGKLIF 37 4-1 CASSQDRFTDPYGYTF 1-2 4.65
21 CAVRRDSGYALNF 41 6-6 CASSPKAGILETQYF 2-5

d 40 CLLGRGDDYGGATNKLIF 32 4-1 CASSQEAYNYEQYF 2-7 27.91 38.46
40 CLLGRGDDYGGATNKLIF 32 4-1 CASSQDGFSGTYTF 2-1 2.33
6 CALVAPGGSYIPTF 6 24-1 CATAPGTGXXXEAFF 1-1 27.91
6 CALVAPGGSYIPTF 6 24-1 CATAPGTGRTLKLIF 1-1 2.33
13-1 CAAGAGGAQKLVF 54 28 CASRLGLGDREDEKLFF 1-4 7.69
29/DV5 CAASAGRTGANNLFF 36 5-8 CASSLWGTEAFF 1-1 2.33

a-chain b-chain
LTR54 LTR119 LTR117; 6mth PostTx LTR117; 11mth PostTx

TRAV CDR3 TRAJ TRBV CDR3 TRBJ

LTR117; PreTx



3 
 

Supplemental Table III: HD14 TCR contact with the HLA-B7/EBVRPP. 9 

VDW: Van der Waals interaction (cut-off at 4 Å), HB: hydrogen bond (cut-off at 3.5 Å), SB: 10 
salt bridge (cut-off at 5 Å).  11 

TCR gene TCR residues  HLA-B7 residues Bond type 
CDR1a Tyr37a-OH Gln155-Oε1 VDW, HB 
CDR2a Thr57-Nδ2-Oγ1 Glu154-O, Gln155-N, Ala158 VDW, HB 
CDR2a Leu58 Glu154, Arg157, Ala158, Glu161 VDW 
CDR2a Asp64 Glu154 VDW 
FWa Lys66-Nζ Glu154-Oε1-Oε2, Arg151- Nη1 VDW, SB, HB 
FWa Lys83-Nζ Glu166-Oε2 SB 
CDR3a Ser109-O-Oγ Arg62-Nη2-Nε, Glu163-Oε1 VDW, HB 
CDR3a Asn110 Glu58, Arg62 VDW 
CDR3a Thr111 Glu58, Gln65-Oε2 HB 
CDR1b Arg37-Nη1 Glu76-Oε1-Oε2 VDW, SB 
CDR2b Tyr58-OH Gln72, Thr73-Oγ1, Arg75, Glu76 VDW, HB 
FWb Ile67 Gln65 VDW 
CDR3b Asp109-Oδ1 Thr73-Oγ1 VDW, HB 
CDR3b Leu110 Gln65, Ala69 VDW 
CDR3b Phe111 Gln65 VDW 
CDR3b Thr112 Gln155 VDW 
TCR gene TCR residues EBVRPP residues Bond type 
CDR1a Asn29-Oδ1 Arg1-Nη2 VDW, HB 
CDR1a Tyr37 Ile4, Phe5 VDW 
CDR3a Ser108 Ile4 VDW 
CDR3a Ser109-Oγ Arg1-Nη2, Ile4 VDW, HB 
CDR3a Thr111 Ile4 VDW 
CDR3a Gly112 Ile4 VDW 
CDR1b Arg37 Arg8 VDW 
CDR2b Tyr58-OH Arg8-Nη2 VDW, HB 
CDR3b Gln108 Arg8 VDW 
CDR3b Asp109-Oδ1- Oδ2 Ile6, Arg8-Nη2-Nε VDW, SB 
CDR3b Leu110 Ile6 VDW 
CDR3b Thr112-Oγ1 Phe5, Ile6-N VDW, HB 
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Abstract
Background: Influenza viruses cause significant morbidity and mortality, especially in 
young children, elderly, pregnant women and individuals with co-morbidities. Patients 
with severe influenza disease are typically treated with one neuraminidase inhibitor, 
oseltamivir or zanamivir. These antivirals need to be taken early to be most effective 
and often lead to the emergence of drug resistance and/or decreased drug suscep-
tibility. Combining oseltamivir with another antiviral with an alternative mode of ac-
tion has the potential to improve clinical effectiveness and reduce drug resistance.
Methods: In this study, we utilized a host-targeting molecule RM-5061, a second-
generation thiazolide, in combination with oseltamivir to determine whether these 
compounds could reduce viral burden and understand their effects on the immune 
response to influenza virus infection in mice, compared with either monotherapy or 
placebo.
Results: The combination of RM-5061 and OST administered for 5 days after influ-
enza infection reduced viral burden at day 5 post-infection, when compared to pla-
cebo and RM-5061 monotherapy, but was not significantly different from oseltamivir 
monotherapy. The inflammatory cytokine milieu was also reduced in animals which 
received a combination therapy when compared to RM-5061 and placebo-treated 
animals. Antiviral treatment in all groups led to a reduction in CD8+ T-cell responses 
in the BAL when compared to placebo.
Conclusions: To our knowledge, this is the first time a combination of a host-targeting 
compound, RM-5061, and neuraminidase inhibitor, OST, has been tested in vivo. This 
antiviral combination was safe in mice and led to reduced inflammatory responses 
following viral infection when compared to untreated animals.

www.wileyonlinelibrary.com/journal/irv
https://orcid.org/0000-0003-1826-4314
mailto:
https://orcid.org/0000-0001-6141-335X
http://creativecommons.org/licenses/by/4.0/
https://publons.com/publon/10.1111/irv.12776
mailto:kkedz@unimelb.edu.au
http://crossmark.crossref.org/dialog/?doi=10.1111%2Firv.12776&domain=pdf&date_stamp=2020-06-25


     |  679NÜSSING et al.

1  | BACKGROUND

Influenza viruses remain a global health burden, with influenza A 
(IAV) and B (IBV) strains co-circulating and causing an excess 650 000 
deaths annually.1,2 Infants, the elderly, pregnant women, obese and 
indigenous populations are particularly at risk of severe disease 
outcomes. Antivirals are used to mitigate the disease and alleviate 
symptoms caused by influenza viruses. These compounds typically 
target various aspects of the viral replication cycle. Amantadine and 
rimantadine target the M2 ion channel of the influenza virus disrupt-
ing viral uncoating following entry into the host cell,3 while the neur-
aminidase inhibitors (NAIs), with oseltamivir (OST) being the most 
frequently prescribed, inhibit the release of newly formed virions.4 
More recently a new influenza antiviral, baloxavir marboxil, which 
inhibits the polymerase acidic (PA) endonuclease, stopping cleavage 
of mRNA during the cap snatching process, has been licensed for use 
in otherwise healthy and high-risk individuals in Japan, the United 
States and other countries.5 These antiviral drugs directly target the 
influenza virus, and therefore drug-resistant viruses can emerge. 
This has been observed most dramatically with the widespread cir-
culation of IAVs resistant to the adamantanes, and in 2008-2009 the 
global circulation of oseltamivir-resistant H1N1 viruses.6 Currently, 
the frequency of A/(H1N1)pdm09 viruses with reduced susceptibil-
ity to OST is between 1% and 3%.7,8

An alternate approach, and one which is successful in HIV and 
malaria, is to use a combination of two or more drugs. Combination 
therapy can enable rapid viral clearance facilitating better clinical 
outcomes and reducing the likelihood of the emergence of viral re-
sistance. These compounds can target host factors or viral proteins, 
as exemplified by the combination of NAIs and M2e ion channel 
blockers reducing viral burden by ~100% in vitro.9 In mice, a 1000-
fold reduction was observed in viral burden in animals treated with 
OST and rimantadine when compared to placebo-treated animals.10

Previously, it has been shown that tizoxanide, the active metabo-
lite of the anti-parasitic drug nitazoxanide11-13(NTZ), was active against 
circulating influenza viruses, including those resistant to NAIs.14 
Nitazoxanide, a first-generation thiazolide, was licensed for use in the 
treatment of gut parasitic infections in the 1970s, but more recently 
has been repurposed to combat viral infections. Nitazoxanide can alter 
mitochondrial respiration15 and inhibit terminal hemagglutinin glyco-
sylation in the endoplasmic reticulum thereby preventing viral exit.16

In the ferret model, we have shown that the combination of OST 
and NTZ reduced the incidence of infection and that if infected, 
virus remained in the upper respiratory tract and did not enter the 
lungs which is typically associated with severe disease.17 In this 
study, we investigated the effects of RM-5061, a second-generation 
thiazolide, developed to improve systemic absorption,18 in combina-
tion with OST on reducing viral burden and subsequent effects on 
the immune response to influenza virus infection.

We hypothesized that the combination of RM-5061 + OST would 
have a greater impact on reducing viral burden and potentially al-
tering immune responses to influenza virus infections via targeting 
different mechanisms of action in the host and viral replication cycle. 
Our results show that, the overall cytokine response was lower in 
animals undergoing RM-5061 combination therapy when compared 
to glucose and RM-5061 monotherapy but was comparable with 
OST-treated animals. Antiviral treatment in all the groups led to a 
significant reduction in the influenza-specific CD8+ T-cell responses 
in the bronchioalveolar lavage fluid (BAL). Overall, in this study, we 
show that the combination of RM-5061 + OST is as effective as OST 
monotherapy at reducing viral burden and inflammatory response in 
severe influenza disease.

2  | METHODS

2.1 | Mice

C57Bl/6 mice were bred and housed in the Biological Research 
Facility of the Peter Doherty Institute, Department of Microbiology 
and Immunology, the University of Melbourne under specific 
pathogen-free conditions. Female mice used in experiments were 
between 6-12 weeks of age and experiments were performed in ap-
proval by and accordance with the requirements of the University of 
Melbourne Animal Ethics Committee (1714106).

2.2 | Viral infection and harvesting of tissues

Mice were anaesthetized with 2% of isoflurane in oxygen and in-
fected intranasally with 1 x 104 pfu of the laboratory-adapted strain 
of IAV A/Hong Kong-x31 (A/HKx31, H3N2) in 30 µL PBS. Mice were 
culled by CO2 asphyxiation on day 5 (d5) or day 7 (d7) post-infection 
(pi) for immune analyses. BAL was performed by washing lungs of 
IAV-infected mice with 1 mL HBSS. Lungs were perfused by cut-
ting the pulmonary artery and injecting 5 mL of PBS into the right 
atrium of the heart before harvest. Single cell solutions from mLN 
and spleen were prepared by meshing organs through a 70 µm cell 
strainer. Lungs were processed with a tissue homogenizer, cell debris 
was spun down and supernatants were stored at −80°C until analysis 
for cytokine amounts and viral titres.

2.3 | Drug treatment

Mice were treated twice daily via oral gavage with 3 mg of RM-5061, 
1 mg of Ost, or 3 mg of RM + 5061 + 1 mg of Ost in 180 µL of 50% 
Glucose or 50% Glucose only per dose.

K E Y W O R D S
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2.4 | Plaque assays

Plaque assays were performed in MDCK cell lines by seeding 
1.2 x 106 cells into 6-well plates in 3 mL of MDCK medium and rested 
overnight at 37°C and 5% CO2. Lung homogenates from infected 
mice were diluted in 10x serial dilution and incubated with MDCK 
cell monolayers for 1 hour at 37°C for virus attachment. Agarose 
overlay medium was then added and plaques for plaque-forming 
units (pfu) per lung were counted after 3 days.

2.5 | Flow cytometry

Single cell suspensions from BAL, mLN and spleens were blocked 
with 2.4G2 supernatant and stained with different antibody mixes of 
anti-CD3 (PerCPCy5.5; AlexaFluor 700), I-Ab (Pacific Blue), CD45.2 
(BV711, CD64 (PE), CD11b (BV605), Ly6G (PE-Cy7), SiglecF (PECF-
594), CD11c (FITC), Ly6C (AlexaFluor 700), live/dead Aqua, TCR γδ 
(BV421), CD44 (APC-Cy7), NK1.1 (PE), F4/80 (FITC, CD19 (FITC), 
and CD8 (PerCP-Cy5.5). For DbNP366 and DbPA224 specific CD8+ T 
cells, samples were stained with PE- or APC-conjugated H-2Db te-
tramers prior to antibody staining.

2.6 | Cytokine bead array

Cytokine concentrations in supernatants from lung homogenates 
were quantified using the mouse BD Bioscience cytometric bead 
array following the manufacturer's instructions. Data were acquired 
using FACSCantoII and analysed using the flowjo software vs10 
(Tree Star) and Prism 7 (graphpad software).

3  | RESULTS

3.1 | OST monotherapy and OST + RM-5061 
combination reduced body weight loss in mice 
following A/HKx31 influenza virus infection

Mice were treated twice daily with either RM-5061 (3.4 mg), OST 
(1 mg), RM-5061 (3.4 mg) + OST (1 mg) or 50% Glucose only (pla-
cebo). The first dose was administered 2h prior to intranasal infection 
with 1 x 104 pfu A/HKx31. Mice were monitored daily following viral 
infections, and animals were euthanized at d5 to d7 p.i.to determine 
viral burden (Figure 1A). Animals treated with either OST or RM-
5061 + OST maintained their overall body weight following infection 
when compared to the RM-5061 and placebo groups (Figure 1B). 
Animals receiving RM-5061 + OST and OST (mean viral titre 4.1 and 
4.1 log10 pfu/lung, respectively) had significantly reduced viral titres 
in comparison to placebo and RM-5061 monotherapy (mean viral ti-
tres 5.5 and 5.6 log10 pfu/lung, respectively; Figure 1C). By d7, no 
differences in viral titres were evident between all the treatment 
groups, suggesting an early effect of RM-5061 + OST and OST either 
on viral clearance, or by directly suppressing viral replication when 
antiviral treatment was administered for up to d5 p.i..

3.2 | Reduced NK cells and neutrophils in OST and 
RM-5061 + OST-treated animals

Given the importance of the innate immune system in control-
ling viral replication during the early stages of viral infection, we 
examined the levels of eosinophils (Siglec-F+CD11c-), neutrophils 
(Ly6G+CD11b+), DCs (I-Ab+CD11c+), NK cells (CD3-NK1.1+) and 

F I G U R E  1   Reduced body weight loss and d5 viral load in mice on RM-5061 + OST and OST therapy following A/HKx31 influenza virus 
infection. (A) Mice were treated twice daily with either RM-5061 alone, OST alone, RM-5061 + OST or placebo only for the course of 5 d 
after A/HKx31 infection with the initial dose administered 2 h prior to infection. (B) Body weight loss of mice across different treatment 
groups was monitored over the course of infection up to d7. (C) Viral titres of lung homogenates on d5 and d7 p.i. were quantified using 
the MDCK cell line plaque assay. Data are from two independent experiments with 5 mice per treatment group. One-way ANOVA was 
performed between groups (****P ≤ .0001)
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macrophages (CD64+) at the site of infection (BAL) and spleen at d5 
and d7 pi.

Despite observing a reduction in viral burden at d5 p.i., 
we found no differences in the levels of eosinophils, DCs and 

macrophages in the BAL (Figure 2A,C). However, we identified 
significantly lower frequencies of neutrophils in RM-5061 + OST 
(mean 6.8%) and OST (mean 2.5%)-treated mice compared with 
placebo (mean 13.9%) and/or RM-5061 monotherapy (mean 9.5%) 

F I G U R E  2   Reduced NK cells and 
neutrophils in RM-5061 + OST-treated 
and OST-treated animals. Innate 
immune responses across different 
drug treatments and A/HKx31 infection 
were determined by staining for 
eosinophils, neutrophils, DCs, NK cells 
and macrophages in BAL and spleen. 
Frequencies at (A) d5 and (B) d7 as well as 
(C) total numbers of the cell subsets were 
graphed. Data are from two independent 
experiments with 5 mice per treatment 
group. One-way ANOVA was performed 
between groups (*P ≤ .05; **P ≤ .01, 
***P ≤ .001)
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groups in BAL on d5 p.i. (Figure 2A) but not on d7 p.i. (Figure 2B). 
Although not significant, RM-5061 monotherapy reduced the lev-
els of neutrophils by 4.4% in comparison to placebo (Figure 2A). 
The percentages of NK cells were significantly reduced on d5 in 
RM-5061 + OST-treated mice (mean 1.1%) and OST monotherapy 
(mean 1.1%) groups compared with RM-5061 monotherapy (mean 
5.5%)-treated mice (Figure 2A). There was an overall trend for an-
imals treated with RM-5061 + OST to have lower total numbers of 
innate immune cells in BAL and spleen on d5 p.i. when compared 
to other treatment groups (Figure 2C); however, this result was not 
statistically significant.

On d5 pi, we found significantly elevated levels of NK cells in 
spleens of the OST group (mean 3.9 x 105) and on d7 pi for the 
RM-5061 + OST group (mean 4.9 x 105) when compared to pla-
cebo (d5, 1.2 x 105; d7, 1.6 x 105) and RM-5061 (d5, 1.4 x 105; d7, 

1.5 x 105)-treated animals (Figure 2C). Trends in the different innate 
cell numbers between animals receiving either placebo or the com-
bination RM-5061 + OST were seen in the BAL on d5 p.i. (Figure 2C), 
suggesting a potential early effect of RM-5061 + OST and OST ther-
apies on innate immune responses during influenza infection.

