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 I 

Abstract 

Annual influenza epidemics cause significant morbidity and mortality 

globally. Although influenza B virus (IBV) is responsible for approximately 

25% of the global influenza burden, it remains understudied compared to 

influenza A virus (IAV). Current influenza vaccines elicit mostly strain-

specific antibody responses, so vaccine efficacy is dramatically reduced 

when mutated variants dominate in circulation. Improved IBV vaccines 

require a better understanding of humoral immunity against IBV in order to 

inform improved vaccine design. In this thesis, we examined the human 

IBV-specific humoral response following influenza vaccination and 

investigated the potential utility of ferritin nanoparticles and IBV HA stem 

antigens to induce broader protective immune responses. 

 

IBV-specific antibody responses have been described in previous studies, 

but the knowledge we have regarding the specificities, protection and 

epitopes of cross-reactive antibodies remains limited. Using a flow 

cytometry-based approach, we delineated different B cell populations with 

either single-lineage or cross-lineage specificities from samples collected 

following seasonal influenza immunization clinical trials. Both neutralizing 

and non-neutralizing antibodies protected mice from lethal challenges with 

IBV, but protection by non-neutralizing antibodies was non-sterile and 

dependent on Fc-effector functions. We also localized neutralizing epitopes 

of both lineage-specific and cross-lineage antibodies on IBV HA by 

sequencing viral escape mutants. The comprehensive information we 

gathered from this study may guide future efforts to design broadly 

protective IBV vaccines. 
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Nanoparticles as a novel vaccine carrier system has drawn increasing 

attention over the past decade. The self-assembling ferritin nanoparticles 

loaded with IAV HA have been proven to induce robust and broad humoral 

response in mice and ferrets. We investigated the feasibility and protective 

potential of displaying IBV HA on ferritin nanoparticles. The results 

demonstrated that ferritin nanoparticles significantly boosted the 

immunogenicity of IBV HA. Furthermore, we found that co-loading HAs of 

both IBV lineages led to antibody responses against both lineages and 

conferred similar level of protection in comparison of mixing two 

monovalent nanoparticles. Overall, ferritin nanoparticles presenting IBV HA, 

either monovalent or multivalent, may provide some immunological 

advantages over the conventional influenza vaccines, hence are promising 

foundations to build improved IBV vaccines upon.  

 

The highly conserved stem domain of HA has long been considered as a 

major target for generating cross-reactive antibody response. Due partially 

to the difficulty in preparing stable IBV stem proteins, the protective 

potential of the IBV stem is poorly understood. Despite problematic 

expression and/or misfolding, IBV stem proteins we generated were 

immunogenic in mice and elicited robust cross-lineage antibody responses. 

Mice vaccinated with IBV stem proteins were partially protected from 

simultaneous challenge with IBV of both antigenic lineages. The broad 

protection of IBV stem demonstrated by these experiments suggests that it is 

a promising candidate for universal IBV vaccines. 

 

In summary, this thesis improves the understanding of humoral immunity 

against IBV both by elucidating important aspects of HA-specific antibodies 

and exploring different approaches to improve current influenza vaccines. 
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Our findings add to the field of IBV research and inform development of 

better IBV vaccines. 
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1.1 Overview: Global burden of human influenza 

B infections  

Influenza virus is one of the deadliest viruses of all time. The history of 

influenza pandemics can be traced back hundreds of years (1). After the virus 

was isolated in a laboratory in 1932, continuous efforts have been made to 

control this virus, but we are still faced with seasonal influenza epidemics 

every year and a global pandemic every one to five decades (2).  

 

Historically, most of the influenza research has been focused on influenza A. 

Popular opinions influenced by early influenza studies have generally 

considered influenza B as a less important public health burden compared to 

influenza A. Pandemic outbreaks caused by influenza A in the past decades 

have undoubtedly strengthened these impressions. However, recent 

epidemiological studies have suggested otherwise. Although influenza B 

virus is less common than influenza A virus, it is responsible for a substantial 

disease burden. For example, during the 2019-2020 season in the US, 67% 

of pediatric influenza deaths were confirmed to be associated with influenza 

B virus (3). Globally, surveillance data have suggested that approximately 

25% of the influenza burden is attributed to influenza B (4).  

 

Cases of reported influenza infection usually start to emerge at the beginning 

of winter season when people tend to crowd in closed places and humidity is 

high (2). Influenza virus infection does not always lead to observable 

symptoms, with about one third of infected people asymptomatic (5). At the 

early stage of infection, influenza has similar symptoms as the common cold, 

including fever, cough and nasal congestion. In addition to these common 

symptoms, influenza infection can also cause joint ache, fatigue, diarrhea 

and under less common circumstances, severe primary viral pneumonia and 
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secondary bacterial pneumonia (6). Antiviral medications are available for 

treatment of influenza virus infection, but the utility is dependent on accurate 

diagnosis at early stage when they are most effective (7). In addition, due to 

wide usage of antivirals, drug resistance has emerged and become more 

prevalent, which calls for alternative anti-influenza treatments and bolstered 

prevention efforts. 

 

For many years, seasonal influenza vaccines have remained our most 

effective protection from influenza infections, but there are some significant 

shortcomings of current vaccines. Although current influenza vaccines can 

provide satisfactory results when vaccine strains match with circulating 

strains, their efficacy reduces dramatically if a new virus emerges through 

antigenic drift or shift and dominates the circulation. This drawback requires 

influenza vaccines to be reformulated based on surveillance data from 

previous year and administered every year. Despite these efforts, incorrect 

predictions of circulating virus happen from time to time. During the ten 

seasons between 2001 to 2011, selected influenza B lineage included in the 

influenza vaccines matched only 5 times with the dominant circulating 

lineage (8). Furthermore, ineffective vaccination resulting from strain 

mismatch can significantly impact acceptance of influenza vaccines in the 

population, deterring them from taking vaccine again the next year, which 

further increases the influenza burden. The accumulating evidence of 

significant influenza B health burden and need for largely improved 

influenza vaccines warrant more attention and resources in influenza B 

research. 
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1.2 Influenza viruses 

1.2.1 Classification and nomenclature  
Influenza viruses belong to the family Orthomyxoviridae and have been 

classically divided into three genera on the basis of their ribonucleoprotein 

antigens: Influenzavirus A, Influenzavirus B and Influenzavirus C (9). There 

is only one species in each of these genera and they are named influenza A 

virus (IAV), influenza B virus (IBV), and influenza C virus (ICV) 

respectively. Recently a new virus, influenza D virus (IDV), was isolated 

and characterized by several research groups but to date it is only found to 

infect cattle and swine (10–12). Except for IDV, all the other three types can 

infect humans and cause diseases of varying severity. ICV infection is the 

least common and normally leads to mild disease in children (13). Both IAV 

and IBV are easily transmittable through aerosols between humans and able 

to cause deadly diseases.  

 

IAV is further divided into subtypes based on different combinations of its 

two major surface antigens: hemagglutinin (HA) and neuraminidase (NA). 

There are 18 types of HA (H1-H18) and 11 types of NA (N1-N11) identified 

thus far for IAV (14–16). Only viruses expressing H1, 3 and N1, 2 are 

commonly isolated from humans during seasonal epidemics (17). However, 

for the past two decades, some avian strains of IAV have been transmitted to 

humans and caused global spread (18). The highly pathogenic avian strain 

H5N1 caused its first outbreak in 1997 and has been responsible for 

increasing number of bird to human transmission (19). With a mortality rate 

of 60%, this dangerous virus has raised a lot of concerns that it may cause 

the next influenza pandemic. Another avian strain, H7N9, has also emerged 

to become a potential pandemic threat since it first infected human in 2013 

(20). Even though there has not been evidence supporting transmission 
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between humans for H7N9, number of reported cases has not ceased to 

increase since its identification. As of January in 2017, 916 cases of H7N9 

have been confirmed and reported to World Health Organization (21). Also 

in 2013, an elderly woman in China died of influenza-related pneumonia and 

H10N8 was confirmed to be the causative pathogen (22).  

 

IBV is divided into two antigenically distinct lineages, B/Victoria/2/1987-

like and B/Yamagata/16/1988-like viruses, based upon characterization of 

HA proteins (23). Within each lineage, different strains of IBV have been 

identified and dominated in circulation over the years. Like IAV but on a 

lesser degree, new strains of IBV emerge through antigenic drift and 

reassortment of viruses within the same lineage or between the two lineages. 

Although both lineages of IBV co-exist, one of them usually dominates the 

circulation and results in the majority of reported cases. In recent years, 

Yamagata has been the predominant lineage in circulation in both northern 

and southern hemisphere. However, co-circulation of the two lineages 

dramatically increases the possibility of mismatch between circulating strain 

and vaccine strain, which prompts WHO recommendation of influenza 

vaccine to switch from trivalent inactivated influenza vaccine (TIV) to 

quadrivalent inactivated influenza vaccine (QIV) since 2012 so that both 

lineages of IBV are covered by vaccine. As of 2019, the two IBV strains 

recommended by WHO to be included in vaccines in the Southern 

hemisphere are B/Colorado/06/2017-like virus (Victoria lineage) and 

B/Phuket/3073/2013-like virus (Yamagata lineage).  
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1.2.2 History of IBV 
IBV was first identified in 1940 and termed B/Lee/1940 virus (24). At the 

end of 1980s, various publications confirmed the emergence of two 

antigenically and genetically distinct lineages of IBV, represented by 

B/Victoria/2/87 and B/Yamagata/16/88 (25–27). Drifted versions of these 

two lineages continue to co-circulate to this day. HA sequence data 

suggested that divergence of the two phylogenetic lineages probably took 

place in the early to mid 1970s (28), with each lineage predominant at 

different times and geographical locations. Globally, B/Victoria/2/87-like 

viruses were the dominant strains during the late 1980s, after which 

B/Yamagata/16/88-like viruses emerged and quickly became wide-spread. 

Since 1991, isolation of B/Victoria lineage viruses had become rare 

compared to B/Yamagata lineage in most parts of the world except for Asia 

and some individual countries. Victoria lineage did not reappear globally 

until 2002, after which Yamagata and Victoria lineages alternate in 

dominating worldwide circulation every 1-3 years. This co-existence of two 

lineages made vaccine strain recommendations for TIV more complicated 

for the WHO. In some years, special recommendations had to be made for 

some countries to accommodate the prevalence of a different lineage of virus 

other than the representative one in the rest of the world. Therefore, starting 

from 2018, both lineages of IBV have generally been recommended to be 

included in influenza vaccines by WHO in both Northern and Southern 

hemispheres formulations (29).  
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1.2.3 IBV structure and replication 
1.2.3.1 Virus structure 
The morphology of IBV can be either spherical or filamentous. The viral 

genome is wrapped in and protected by the viral envelope, derived from the 

plasma membrane of infected cells (30). There are two main kinds of 

glycoproteins localized upon the envelope. One is termed hemagglutinin 

(HA), the other is neuraminidase (NA). Also embedded in the envelope is 

the matrix protein 2 (M2) that functions as an ion channel. IBV has a unique 

membrane protein named NB, whose function has not yet been clearly 

elucidated.  

 

Inside the virus, the viral genome consists of 8 segmented negative-sense 

single-stranded ribonucleic acids (RNA), which are encapsidated by 

nucleoprotein (NP) to form ribonucleoprotein (RNP). Each RNP is 

associated with matrix protein 1 (M1) and packaged with one set of RNA 

dependent RNA polymerase, which includes two basic subunits (PB1 and 

PB2) and one acidic subunit (PA). Three of the eight segments of viral RNA 

are able to encode two genes through different mechanisms. Segment 6 that 

encodes NA can also express NB through overlapping reading frames (31). 