3.3 | Reduced RANTES in lungs of RM-
5061 + OST and OST-treated mice during the 
course of influenza virus infection

Given the important role inflammatory cytokines and chemokines 
play in both influenza-induced morbidity and mortality19 and re-
covery from influenza virus infection,20 we subsequently examined 
the levels of pro-inflammatory cytokines RANTES, IL-12, MIP1-β, 

F I G U R E  3   Reduced cytokine milieu 
in lungs of mice with RM-5061 + OST 
and OST treatments. Cytokine levels in 
lungs of different drug treatment groups 
were assessed by CBA assays on lung 
homogenate supernatants on d5 and d7 
after A/HKx31 infection with antibodies 
staining for IFN-γ, IL-6, MCP-1, MIP-1α, 
TNF-α, MIP-1β, IL-12 and RANTES. (A) 
Combined cytokine/chemokine amounts 
are shown at d5 and d7 pi; Data for 
individual cytokine/chemokines are 
plotted on (B) d5 and (C) d7. Data are from 
two independent experiments with 5 mice 
per treatment group. One-way ANOVA 
was performed between groups (*P ≤ .05; 
**P ≤ .01, ***P ≤ .001, ****P ≤ .0001). 
Undetectable amounts of cytokines were 
excluded from the analysis
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TNF-α, MIP-1α, MCP1, IL-6 and IFN-γ in the lungs using a cytokine 
beads array kit (CBA). Overall, the total amounts in pg/mL of cy-
tokines present in the lungs of RM-5061 + OST and OST-treated 
mice were greatly reduced when compared to placebo and RM-5061 

monotherapy (Figure 3A). All the cytokines and chemokines were 
significantly reduced in RM-5061 + OST and OST-treated mice on d5 
post-infection (Figure 3B). Additionally, RANTES was also reduced in 
RM-5061 monotherapy-treated mice (mean 1283 pg/mL) compared 

F I G U R E  4   Adaptive T-cell responses 
across different drug treatment groups 
after A/HKx31 infection. Mice across 
different drug treatment groups were 
assessed for (A, B) frequencies and (C) 
total numbers of CD8+ T cells, γδ, and NK 
T-cell responses on (A, C) d5 and (B, C) d7 
p.i. in BAL and spleen. Data are from two 
independent experiments with 5 mice per 
treatment group. One-way ANOVA was 
performed between groups (*P ≤ .05)
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to placebo animals (mean 1911 pg/mL) at this time point (Figure 3B). 
By d7 p.i., IL-6, MCP-1, MIP-1α, MIP-1β were significantly reduced 
in RM-5061 + OST (mean IL-6 86.2, MCP-1 350.3, MIP-1α 226.5, 
MIP-1β 284.7 pg/mL) and OST monotherapy (mean IL-6 83.6, MCP-1 
471.1, MIP-1α 263.9, MIP-1β 368.2 pg/mL) groups compared to pla-
cebo animals (mean IL-6 186.8, MCP-1 1121, MIP-1α 733, MIP-1β 
864.1 pg/mL) but not when compared to RM-5061 monotherapy 
(Figure 3C). In comparison with placebo animals (mean 2451 pg/mL), 
the levels of RANTES on d7 pi. were significantly reduced in RM-
5061 + OST-treated mice (mean 1331 pg/mL). Overall, combination 
RM-5061 + OST or OST monotherapy leads to a significant reduc-
tion in the amounts of cytokines and chemokines in the lung.

3.4 | Reduced CD8+ T-cell numbers in BAL of RM-
5061 and/or OST-treated mice on d7 p.i

The adaptive immune responses drive recovery from acute influenza 
virus infection and lead to the establishment of long-lasting immune 
memory against subsequent viral encounters.2,21,22 This can be ex-
emplified by CD8+ T cells, NKT and γδ T cells playing pivotal roles 
in combatting the disease caused by influenza virus infections and 
ultimately result in accelerated recovery times.19,21,23 As innate im-
mune responses and viral load can affect the recruitment of adaptive 
immune cells, we investigated the numbers of CD8+ T, NKT- and γδ 
T cells in the BAL and spleen at d5 and d7 p.i.. No significant differ-
ences were found in the BAL 5 days after infection across any of the 
groups. In the spleen, however, animals treated with OST displayed 
higher frequencies of total CD8+ T cells (13.5%) when compared 
to placebo (10.9%) and RM-5061-treated animals had significantly 
greater frequencies of γδ T cells (0.7%) when compared to placebo 
(0.5%; Figure 4A).

There was a trend for RM-5061 + OST-treated animals to have 
lower percentages (Figure 4B) and total number of cells (Figure 4C) 
in the BAL on d5 p.i. compared with placebo. A significant differ-
ence was observed in the combination group on d7 p.i. (Figure 4B,C), 
with additionally RM-5601 and OST alone showing significant lower 
CD8+ T-cell numbers in the BAL on d7 p.i. (Figure 4C), whereas this 
effect was not present in the spleen on d7 pi. (Figure 4C). This late 
effect of OST or RM-5061 + OST combination therapy was also seen 
for NKT cells, with reduced NK T-cell percentages in the BAL of OST 
and RM-5061 + OST groups on d7 p.i. (Figure 4B).

By d7, no differences in the draining mLN were detected in total 
CD8+ T, NKT and γδ T cells amongst all treatment groups (data not 
shown).

3.5 | Antiviral therapies reduce influenza-specific 
CD8+ T-cell responses in the lung and spleen

Influenza-specific CD8 T cells play an important role in recovery 
from influenza virus infection in mice and humans.20,24-26 To investi-
gate whether antiviral treatment with RM-5061 + OST affected the 

recruitment of influenza-specific CD8+ T-cell responses, we investi-
gated the antigen-specific immunodominant DbNP366

+CD8+ T- and 
DbPA224

+CD8+ T-cell responses27 following influenza virus infection 
in the presence/absence of antiviral therapies (Figure 5A). We first 
examined the DbNP366

+CD8+ T- and DbPA224
+CD8+ T-cell responses 

in the draining lymph nodes (mLN). Although there was a trend to-
wards lower DbNP366

+CD8+ T- and DbPA224
+CD8+ T-cell percentage 

(Figure 5B) and numbers (Figure 5C) in combination-treated mice, 
this difference was not significantly different to other treatment 
groups at d7 pi. At the site of infection, however, all the animal groups 
receiving antiviral therapy displayed significantly reduced numbers 
(Figure 5E) but not percentages (Figure 5D) of DbNP366

+CD8+ T- and 
DbPA224

+CD8+ T-cell populations when compared to the placebo 
group, with reduced numbers reflecting decreased viral load, in-
flammation, and influx of innate cells. However, in the spleen, we 
did find neither reduced frequencies nor cell numbers of influenza-
specific CD8+ T cells in antiviral-treated animals(Figure 5F,G). Taken 
together, RM-5061 + OST treatment leads to reduced numbers of 
IAV-specific CD8+ T cells after influenza infection at the site of infec-
tion, in accordance with reduced viral load and inflammatory milieu.

4  | DISCUSSION

In this study, we investigated the effects of a combination treatment 
of RM-5061 + OST on influenza viral replication and the subsequent 
effects on the influenza-specific immune responses. We found that 
the combination therapy was as effective as OST monotherapy in 
reducing viral load, inflammation and innate immunity on d5 at the 
site of infection, and consequently, antigen-specific CD8+ T-cell re-
sponses. RM-5061 + OST and OST-treated animals had an overall 
reduction in the amount of cytokines present in the lungs with RM-
5061 + OST-treated animals having significantly reduced levels of 
RANTES. We also found a reduction in the numbers of influenza-
specific CD8+ T-cell responses in all treatment groups. To our knowl-
edge, this is the first time these two antiviral compounds have been 
tested in combination in vivo.

RM-5061 is a second-generation thiazolide that targets host-spe-
cific factors inhibiting hemagglutinin maturation via the endoplas-
mic reticulum protein ERp57.28 First-generation thiazolides, such as 
nitazoxanide, were licensed to treat parasitic infections and more 
recently repurposed for the treatment of viral respiratory infec-
tions.14,28 Second-generation thiazolides were developed for better 
systemic absorption to increase antiviral activity,28 therefore, initial 
studies with the second-generation thiazolide RM-5061 showed up 
to sevenfold higher blood concentration and improved bioavailabil-
ity in rats, compared to its progenitor compounds.18 Toxicity studies 
have been completed in dogs and rats where up to 75 mg/kg/d or 
25 mg/kg/d once daily for 28 consecutive days with no adverse ef-
fects identified.28 Similarly, in this study, we found that the admin-
istration of 3 mg/kg/d in mice was safely tolerated in these animals.

Combination therapy is often considered as an approach to 
enhance virologic activity and reduce the incidence of resistance. 
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In this study, we used a neuraminidase inhibitor, OST and a host 
targeting antiviral RM-5061. When compared to OST monother-
apy, the addition of RM-5061 as a combination did not significantly 
enhance responses. Similarly, the cellular innate immune responses 
between the two treatment groups were comparable. This could 
most likely be a result of the maximal effects of OST have already 
been reached and, as observed in RM-5061 monotherapy group, 
the effects of this antiviral are subtle and might be overwhelmed 
by OST. In future studies, it will be important to further understand 

the effects of a combination therapy in a dose-sparing regimen as 
well as its effect on the emergence of OST-resistant variant viruses. 
Dose-sparing experiments with sup-optimal doses of OST would 
be important in deciphering the effects of RM-5061 in combination 
therapy. Furthermore, in vivo studies have shown that the active 
ingredient of RM-5061, Tizoxanide and OST share an additive rela-
tionship and as highlighted in our ferret experiments combination 
therapy reduced the likelihood of infection and therefore direct in-
fection of animals whereby large viral titres are used to infect the 

F I G U R E  5   Diminished IAV-specific 
T-cell responses in all drug treatment 
groups after A/HKx31 infection. IAV-
specific immunodominant DbNP366

+ or 
DbPA224

+ T-cell responses on d7 after A/
HKx31 were determined as (A, B, D, F) 
frequencies and (C, E, G) total numbers 
by staining CD8+ T cells with the DbNP366 
or DbPA224 tetramer in (B, C) mLN, (D, E) 
BAL and (F, G) spleen after administration 
of different drug treatments to the 
mice. Data are from two independent 
experiments with 5 mice per treatment 
group. One-way ANOVA was performed 
between groups (*P ≤ .05; **P ≤ .01, 
***P ≤ .001, ****P ≤ .0001)
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animals could also be hindering our ability to see accelerated viral 
clearance. Potentially, models which investigate the reduction of 
viral transmission may be better suited to determine the efficacy 
of these drug compounds. The avoidance of selecting new antivi-
ral resistant strains by combination therapy, or potential effects of 
combination therapy on OST-resistant strains (eg H275Y neuramin-
idase mutation), would be an interesting topic of future studies, 
which was not addressed by the set-up of our current study.

Interestingly, we did not find an overall reduction in the amount 
of cytokines present in the lungs of treated animals but a significant 
reduction was observed in the levels of RANTES in RM-5061 + OST 
at d5 and d7 p.i.. RANTES is a key innate cytokine produced by in-
fected epithelial cells, T cells and other immune cells29 and results in 
the recruitment and activation of T cells, granulocytes and macro-
phages the lung.

In our study, the numbers of influenza-specific CD8+ T cells in 
mice treated with antivirals were significantly lower than those in 
placebo-treated animals. It has been previously reported that OST 
treatment decreases the magnitude of the influenza-specific im-
mune response generated during the acute phase of viral infection 
but that these cells were capable of mounting a robust recall re-
sponse upon secondary infection with a heterologous strain of the 
influenza virus.30

Overall, our study provides evidence that a combination therapy 
with host targeting compound, RM-5061 and neuraminidase inhib-
itor, OST, was safe in mice but did not lead to additional reduced 
inflammatory responses to subsequent viral infection over OST 
monotherapy. Likely due diminished inflammatory pulmonary envi-
ronment in OST and RM-5061 combination treatment groups, influ-
enza-specific effector CD8+ T-cell responses were also decreased 
in these animals on d7 p.i.. Combination therapy remains a feasible 
treatment option to reduce the morbidity and mortality associated 
with influenza virus infections in severely ill patients. However, fu-
ture work needs to be conducted to examine the subsequent effects 
of antiviral treatment on the emergence of drug-resistant mutant 
viruses.
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Persistent and durable immunological memory forms the basis of any successful

vaccination protocol. Generation of pre-existing memory B cell and T cell pools is thus

the key for maintaining protective immunity to seasonal, pandemic and avian influenza

viruses. Long-lived antibody secreting cells (ASCs) are responsible for maintaining

antibody levels in peripheral blood. Generated with CD4+ T help after naïve B cell

precursors encounter their cognate antigen, the linked processes of differentiation

(including Ig class switching) and proliferation also give rise to memory B cells, which

then can change rapidly to ASC status after subsequent influenza encounters. Given

that influenza viruses evolve rapidly as a consequence of antibody-driven mutational

change (antigenic drift), the current influenza vaccines need to be reformulated frequently

and annual vaccination is recommended. Without that process of regular renewal, they

provide little protection against “drifted” (particularly H3N2) variants and are mainly

ineffective when a novel pandemic (2009 A/H1N1 “swine” flu) strain suddenly emerges.

Such limitation of antibody-mediated protection might be circumvented, at least in

part, by adding a novel vaccine component that promotes cross-reactive CD8+ T

cells specific for conserved viral peptides, presented by widely distributed HLA types.

Such “memory” cytotoxic T lymphocytes (CTLs) can rapidly be recalled to CTL effector

status. Here, we review how B cells and follicular T cells are elicited following influenza

vaccination and how they survive into a long-term memory. We describe how CD8+

CTL memory is established following influenza virus infection, and how a robust CTL

recall response can lead to more rapid virus elimination by destroying virus-infected cells,

and recovery. Exploiting long-term, cross-reactive CTL against the continuously evolving

and unpredictable influenza viruses provides a possible mechanism for preventing a

disastrous pandemic comparable to the 1918-1919 H1N1 “Spanish flu,” which killed

more than 50 million people worldwide.
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INTRODUCTION

Successful vaccination relies on the induction of long-term
immunological memory. Exposure to an infectious virus elicits
acute effector responses that mediate acute pathogen control,
along with the generation and maintenance of T cell and
B cell memory capable of protecting against re-exposure. At
sufficient levels, neutralizing antibody (Ab) can prevent re-
infection while, especially if such protection is partial, the
rapid recall of memory CD8+ cytotoxic T lymphocytes (CTLs)
facilitates enhanced pathogen control. Seasonal influenza results
from the emergence of an occasional, highly infectious variant
selected as a consequence of Ab-driven mutational change in the
viral envelope hemagglutinin (HA) and/or neuraminidase (NA)
proteins. Pandemic influenza A viruses, on the other hand, arise
from gene reassortment of two different influenza A virus (IAV)
subtypes infecting the same cells. As a consequence, the influenza
research and control community face the continuing challenge of
producing new vaccines to control emerging threats.

Most of the existing products utilize inactivated virus, or
isolated viral HA and NA proteins, that stimulate influenza
strain-specific antibody immunity and B cell memory, but do not
prime the much more cross-reactive CD8+ CTL compartment.
The challenge is thus to add a T cell-targeted vaccine component
that promotes CTL memory for the rapid recall of anti-viral CTL
effectors to the respiratory tract for early virus control and/or
induce cross-protective B cells. In this review, we focus on the
nature of optimal memory B cell and T cell generation and ask
how we might use this knowledge to overcome the limitations
of seasonal influenza vaccines by developing feasible strategies
for both inducing and maintaining long-term, cross-reactive
immunological memory.

The Burden of Seasonal Influenza
Seasonal influenza virus is a global health problem. In the
United States, influenza virus infections causes 9.2–35.6 million
cases of illness, 140,000–710,000 hospitalizations and 12,000–
56,000 deaths per year (1). Globally, it is estimated that every year
290,000–650,000 respiratory deaths are due to seasonal influenza
(2). The World Health Organisation (WHO) recommends
annual influenza vaccination for people at high risk of developing
severe disease, and for those in contact with high-risk individuals.
Vulnerable groups include the elderly (>65 years), young
children (6–59 months), Indigenous populations, patients with
chronic medical conditions, pregnant women, and health-care
workers (3). National health authorities in the countries with an
advanced public health system recommend annual vaccination
for everyone 6 months of age and above, both to protect
individuals and to limit the spread of the virus through the
community (4, 5).

Influenza Virus Evolution Poses a
Challenge for Long-Term Humoral
Immunity and Vaccine Effectiveness
Influenza viruses attach to host cells via HA binding to cell
surface sialic acids (6, 7). Protective antibodies (Abs) block virus
attachment by binding to the antigenic sites (8–11) proximate to

the sialic acid receptor binding pocket on the HA head. Such
Abs are the best correlate for influenza immunization and are
measured using the hemagglutination inhibition (HAI) assay,
which detects Abs blocking the capacity of the virus to agglutinate
red blood cells by binding to sialic acids on their surface (12). The
influenza virus RNA polymerase lacks proof-reading function,
with the consequence that there is a constant emergence of
mutants (affecting viral fitness and/or immune recognition)
carrying substitutions that arise randomly across the genome.
Antibody-mediated immune pressure drives the selection of
viruses expressing variant HAs and NAs (13, 14) that, if their
“fitness” is not unduly compromised, have the potential in nature
to cause the process that has long been called antigenic drift (15,
16). Clearly, for a drifted strain to emerge as a clinical problem,
its HA must be sufficiently changed to escape neutralization by
pre-existing antibodies induced broadly in human populations by
past infections and/or vaccinations. The reality that individuals
who were once protected are now at risk from the new variant
strain is the basis for frequently reformulating seasonal influenza
vaccines (17). In contrast, through the process of antigenic shift,
influenza viruses incorporate a completely new HA or NA (18),
which adds a new virus into the epidemiological mix. When it
comes to antibody-mediated selection, the A/H3N2 strains have
consistently shown the greatest antigenic drift for the three types
of influenza viruses that co-circulate globally and cause seasonal
epidemics (A/H1N1, A/H3N2, and influenza B viruses) (16, 19).
In general, more extensive epidemics (with increased morbidity
and mortality) occur when a novel, seasonal A/H3N2 drifted
strain emerges (16, 20, 21).

Multi-component influenza vaccines are designed to elicit
serum antibodies against the HAs of one A/H1N1 strain, one
A/H3N2 strain and one (or two) influenza B viruses (Yamagata or
Victoria) (22). Increased antibody titres induced by vaccination
decrease the risk for infection caused by any strains antigenically
similar to those included in the vaccine (23, 24), although they
confer limited or no protection against other types or subtypes
(including drifted variants) of influenza (25). The global WHO
network closely monitors the circulation of influenza viruses in
humans and other species, including birds, across the northern
and southern hemispheres, whereby information derived from
the antigenic and genetic characterization of these strains, along
with epidemiological data, is used to select the strains to be
incorporated into an upcoming seasonal vaccine (26). This
strategy can fail, at least in part, as vaccine preparation takes at
least 6 months and the product may no longer match all 3 (or
4) circulating viruses by the time it is released (27). Moreover,
pre-existing immunity in humans can be highly variable due to
age and prior exposures via infection and/or vaccination (28–
34). The level of pre-existing human immunity is considered
but often difficult to interpret due to high heterogeneity. First-
infection ferret antisera is used to identify and characterize new
influenza strains, yet repeated exposures to A/H3N2 variants
affect Ab quantity and quality, which makes vaccine-strain
selection even more challenging (35). Both immunological
responses to influenza viruses and influenza vaccine effectiveness
are undoubtedly affected by the combination of antigenic drift
and prior immunity. Influenza virus evolution has been widely
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studied, yet it is still largely unknown how cross-reactive B cell
memory impacts on Ab responses to new strains.

B Cell Memory and Imprinting Against
Prior Strains
The idea that immunological memory could impact negatively on
Ab responses to novel influenza strains first emerged in the early
1950s, when Francis and Davenport observed that the exposure
to a new influenza strain induced higher titres of Abs against
variants encountered in childhood than against the prevailing
strain (36–39). They proposed the colorfully named concept of
“original antigenic sin” (OAS), which states that Abs generated
against the first antigen (Ag) encountered in childhood would be
repeatedly and preferentially induced at every exposure, even if
the epitope remained as a minor secondary antigen. This was
considered to be sinful, i.e., detrimental for protection against
following influenza infections, since the Abs induced poorly
neutralized the most recent strain that had actually triggered
them (40, 41). Molecular level analyses of B cell receptor usage
have since confirmed that memory B cells elicited by a priming
Ag can participate in the immune response toward a structurally
related, boosting Ag (42, 43). While it is clear that somatic
mutation of the immunoglobulin (Ig) variable (V) region takes
place, the extent to which this leads to increased affinity for the
priming vs. boosting variant remains controversial (42). These
molecular analyses are consistent with more recent observations
that Ab boosting is broad, and greatest against more similar
viruses, differing somewhat from the OAS concept that centers
on the initial antigen encountered (44, 45). Efforts to understand
why prior vaccination enhances vaccine effectiveness in some
influenza seasons, yet attenuates it in others, has led to further
refinements to the OAS hypothesis, namely that imprinted B
cell memory responses are not inevitably “sinful” i.e., ineffectual
(31). Hensley et al. propose that Ab become focused on selected
epitopes which are relatively conserved between successive
strains due to a form of competitive dominance by memory B
cells and that while this may result in high Ab titres and clinical
benefit it may, alternatively, compromise protection if the epitope
is altered in future strains. This hypothesis is based on molecular
and serological analyses that document focused HI Ab responses
in selected individuals (29, 30, 46–49).

At the cellular level, it is clear that memory B cells respond
more rapidly than their naïve precursors. Hence, antibody
responses may become focused on epitopes that were present in
earlier strains because memory B cells specific for those epitopes
become rapidly activated at the expense of naïve B cells, which
need a higher threshold to respond (50, 51). Memory B cells
that bear affinity matured antigen receptors may also be better
able to compete with existing Abs for inducing antigen than
naïve B cells (52). Several strategies have the potential to promote
naïve B cell activation and broaden the Ig response. These
include giving repeated vaccine doses (39), increasing the amount
and concentration of antigen (53), and adding adjuvants (54).
Another suggested mechanism that may promote the enhanced
engagement of memory (vs. naïve) B cells is that T regulatory
cells (Tregs) induced by the initial encounter reduce the amount of

antigen presented on dendritic cells, thus diminishing the antigen
availability for naïve B cells, promoting a memory B cell boost at
the expense of naïve B precursors (55).

Current Strategies to Improve Seasonal
Influenza Vaccine Effectiveness
Strategies to increase seasonal influenza vaccine effectiveness
(VE), like high-dose or adjuvanted vaccines, are still under
evaluation. Pooled analysis of multiple studies showed that
high-dose vaccines significantly reduce the risk of laboratory-
confirmed influenza cases in the elderly when the vaccine and
the circulating strains are well-matched, but not when they are
mismatched. The HAI geometric mean titres after vaccinating
with the high-dose vaccine were significantly higher compared
to the standard-dose vaccine for the H3 component. However,
the proportion of participants with seroprotective HAI Ab levels
(HAI titer ≧ 1:40 or 1:32) was the same using both vaccines
(56). Similarly, high-dose vaccines showed significant increases
in VEwith a reduction inmortality among the elderly by 36.4% in
the 2012–2013 season, when H3N2 viruses were predominantly
circulating (57). Nonetheless, seasonal VE on that season was
only of 11% for that particular age group (58), indicating that
a high-dose vaccine, despite increasing VE, did not induce
an epidemiologically significant improve in overall H3N2 VE.
Alternatively, the use of a standard-dose influenza vaccine with
the MF59 adjuvant (Novartis) can reduce laboratory-confirmed
influenza cases as well as hospitalizations due to influenza
in the elderly (59) and seasonal trivalent vaccines formulated
with this adjuvant are now available for those >65 years old
(FluAd, Sequiris).

In addition to MF59, other adjuvants licensed for use with
inactivated or sub-unit-based influenza vaccines include Alum-
containing formulations (AlPO4 or Al[OH]3) and oil-in-water
emulsions, AS03 (GSK) and AF03 (Sanofi Pasteur). The benefits
of using these adjuvants to increase seroprotective antibody
titres are widely reported in a number of clinical studies,
including in individuals who are most susceptible to influenza-
related illness. Compared to non-adjuvanted vaccine responses,
formulation of mono- and multi-valent influenza vaccines with
MF59 induces substantially higher HAI titres and seroconversion
rates in children (60–63) with similar improvements observed
in the young and elderly using AS03 (64). These formulations
are generally well-tolerated and safe, however, incidences of
narcolepsy associated with the use of an AS03-adjuvanted
A/H1N1pdm2009 vaccine (Pandemrix) limits the use of this
adjuvant in the young. Nevertheless, both MF59 and AS03 have
been shown to accelerate the induction of vaccine-mediated
responses as demonstrated by the use of adjuvanted vaccines
in healthy adults (65, 66), children (67) and in the elderly
(68), wherein a single vaccination dose is sufficient to induce
seroprotective levels of antibody within as little as 3 weeks. In this
regard, these adjuvants, along with AF03 or Alum, provide dose-
sparing capabilities for mass vaccination of the wider population;
similar levels of protection attained with unadjuvanted vaccines
can be achieved with using substantially smaller amounts of HA
antigen or less vaccination doses when formulated with adjuvant
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(69–72). Several studies have also demonstrated the ability of
MF59 to induce cross-reactive antibodies against non-vaccine
matched strains in prime-boost regimens. Priming of subjects
with a clade 0 H5N3 vaccine formulated withMF59 followed by a
boost with a clade 1 H5N1 vaccine containing the same adjuvant
results in high titres of cross-neutralizing antibody against H5N1
clade 0, 1 and 2 viruses (73–75). These results thus highlight
the role that adjuvants can play in generating and broadening
the cross-specificity of naïve and pre-existing B cell memory, the
possible underlying mechanisms of which are discussed further
in subsequent sections below.

Influenza vaccines designed to target Abs toward the
conserved epitopes in the HA stem are also under intense study.
While heterosubtypic protection with group 1 HA stem vaccines
(i.e., H1 and H5 viruses) lacking the highly variable HA head
has been demonstrated in animal models (76), studies on group
2 HA stem vaccines (i.e., H3 and H7 viruses) are more limited.
Although promising results are observed when immunizing mice
with conserved HA stem epitopes from the H3 subtype, by
way of cross-clade neutralizing activity (77, 78), immunogenicity
and protection are not maintained when using larger animal
models like ferrets (78). Therefore, further studies are needed to
develop a human B cell-based universal influenza vaccine, with
consideration into the potential for influenza viruses to escape
from HA-stem targeted Abs (79).

Dissecting the B Cell Response
Activation of naïve B cells can elicit short-lived ASCs (also
called plasmablasts), long-lived antibody-secreting plasma cells
(LLPCs), and memory B cells. The fate of B cells is considered to
be highly orchestrated, depending on the mode of stimulation,
the affinity of their B cell receptors (BCR, or surface Ig) for
antigen and their location (80–82). In the periphery, within
secondary lymphoid organs (SLO), naïve B cells are activated
by BCR/Ag binding and, depending on whether T cell help
is provided, they will continue the response in a T cell-
dependent (TD) or T cell-independent (TI) manner. B cell
memory resulting from a TI response expresses and produces
IgM capable of engaging at broadly low affinity with antigens
via multivalent BCR engagement, plus toll-like receptor (TLR),
and/or complement engagement (83). In TD responses, B and T
cell interaction occurs when antigen is captured through the BCR
of specific naïve B cells and presented via cell-surface MHC-II
glycoproteins to CD4+ helper T cells specific for peptides from
the same antigen (84, 85). All B cells activated in this manner
either move into lymph node follicles and generate germinal
centers (GCs) or differentiate into extrafollicular plasmablasts
(86, 87). Through this array of processes, different classes of
memory B cells are generated, which can be distinguished by their
passage through the GC, location and Ig isotype (81).

In the GC, B cells undergo intense proliferation and
broaden their BCR diversity through somatic hypermutation,
a process whereby point mutations, insertions, and deletions
are introduced within Ig V gene hotspots to generate a broad
array of B cell clones with a broad spectrum of affinities for
the immunizing Ag (88). This process results in the generation
of memory B cells with high-affinity surface Igs and surface

Ig+/− plasma cells that maintain serum immunoglobulin levels
against the foreign invader. The GC is also the site where a
large proportion of BCR-defined clones undergo class switch
recombination (CSR), exchanging the Ig isotypes originally
expressed (IgM and IgD) for IgG, IgA, or IgE (88–90). The
sequential generation of long-lived memory B cells in the GC
starts from unswitched memory B cells, followed by class-
switched memory B cells and, finally, by LLPC that travel to the
bonemarrow and other sites (91). The later each B cell population
appears, the higher its affinity for Ag (92). Hence, B cells with
lower affinity BCRs have a greater propensity to enter, and persist
in, the memory pool. Intriguingly, such memory-directed B
cells show enhanced Bach2 transcription factor expression when
compared to their counterparts with higher BCR affinity, and
Bach2 expression inversely correlates with the strength of the
B-T follicular helper (Tfh) cell interaction. This suggests that B
cells with lower affinity receive weaker T cell help and express
higher levels of Bach2, which is clearly a key factor in memory
B cell fate determination (92). In addition, expression levels of
Blimp-1, the key regulator of plasma cell differentiation and CSR,
are regulated by Bach2. Higher Bach2 levels decrease Blimp-1,
promoting B cell differentiation toward an unswitched memory
fate. The aryl hydrocarbon receptor (AhR), a ligand-induced
nuclear transcription factor, is highly induced in B cells upon
BCR engagement. AhR promotes Bach2 expression, which in
turn suppresses Blimp-1 and therefore the B-Tfh cell interaction
becomes weaker and B cell CSR and differentiation into plasma
cells are suppressed (93), indicating that it may be a potential
target in promoting the generation of low-affinity IgM+ B cell
memory upon vaccination. This is of particular relevance for
the design of the next generation influenza vaccines since, as
discussed below, as there is an increasing body of evidence
suggesting that low-affinity IgM+ memory B cells capable of
identifying a broad range of epitopes should be targeted by
influenza vaccination.

Heterogenous Memory B Cell Phenotypes Have

Different Roles in Secondary Responses
The various modes of TD and TI B cell activation generate
memory B cells with varying isotypes and affinities (summarized
in Figure 1), some bearing highly mutated Igs generated via
the GC reaction and others maintaining germline, less specific
and more cross-reactive Abs (52, 81, 94). While it is generally
accepted that memory B cells show an enhanced capacity for
terminal differentiation into ASC, regardless of phenotype and
affinity, there is less consensus regarding their propensity to (re)-
enter GC reactions. Contrary to early thinking, it is now generally
accepted that both IgG+ and IgM+ memory B cells can re-enter
GC reactions, albeit they are more predisposed to differentiate
into ASC during recall responses (52, 95–97). Similarly, whether
or not GCs form during recall responses together with the
character of the memory B cell subsets that participate may
depend on the type and amount of antigen, inflammatory signals
and the availability and quality of cognate Tfh cells (98). There
is evidence that unswitched memory B cells bearing germline
BCRs have a greater propensity to enter the GC reaction (99).
In particular, IgM+ cells with the least mutated V genes were
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FIGURE 1 | Pathways to B cell memory. Naïve B cells become activated by direct recognition of antigens expressed on the surface of the pathogen. Top panel:

Follicular (FO) naïve B cells become activated within the lymph node through a T cell-dependent pathway. CD4+ T cells become activated by recognizing viral

peptides processed by FO dendritic cells and presented on their surface by MHC-II molecules. After becoming activated, both CD4+ T cells and B cells, travel to the

T-B border in the lymph node, where they interact. Three outcomes can follow this interaction. (i) A germinal center (GC) is formed, CD4+ T cells polarize into T

follicular helper (Tfh) cells and FO B cells differentiate into GC B cells. In the GC, B cells undergo rapid proliferation and somatic hypermutation of the Ig V regions in

their B cell receptors (BCR), due to their interaction with Tfh cells through CD40-CD40L, PD1-PD-L1/L2, ICOS-ICOSL among others and the secretion of cytokines

such as IL-4 and IL-21, affinity maturation takes place and those B cells that increase affinity toward their Ag are selected. Some of these B cells will also class-switch.

These interactions result in the generation of IgM+ memory B cells (BMEM), IgG+/A+/E+ BMEM or IgG/A/E secreting long-lived plasma cells (LLPC) in this order in

time. The later these cells are generated, the higher affinity and lesser cross-reactivity they have toward the antigen or antigen variants, respectively. (ii) Not all B cells

enter the GC after interacting with their cognate activated CD4+ T cells in the T-B border, IgM+ BMEM and IgM secreting LLPCs are also generated outside of the GC,

in a GC-independent (GCi) manner. (iii) Short-lived antibody secreting cells (ASC) are generated early after activation to generate a rapid response against the

pathogen. These short-lived ASC will undergo apoptosis and do not contribute to the generation of B cell memory. Bottom panel: Some protein antigens provide

highly repetitive antigenic structures, which induce strong BCR crosslinking. Viral single-stranded RNA (ssRNA) together with other danger signals also activate toll-like

receptors such as TLR7. These strong signals are enough to activate B cells in a T cell-independent (TI) manner and generate short-lived IgM secreting ASC and

IgM+ BMEM. B1b and marginal zone (MZ) B cells are activated in a TI manner and provide a faster response against the pathogen.

more prominent within GCs during the recall response to a
variant viral protein antigen rather than to the original inducing
antigen when sequentially immunizingmice with variant Dengue
envelope proteins with 63% amino acid identity (100). However,
when using HAs from more closely related influenza viruses,
with ∼82% sequence identity, the GC response was dominated
by highly mutated memory B cells, which led to a worsened
antibody response as compared to the primary encounters, even
in the presence of an adjuvant (101). In the elderly, a poor
adaptive capacity of B cells toward the drifted influenza epitopes
has also been demonstrated. This resulted in the expansion
of B cell memory targeting mostly conserved but less potent
epitopes (102). In contrast, memory B cell expansion after H3N2
infection reflected imprinting toward strains encountered early

in life but also adaptation to the infecting virus (103). These
studies suggest that a certain degree of an antigenic difference
is needed to induce a protective secondary antibody response
by stimulating broadly cross-reactive low-affinity IgM+ memory
B cells. High-dose and adjuvanted vaccines may improve VE
when influenza vaccines strains are antigenically-different. The
propensity for IgM+ memory B cells to dominate recall GC
responses may be further determined by pre-existing antibodies
that may outcompete the BCRs from low affinity naïve and IgM+

memory B cells, but not high affinity IgG+ memory B cells, for
antigen (52, 96, 104).