Segment 7 encodes both M1 and M2 via termination-reinitiation during 

translation (32). In addition to non-structural protein 1 (NS1), non-structural 

protein 2 (NS2) is also expressed by segment 8 after alternative splicing (33). 

Therefore, the 8 segments of influenza B viral genome encode in total 11 

proteins. 
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Figure 1. Schematic diagram of IBV structure. Figure adapted from 

https://viralzone.expasy.org/. 
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1.2.3.2 Virus attachment and entry 

1.2.3.2.1 Hemagglutinin 

Of all the proteins made by influenza virus, HA is of significant importance 

for humoral immunity and studied in this thesis. The name of hemagglutinin 

derives from its ability to agglutinate red blood cells. HA is trimeric under 

natural conditions and consists of three identical monomers. Each monomer, 

when newly synthesized in host cells, is a polypeptide chain called HA0 that 

is made of two regions HA1 and HA2 held together by two disulfide bonds 

(34,35). Cleavage of the newly-expressed HA0 into HA1 and HA2 by 

proteases in the host cells is required for the infectivity of influenza virus 

(36). HA trimers exist as long spikes anchored on the surface of influenza 

virions. The target ligand of the receptor domain of HA, sialic acid, is 

presented on almost all avian and human cells, and is crucial for influenza 

virus attachment to the host cells. Sialic acid can be divided into α-2,3- and 

α-2,6-linkages based on the association of carbons of galactose (14). While 

α-2,3-linkages are predominantly found on avian epithelial cells, both α-2,3- 

and α-2,6-linkages are present on human epithelial cells. The common 

existence of α-2,3-linkages in avian species and human enables avian 

influenza viruses to infect humans and cause severe infections (37).  

 

The HA of IBV is similar to that of IAV in most aspects, but there are some 

distinct differences. Due to unclear reasons, IBV HA binds to sialic acid at a 

lower affinity than IAV HA even though they share a similar structure (38). 

Another key difference is localized at position 95 of IBV HA. While IAV 

HA has a conserved tyrosine at the same position, IBV HA has a 

phenylalanine (39). This residue has been proven to enable IBV HA to bind 

to both human-like and avian-like receptor analogs. By substituting this 

phenylalanine with tyrosine, IBV HA can attain similar level of affinity to 

receptor as IAV HA thanks to the restoration of three hydrogen bonds made 
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by tyrosine. However, this higher affinity also seems to cost the ability of 

IBV HA to recognize avian receptors (40). 

 

1.2.3.2.2 Matrix protein 2 

The influenza virus is taken into the host cell through endocytosis after 

attachment (14). The acidic environment within the endosomes triggers the 

merging of endosomal membrane and the viral envelop, which exposes the 

interior of the virus. In the meantime, M2 proteins on the viral membrane 

functions as an ion-channel and pumps hydrogen ions into the virus (41). 

The resulting low-pH conditions within the virus disrupts the protein 

interactions so that the viral RNP (vRNP) can be released into the cytoplasm. 

 

The M2 protein of IBV is an integral membrane protein expressed in late 

phase of viral replication and transported through the trans-Golgi network to 

the surface of infected cells (42–44). M2 of IBV also functions as an ion-

channel (45,46) and is essential for viral assembly, replication and infectivity 

(47–49).  

 

1.2.3.3 Synthesis of viral RNA and proteins  

1.2.3.3.1 Nucleoprotein 

After release into the cytoplasm, vRNPs are transported into the host cell 

nucleus with the help of the nuclear localization signal on NP (50). In later 

stages when the viral RNA is synthesized, NP binds and packages the viral 

genome to become the RNP complex again. 

 

The NP of IBV (BNP) differs significantly from that of IAV (ANP). ANP 

incorporates a nuclear localization signal, which is absent in the extended N-

terminus of BNP (51). In order to achieve the same function, BNP uses a 
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different motif consisting of KRTR in the N-terminus (52). BNP lacking the 

N-terminus has been investigated specifically to reveal other potential 

functions related to viral replication. In addition to nuclear localization of 

viral RNA, the N-terminus of BNP also plays a necessary role in virus 

viability and optimal transcription and replication of the viral genome (53). 

 

1.2.3.3.2 RNA polymerase 

The RNA polymerase machinery is essential for both the transcription and 

replication of the influenza viral RNA (54). After being transported into the 

nucleus, the viral RNA is first transcribed into messenger RNA (mRNA) for 

the expression of new viral proteins. The transcription is initiated by a 

process termed as “cap-snatching”, where the 5’ cap of a host pre-mRNA is 

bound by PB2 and 10-15 bases are cleaved by PA to be used as the 

transcription primer (55). The RNA polymerase is also responsible for the 

synthesis of complementary RNAs that are used as templates for the 

replication of more copies of the viral RNA (14). Although PB1 on its own 

can generate short RNAs, research has shown that all three subunits of the 

RNA polymerase are required for efficient synthesis of the viral RNA (56).  