In consideration of the potential for influenza Ab responses
to become focused on epitopes present in successive vaccine
strains to the detriment of recognizing future variants, it seems
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appropriate to think in terms of future vaccines that maintain
plasticity and heterogeneity within the B cell response. For
example, vaccination strategies that recall IgM+ memory B
cells with less-mutated BCR repertoires, while also inducing
naïve populations together with cognate Tfh cell memory to
facilitate memory GC formation (98), may tend to skew the
overall response toward the generation of more cross-reactive
Abs against variant epitopes.

T Cell-Independent B Cell Responses Against

Influenza
In contrast to TD Ags, which are generally proteins that
cannot induce cross-linking of multiple BCRs, TI Ags are
generally multivalent polysaccharides or other molecules that
contain a repetitive array of antigenic epitopes that have that
BCR-polymerization propensity. This paradigm is, however,
challenged by the finding that high doses of a monomeric protein
Ag can also elicit an exclusive TI B cell response (105, 106). In
mouse experiments, both TD and TI B cells give rise to short-
lived plasma cells and memory B cells (107–109) and contribute
not only to resolving primary influenza virus infection, but also
to more effective control of virus replication and symptoms after
secondary challenge (110). The recall capacity of TI memory B
cells is largely a result of Ag driven clonal expansion, however,
like other memory B cells, TI memory B cells are able to respond
more readily to Ag than their naïve counterparts.

The capacity of inactivated whole (vs. split) virion vaccines
to induce superior influenza virus-specific antibody responses
(111–113) may in part be due to the greater induction of TI
B cell responses (114). Notably, when TI B cell responses were
induced Ab affinity and neutralizing activity was enhanced. The
ability of inactivated whole virions to induce TI B cell responses
is linked to the presence of single-stranded RNAs that activate
B cells via a TLR7-dependent mechanism (114), hence TLR7/8
agonists should be considered as potential adjuvants for seasonal
influenza vaccines.

Importance of Location for Influenza-Specific

Memory B Cells
Unlike LLPCs, memory B cells persist as tissue-resident or
circulating among the SLO (115). Memory B cells resulting
from a local infection also localize in the affected organs.
This occurs following influenza virus infection when influenza-
specific memory B cells can be found, not only in lymphoid
organs, but also in the lungs. Moreover, memory B cells
are also differentially distributed among the lymphoid tissues,
indicating that trafficking is influenced by local tissue factors
(116, 117). After influenza re-exposure, lung-resident memory
B cells differentiate into plasmablasts, providing IgG and IgA
in situ that quickly neutralizes the virus (117, 118). In general,
IgA+ memory B cells seem to localize preferentially to the blood
and to tissue sites of pathology, while IgG+ memory B cells
are broadly distributed among tissues that may, or may not, be
directly involved in the disease process (116, 117). B cell memory
and secreted IgA located in the lungs are essential to provide
a quick and effective response against influenza viruses upon
exposure, yet current influenza vaccines fail to strongly boost

IgA responses (119). Antigen reaching the mucosa of the lung is
required to potentially induce stronger IgA responses and for the
generation of lung-resident memory B cells, which establish early
after infection. The varied location of memory B cells according
to their isotype, together with the fact that different environments
drive B cell class-switching to a specific isotype, are of particular
interest for vaccine design, particularly where (as in influenza)
mucosal surfaces are the primary site of infection.

T Follicular Helper Cell Memory: Recent Advances in

Influenza Vaccination
When the GC contracts, the GC Tfh cells exit and develop into
resting memory Tfh cells with a less polarized Tfh phenotype
(120–125). Tfh cells with a resting memory phenotype both
recirculate in blood and can be found in BM, spleen, and
lymph nodes (126–128). Circulating Tfh (cTfh) cells are the most
accessible subset in humans. Of increasing research interest, cTfh
cells are heterogeneous and can be classified into different subsets
based on surface marker expression. Resting cTfh cells express
CCR7, which differentiates them from their GC counterparts.
When cTfh cells become stimulated, they downregulate CCR7
to traffic to the GC (129). Three different subsets of cTfh
cells can be distinguished according to the surface expression
of the chemokine receptors CXCR3 and CCR6, which are
involved in inflammatory-homing and epithelial and mucosal
site-homing, respectively (130, 131). The Tfh1 cells are CXCR3+

CCR6−, express the T-bet transcription factor and secrete the
Th1 cytokine IFNγ. Conversely, the CXCR3−CCR6− Tfh2 set
expresses the transcription factor GATA3 and produces the
Th2 cytokines IL-4, IL-5, and IL-13. Then the Tfh17 cells
CXCR3−CCR6+ cells express the transcription factor RORγT
and secrete the Th17 cytokines IL-17A and IL-22 (132).

An overall consensus on the functional implications of the
different Tfh subsets regarding B cell help is yet to emerge. While
the Tfh1 cells are thought not to be efficient B cell helpers,
the opposite is true for the Tfh2 and Tfh17 populations (132,
133). However, human studies on the cTfh response following
influenza vaccination demonstrate an increase of circulating,
activated cTfh1 cells peaking on day 7 after vaccination that
positively correlates with the generation of protective Ab
responses and the presence of ASCs in blood (115, 134). In the
context of influenza immunization, when culturing human cTfh1
cells isolated at day 7 after priming with either naïve or memory
B cells, the cTfh1 cells stimulate memory B cell differentiation
into plasmablasts, while naïve B cells remain resting. Yet, naïve
B cells cultured with Tfh2 and Tfh17 cells can differentiate into
plasmablasts (134). Because Tfh cells are essential to induce a
proper B cell response and we speculate that naïve B cells are
not being sufficiently stimulated due to epitope masking by
pre-existing Abs and memory B cells, it could be possible that
mainly Tfh1 cells are stimulated after influenza vaccination at the
expense of Tfh2 and Tfh17.

Anti-viral CD8+ T Cell Responses
Seasonal influenza vaccines are designed to elicit an Ab response.
However, the natural influenza virus infection additionally elicits
cellular immunity (CD8+ T cells, CD4+ T cells, MAIT cells,
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NK cells) to eliminate the infection. Because influenza viruses
are under constant selective pressure, the long-term protective
value of any vaccine that targets a specific HA and/or NA will
inevitably be compromised with time, immune CD8+ T cells
are critical for recovery and provide some protection against
severe influenza disease, including that resulting from infection
with a previously unencountered avian strain. This likely reflects
that influenza-specific CD8+ T cells tend to recognize HLA-
bound peptides derived from more conserved, internal virus
proteins. The question is whether vaccines that promote such
CD8+ T cell memory can, when combined with the classical
products that induce virus-specific Ig response, provide better
protection against, in particular, a newly invasive pandemic
strain. An overview comparison between B and T cell responses
after influenza virus drift and shift and how they complement
each other is shown in Table 1.

Adaptive T cell immunity is mediated primarily by T cells,
expressing the CD4 or CD8 co-receptors, respectively. During
influenza virus infection, viral proteins are degraded by the
proteasome and processed into smaller peptide fragments. These
fragments are bound to MHC molecules and carried to the
cell surface for presentation. These peptide/MHC complexes
(pMHC) are recognized by clonally expressed TCRs on CD4+

or CD8+ T cells, leading to their activation and recruitment
into the virus-specific immune response. The CD8+ cytotoxic
T lymphocytes act as sentinels, recognizing and killing virus-
infected targets, an essential step for virus clearance. Following
activation, CD8+ T cells also secrete anti-viral cytokines
(especially IL-2, IFN-γ, and TNF-α) which further recruit innate
and adaptive immune cells into sites of influenza virus-induced
pathology and induce anti-viral responses in infected cells (141,
142). When it comes to CTL killing, the secretion of perforin,
granzymes and FAS ligand can all be involved in the process
of inducing the apoptosis of virus-infected cells (143, 144).
Additionally, the expression of TRAIL on CTLs can lead to the
elimination of influenza virus infected cells, with a resultant
decrease in mortality (145).

T Cell Fate: to Die or Become Memory
Formation of memory CD8+ T cells is essential for the protection
against re-encountered pathogens. Our understanding of key
factors determining the fate of CD8+ T cells during influenza
is still limited but crucial for the development of a CD8+ T
cell activating vaccine. During differentiation from naïve to
effector, to memory status, CD8+ T cells transiently express cell
surface molecules that are considered to be predictive of cellular
fate and function. Surface expression of IL-7R and KLGR1 on
effector CD8+ T cells can, at least in some situations, differentiate
between CD8+ T cells designated as memory precursor effector
cells and short-lived effector cells (146). Compared to the IL-
7RloKLGR1hi set, CD8+ T cells expressing high levels of IL-
7R and low levels of KLGR1 are 10-fold more likely to survive
(147) in mice infected with lymphocytic choriomeningitis virus
(LCMV). However, it should be noted that these profiles may not
be exclusive, as KLRG1+ CD8+ T cells are detectable after LCMV
infection is cleared (148), and the survival value associated with
the IL-7RhiKLGR1lo set for LCMV is less obvious for influenza

virus infection (149). Additionally, the discovery of other early
markers ofmemory formation during Listeriamonocytogenes and
vesicular stomatitis virus infection, including expression of ID3
transcription factor (150) and IL-2Rα cytokine receptor, showed
that CD8+ T cell memory generation is certainly multi-factorial
(151, 152). Identifying markers of successful memory formation
is crucial for evaluation of novel influenza vaccine responses
and should be considered in future influenza vaccine studies.
More recently, high-throughput sequencing is facilitating the
emergence of a broader picture for CD8+ T cell differentiation.
Single-cell RNAseq of CD8+ T cells at the acute phase of LCMV
infection indicates that there may be two distinct populations
of antigen-induced CD8+ T cells that share genes either with
“terminal effector” or “memory” cells (153). Compared to naïve
CD8+ T cells, the “terminal effector-like” set can be shown
to have upregulated more than 900 different genes, while the
“memory-like” cells only upregulated 27 genes (153). This
suggests that the differentiation of “terminal effector” CD8+ T
cells mandates the upregulation of hundreds of genes involved in
both clonal expansion and themediation of a spectrum of effector
functions, while the establishment of CD8+ T cell memory
requires only the involvement of a few key genes to maintain
lymphocyte quiescence. Although the exact factors mediating
distinct CD8+ T cell fates during early division following viral
infection are still in the process of elucidation, experiments
with TCR-transgenic mouse models indicate that TCR signaling
strength (154), as reflected in IL-2R, IFN-γR, and mTOR levels
during mitosis and asymmetrical division (155–157) is key to
the generation of anti-viral CD8+ T cell memory. This is an
exciting area of research that should, as it unfolds, give a much
better understanding of both the molecular basis of CTLmemory
formation, and provide key measurement parameters that will
allow us to skew early vaccine responses so that they provide
optimal memory that gives long-lasting protection when recalled
by further pathogen challenge.

Importance of Generating Long-Term T Cell Memory
As mentioned above, memory CD8+ T cells are important
for eliciting long-term, broadly cross-reactive immunity to
influenza viruses, and are thought to mediate the protective
function mainly via the killing of virus-infected targets
(158). Virus-specific CD8+ effector T cells also produce
proinflammatory cytokines, and the breadth of cytokine
production (termed polyfunctionality) often correlates with
efficient protection against pathogens, including influenza
viruses (159). Polyfunctional memory CD8+ T cells (producing
IFN-γ, TNF, IL-2, and MIP-1β) (160) are thought to operate
via augmented cytolytic activity via dual IFN-γ/TNF expression
(161), IL-2-mediated enhancement of CD8+ T cell memory
function (162) and increased IFN-γ secretion on a per cell
basis (163). One example of the protective capacity of these
polyfunctional memory CD8+ T cells is the induction of long-
lasting memory CD8+ T cells against variola (smallpox) virus
induced by the Vaccinia vaccine Ankara (164). When CD8+

T cells were primed with influenza virus nucleoprotein (NP)
expressed by either a recombinant Vaccinia virus or in Listeria
monocytogenes, the more polyfunctional NP-specific CD8+ T
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TABLE 1 | The clinical outcome and the B and T cell memory responses after exposure to influenza viruses are summarized below.

Influenza antigenic site change

Antigenic drift

Genetic changes in Ag sites alter Ab binding

Antigenic shift

None Minimal Major Exchange of surface

Glycoproteins

Clinical outcome Little to no symptoms Unpredictable (135) Dependent of CD8+ T

cell response

• Limited by HLA alleles

(136, 197)

• Prior exposure to

influenza (137–139) T cell

memory pool and quality

of T cell response

(137–139)

⇒ Severe to fatal

outcome with prolonged

hospitalizations (137)

B cell response Robust memory B cell response and

protective Ab production (135)

Dominated by memory B cells against

preserved antigenic sites, yielding a

protective but focused Ab response

that may not protect against future

drift.

Cross-reactive memory B cells

produce an early unadapted Ab

response to limit virus replication

and symptoms, and enter GC

reactions to generate updated

memory and PCs

If enough Ag available, naïve B

cells react and generate updated

B cell memory

Very limited (if any) protection

by memory B cells (31, 140)

Response driven by naïve B

cells

CD8+ T cell response Cross-reactive

Not responsive if B cells neutralize the virus

Cross-reactive but not

neutralizing immunity

Host-specific differences

cells were generated following Vaccinia virus exposure. Mice
vaccinated with the Vaccinia virus showed also a greater level
of protection against a normally lethal IAV challenge compared
to the Listeria monocytogenes vaccine group counterparts (165).
This indicates, that not only the quantity of memory CD8+ T
cells is critical for the protection but also their quality. Insights
into key factors inducing these polyfunctional CD8+ T cells could
improve a T cell-based vaccine therefore vastly.

Memory CD8+ T cells can be divided conceptually into
central and effector T cell memory sets, based on their expression
profiles for the CD62L and CCR7 surface proteins (166) that
are known to affect cell localization and function (167). The
CD62LhiCCR7hi “central memory” CD8+ T cells (TCM) can
be found in the spleen, blood and lymph nodes, and display
superior functions compared to their CD62LloCCR7lo effector
memory CD8+ T cell (TEM) counterparts, mainly in terms of
their proliferative capacity and IL-2 production profiles (168). In
addition, a highly specialized population of tissue-resident (TRM)
memory CD8+ T cells expressing CD103+CD69+ can persist in
sites of pathology subsequent to virus clearance (169). Following
the secondary challenge, CD103+CD69+ TRM set is able to
expand and secrete cytokines, including IFN-γ and TNF, as well
as generate more polyfunctional progeny (69% of cells capable
of secreting three cytokines), when compared to CD103−CD69+

(21%) and CD103−CD69− (16%) parent subsets (160, 169).
In the context of influenza, persistence of influenza-specific

CD8+ TRMs correlates strongly with protection when mice are
challenged with a serologically distinct IAV that shares common
internal proteins (170). The TRM population develops from
precursors lacking KLRG1 (171, 172) and further studies on T
cell receptor (TCR) repertoires suggest that they arise from the
same naïve pool as TCM set (173). TRM generation is largely
regulated by a series of transcription factors (174), such as Runx3
which is crucial for TRM establishment across a range of tissues
(175), and Bach2 which is recognized to restrain the terminal
differentiation of effector T cells and help with formation of long-
term memory T cells (176). The differentiated TRM phenotype
is associated with changes in key transcription factors, including
downregulation of Kruppel-like factor 2 (KLF2), TCF1 (177),
T-bet, and Eomes (178, 179) as well as upregulation of Hobit,
Blimp1 (177) and AhR (180), Nur77 (181), and Notch (182),
required for the maintenance of TRMs. While the previously
named transcription factors are universal hallmarks of TRM

formation, TRM heterogeneity among cells generated at different
tissue sites suggest that microenvironmental cues are important
for site-specific TRM differentiation. Indeed, generation of the
lung TRM set is influenced by transforming growth factor β

(TGF-β) along with the presence of IFN-γ-secreting CD4+ T
cells following influenza virus infection (183, 184). While the
generation of influenza-specific TRMs has recently been shown to
be vital for robust protection, unlike TRMs generated within the
skin or gut (185–187), lung-resident TRMs do not offer long-term
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protection, rather they require a constant supply of circulating
TEMs cells to replenish the niche over time (188) (summarized
in Figure 2). In humans, influenza-specific lung-resident TRM

cells show a high degree of TCR-sharing with other influenza-
specific lung TEM cells, suggesting that both memory cell subsets
originate from the same precursors (160). Our understanding
of the protective role of memory CD8+ T cells in influenza
virus infection also comes from experiments with a C57BL/6
mouse model lacking antibodies, where increased numbers of
influenza-specific memory CD8+ T cells and TRM cells led to
markedly reduced influenza-induced morbidity (189). Similarly,
primary vaccination with a single-cycle, non-replicative H3N2
IAV induced CD8+ T cells capable of protecting against a
heterologous (H1N1) lethal challenge (190), an effect that was
diminished for mice that had been depleted of CD8+ T cells
after vaccination. These studies highlight the potential of long-
term memory CD8+ T cells protecting against severe influenza
virus infections. A potential that is not harnessed in the current
vaccine strategy.