 

Due to limited research on IBV polymerases, the general assumption has 

been that they function under a similar mechanism to that of IAV. Although 

recent studies have confirmed that the structure, localization and binding are 

mostly similar between IAV and IBV polymerases (57,58), a key difference 

regarding the cap-binding mechanism was discovered. Unlike IAV whose 

PB2 preferentially binds to methylated m(7)G-capped RNAs, IBV PB2 is 

able to cleave unmethylated GpppG-RNAs in addition to the methylated 

ones (59). This broader cap recognition pocket of IBV PB2 gives it more 

flexibility than IAV PB2 and enables it to cleave various types of cap 

structures. 
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1.2.3.3.3 Non-structural protein 1 

The importance of IBV NS1 protein for  viral replication has been confirmed 

by multiple studies (60,61). Although IBV NS1 has a monopartite nuclear 

localization signal in the N-terminus and can bind to RNA, it is not capable 

of sequestering host mRNA within the nucleus like IAV NS1 because the C-

terminus of IBV NS1 does not interact with cleavage and polyadenylation 

specificity factor 30 (CPSF30) (62). Therefore, IBV NS1 does not inhibit 

host cell immune response in the same way as IAV NS1. Alternatively, IBV 

NS1 can modulate host immunity by suppressing host cell interferon 

responses. Both the N-terminus and C-terminus of IBV NS1 are able to 

independently prevent activation and nuclear translocation of interferon 

regulatory factor 3 (IRF-3), which is essential for the initiation of interferon-

ab (IFN-ab) response (63). When NS1 is removed from the viral genome, 

IBV infection leads to stronger IFN-b promoter activation and expression 

(60). Another immune response inhibition function of the N-terminus of IBV 

NS1 is achieved through conjugation with the ubiquitin-like interferon-

stimulated gene 15 (ISG15) protein. When bound to ISG15, IBV NS1 

relocalizes ISG15 to nuclear speckle and prevents activation of ISG15 (64). 

This specificity for ISG15 only exists in human and nonhuman primate, 

suggesting its potential as an antiviral target (65). In general, IBV NS1 seems 

to play an important role in viral evasion of both innate and adaptive immune 

responses, utilizing distinct mechanisms from those of IAV NS1. 

 

1.2.3.3.4 Non-structural protein 2 / Nuclear export protein 

The IBV NEP, as its name suggests, functions as a nuclear export chaperon 

to viral RNA synthesized in the nucleus, which is achieved via a nuclear 

export signal localized in the N-terminus (66). As with the IAV NEP, IBV 

NEP is also expressed in the late phase of viral replication and accumulated 

within the nucleus. With the help of nuclear export signal, NEP is transported 
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out of the nucleus, through cytoplasm, eventually to plasma membrane 

where new virions are budding. One difference that distinguishes IBV NEP 

from IAV NEP is the way that IBV NEP associates with RNP. While IAV 

M1 serves as a bridge between NEP and RNP, IBV NEP binds directly to 

both M1 and RNP (67). 

 

1.2.3.4 Virus packaging, assembly and budding 

1.2.3.4.1 Matrix protein 1 

The IAV M1 binds to synthesized vRNP and promotes the nuclear export 

(68). The M1 has also been shown to play an important role in the association 

of RNP-NEP complex with the membrane bound viral proteins (69). 

Previous research found that accumulation of M1 at the cell membrane leads 

to the bulging of the plasma membrane, which initiates the budding of 

newly-synthesized influenza virions (70). 

 

The M1 protein of IBV is understudied. One study identified both nuclear 

localization and nuclear export signals on IBV M1, which implied that M1 

may function as a shuttling protein for viral RNA between the nucleus and 

cytoplasm of infected cells (71). 

 

1.2.3.4.2 Neuraminidase 

On the membrane of fully assembled influenza virions, the NA spike is a 

mushroom-shaped homotetramer. The sialidase activity of neuraminidase is 

essential for the release of budded influenza virus from sialic acids (70). The 

hydrolyzation of sialic acids by the NA abolishes the binding between sialic 

acids and HAs and releases virus progenies from the infected host cells (14). 
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Despite there being only 30% homology of amino acid sequence between 

IAV N2 and IBV NA, the crystal structure of IBV NA has revealed that it is 

a homo-tetramer very similar to IAV (72). One conserved calcium binding 

site that exists among all IAV and IBV was identified. Within each monomer 

of IBV NA, there are also two glycosylation sites, Asn 143 and Asn 283, 

with Asn 283 only found on IBV NA. 

 

1.2.3.5 NB 
The only protein that is unique to IBV is the NB protein. This protein has 

drawn a lot of interest over the years, but its function is not fully understood. 

Encoded by the same segment as NA, NB is expressed as an integral 

membrane glycoprotein that is distributed on the surface of IBV (73). 

Whether NB is necessary for viral replication and infectivity has been subject 

to debate. One study found that IBV lacking NB demonstrated restricted viral 

growth in infected BALB/c mice (74). However, NA expression may be 

affected by NB modification because they use the same viral RNA segment 

(75). A subsequent study confirmed that IBV lacking NB but with unaffected 

NA activity is able to replicate equivalently to the wild type virus in 

C57BL/6 mice (76). The group also proved that NB-knockout did not impact 

the replication or transmission of IBV in ferrets. Another possible function 

of NB is an ion-channel. Although the purified NB protein and 

transmembrane peptides incorporated into artificial lipid bilayer were 

observed to conduct ion (77,78), the reliability of these simplified 

experiment systems to imitate real-life virus-host cell interactions was 

questioned (79). Indeed, a single amino-acid substitution of IBV NB was 

able to affect its ion-channel gating (80), which supports the proposal of ion 

conducting ability of IBV NB. But the determination that NB has no pH-

modulating activity in the trans-Golgi network again puts this idea into 
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uncertainty (81). In summary, the redundancy of IBV NB makes identifying 

its function in the viral life cycle difficult. 

 

 

RNA 

segment 

Encoded 

protein 
Protein function 

1 PB1 
Polymerase subunit; RNA elongation, 

endonuclease activity 

2 PB2 Polymerase subunit; mRNA cap recognition 

3 PA Polymerase subunit; Endonuclease activity 

4 HA 
Surface glycoprotein; major antigen, receptor 

binding and fusion activity 

5 NP RNA binding protein; Nuclear import regulation 

6 
NA 

Surface glycoprotein; sialidase activity, virus 

release 

NB Unclear 

7 

M1 
Matrix protein; vRNP interaction, RNA nuclear 

export regulation, viral budding 

M2 
Matrix protein; ion channel, virus uncoating and 

assembly 

8 
NS1 

Non-structural protein; interferon antagonist 

protein, regulation of host gene expression 

NS2/NEP Non-structural protein; nuclear export of RNP 

 

Table 1. Genome organization and protein functions of IBV. 