CD8+ T Cells Recognize Highly Conserved

Influenza Epitopes
CD8+ T cells can confer broad cross-protection across different
seasonal, pandemic and avian influenza IAV strains due to their
ability to recognize relatively conserved viral peptides derived
from internal influenza components (NP, M1 and PB1, PB2).

The best defined human CD8+ T cell influenza epitope is the
immunodominant M158−66 peptide bound to the HLA-A∗02:01
molecule (191–193). This peptide is highly conserved within
different influenza A subtypes spanning 100+ years (136),
including the 1918 and 2009 pandemic H1N1 strains as well
as highly pathogenic H5N1 avian viruses (194). Analysis of
immunogenic peptide profiles for the avian H7N9 influenza
virus established that it shared six universal CD8+ T cell epitopes
conserved at ∼100% prevalence in human influenza A viruses
circulating since the catastrophic Spanish 1918 influenza. These
universal human influenza-specific CD8+ T cells epitopes
include HLA-A∗02:01/M158−66, HLA-A∗03:01/NP265−273,
HLA-B∗08:01/NP225−233, HLA-B∗18:01/NP219−226, HLA-
B∗27:05/NP383−391 (although mutants were found in some
H3N2 strains) and HLA-B∗57:01/NP199−207 (136). The
population coverage by the universal HLAs varies greatly
across ethnicities. Fifty-six percent of Caucasians displaying
at least one universal HLA, while such coverage reached only
16% in the Alaskan and Australian Indigenous populations
(136), highlighting the vulnerability of Indigenous populations
toward newly-emerged influenza viruses. Additionally, our
recent studies found broadly cross-reactive CD8+ T cell
responses directed toward the HLA-B37-restricted NP338
epitope across IAVs (195), and excitingly, for the HLA-
A∗02:01-restricted PB1-derived epitope across influenza A, B
and C viruses (196). The latter introduces a new paradigm

FIGURE 2 | CD8+ T cell memory formation. Naïve CD8+ T cells become activated by recognition of viral peptides presented in the context of MHC-I molecules on

the surface of virally-infected APCs. Activated CD8+ T cells divide and differentiate into effector CD8+ T cells, which kill virus-infected cells and secrete cytokines to

induce an anti-viral milieu. After viral clearance, mainly KLRG1lo, ID3+, IL2Rα+, and CD62Lhi CD8+ T cells develop into CD8+ memory T cells, while the remaining

∼90–95% of CD8+ T cells undergo apoptosis. Memory formation can be augmented by innate-like T cells (iNKT and MAIT cells). Memory CD8+ T cells are divided

based on surface marker expression, known to impact their localization. While TCM and TEM can be found in blood and tissues, TRM reside at the site of infection

where they can rapidly respond towards a secondary infection. TCM can be also found in lymph nodes and display higher proliferative capacity and IL-2 production

compared to their TEM counterparts.
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whereby CD8+ T cells can potentially confer a measure of
previously unrecognized cross-reactivity across all human
influenza A, B and C viruses, a key finding for the design of
universal vaccines.

Influenza-induced morbidity and mortality can correlate with
the expression of certainHLAs, includingHLA-A∗24:02, A∗68:01
or B∗39:01 alleles, as shown during the 2009 H1N1 pandemic
(197). Analysis of peptide scores demonstrated that HLA-
A∗24:02 is more likely to bind variable (rather than conserved)
viral regions (197). Similarly, we have previously shown that
some HLA alleles, including HLA-A∗24:02 and A∗68:01, are
less able to elicit robust immune responses toward the highly
conserved NP and M1 peptides (136). Both HLA-A∗24:02
and A∗68:01, in particular, are found at higher frequencies
for Indigenous populations world-wide (136, 197), which may
explain the disproportionate impact of pandemic influenza
viruses on Indigenous peoples during both (otherwise mild)
2009 pH1N1 pandemic and 1918–1919 (H1N1) Spanish “flu
catastrophe” (198–202).

Thus, given the broad potential for cross-protective capacity
mediated by CD8+ T cells, along with more recent evidence
that this effect may indeed be operating in nature to protect
people, this aspect of immunity is of considerable interest in
terms of developing improved influenza vaccines. However,
it is important to note that designing peptide-based T cell
vaccines that only cover the major HLA types would clearly
be disadvantageous for Indigenous populations globally (203).
Further research on CD8+ T cell epitopes found in high risk
populations is therefore of highest importance to protect people
of highest vulnerability.

CD8+ T Cells Can Confer Broad Cross-Protection for

Heterologous IAV Strains
In the context of newly emerging influenza virus infections in
people, correlative studies suggest that established CD8+ T cell
memory confers cross-reactive immunity against severe influenza
disease, as observed during the 2009 pandemic H1N1 (pH1N1)
outbreak (139, 204). The high (∼70%) conservation of CD8+

and CD4+ T cell epitopes contributing to pre-existing memory
may have been a significant factor in the generally mild outcomes
of the 2009 H1N1 pandemic (138). Sridhar et al. showed that
individuals with higher numbers of CD8+ T cells recognizing
conserved influenza epitopes fared better following natural
infection with the 2009 H1N1 virus (139). The importance of
CD8+ T cell-mediated immunity was further highlighted in
2013 following the emergence of the novel avian H7N9 strain
(205, 206), which killed ∼40% of the infected patients. In
H7N9-infected individuals, rapid recovery from hospitalization
was associated with the presence of significantly more IFN-γ-
secreting CD8+ T cells when compared to the situation for those
who died (207) and recovered (206).

Development of CTL-Based Vaccines
Lessons Learned From the Yellow Fever Vaccine
While the initial experience of IAV infection generally occurs
in the first 6 years of life (208), our understanding of both the
primary IAV-specific CD8+ CTL response and the transition

to influenza-specific T cell memory is very limited for humans.
Though one paper by Mbawuike et al. reported on primary
infection in infants as early as 6 to 13 months of age (209), studies
of such influenza exposures in infants are rare, and have not
been performed using contemporary approaches for the analysis
of T cell-mediated immunity. The closest we have for humans
of any age when it comes to the formation of memory CD8+

T cells following first virus encounter is for the live-attenuated
17D yellow fever (YF) vaccine. As might be expected from a
plethora of mouse experiments, recent YF vaccination studies
showed that deuterium-labeled, epitope-specific CD8+ CTLs
expanded initially following vaccination, before undergoing a
contraction phase characteristic of CD8+ T cell memory. These
vaccine-induced YF-specific memory CD8+ T cells persisted in
the blood for at least 2 years after YF vaccination, with an
average deuterium half-life decay rate of 493 days (210). A similar
YF vaccination study in mice demonstrated that, after initial
contraction, the long-lived CD8+ T cell memory pool remained
consistent in size (211), indicating a potential advantage of a
CD8+ T cell that would need fewer revaccinations compared to
the annual recommendation necessary for the seasonal influenza
vaccine. Unfortunately for influenza vaccination, the current IIV
used in humans does not induce any CD8+ T cell responses that
can be targeted for such a longevity analysis (115).

Vaccination Approaches to Induce Memory CD8+ T

Cells
Different influenza vaccination approaches are currently being
investigated in order to induce long-lasting cross-protective
immunity. The only licensed vaccines capable of inducing CD8+

T cell immunity, such as the YF vaccine, use live-attenuated
pathogens. These are not recommended for influenza “high-risk”
groups such as pregnant women, immunosuppressed individuals
and the elderly. Therefore, new vaccination strategies need to be
developed if we are to protect such vulnerable people. Vogt et al.
showed that changing the route of vaccine administration of a
quadrivalent inactivated influenza vaccine from intramuscular
(i.m.) to transcutaneous induces the expansion of vaccine
component-reactive CD8+ T cells. Interestingly, the vaccine
was also able to induce M158−66-specific responses in a HLA-
A∗02:01-positive donor, although this was only observed in one
individual (212). Another approach currently in development is
the Flu-v CD8+ T cell-activating vaccine (213) containing four
21–35 amino acid-long peptides from internal influenza proteins,
which can potentially bind to multiple HLA allelic forms,
including the highly prominent HLA-A∗02:01. This approach
was protective for HLA-A2 transgenic mice and was also capable
of inducing IFN-γ-expressing CD8+ T cells across all the
participants (n = 15) in a phase 1b vaccine trial (213, 214). The
Flu-v product showed that the vaccine reduces both the viral titer
and the symptom score after H3N2 virus challenge in humans
(215). However, due to the unknown HLA-restriction of the
immunogenic epitopes, the HLA coverage of this vaccine is still
to be determined. To circumvent the need for prior knowledge of
HLA-restricted epitopes to be included in a universal T cell-based
vaccine, particularly for less common HLA allelic variants, full-
length influenza proteins have been expressed in Vaccinia virus
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Ankara vaccine vectors. Berthoud et al. showed that a viral vector
encoding for the two internal proteins NP and M1 could induce
some CD8+ T cell responses (216).

Overall, development of an effective, long-lasting, cross-
reactive influenza vaccine relies on an individuals’ capacity to
generate polyfunctional lung-resident CD8+ T cells. However,
difficulties in identifying cross-reactive epitopes caused a
bottleneck in the development of a universal influenza vaccine.
Due to the propensity of IAV to trigger severe outbreaks
with pandemic potential, murine models have thus far been
developed to test the effectiveness of IAV vaccines based on
conserved internal proteins (217–219). While mice immunized
with these vaccines can elicit protective CD8+ T cell responses,
the molecular mechanisms which govern formation of protective
memory responses still require further validation in mice, and
ultimately in humans.

Innate and Bystander T Cell Activation
During Influenza Virus Infection
In addition to the activation and proliferation of CD8+ T cells
in a peptide-MHC dependent manner, T cells can also become
activated via antigen-independent mechanisms, resulting in
proliferation of polyclonal T cells (220). In an influenza mouse
model, adoptive transfer of TCR-transgenic OT-I CD8+ T
cells, which recognizes the ovalbumin peptide, into influenza-
infected mice, showed that these OT-I cells can non-specifically
expand in the lungs of influenza-infected mice. This suggests
that CD8+ T cells can become activated independently of their
TCRs during primary influenza virus infection (221). Similarly,
highly activated CD38+HLA-DR+ CD8+ T cells, numerically
greatly exceeding influenza-specific CD8+ T cell pools, were
found in patients hospitalized with severe H7N9 disease (137),
suggesting bystander activation of at least some CD38+HLA-
DR+ CD8+ T cells. Despite the evidence that bystander CD8+

T cell activation occurs during influenza virus infection, the
importance of these cells in terms of viral clearance and the
induction of long-term memory is poorly understood. To date,
the most solid evidence for the role of bystander activation
has been observed in innate-like T cells. These cells, unlike
conventional CD8+ T cells, recognize non-peptide antigens
presented by orthologous MHC I-like molecules. They rapidly
secrete cytokines following activation and can mediate some
level of protection before adaptive immunity is sufficiently
advanced (222). Recently, we demonstrated that mucosal-
associated invariant T (MAIT) cells become activated during IAV
infections in humans and mice (223, 224). These MAIT cells
recognize riboflavin-derivative antigens produced by microbial
pathogens (225), but can be variously activated by IL-12/IL-18
(224), IL-15, or type I interferons (226). Using a murine model,
we showed that MAIT cells rapidly accumulate and become
activated in the infected lung and contribute to protection
against IAV infection (223). Similarly, invariant Natural Killer
T (iNKT) cells, which recognize lipid antigens presented by
CD1d, can protect against murine IAV (227–229). In addition,
iNKT cells induced by inactivated influenza A virus vaccination
in conjunction with alpha-galactosylceramide, an iNKT cell

antigen, can boost influenza-specific memory CD8+ T cells and
protective immunity in mice (230). The exact contribution of
innate T cells vs. conventional CD8+ T cell-mediated immunity
against influenza viruses is a subject of further investigation.
These new insights help to understand the wider range of
vaccine responses thus offering us opportunities to generate
better strategies to fight against influenza.

CONCLUDING REMARKS

Although current seasonal influenza vaccines can promote
the induction of highly specific, long-term memory B cells
that produce antibodies against the viral HA1 domain, these
antibodies are generally unable to combat newly emerging
influenza viruses, including novel pandemic stains and antibody-
selected “seasonal” variants that have accumulated mutations
in those epitopes surrounding the receptor binding pocket.
Generation of high-affinity neutralizing Abs against conserved
surface epitopes remains a constant challenge to provide long-
lasting and cross-protective B cell memory, and as such, more
work is needed to better understand B cell responses against
natural infection vs. vaccination, in order to design better
B cell- or antibody-based universal vaccines. On the other
hand, an influenza vaccine capable of stimulating CD8+ T cell
responses would generate long-term T cell memory against
conserved epitopes without the need for annual vaccination.
In addition, a role for innate-like T cells in influenza
protection is increasingly emerging, which could potentially
be important both for the development of novel therapeutics
and for boosting (or maintaining) long-term memory. As a
consequence, substantial efforts are being made globally to
exploit both innate and adaptive immune components for the
development of novel influenza vaccines that induce long-
lasting B cell/antibody and/or cross-reactive T cell immune
memory populations.
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Limited Phenotypic and Functional Plasticity of Influenza
Virus–Specific Memory CD8+ T Cells during Activation in an
Alternative Cytokine Environment

Kim L. Harland, Annette Fox, Simone Nüssing, Luca Hensen, Katherine Kedzierska,

Stephen J. Turner,1 and Anne Kelso

Naive CD8+ T cells show phenotypic, functional, and epigenetic plasticity, enabling differentiation into distinct cellular states.

However, whether memory CD8+ T cells demonstrate similar flexibility upon recall is poorly understood. We investigated the

potential of influenza A virus (IAV)-specific memory CD8+ T cells from mice to alter their phenotype and function in response to

reactivation in the presence of IL-4 and anti–IFN-g Ab (type 2 conditions). Compared with naive CD8+ T cells, only a small

proportion of IAV-specific memory T cells exhibited phenotypic and functional plasticity after clonal activation under type 2

conditions. The potential for modulation of cell-surface phenotype (CD8a expression) was associated with specific epigenetic

changes at the Cd8a locus, was greater in central memory T cells than effector memory T cells, and was observed in endogenous

memory cells of two TCR specificities. Using a novel technique for intracellular cytokine staining of small clonal populations, we

showed that IAV-specific memory CD8+ T cells reactivated under type 2 conditions displayed robust IFN-g expression and, unlike

naive CD8+ T cells activated under type 2 conditions, produced little IL-4 protein. Secondary activation of memory cells under

type 2 conditions increased GATA-3 levels with minimal change in T-bet levels. These data suggest that a small population of

memory cells, especially central memory T cells, exhibits plasticity; however, most IAV-specific memory CD8+ T cells resist

reprogramming upon reactivation and retain the functional state established during priming. The Journal of Immunology,

2018, 201: 3282–3293.

C
ardinal features of adaptive virus-specific T cell memory
include the ability to persist long term in the absence of
Ag and the rapid acquisition of effector function without

further differentiation (1–3). It is well established that naive CD4+

T cells can differentiate into a variety of distinct functional subsets
by integrating extrinsic signals present in the microenviron-
ment during priming (4) and do not display a clear default dif-
ferentiation program (5). For example, IL-12 and IFN-g promote
differentiation of Th1 effectors, whereas IL-4 promotes differen-
tiation of IL-4–producing Th2 effector cells (4). Although these

differentiation states are considered stable in most circumstances
(6), memory CD4+ T cell function can be reprogrammed after
initial commitment to acquire new functions. For example, IFN-
g–producing memory Th1 cells can switch on IL-4 expression in
response to IL-4 (7), and, conversely, Th2 cells can acquire the
capacity for IFN-g production (8). Memory Th2 cells that switch
to stable coexpression of IL-4 and IFN-g also coexpress the two
master regulator transcription factors GATA-3 and T-bet (re-
sponsible for type 2 and type 1 differentiation, respectively) (9).
Thus, polarized memory CD4+ T cells retain a level of functional
plasticity (5, 10).
Naive CD8+ T cells generally become cytotoxic IFN-g–

producing effectors following activation (1, 3, 11, 12). Such
effector functions are a hallmark of type 1 responses that
appear to result from a default differentiation pathway (1, 3) but
are typically initiated in the context of a proinflammatory response
induced by infection. Naive CD8+ T cells activated in type 2 con-
ditions can also adopt an alternative effector phenotype resembling
a CD4+ Th2 profile, characterized by poor cytotoxicity, the pro-
duction of type 2 cytokines including IL-4 and IL-5, and the ability
to provide B cell help (13–15). These type 2 CD8+ T cells also
progressively downregulate CD8a coreceptor expression at the
mRNA and protein levels (16), reducing Ag sensitivity, via epige-
netic silencing through increased DNA methylation at multiple re-
gions of the Cd8a locus (17). Reversal of CD8 repression occurs in
some CD8low effectors following reactivation in the presence of
IFN-g and is associated with Cd8a demethylation and a switch back
to a type 1 effector profile (17). The strong association between low
CD8 levels and a type 2 effector profile enables the use of CD8 as
an indicator of polarization state. These and other data show that
naive CD8+ T cells display functional plasticity that declines with
differentiation into effector cells (16, 18, 19). Much less is known
about the plasticity of memory CD8+ T cells. It was recently
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reported that ∼40% of OVA-primed memory OT-I CD8+ T cells
exhibit functional plasticity by expressing IL-4 mRNA if activated
in the presence of IL-4, although protein production was not exam-
ined (20). It is not known whether endogenous type 1 polarized
memory CD8+ T cells primed during infection can undergo func-
tional reprogramming during recall responses in type 2 conditions.
Influenza A virus (IAV) infection of C57BL/6 mice establishes

a pool of memory CD8+ T cells specific for epitopes derived from the
viral nucleoprotein (NP366–374) and acid polymerase (PA224–233)
presented in the context of MHC class I (H-2Db) (21, 22). These
memory cells are type 1 CTL, which rapidly produce IFN-g and
TNF-a upon reactivation (23) and can efficiently kill IAV-infected
cells (24). In this study, we have used this model as a source of Ag-
specific type 1 polarized memory CD8+ T cells to examine lineage
commitment and the potential for repolarization under type 2 con-
ditions. We demonstrate that, although a subpopulation of endoge-
nous IAV-specific memory CD8+ T cells underwent limited changes
in DNA methylation status at the Cd8a locus and acquired new
effector functions, the majority showed little change in DNA
methylation status, phenotype, or function. The data support a model
in which the fate of most memory CD8+ T cells is fixed following its
establishment during primary infection.

Materials and Methods
Mice and influenza virus infection

C57BL/6 mice were bred and housed under specific pathogen-free
conditions at The University of Melbourne Department of Microbiol-
ogy and Immunology animal facility at the Peter Doherty Institute for
Infection and Immunity (Melbourne, VIC, Australia). The colony was
generated using C57BL/6JArc mice from the Animal Resource Centre
(Murdoch, WA, Australia). All animal studies were approved by The
University of Melbourne Animal Ethics Committee. Female mice were
used at 6–10 wk of age except where indicated. Depending on the cell
numbers required, a minimum of 2 and a maximum of 13 mice were
analyzed per experiment. Influenza virus was administered either i.p.
using 1.5 3 107 PFU of A/PR8/34 (H1N1) (25) in 500 ml of PBS or
intranasally using 104 PFU of A/HK-x31 (H3N2) (26) in 30 ml PBS.
Influenza virus–infected animals were not cohoused with naive control
animals. Influenza virus stocks were grown in the allantoic cavity of day
10 embryonated hen eggs, and titers were determined by plaque assay on
Madin–Darby canine kidney cells (27).

Cell isolation and fluorescence-activated cell sorting

Single-cell suspensions were prepared from spleen and lymph nodes by
passing through a 70-mm cell strainer. Lungs were perfused in situ with
5 ml PBS before being removed and washed with additional PBS. Lungs
were then digested with collagenase A (Roche Diagnostics, Foster City,
CA) before processing into single-cell suspensions. In some cases, RBCs
were lysed using Tris-buffered ammonium chloride. Cell suspensions de-
rived from the spleen or lung of infected mice (at least 60 d postinfection)
were stained with one or both of the following tetramers: MHC class
I H-2Db-PA224–233 (D

bPA224), or MHC class I H-2Db-NP366–374 (D
bNP366)

(The University of Melbourne Tetramer Facility). Tetramers were conju-
gated to either PE or allophycocyanin. Tetramer staining was performed in
the presence of 2.4G2 hybridoma supernatant (containing mAb against
murine Fc receptors II and III) with 0.5% normal mouse serum and 0.5%
normal rat serum. Tetramer+ cells were enriched from suspensions using
MACS anti-PE or anti-allophycocyanin microbeads (Miltenyi Biotec,
Bergisch Gladbach, Germany). Enriched cell samples from infected mice
and unfractionated spleen or lymph node cells from naive mice were
stained with fluorescently conjugated Abs to CD4 (RM4-4; BD Phar-
mingen, San Diego, CA), CD8a (53-6.7) and CD62L (MEL-14; both
BioLegend, San Diego, CA), and CD44 (IM7; BioLegend or eBioscience,
San Diego, CA). Enriched memory cells were additionally stained with Ab
to B220 (RA3-6B2), I-Ab (AF6-120.1; both BioLegend), and F4/80 (BM8;
eBioscience). Cells were washed and purified using a FACSAria with
FACSDiva software (BD Immunocytometry Systems, San Jose, CA). Pu-
rities ranged from 98.9 to 100% (average 99.75%) for naive CD8+ T cells
and from 95.7 to 100% (average 99.14%) for memory CD8+ T cells. The
gating strategy for ex vivo purification included a lymphocyte gate, doublet
exclusion (based on side scatter and then forward scatter), and subsequent

population-specific gating. Memory CD8+ T cells were defined as CD8+

CD42 F4/802 B2202 I-Ab2 CD44high tetramer+. In some experiments,
the CD8+ CD42 F4/802 B2202 I-Ab2 CD44high tetramer+ population
was fractionated into CD62Lhigh and CD62Llow cells by the addition of
extra purification gates. Naive CD8+ T cells were defined as CD8+ CD42

CD44low CD62Lhigh; the CD44low population was defined as the 20% of
cells with lowest CD44 expression. The gating strategy for in vitro–
cultured cells included live-dead discrimination, doublet discrimination
(side scatter then forward scatter), a lymphocyte gate, and subsequent
population-specific gating. For analysis of CD8a expression following
in vitro reactivation, CD8 gates were set by comparison with isotype
control staining; cells with fluorescence above the isotype control
were designated as CD8high, and the remaining cells were designated as
CD8low.

In vitro activation of CD8+ T cells

Cells were activated individually in 96-well round-bottom plates for
cloning experiments or at 4.6–5 3 103 cells per well in 24-well plates
(Thermo Fisher Scientific Australia, Scoresby, VIC) for bulk culture
experiments using plate-bound Ab against CD3ε (1 mg ml21 for memory
cells, 10 mg ml21 for primary cells unless indicated; 145-2C11), CD8a
(10 mg ml21; 53.6), and CD11a (5 mg ml21; I21/7.7) (15, 28). Growth
medium (RPMI 1640 with 1.8 mM L-glutamine, 0.88 mM sodium py-
ruvate, 88 mM MEM nonessential amino acids, 4.4 mM HEPES buffer,
88 U ml21 penicillin, 88 U ml21 streptomycin, 48 mM 2-ME, and 7.9%
heat-inactivated FCS) was supplemented with recombinant human IL-2
(10 U ml21; Roche Diagnostics) for neutral conditions or IL-2 with
recombinant mouse IL-4 (25 ng ml21; ProSpec-Tany TechnoGene,
Rehovot, Israel) and anti–IFN-g Ab (1 mg ml21; XMG1.2) for type 2
polarizing conditions. In some experiments, cells were removed from
stimulatory Ab and rested in growth medium supplemented with IL-2
before further activation or analysis.

cDNA extraction and real-time PCR

Expression of mRNAwas measured by real-time PCR. cDNAwas extracted
directly from cells using the SuperScript VILO cDNA synthesis kit
(Invitrogen, Carlsbad, CA), with the addition of 1% Triton X-100 (Sigma-
Aldrich, St Louis, MO). Reactions were performed in 20 ml (for bulk
cultures) or 7.5 ml (for clones) and incubated on a Mastercycler pro S
(Eppendorf, Hamburg, Germany) at 25˚C for 10 min, 42˚C for 120 min,
and then 85˚C for 5 min. Real-time PCR was performed using TaqMan
Universal PCR Master Mix and TaqMan Gene Expression Assays (both
Applied Biosystems, Foster City, CA) in 20 ml on a CFX96 Touch Real-
Time PCR detection system (Bio-Rad Laboratories, Hercules, CA) with
CFX Manager software (PCR program: 50˚C for 2 min, 95˚C for 10 min,
and then 45 cycles of 95˚C for 15 s and 60˚C for 1 min). Values were
normalized relative to mitochondrial ribosomal protein L32 expression.

DNA extraction and analysis of CpG methylation

After 10 d in neutral or type 2 culture, activated cells were collected
and washed. Clones were pooled, and cells were stained with Ab to
surface CD8a and propidium iodide (BD Pharmingen). Viable (propidium
iodide–negative) CD8high and CD8low cells were purified by fluorescence-
activated cell sorting (purity 99.25–100%, average 99.55%). CD8low gates
were set using isotype control staining as described above. DNA methyl-
ation analysis was carried out as described previously (17). Briefly, ge-
nomic DNA was extracted using a QIAamp DNA Kit (QIAGEN, Hilden,
Germany) and bisulfite converted using a MethylCode Bisulfite Conver-
sion Kit (Invitrogen). Bisulfite PCR was performed using primers specific
for the bisulfite-modified Cd8a locus as described (17). Purified PCR
products were cloned and sequenced to verify the methylation status of
CpG cytosines.

Intracellular staining

For analysis of effector molecule production, cells were restimulated
either with plate-bound anti-CD3ε Ab (1 mg ml21; 145-2C11) or with
PMA (10 ng ml21) and ionomycin (500 ng ml21; both Sigma-Aldrich)
for 5 h in the presence of monensin (GolgiStop, 0.67 ml ml21; BD
Biosciences, San Diego, CA). All Ab stains were performed on ice
and centrifugation was carried out at 4˚C. Cells were stained for surface
CD8a (53-6.7; BioLegend or BD Pharmingen) and then fixed and per-
meabilized using the BD Cytofix/Cytoperm Kit (BD Biosciences)
according to the manufacturer’s instructions. All subsequent washes and
stains were performed in Cytofix/Cytoperm wash buffer without added
monensin. Permeabilized cells were stained with Ab against IFN-g
(XMG1.2), IL-4 (11B11; both BioLegend), and human granzyme B (GzmB)
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(GB12; Invitrogen) or the appropriate isotype controls. For analysis of
transcription factor expression, cells were stained for surface CD8a (53-
6.7; BioLegend or BD Pharmingen) and then fixed and permeabilized
using the Foxp3/Transcription Factor Staining Buffer Set (eBioscience)
according to the manufacturer’s instructions. Cells were then stained
with Ab to GATA-3 (TWAJ) and T-bet (4B10; both eBioscience) or with
isotype controls. Nonviable cells were excluded using LIVE/DEAD
Fixable Dead Cell Stain (Molecular Probes, Eugene, OR). Cells were
washed and analyzed using a FACSCanto II or LSRFortessa with
FACSDiva software (all BD Immunocytometry Systems). Postacquisition data
analyses were performed using FlowJo software (Tree Star, Ashland, OR).

Multiclone identification technique

Ab staining of clonal populations was performed in 96-well V-bottom
plates and supernatants were removed by pipette. To minimize cell
loss and streamline processing, a multiclone identification technique was
developed for intracellular staining of clones. Individual T cell clones
were surface-labeled with a unique combination of fluorescently conju-
gated Abs to CD45.2 (104; BD Pharmingen) and CD44 (IM7; eBio-
science) (see Supplemental Fig. 3 for Ab staining matrix). For example,
one clone within a pool would be labeled with anti–CD45.2-FITC and
anti–CD45.2-PerCpCy5.5 (but not anti–CD45.2-BV711 or anti–CD44-
PECy7), whereas other clones would be labeled with other Ab combi-
nations. Cells were then washed, and clones were pooled. Fixation,
permeabilization, intracellular staining for effector molecules, and flow
cytometric analysis were conducted with pooled samples. During post-
acquisition analysis, clones were identified based on their unique com-
bination of fluorescent Ab tags using the following gating strategy: live
cells, single cells (based on side scatter then forward scatter), and
then lymphocytes were gated; next the clonal populations were identified
based on whether they had been labeled with each surface marker, with
sequential gates used to detect the staining combination for each clone.
Examples of flow cytometry plots are shown in Supplemental Fig. 3.
Each clone was then analyzed separately for phenotype and effector
molecule expression. CD45.2 and CD44 were chosen for this technique
as all activated T cells from C57BL/6 mice express these markers;
however, the strategy could be adapted to any cell type by changing the
Ags used. Larger matrices can also be constructed, subject to reagent
availability and the number of vacant channels on the flow cytometer in a
given experiment.

Statistical analyses

Data were analyzed using PrismVersion 5.0d (GraphPad Software, La Jolla,
CA). Nonparametric tests were used to compare two (Mann–Whitney
U test) or more (Kruskal–Wallis test with Dunn multiple comparison test)
groups as appropriate.

Results
Some memory CD8+ T cells retain phenotypic plasticity in
response to reactivation under type 2 conditions

Naive CD8+ T cells activated in the presence of IL-4 display sub-
stantial phenotypic flexibility, with the stable loss of CD8 expression
providing a useful marker for cells that have acquired type 2 effector
function (13, 16). To investigate whether memory CD8+ T cells have
similar plasticity, we used the well-characterized C57BL/6 mouse
IAV infection model (23, 25, 26, 29). At least 60 d following i.p. IAV
infection, DbPA224-tetramer+ CD8+ T cells were isolated from the
spleen. Individual CD8+ CD44high DbPA224-tetramer+ memory cells
were activated with immobilized Ab to CD3 (Fig. 1A). Naive CD8+

T cells were activated under the same conditions. Cloning efficiency
of naive cells averaged 84% under both conditions, whereas memory
cells cloned at an average efficiency of 67% under type 2 conditions
and 40% under neutral conditions (Fig. 1B). Mean clone size was
lower for memory CD8+ T cells than for naive cells (Fig. 1C), con-
sistent with the more differentiated state of memory cells (30). Naive
cells from older mice responded similarly to those from young mice,
indicating that differences in cloning capacity between naive and
memory CD8+ T cells under these conditions were intrinsic rather
than age-related (Supplemental Fig. 1A). Priming of naive CD8+

T cells in type 2 conditions led to a loss of CD8a expression, with

primary clones becoming almost completely CD8negative by day 11
(Fig. 1D; see Supplemental Fig. 1B, 1C for gating strategy and ex-
amples of flow cytometry plots of individual clones). In contrast,
memory CD8+ T cells were more resistant to IL-4–induced pheno-
typic change; although some clones showed partial downregulation,
only 1 of 17 clones (6%) displayed a complete loss of CD8 at day 11.
Clone size was not correlated with CD8a expression level in type 2
clones (Fig. 1E), suggesting that over this time frame and division
range, burst size was not a limiting factor preventing memory clones
from downregulating CD8. Therefore, memory CD8+ T cells that
have undergone primary activation in the type 1 polarizing environ-
ment of IAV infection are either less responsive or require more time
to respond to type 2 conditions than naive T cells. However, the
emergence of memory clones with intermediate to low CD8 ex-
pression levels demonstrates that a subpopulation of IAV-specific
memory cells retains phenotypic plasticity.

Memory CD8+ T cells that lose CD8 expression after type 2
culture display less marked epigenetic changes at the Cd8a
locus than primary CD8low cells

We have previously reported that silencing of CD8 expression in
type 2 polarized primary CD8+ T cells correlates with increased
DNA methylation at Cd8a (17). Given that some memory CD8+

T cells also responded to type 2 polarizing conditions by modu-
lating CD8 levels, we asked whether they undergo similar epi-
genetic changes at the Cd8a locus. IAV-specific memory CD8+

T cells and naive CD8+ T cells were purified and activated under
neutral or type 2 conditions, as described for Fig. 1. Ten days later,
clones within each group were pooled and CD8high and CD8low

cells were purified for DNA methylation analysis (Fig. 2A). As
previously observed (17), primary type 2 CD8low cells displayed
methylation across the transcription start site and two intragenic
regions of Cd8a (intragenic regions 1 and 2) (Fig. 2B). In contrast,
primary cells that remained CD8high displayed little or no
methylation at the transcription start site and intragenic region 1
and variable patterns of methylation at intragenic region 2.
Memory CD8+ T cells that retained high CD8 expression dis-

played minimal DNA methylation across all three regions ana-
lyzed, regardless of activation condition. Compared with CD8high

memory cells, memory T cells that had downregulated CD8 under
type 2 conditions showed moderate but statistically significant
increases in DNA methylation across the CD8 locus (Fig. 2B, 2C).
Similar results were observed using memory cells generated via
intranasal rather than i.p. IAV infection (Supplemental Fig. 1D).
Overall, methylation was less pronounced in memory CD8low cells
than in primary CD8low cells, with fewer sequences displaying any
methylation and a lower percentage of sites methylated within
individual sequences. Thus, although some memory CD8+ T cells
may modulate CD8 levels in response to type 2 polarizing con-
ditions, their methylation signature is not as strong as that ob-
served in primary type 2 CD8low cells.