 

 



 17 

1.3 Epidemiology of IBV 

Although IBV is less common than IAV and has never caused a world-wide 

pandemic (82), it is still responsible for a substantial part of the influenza 

burden annually. Every 2 to 4 years, an influenza B epidemic occurs. For the 

ten years between 2000 and 2009, 44% of the circulating viruses were IBV 

and these viruses caused a mortality rate higher than IAV H1N1 (83,84). 

More importantly, children and young adults are more susceptible to IBV 

infections that can lead to severe consequences.  

 

In a 2006 study where circulation of IBV in South East Asia and Oceania 

since 2000 was examined, the authors emphasized that IBV is responsible 

for a greater disease burden than expected (85). For example, 26.6% and 87.2% 

of confirmed influenza cases in Australia and New Zealand respectively in 

2005 were related to IBV. Similar to the global trend during the same period 

of time, Yamagata lineage dominated this region until 2000, after which 

Victoria lineage became more prevalent in almost every country. More 

specifically, 83% of the countries in the region only had confirmed cases of 

Yamagata lineage and no confirmed cases with Victoria lineage in 2000. 

However, it only took two years for Victoria lineage to predominate the 

circulation in all the areas except for Taiwan. Interestingly, this time 

Yamagata lineage was not completely replaced by Victoria lineage, but 

persisted in some parts of the region and started co-circulating with the other 

lineage. Since then, the prevalence of two lineages of IBV varied year by 

year and country by country. In 2004, Yamagata lineage predominated some 

areas such as Taiwan and Macau, while mixed reports of both lineages were 

present in other countries like Singapore and Thailand. Victoria lineage once 

again was the dominant lineage in most countries with the exception of New 

Caledonia. Additionally, the extent of IAV spread also had a significant 
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impact on IBV circulation. For instance, when A/H3N2 was widespread in 

the region in 2003, reports of IBV cases had become so rare that they were 

uncommonly identified by surveillance systems.  

 

According to WHO report, the recent 2017-2018 season is predominated by 

influenza B Yamagata lineage. To be more specific, IBV accounted for more 

than 30% and 40% of confirmed cases in North America and Central Asia 

respectively. In addition, IBV related cases were observed for a longer period 

of time and of larger numbers compared to previous year (86). For the 2019-

2020 season, an early rise of influenza B cases was observed in the US. 

Cumulative data until week 13 of 2020 indicate that 46.6% of the confirmed 

influenza cases are attributed to influenza B (87). 

 

1.3.1 Susceptible populations 
The age groups affected most by IBV are children and young adults. 

Surveillance data of 2012-2013 winter season in England (88) and four years 

from 2010 to 2014 in Thailand (89) have seen a majority of cases of IBV 

infection in children and adolescents aged from 5-19. Another recent study 

conducted in Australia also reported that confirmed IBV cases were in the 

highest percentages in the age group of 5-15 years (90).  

 

Between the two lineages of IBV, the age groups that are most affected by 

IBV infection seem to differ. Analysis of over 900 full genomes from 

collected samples in Australia and New Zealand revealed that Victoria 

strains tend to infect a younger group of people (mean 16.8 years, median 11 

years) than Yamagata strains (mean 26.6 years, median 18 years) (23). In an 

effort to explain this phenomenon through structure characteristics of HA 

and its host cell receptor, sialic acid, this study also discovered that 
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Yamagata HA binds to α-2,6-linked receptors on sialic acid with higher 

affinity while Victoria HA binds to both α-2,3 and α-2,6-linked receptors 

with no skewed preference. Previous study showed that children have higher 

levels of α-2,3-linked receptors in their respiratory tissues than adults (91). 

Therefore, the prevalence of α-2,3-linked glycan on the surface of respiratory 

tract cells in young children may contribute to their greater susceptibility to 

Victoria strains. 

 

1.3.2 Antigenicity of IBV 

1.3.2.1 Antigenic variability of IBV  
Although IAV and IBV are morphologically similar, IBV has been 

considered less variable and threatening. In an effort to shed light on this 

phenomenon, sequence divergence of viral genes in IAV, IBV and ICV 

revealed that the evolutionary rate of IBV falls between IAV and ICV, IAV 

being the fastest (25). 

 

Even though IBV adopts a similar set of replication machinery to IAV, the 

fidelity of RNA dependent RNA polymerase markedly differs. A study 

conducted in 2006 compared the mutation rates of nonstructural genes of 

both IAV and IBV when grown in Madin-Darby canine kidney (MDCK) 

cells. Sequenced viral genes demonstrated mutation rates of 2.0 x 106 and 

0.6 x 106 mutations per site per infectious cycle for IAV and IBV 

respectively, which means IAV is mutating ~three times faster than IBV (92). 

In addition, the less tolerance of IBV HA head domain to transposon-

mediated insertions than that of IAV HA head domain may also restrict the 

antigenic diversity of IBV (93). 
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Further diminishing the variability of IBV, the host range of it is almost 

exclusively limited to human, aside from rare cases reported in seals (94) and 

experimental infection of ferrets and pigs (95,96). This restricted host 

reservoir could be one of the main reasons for lack of IBV-caused pandemic 

to date, with no animal reservoirs facilitating antigenic shift events. The 

slower evolution rate and limited host range make IBV an appealing target 

for eradication, contingent upon the discovery of a novel vaccine that elicits 

broad and durable protection against all strains of IBV from both lineages. 

 

1.3.2.2 Antigenic drift 
The RNA polymerase of IBV lacks proof-reading ability, so changes in the 

amino acid sequences of the surface glycoproteins can accumulate without 

correction (97). The types of these changes include deletions, insertions and 

substitutions. Antigenic drift happens when the changes within the antigenic 

sites accumulate to a point that the glycoproteins are no longer recognized 

by existing antibodies. The constant antigenic drifts of influenza viruses have 

posed a great threat on the efficacy of influenza vaccines. 

 

Likely due to slower mutation rate of IBV HA compared to IAV HA, 

antigenic drift is slower in IBV than IAV. In a systemic analysis of IBV 

antigenic drifts in southeast Asia and Oceania since 2000, Barr et al. 

demonstrated with the phylogenetic tree of IBV strains that both lineages of 

IBV have been evolving at a moderate rate over time (85). One interesting 

phenomenon is that the drift rate of Victoria lineage increased dramatically 

since 2003 while Yamagata lineage remained the same, probably due to the 

re-emergence of wide-spread IBV cases starting from 2000. Changes in 

vaccine recommendations were made to accommodate the occurrence of 

new strains of IBV caused by antigenic drifts. A more recent study examined 
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the dynamics of antigenic residues on IBV HA up to 2016 in order to 

determine the evolutionary patterns (98). The group found that the major 

antigenic epitopes of both Victoria and Yamagata lineages were mostly 

localized in the 120-loop of head region, meaning the epitopes under the 

greater selection pressure have moved from 150-loop and 160-loop as 

described previously (99). 

 

In 2015 a comprehensive study was conducted to compare the 

phylodynamics between the two lineages of IBV (23). The group found that 

the Victoria lineage has been evolving under a much greater selection 

pressure than the Yamagata lineage. As a result, strains of Victoria lineage 

usually emerged and disappeared in a short period of time, while Yamagata 

strains became more diversified and co-circulated over an extended length 

of time as long as 10 years. The relative genetic diversity of Victoria lineage 

has shown continuous fluctuations among the different influenza seasons, 

but that of Yamagata lineage remained relatively static over the years. The 

stark difference of the antigenic diversity between the two lineages may hint 

a possibility of eradicating the slowly evolving Yamagata lineage with mass 

vaccination before focusing on the more complicated task of Victoria lineage. 

 

1.3.2.3 Antigenic shift 
The segmented nature of the influenza genome creates the possibility that 

reassortment of one or more RNA segments may happen during the 

packaging of new viruses if the host cells are infected simultaneously with 

distinct strains of influenza viruses. In most cases, antigenic shifts introduce 

greater antigenic diversity than antigenic drifts because the viral genome 

reassortments result in progeny viruses that are significantly different from 

the parental viruses. When the reassortment occurs between strains of human 

and animal viruses, it may produce new viruses for which the population has 
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no pre-existing immunity (14). Historically, antigenic shifts are responsible 

for most of the pandemic outbreaks including the most recent 2009 H1N1 

pandemic (100). 

 

Having only two lineages of limited diversity and no animal reservoir gives 

IBV much less material to work with and generate enough variability that 

would qualify as an antigenic shift. However, the reassortment of RNA 

segments has been reported between different strains of IBV and may still 

constitute an important source of diversity. Multiple studies have confirmed 

the existence of the reassortment of RNA segments of different IBV strains 

from either the same lineage or two different lineages (23,101–103). 

Between the lineages of IBV, Victoria seems to be acquiring genetic 

materials more frequently from Yamagata than the converse (23). There also 

seems to be certain patterns of the reassortment of different segments. 

Bioinformatic studies of IBV evolution have revealed that HA, PB1 and PB2 

genes have remained unchanged in their original lineage, while the rest of 

the gene segments are interchanged among current strains of IBV (23,103). 

Even though the reassortments between strains of IBV do not generate same 

level of variability as IAV, the novel viruses may still become the dominant 

strains in circulation due to less pre-existing immune pressure on them. 

 

1.4 Immunity to influenza B  

There are two main types of immune responses to influenza infection. The 

innate immune response reacts rapidly to common virus-related molecules 

and is important for the containment of virus and priming of the adaptive 

immune response. Innate immune responses are not antigen-specific and do 

not generate memory. Adaptive immune responses take longer to kick in but 

are focused on specific antigens and can be highly effective at not only 
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facilitating the clearance of infected cells but also blocking of further viral 

spread. This type of response involves multiple components of the immune 

system and produces antigen-specific memory cells that can rapidly expand 

upon re-exposure to virus (104). The adaptive immune response is further 

divided into humoral immunity and cellular immunity, which depend upon 

B cells and T cells respectively. Both types of immune responses are 

essential and work synergistically for protection against influenza infection.  
 

1.4.1 Innate immune responses 
Innate immune responses to IBV are understudied. Although no receptor that 

leads to innate immune response has been identified, one study identified 

that retinoic acid-inducible gene I (RIG-I) and melanoma differentiation-

associated protein 5 (MDA-5) signals were observed to be triggered 

following IBV infection in cell culture (105). RIG-I and MDA-5 can 

recognize the presence of viral RNA in cytoplasm and initiate downstream 

interactions with IFN-β promoter stimulator (IPS-1), which eventually leads 

to the expression of potent antiviral components IFN-a/b. Another important 

innate response factor, the protein kinase R (PKR), has also been found to 

be activated with the presence of vRNP (106). The usual target of PKR is 

double-stranded RNA (dsRNA) produced by viral infection. Because viral 

genome of IBV is negative sense single-stranded RNA, a different 

mechanism might be used by PKR to detect IBV viral genome. During the 

late stage of IBV infection, newly synthesized vRNPs need to be transported 

from the nucleus to cytoplasm for viral assembly. This trafficking of vRNP 

acts as a strong activation of PKR activity. As a counter measure, IBV NS1 

can interact with PKR and block PKR activation through its dsRNA binding 

domain. IBV also differs from IAV in terms of how soon innate immune 

responses are initiated after viral entry. While IAV is able to evade early 
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recognition by host receptors and prevent activation of the interferon 

response until the production of viral RNA, the entry of IBV particles can be 

immediately detected by host cell and triggers downstream interferon 

reactions (107). This fast recognition of IBV by host cell is independent 

of initial viral transcription, replication, and viral protein synthesis and relies 

solely on the structure of IBV in the cytosol. Moreover, gamma delta T-cell 

hybridomas have been found to respond to IBV infection, however the 

mechanism underlying this phenomenon is not yet understood (108). 