Central memory CD8+ T cells are more responsive to type 2
conditions than effector memory CD8+ T cells

CD62Lhigh central memory T cells (TCM) are thought to be less
differentiated than CD62Llow effector memory T cells (TEM)
(31, 32). To investigate whether these subpopulations differed in
their responsiveness to type 2 conditions, we purified and activated
CD62Lhigh/TCM and CD62Llow/TEM PA224-specific CD8+ T cells
from spleen and lungs at least 60 d after intranasal IAV infection
of C57BL/6 mice (Fig. 3A; example of gating for memory cells
and naive control cells shown in Supplemental Fig. 2A, 2B).
Cloning efficiency was lower under neutral conditions compared
with type 2 conditions for both TCM and TEM, although clonal
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burst size was similar (Fig. 3B). CD8a expression at 10 d post-
activation was lowest for naive T cell clones primed in the pres-
ence of IL-4, as expected (Fig. 3C). Splenic TCM clones had a
lower percentage of CD8+ cells when they were exposed to type 2
conditions instead of neutral conditions. Although a similar trend
was observed for TEM clones, there was no statistically significant
difference in the percentage of CD8+ cells between TEM clones

exposed to type 2 versus neutral conditions. Differences in the
responsiveness of naive and memory cells to type 2 conditions
aligned with Ag experience and not mouse age (Supplemental
Fig. 2C). These results suggest that, within the IAV-specific
CD8+ T cell memory pool, the more differentiated CD62Llow

TEM are less responsive than CD62Lhigh TCM to a type 2 cytokine
environment upon secondary activation.

FIGURE 1. A subpopulation of type 1 memory

CD8+ T cells can downregulate CD8 coreceptor

expression in response to stimulation in type 2

polarizing conditions. (A) To generate IAV-spe-

cific memory CD8+ T cells, C57BL/6 mice were

infected i.p. with 1.5 3 107 PFU of PR8 IAV. At

least 60 d later, individual splenic CD42 CD8+

CD44high DbPA224-specific memory CD8+ T cells

(Memory) were activated in 96-well plates with

plate-bound Ab against CD3ε, CD8a, and CD11a

in neutral conditions (IL-2 alone) or type 2 con-

ditions (IL-2, IL-4, and anti–IFN-g). Individual

CD44low CD62Lhigh CD42 CD8+ T cells purified

from the lymph nodes of naive C57BL/6 mice

(Naive) were also activated with plate-bound Ab

in neutral or type 2 conditions. (B) Cloning effi-

ciency was determined after 6 d of culture. Data

show mean 6 SD from four independent experi-

ments. (C) Clone size was estimated after 6 d of

culture. Data shown are geometric means for

clones from one experiment, representative of

four independent experiments. *p , 0.05, ***p ,
0.001, Kruskal–Wallis test with Dunn multiple

comparison test. (D) CD8 expression in clones

estimated to contain at least 200 cells was mea-

sured by flow cytometry. Clones were analyzed

after 7 d of activation (day 7) or 10 d of activation

and 1 d of rest in neutral conditions (day 11). The

CD8 gate was set by comparison with isotype

control staining; cells with fluorescence above the

isotype control stain were designated as CD8high

and the remaining cells were designated as

CD8low (see Supplemental Fig. 1C for examples

of flow cytometry plots). The cutoff was deter-

mined with fresh isotype control staining at each

time point; mean fluorescence intensity (MFI)

cutoff was 250 at day 7 (staining performed with

CD8a-APC) and 1100 at day 11 (staining per-

formed with CD8a-PerCpCy5.5). *p , 0.05, **p

, 0.01, ***p , 0.001, Mann–Whitney U test. (E)

Relationship between CD8a expression and clone

size for individual type 2 clones was analyzed

using linear regression. Data are pooled from

three independent experiments. exp, experiment.
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Type 1 polarized memory CD8+ T cells retain strong IFN-g
expression following reactivation in the presence of IL-4

Loss of CD8 by primary CD8+ T cells activated under type 2
conditions correlates with induction of type 2 effector function,
including expression of IL-4 and a concomitant reduction in
IFN-g production and perforin/granzyme-dependent cytotoxicity
(16, 33). We have now shown that some memory CD8+ T cells
can modulate CD8 expression following activation in type 2
conditions. To investigate whether this phenotypic flexibility was
mirrored by changes in effector function, we examined the ef-
fector profiles of naive and memory CD8+ T cells after activation
under neutral or type 2 conditions. First, we measured the abun-
dance of mRNA for the type 2 cytokine IL-4 (gene name Il4), the
type 1 cytokine IFN-g (gene name Ifng), and the cytotoxic serine
protease GzmB (gene name Gzmb). All primary T cell clones
exposed to IL-4 expressed high levels of Il4 mRNA (Fig. 4A). A
subpopulation of IAV-specific memory clones activated in the
presence of IL-4 expressed detectable Il4 mRNA (12 of 23 clones,
52%). Although memory clones expressed Il4 mRNA at lower
levels on average than primary clones, these results show that the
pool of type 1 polarized memory CD8+ T cells contains cells that
have not irreversibly shut down type 2 effector gene loci. In
contrast, few memory T cells activated under neutral conditions
expressed Il4 transcripts (1 of 19 clones, 5%). IAV-specific
memory clones all expressed high levels of Ifng and Gzmb tran-
scripts regardless of secondary activation conditions, suggesting

that the regulatory mechanisms governing transcription of these
effector molecules may be relatively fixed following primary ac-

tivation in an influenza virus infection.
As mRNA abundance may not reflect the level of functional

protein in a cell, we next examined effector protein expression. To

overcome some of the challenges of performing intracellular

cytokine staining on clones with low cell numbers, we developed

a multiclone identification technique (Supplemental Fig. 3). In-

dividual clones were surface labeled with unique combinations

of fluorescent Abs and pooled prior to intracellular staining.

Clones were then identified by their fluorescent tags before

analysis of cytokine expression. This strategy both minimizes

cell loss during processing and streamlines staining and sample

collection on the flow cytometer.
As expected, many type 2 polarized primary clones expressed

detectable IL-4 protein (Fig. 4B). IL-4 protein was detected in a

subpopulation (6 of 20, 30%) of IL-4–exposed splenic TCM

clones, but this percentage was lower in other repeat experiments

(0–7%; Supplemental Fig. 4 shows another example in which 1

of 14 clones [7%] was positive). No IL-4 protein was detected in

TEM clones derived from the spleen or lung. Thus, some memory

clones can express low levels of Il4 mRNA, but most do not

express detectable IL-4 protein.
As found previously, most naive CD8+ T cells primed in type 2

conditions produced clones with few IFN-g+ cells. In contrast, the

majority of memory clones activated in type 2 conditions contained

FIGURE 2. Loss of surface CD8a correlates with changes in DNA methylation at Cd8a in memory CD8+ T cells restimulated in type 2 conditions. (A)

C57BL/6 mice were infected i.p. with 1.5 3 107 PFU of PR8 IAV. At least 60 d later, individual DbPA224-specific memory CD8+ T cells (Memory) were

purified and activated under neutral or type 2 conditions as described for Fig. 1. Purified CD44low CD62Lhigh CD42 CD8+ T cells from naive mice were

activated in parallel (Naive). After 10 d of culture, clones in each group were pooled and surface CD8a expression was analyzed by flow cytometry. CD8a+

(CD8high) and CD8a2 (CD8low) cells were purified for DNA extraction; gates and percentages are indicated within panels. Gray, isotype control stain. (B)

DNA methylation analysis was performed on the purified populations described in (A). Genomic DNA was bisulfite-modified, regions of Cd8a were

amplified by PCR, and products were cloned into a vector and sequenced (IG1, intragenic region 1; IG2, intragenic region 2; TSS, transcription start site).

Open circles represent nonmethylated, and filled circles represent methylated CpG sites. Rows represent sequences derived from individual alleles, and

columns represent individual CpG sites. (C) The percentage of CpG sites methylated was compared in CD8high cells from neutral cultures (open symbols)

and CD8low cells from type 2 cultures (closed symbols) represented in (B). Data show one of three independent experiments. *p , 0.05, **p , 0.01,

Mann–Whitney U test.
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a high proportion of IFN-g+ cells, consistent with the mRNA data in
Fig. 4A. The percentage of IFN-g+ cells was higher for TCM clones
activated under type 2 compared with neutral conditions. A similar
trend was observed for TEM, although the difference was not sta-
tistically significant in this experiment, possibly because fewer TEM

clones were available for analysis (see Supplemental Fig. 4 for
another example). The opposite trend was observed for GzmB
protein expression. Although there was significant heterogeneity
between clones, memory CD8+ T clones activated under type 2
conditions contained a lower proportion of GzmB+ cells than those
activated under neutral conditions; GzmB protein and Gzmb mRNA
expression were not strongly correlated. As expected, primary type
2 clones were the least likely to express GzmB protein. We next
compared CD8 levels and positivity for effector molecules in
memory clones activated under type 2 conditions. The proportions
of both IFN-g+ cells and GzmB+ cells positively correlated with the
proportion of CD8+ cells within a clone (Fig. 4C). There was no
correlation between the percentage of IL-4+ cells and the percentage
of CD8+ cells. Similar results were obtained when memory cells
generated via i.p. rather than intranasal IAV infection were used
(data not shown). Together, these results suggest that most, but not
all, IAV-specific memory cells display fidelity in expressing effector
proteins typically associated with type 1 immune responses. At a
population level, memory CD8+ T cells are less malleable in their
effector responses than naive CD8+ T cells.

IAV-specific CD8+ T cells undergoing secondary activation
under type 2 conditions retain T-bet expression but may
upregulate GATA-3

The master regulator transcription factors T-bet and GATA-3 direct
CD4+ T cell differentiation to the type 1 and type 2 effector
lineages, respectively (34, 35), and reciprocally regulate one an-
other (36). There was an unexpectedly high proportion of IFN-g+

cells in memory CD8+ T cell clones activated under type 2 con-
ditions. To probe the molecular basis of this phenotype, we ex-
amined expression of T-bet and GATA-3 in naive and memory
CD8+ T cells activated under neutral and type 2 conditions. We
observed heterogeneity in the transcription factor expression
profiles of individual clones. GATA-3 expression was high in most
primary CD8+ T cell clones activated under type 2 conditions
(Fig. 5), consistent with their expression of IL-4. GATA-3 was
also observed in many memory clones activated under type 2
conditions, but these memory clones usually contained a lower
percentage of GATA-3+ cells than primary type 2 clones. This
modest GATA-3 expression in memory clones corresponded with
their capacity to express Il4 mRNA at low levels. Most primary
and memory clones activated under neutral conditions expressed
little or no detectable GATA-3, but many expressed high levels of
T-bet. T-bet expression was also high in memory clones exposed
to type 2 polarizing conditions, consistent with their high IFN-g
expression.

IAV-specific memory CD8+ T cells of different TCR specificities
are less responsive than naive CD8+ T cells to polarization in a
type 2 cytokine environment

Differences in TCR specificity can correlate with differences in
T cell effector function (23). To examine how memory CD8+

T cells with different TCR specificities responded to reactivation
under type 2 conditions, we activated purified DbPA224-specific
and DbNP366-specific memory CD8+ T cells under neutral or type
2 conditions in bulk culture. Fold expansion following activation
was lower for both DbPA224- and DbNP366-specific memory
populations than for primary cells (Fig. 6A); our clonal studies
suggest that this is due to both reduced burst size and a lower

FIGURE 3. CD8+ TCM are more likely than CD8+ TEM to modulate

CD8 expression in response to type 2 conditions. C57BL/6 mice were

infected intranasally with 1 3 104 PFU of HKx31 IAV. At least 60 d

later, individual DbPA224-specific memory CD8+ T cells were activated

under neutral or type 2 conditions as described for Fig. 1. Naive CD8+

T cells from untreated mice were activated under the same conditions.

(A) Gating strategy for purification of central (CD62Lhigh) and effector

(CD62Llow) memory cells from spleen and effector memory cells from

lung. (B) Cloning efficiency (upper panel) and clone size (lower panel)

were determined after 9 d of culture for primary and secondary clones

activated under neutral or type 2 conditions. Lines indicate geometric

mean values. Data are representative of three independent experiments.

(C) CD8 expression in individual clones estimated to contain at least 200

cells was assayed by flow cytometry after 10 d of culture. ***p , 0.001,

Kruskal–Wallis test with Dunn multiple comparison test. Lu, lung;

Sp, spleen.
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proportion of memory cells responding to stimulation (Figs. 1B,
1C, 3B). As observed for DbPA224-specific memory clones, acti-
vation under type 2 conditions led to a moderate reduction in
CD8a levels in both DbPA224- and DbNP366-specific populations

in bulk culture, with a stronger effect observed in central memory
cells (CD62Lhigh before activation) (Fig. 6B). We then examined
whether the proportion of cells modulating CD8a in response to
type 2 conditions differed between the two TCR specificities

FIGURE 4. Type 1 memory CD8+ T cells can

express Il4 mRNA but retain IFN-g expression

when restimulated in type 2 polarizing conditions.

Individual CD8+ DbPA224-specific CD62Lhigh TCM

or CD62Llow TEM were activated under neutral or

type 2 conditions as described for Fig. 3. Individual

naive CD8+ T cells were activated in parallel. (A)

After 8 d of culture, clones estimated to contain

at least 50 cells were removed from stimulatory

Abs and rested for 2 d. On day 10, clones were

restimulated for 5 h with PMA and ionomycin and

then collected for real-time PCR analysis of mRNA

expression of effector genes and CD8a. ND, not

detected. Data are representative of two indepen-

dent experiments at day 10 and two independent

experiments at day 11 (without rest and restim-

ulation). (B) Memory and primary clones activated

for 8 d and estimated to contain at least 100 cells

were removed from stimulatory Abs and rested for

3 d before restimulation with PMA and ionomycin

in the presence of monensin for 5 h. Surface CD8a

expression and intracellular IL-4, IFN-g, and

GzmB expression were measured by flow cytom-

etry, using the clone identification strategy shown

in Supplemental Fig. 3. Data are representative of

four independent experiments (including two experi-

ments in which central and effector memory cells

were separated before activation and two experiments

in which central and effector memory cells were not

separated before activation). *p , 0.05, **p , 0.01,

***p , 0.001, Kruskal–Wallis test with Dunn multi-

ple comparison test. (C) Effector molecule expression

[shown in (B)] was compared with coreceptor ex-

pression in memory CD8+ T cells activated in type 2

polarizing conditions using linear regression. Lu, lung;

Sp, spleen.
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(Fig. 6C). Although more downregulation was observed in central
memory DbPA224-specific cells (mean 36.5% CD8a+) than central
memory DbNP366-specific cells (mean 68.5% CD8a+), the same
trends were observed for both populations. Effector memory cells
of both TCR specificities responded similarly to exposure to type
2 conditions.
We next asked whether we could detect changes in the pro-

duction of effector molecules by memory cells of both TCR
specificities. A significant population of IL-4–producing cells was
observed among primary cells activated under type 2 conditions,
in particular when anti-CD3ε Ab was used for restimulation
(Fig. 6D). The percentage of IL-4+ cells was close to zero in
cultures of memory cells of both TCR specificities, even upon
restimulation with anti-CD3ε Ab. As expected, a greater per-
centage of GzmB+ cells was detected in memory versus primary
cultures. However, reactivation under type 2 conditions resulted in
a moderate reduction in GzmB positivity for DbPA224-specific
memory cells. This difference was less evident in the DbNP366-
specific memory cell population. Type 2 conditions induced a
marked decrease in the proportion of IFN-g+ cells in primary
cultures (Fig. 6D). However, memory cells exposed to type 2
conditions displayed no impairment in IFN-g expression, as the
proportion of IFN-g+ cells was equal or higher in type 2 than in

neutral memory populations. This strong IFN-g expression by
memory cells exposed to type 2 conditions was observed re-
gardless of TCR specificity or reactivation protocol (plate-bound
anti-CD3ε Ab or PMA and ionomycin). These results recapitulate
our clonal data and confirm our findings using a second TCR
specificity. Thus, memory T cells specific for two different in-
fluenza virus epitopes show similar response profiles following
reactivation under type 2 conditions. Although some memory cells
exposed to type 2 conditions downregulate CD8 and GzmB ex-
pression, the memory populations retain a strong type 1 effector
cytokine profile, with high IFN-g and poor IL-4 expression.

Discussion
A major question in the CD8+ T cell memory field is whether
virus-specific memory CD8+ T cells can be reprogrammed to
acquire additional or different functions upon reactivation. In this
article, we show that a proportion of the IAV-specific memory
CD8+ T cell pool can alter their phenotype (down-modulation of
CD8a expression associated with increased DNA methylation at
the Cd8a locus) and function (induction of Il4 transcription and
expression of GATA-3) when reactivated under type 2 conditions.
The TCM population contained more clones capable of modulating
cell surface phenotype than the TEM pool. Interestingly, although

FIGURE 5. Memory CD8+ T cell clones ex-

posed to type 2 polarizing conditions can express

T-bet and upregulate GATA-3. Individual CD8+

DbPA224-specific CD62Lhigh TCM or CD62Llow

TEM were activated under neutral or type 2 condi-

tions as described for Fig. 3. Individual naive CD8+

T cells were activated under the same conditions.