 

1.4.2 Adaptive immune responses 
1.4.2.1 Cellular immunity 
Naïve T cells are selected and matured in the thymus. Classically there are 

two main types of T cells (CD4+ T helper cells and CD8+ cytotoxic T cells) 

that play key roles in the cellular immunity. In terms of functions, CD4+ T 

helper cells can promote both humoral and cellular immune responses and 

CD8+ T cytotoxic cells focus on killing the infected cells. CD4+ T helper 

cells are divided into type 1 (Th1) and type 2 (Th2) based on the kind of 

immune responses they engage in. Th1 activates effector cells such as 

macrophages and cytotoxic T cells and leads to strengthened cell-mediated 

response. Th2 provides support to antigen-specific B cells for the production 

of antibodies (104). More recent studies suggest additional complexity due 

to the existence of more lineages of T cells and the impact of environmental 

factors on lineage commitment and plasticity (109). Not only more lineages 

of T cells such as Th17 and Th22 have been found to play important roles 

during the formation of adaptive immunity, but also different subsets of T 

cells are capable of converting to other phenotypes. Another subset of T cells 

that plays an important role in influenza immunity is T follicular helper cells 

(Tfh). Tfh cells are localized in B cell follicles and facilitate the maturation 
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of antigen-specific B cells and the production of high affinity antibody. 

Thanks to identification of circulating Tfh cells (cTfh) (110), human Tfh 

cells can now be easily isolated from peripheral blood and studied for better 

understanding of their functions. However, there are some key differences 

between geminal center Tfh cells (GC Tfh) and cTfh cells. In contrast to GC 

Tfh, cTfh cells express C-C motif chemokine receptor 7 (CCR7) and lack 

the master transcription factor B-cell lymphoma 6 protein (Bcl-6) (111). 

Despite these phenotypic differences, a study has confirmed the clonal 

relationship between the two cell types (112). A recent review further 

discussed the contributions of cTfh to the humoral immunity after influenza 

vaccination (113). The author summarized that memory cTfh1 cells, once 

activated by antigen, are able to promote the differentiation of memory B 

cells via cytokine and inducible T-cell costimulatory (ICOS) signaling. 

Stimulated memory B cells can either become antibody-secreting plasma 

cells or re-enter germinal center for affinity maturation. 

 

The amount of knowledge we have for T cell response against IBV infection 

is fairly limited compared to IAV. One of the pioneering studies in this topic 

investigated the possible mechanisms of protective immunity against IBV 

infection in mice deprived of B cells and antibodies (114). The doubly 

inactivated mice were able to recover from IBV infection with aid of CD8+ 

T cells. Reinfection one month after the primary infection was still capable 

of generating virus specific T cell response, suggesting that T cell memory 

was established. Presence of both CD4+ and CD8+ T cells are required for 

optimal control of virus replication. Therefore, it is safe to say that T cell 

immunity plays an equally important role as B cell immunity in combating 

IBV infection. Research on the T cell epitopes has revealed that T cell 

responses against IBV are directed preferentially towards HLA-B*0801-

restricted epitopes (115). Several T cell epitopes have also been identified in 
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the IBV internal proteins such as NP (116,117). An obvious advantage of 

targeting conserved epitopes by IBV-specific T cell is that it leads to broad 

cross-lineage protection (118). In a more recent study, Koutsakos et al. 

identified unprecedented CD8+ T cell cross-reactivity across IAV, IBV and 

ICV, which uncovers important information for the design of universal 

influenza vaccines (119). 

 

1.4.2.2 Humoral immunity 
Naïve B cells present receptors of random specificities on the surface. When 

viral antigens are recognized by specific B cell receptors, B cells can 

differentiate into plasma cells that produce antibodies and memory B cells 

with the help from CD4+ T helper cells. The structure of an antibody consists 

of two pairs of linked heavy chain and light chain. The specificity of an 

antibody is determined by the variable regions that are present on both the 

heavy and light chains. Only the heavy chains have constant regions, which 

determine the functional properties of an antibody. There are multiple 

mechanisms of actions utilized by antibodies to protect host cells from 

viruses. Antibodies can specifically bind antigens and block the viral 

proteins from functioning, which directly neutralizes the viral replication. 

Alternatively, antibodies can also recruit other immunological components 

including effector cells and complements with the Fc portion to clear viruses 

and infected cells (14). 

 

1.4.2.2.1 Neutralizing Antibody Responses  

Direct neutralization of influenza virus requires HA-specific antibody 

binding to epitopes that surround the receptor binding site, preventing 

engagement with the sialic acid receptors. In this way, antibody blocks virus 

from infecting host cells at the entry stage, which is a highly efficient 
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measure of defense. Mimicking this natural process in immune system, 

researchers have designed different assays to measure effective antibody titer 

against designated strains of virus. Hemagglutination inhibition assay (HAI) 

developed by American virologist George Hirst (120) and focus reduction 

neutralization assay (FRA) (121) can quantify relative concentration of virus 

or alternatively, the concentration of anti-HA antibody through the 

neutralization capacity of antibody. In the HAI assay, red blood cells (RBC) 

are used as host cells for influenza virus attachment. When sialic acids are 

recognized and bound by HAs on influenza virus, the cells become 

connected to each other and form a network. This network keeps RBCs in an 

evenly suspended distribution, while unbound cells tend to precipitate over 

time and display a condensed red dot on the bottom of assay plate wells. This 

phenomenon enables straightforward identification of the presence of non-

neutralized virus. Before influenza virus is incubated with RBCs, it is mixed 

with different dilutions of HA-specific antibody. After adding this mixture 

to RBCs, if there are enough antibodies to neutralize all viruses in the 

solution, red dots will be observed, otherwise a red homogenous suspension 

will be observed. Based on the highest dilution of antibody that is still 

capable of neutralizing the virus, the relative concentration or neutralizing 

capacity of antibody can be calculated. FRA is conducted in a similar manner 

as HAI. Instead of RBC, MDCK cells are used as target cells for influenza 

virus. Signs of infection are demonstrated as plagues on the monolayer of 

cells because infected cells are eventually killed and lifted from the bottom. 