Clones were removed from stimulatory Abs after 8 d,

rested for 3 d, and then restimulated for 5 h with

PMA and ionomycin. Transcription factor expression

in viable lymphocytes was assessed by flow cytom-

etry. The multiclone identification technique was

used for sample processing and acquisition (see

Supplemental Fig. 3 and Materials and Methods for

details). (A) Representative flow cytometric plots. (B)

Percentage of GATA-3+ and T-bet+ cells. Experiment

was performed twice using bulk cultures and once

using clones. Lu, lung; Sp, spleen.

The Journal of Immunology 3289

 by L
uca H

ensen on D
ecem

ber 21, 2020
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 

http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1701672/-/DCSupplemental
http://www.jimmunol.org/


FIGURE 6. Reduced flexibility is also observed in DbNP366-specific memory CD8+ T cells. C57BL/6 mice were infected intranasally with 1 3 104 PFU

of HKx31 IAV. After at least 60 d, DbPA224-specific or D
bNP366-specific splenic memory CD8+ T cells were activated in bulk culture under neutral (red) or

type 2 (blue) conditions as described for Fig. 3. Naive CD8+ T cells from untreated mice were activated under the same conditions. After 8 d, cells were

removed from stimulatory Abs and rested for 3 d. (A) Fold expansion was determined 11 d postactivation. Data from one of (Figure legend continues)
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reactivation of IAV-specific memory CD8+ T cells under type 2
conditions increased levels of Il4 mRNA, there was little or no
detectable induction of IL-4 protein and in fact there was enhanced
IFN-g production. Hence, although naive CD8+ T cells exhibit
functional pluripotency with the outcome dependent on primary
activation conditions, most IAV-specific memory CD8+ T cells are
inflexible to functional reprogramming upon reactivation.
An advantage of examining T cell functional plasticity at the

single-cell level is that the extent of functional heterogeneity within
a given cellular population can be quantified. By contrast, in bulk
T cell cultures, selective outgrowth of some clones can mask
heterogeneity in the starting population. Using a single-cell ap-
proach we confirmed, as previously described (16, 20, 37), that
naive CD8+ T cells exhibit functional plasticity depending on
activation conditions. Importantly, there was still a degree of
functional plasticity within the memory IAV-specific CD8+ T cell
population even though IAV infection induces inflammatory
conditions more similar to type 1 conditions. Functional plasticity
is also observed within effector T cell populations isolated from
the respiratory tract of IAV-infected mice (19) and in type 2 ac-
tivated CD8+ effector T cells, where IFN-g production can be
induced after reactivation in type 1 conditions (17). So, despite a
majority of the population being committed to a particular cell
fate in response to infection, the immune response retains a level
of flexibility that has the potential to allow reshaping of responses
by signals within the microenvironment.
In this study, we show that a significant proportion of IAV-

specific memory CD8+ T cells primed during IAV infection re-
tain the capacity to switch on Il4 mRNA. These mRNA data are
consistent with a previous study examining OVA-primed memory
OT-I T cells (20). However, the acquisition of Il4 transcription was
not necessarily reflected in detectable protein expression, poten-
tially because the Il4 mRNA levels in reactivated memory cells
were generally an order of magnitude lower than those observed in
primary cells activated under type 2 conditions. These findings
may reflect differential sensitivities of PCR-based versus flow
cytometric assays or posttranscriptional regulation of IL-4 in IAV-
specific memory CD8+ T cells. We and others previously found
that naive CD8+ T cells activated in type 2 conditions produced
other type 2 cytokines, such as IL-5, IL-10, and IL-13, as well as
IL-4 (13, 18, 33). Even though naive CD8+ T cells therefore are
not hardwired to express only type 1 cytokines, it is possible that
they are predisposed to the establishment of a stable type 1 cy-
tokine profile when primed in the inflammatory conditions of viral
infection. It remains to be determined whether IAV-specific
memory CD8+ T cells can be induced to express other type 2
cytokines such as IL-5 and IL-13.
Our findings in memory CD8+ T cells differ from observations

in memory CD4+ Th1 cells, where reactivation in type 2 condi-
tions can readily induce IL-4 protein production via a GATA-3
dependent mechanism (7, 8). The chromatin landscape around the
Gata3 locus in CD4+ Th1 cells retains the potential to be
remodeled into a transcriptionally permissive state (10). Hence,

reactivation under type 2 conditions results in increased GATA-3
mRNA production (7) and subsequent acquisition of Th2 func-
tional capacity. In contrast, our results with murine memory CD8+

T cells are similar to those we obtained with human CD8+ TCM in
which reactivation in type 2 conditions induced GATA-3 (and IL-5)
but not IL-4 protein (38). In CD8+ T cells, it is possible that
GATA-3 is insufficient or irrelevant once the Ifng locus and other
type 1 effector gene loci have been remodeled following primary
CD8+ T cell differentiation in the context of IAV infection.
However, GATA-3 is known to be an important regulator of IAV-
specific T cell function and can bind to signature CTL effector
gene loci in an IL-4–independent manner (39–41). Memory CD8+

T cells generated following IAV infection have a transcriptionally
repressed chromatin configuration associated with the Il4, Il5, and
Il13 loci, with deposition of repressive H3K27 trimethylation and
a lack of activating marks such as H3K4 trimethylation or H3K27
acetylation (42). This reduced accessibility may limit GATA-39s
capacity to promote high-level Il4 gene transcription in IAV-
specific memory CD8+ T cells, while simultaneously enabling
GATA-3 binding to permissive CTL-specific gene loci, such as
Gzma (39). It seems likely that the chromatin remodeling that
occurs following naive CD8+ T cell activation directs specific
transcription factors to bind to CTL-specific gene loci, ensuring
appropriate lineage-specific function during infection.
Interestingly, the capacity for IFN-g secretion by TCM and TEM

subsets acquired after IAV infection was stable even after reac-
tivation under type 2 conditions. In fact, secondary activation
under type 2 conditions appeared to reinforce IFN-g production.
As T-bet was not differentially expressed following secondary
activation under the two conditions, other factors are likely to be
responsible. Eomes is a paralogue of T-bet that drives IFN-g ex-
pression in CD8+ T cells (43). IL-4 exposure promotes upregu-
lation of Eomes in memory (but not naive) CD8+ T cells from
C57BL/6 mice (44), perhaps helping to explain why enhanced
IFN-g expression was only observed after secondary activation.
GATA-3 expression may also play a role, as this transcription
factor can be recruited to transcriptional enhancers associated with
the Ifng locus (45), which may be more accessible in CD8+ T cells
following secondary activation. Hence, rather than helping to shut
down IFN-g production as observed for Th2 cells, GATA-3 may
serve to promote the type 1 effector function indicative of IAV-
specific memory CTL. This may be an example of a transcription
factor conferring alternate functionality depending on the cellular
context.
We observed a high degree of heterogeneity in the transcription

factor expression profiles of individual clones. This variation may
in part underlie the wide range of fates possible within a given pool
of CD8+ T cells. Clonal analysis helps to reveal the exquisite
diversity and flexibility within immune cell populations. Our
multiclone identification technique further allows streamlined
processing and flow cytometric collection, providing the benefits
of studying small clonal populations while minimizing cell loss
and processing time.

three independent experiments are shown. (B–D) Each sample was split into three and incubated in the presence of GolgiStop (containing monensin) for 5 h

under one of three conditions: restimulation with 1 mg ml21 plate-bound anti-CD3, restimulation with PMA and ionomycin, or no restimulation. (B) CD8a

expression was examined in viable (Fixable Dead Stainneg) lymphocytes. Data are representative of three independent experiments. Flow cytometry plots

show samples restimulated with anti-CD3 Ab; similar results were observed in samples restimulated with PMA/ionomycin or not restimulated. (C)

Quantification of CD8 expression in DbPA224-specific (PA) and DbNP366-specific (NP) memory cells. At the time of ex vivo activation, cells from two

memory mice were pooled per sample, and thus, the four data points within each group represent cells from eight mice in total. Experiment was performed

once. *p, 0.05. (D) Expression of IL-4, IFN-g, and GzmB in viable (Fixable Dead Stainneg) lymphocytes was examined by intracellular cytokine staining.

Top panels, Representative flow cytometry plots. Bottom panels, Percentage of cells positive for IL-4, IFN-g, and GzmB. Data are representative of two

independent experiments.
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The overall inflexibility of IAV-specific CD8+ T cells to
reprogramming when reactivated under distinct conditions is
reminiscent of recent studies examining the flexibility of lym-
phocytic choriomeningitis virus (LCMV)–specific CD8+ T cells to
be transcriptionally reprogrammed under conditions of T cell
exhaustion (46). Chronic LCMV infection leads to progressive
loss of virus-specific CTL function with the exhausted state
maintained via expression of inhibitory receptors such as PD-1
(47, 48). This state is characterized by DNA methylation pat-
terns and chromatin structures that are distinct from those in bona
fide memory CTL (49–51). The observation that administration of
mAbs that interfere with inhibitory receptor–ligand interactions
could restore LCMV-specific CTL effector function (47) formed
the basis for use of checkpoint blockade to reactivate tumor-
specific CTL responses (52, 53).
It has been thought that such approaches may reprogram

exhausted CTL and restore memory recall capacity (54). However,
Pauken and colleagues have recently demonstrated that anti–PD-
L1 treatment resulted only in a temporary restoration of LCMV
effector function and that, upon withdrawal of treatment, LCMV-
specific CTL reverted to an exhausted state with infection
rebounding (46). Importantly, they demonstrated that the chro-
matin landscape was largely indistinguishable between exhausted
LCMV-specific CTL and those that had responded to checkpoint
blockade. Hence, although checkpoint blockade temporarily re-
stores T cell effector function, the underlying genetic landscape of
exhausted cells is stable, rendering these CTL inflexible to res-
toration of memory recall capacity. Importantly, DNA methylation
patterns associated with T cell exhaustion indicate that this epi-
genetic program is imprinted early during the primary response
(51, 55). Our data suggest that such epigenetic imprinting and
subsequent inflexibility to functional reprogramming may also be
a characteristic of responses to acute viral infection, with the
virus-specific memory CD8+ T cell pool mainly comprised of cells
that will faithfully reproduce the effector profile acquired in re-
sponse to primary infection. An implication is that immunother-
apeutic strategies designed to reprogram CD8+ T cell immunity in
the context of acute and persistent virus infections, tumors, or
autoimmune disease may have limited longevity and effectiveness.
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SUPPLEMENTARY FIGURE 1. (A) Primary T cell cloning efficiency and clone size do not decline with mouse age. Individual CD44low

CD62Lhigh CD4- CD8+ T cells purified from the lymph nodes of naïve C57BL/6 mice aged 12 weeks (young) or 61 weeks (old) were activated in

96-well plates with plate-bound Abs against CD3ε, CD8α and CD11a in neutral conditions (IL-2 alone) or type 2 conditions (IL-4, anti-IFN-γ

and IL-2) for 7 days. (B-C) CD8 co-receptor expression by individual clones following stimulation in type 2-polarizing conditions. To generate

IAV-specific memory CD8+ T cells, C57BL/6 mice were infected i.p. with 1.5x107 PFU of PR8 influenza A virus (IAV). At least 60 days later,

individual splenic CD4- CD8+ CD44high DbPA224-specific memory CD8+ T cells (Memory) were activated in 96-well plates with plate-bound Ab

against CD3ε, CD8α and CD11a in neutral conditions (IL-2 alone) or type 2 conditions (IL-2, IL-4 and anti-IFN-γ). Individual CD44low

CD62Lhigh CD4- CD8+ T cells purified from the lymph nodes of naïve C57BL/6 mice (Naïve) were also activated with plate-bound Ab in neutral

or type 2 conditions. After 7 days of culture, clones estimated to contain at least 200 cells were analysed by flow cytometry. (B) Gating strategy.

PI: propidium iodide. (C) Examples of flow cytometry plots of surface CD8 expression by individual clones graphed in Fig. 1D. The CD8 gate

was set using isotype control staining, whereby any cells staining brighter than the isotype control stain were designated as CD8high, and the

remaining cells were CD8low. (D) Loss of surface CD8α correlates with changes in DNA methylation at Cd8a in memory CD8+ T cells derived

from intranasal IAV infection. C57BL/6 mice were infected intranasally with 1x104 PFU of HKx31 IAV. At least 60 days later, individual

CD62Lhi DbPA224-specific memory CD8+ T cells (Memory) were purified and activated in bulk culture under neutral or type 2 conditions as

described for Figure 3. Purified CD44low CD62Lhigh CD4- CD8+ T cells from naïve mice were activated in parallel (Naïve). After 10 days of

culture, CD8α+ (CD8high) cells from neutral cultures and CD8α- (CD8low) cells from type 2 cultures were purified by fluorescence activated cell

sorting. DNA extraction and DNA methylation analysis were performed as described for Fig. 2. The percentage of CpG sites methylated was

compared in CD8high cells from neutral cultures (open symbols) and CD8low cells from type 2 cultures (closed symbols). Experiment was

performed once. TSS: transcription start site; IG1: intragenic region 1; IG2: intragenic region 2. *P < 0.05, **P < 0.01, Mann-Whitney test.
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SUPPLEMENTARY FIGURE 2. (A-B) Purification of naive and memory CD8+ T cells. A) Naive: Single-cell suspensions were prepared from

the spleen of an uninfected C57BL/6 mouse. Cells were stained with fluorescently conjugated Abs and washed. CD8+Dump-CD44lowCD62Lhigh

lymphocytes were purified using a BD FACSAria III. Dump stain for naïve included Abs against CD4 and B220. #: Original sort gate, set to

capture the lowest 20% of cells based on CD44 expression; ^: Gate determined using fluorescence intensity of an unstained control. B) Memory:

C57BL/6 mice were infected intranasally with 1x104 PFU of HKx31 IAV. At least 60 days later, spleens were isolated and processed into single

cell suspensions. Cells were stained with H-2Db-PA224-233 tetramers conjugated to PE in the presence of 2.4G2 hybridoma supernatant (containing

mAb against murine Fc receptors II and III) with 0.5% normal mouse serum and 0.5% normal rat serum. Tetramer+ cells were enriched from

suspensions using MACS anti-PE microbeads. Enriched populations were stained with fluorescently conjugated Abs and washed before

fluorescence activated cell sorting using a BD FACSAria III. CD8+Dump-DbPA224-tet+ lymphocytes were fractionated into CD62Lhigh central

memory (TCM) and CD62Llow effector memory (TEM) T cells. Dump stain for memory included Abs against CD4, B220, I-Ab and F4/80. Tet:

tetramer. (C) Reduced flexibility in response to IL-4 correlates with previous antigen exposure, not mouse age. C57BL/6 mice were infected

intranasally with 1x104 PFU of HKx31 IAV. At least 60 days later, naïve splenic CD8+ T cells (CD44low CD62Lhigh) and memory DbPA224-specific

CD8+ T cells (either CD62Lhigh or CD62Llow) from the spleen and lung were isolated from infected mice (17 weeks old). Individual purified CD8+

T cells were activated under neutral or type 2 conditions as described for Supplementary Figure 1. Naive splenic CD8+ CD44low CD62Lhigh T cells

isolated from untreated mice (9 weeks old) were activated under the same conditions. After 8 days of culture, clones were rested for 3 days. CD8

expression in individual clones of at least 200 cells was then assayed by flow cytometry. * P < 0.05, *** P < 0.001, Kruskal-Wallis test with

Dunn’s multiple comparison test. Sp: Spleen, Lu: Lung, TCM: central memory (CD62Lhigh ex vivo), TEM: effector memory (CD62Llow ex vivo).
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SUPPLEMENTARY FIGURE 3. A clone identification strategy was developed for simultaneous flow cytometric analysis of multiple clones.

Individual purified naïve and memory CD8+ T cells were activated for 8 days with plate-bound Ab in neutral or type 2 conditions as described for

Supplementary Figure 2. Clones estimated to contain at least 100 cells were removed from stimulatory Abs and rested for 3 days before re-

stimulation with PMA and ionomycin (without monensin) for 5 hours. Cells were then washed and individual clones were tagged with unique

combinations of fluorescently labeled surface Abs, as shown in table. Labeled clones were then pooled for fixation, permeabilization, intracellular

staining and flow cytometric analysis. Within a sample pool, each clone can be identified during analysis on the basis of its unique combination of

surface Abs. Flow cytometry plots are gated on live single lymphocytes.
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SUPPLEMENTARY FIGURE 4. Memory CD8+ T cells retain IFN- expression when re-stimulated in type 2-polarizing conditions. Individual

DbPA224-specific CD62Lhigh (central) or CD62Llow (effector) memory CD8+ T cells were activated under neutral or type 2 conditions as described

for Figure 3. Individual naïve CD8+ T cells were activated in parallel. Memory and primary clones activated for 8 days and estimated to contain at

least 100 cells were removed from stimulatory Abs and rested for 3 days before re-stimulation with PMA and ionomycin in the presence of

monensin for 5 hours. Intracellular IL-4, IFN-γ and GzmB expression was measured by flow cytometry. * P < 0.05, *** P < 0.001, Kruskal-Wallis

test with Dunn’s multiple comparison test. Data are representative of 4 independent experiments (including two experiments where central and

effector memory cells were separated before activation, and two experiments where central and effector memory cells were not separated before

activation). Sp: Spleen, Lu: Lung, TCM: central memory (CD62Lhigh ex vivo), TEM: effector memory (CD62Llow ex vivo).
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