The neutralizing capacity of antibody can also be represented as the highest 

dilution of antibody that is still able to prevent plaques from forming.  

 

1.4.2.2.2 Antibody Responses requiring Fc functions 

A limitation of HAI and FRA is that they can only quantify antibodies 

capable of direct neutralization. Antibodies can also mediate protection 
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against influenza virus through Fc-effector functions such as antibody-

dependent cellular cytotoxicity (ADCC), antibody-dependent cellular 

phagocytosis (ADCP) and antibody-dependent complement deposition 

(ADCD) (122). These Fc-effector functions all require the antibody binding 

of viral proteins expressed on the surface of infected host cells. Bound 

antibodies on cell membrane will have their fragment crystallizable (Fc) 

regions facing outward. Recognition of the Fc regions of antibodies by 

patrolling effector immune cells or complements will then initiate a cascade 

of reactions that clear the viruses and infected cells. Because the Fc-effector 

functions utilize immunological components from both the innate and 

adaptive immune systems, they represent important connections between the 

two systems (123). 

 

ADCC occurs when the Fc gamma receptor IIIa (FcγRIIIa) on the immune 

effector cells such as natural killer (NK) cell, monocytes and macrophages 

binds to Fc region of immunoglobulin G (IgG) bound to viral antigens on the 

infected cells. Multiple Fc-FcγRIIIa interactions lead to the cross-linking of 

FcγRIIIa molecules and trigger phosphorylation of the immunoreceptor 

tyrosine-based activation motif (ITAM) and subsequent activation of a Ca2+ 

dependent signaling pathway. Eventually these reactions together result in 

the release of cytotoxic granzymes by NK cells for killing of infected cells. 

In the meantime, antiviral cytokines such as IFNγ , tumor necrosis factor α 

(TNFα) and chemokines are also produced by effector cells for controlling 

the viral replication (124). 

 

ADCP activity is dependent on the recognition of Fc region of antibodies by 

Fc alpha receptor (Fcα), Fc gamma receptor Ia (FcγRIa) and Fc gamma 

receptor IIa (FcγRIIa) on the phagocytes such as monocytes, macrophages, 

neutrophils, and dendritic cells (125). Viral particles and infected cells that 
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are opsonized by antibodies are engulfed by these effector cells into 

phagosomes, which then fuse with lysosomes to form phagolysosomes. The 

enzymes and superoxide from the lysosomes eventually digest the 

phagocytosed viruses and infected cells (126,127). 

 

ADCD is initiated when the complement system is activated by antibodies 

bound to viruses and infected cells. Pathways of complement activation are 

divided into classical, lectin and alternative, among which only the classical 

pathway is conventionally considered to be antibody dependent. Upon 

activation, proteins of the complement system interact with each other to 

build a complement complex that induces the neutralization of viruses and 

lysis of infected cells. 

 

In order to determine if the protection of an antibody is mediated by the Fc-

effector functions, researchers have identified two critical residues in the Fc 

region of antibody that when mutated completely abolish the Fc engagement 

in humans and mice (128–130). The LALA mutations (L234A, L235A) 

render significantly reduced affinity between Fc region of antibody and FcγR 

and impair the associated Fc-effector functions. So far, the LALA mutations 

have been widely used for investigating the Fc-mediated antiviral 

capabilities of antibodies against different viruses including influenza virus.  

   

1.4.2.3 Antibody targets of the influenza virus 
Humoral immunity has been a major focus of influenza research. HA and 

NA are the most prominent surface proteins on influenza virus and the first 

wave of antibody responses following infection and vaccination generally 

targets HA and NA. Neutralizing antibodies specific for these two viral 

antigens can bind and block them from functioning, so virus propagation is 

hindered without further entry into and release from host cells. Non-
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neutralizing antibodies can also recognize the newly synthesized viral 

proteins on cell membrane and mediate killing of infected cells by effector 

cells. 
 

1.4.2.3.1 Hemagglutinin 

As indicated by research on IAV, antibody response against viral HA protein 

plays an essential role in combating influenza virus infection and warrants 

extensive investigation. First identification of the antigenic sites on IAV HA 

can be traced back to 1980 when Webster et al. selected antigenic variants 

of A/H3N2 virus in the presence of monoclonal antibodies (mAb) (131). A 

similar approach was adopted by Gerhard et al. to drive escape mutants of 

A/H1N1 virus under the pressure of hybridoma antibodies (132). After 

comparative antigenic analysis of the 34 mutant viruses, two strain-specific 

(Sa and Sb) and two cross-reactive (Ca and Cb) antigenic sites were defined 

(Figure 2). 

 

Despite the substantial disease burden caused by IBV infection globally, IBV 

has received much less attention on the research side compared to IAV. One 

of the main goals of this study is to expand our knowledge on B cell and 

antibody response to IBV HA in humans. Similar to IAV HA, IBV HA 

consists of a globular head region HA1 and an elongated stem region HA2. 

The receptor binding site is localized within the head region, where most of 

the antibody responses are targeted at. The antigenic sites in HA1 are mostly 

grouped in four loops, the 120 loop (residues 116–137), the 150 loop 

(residues 141–150), the 160 loop (residues 162–167) and the 190 loop 

(residues 194–202) (39) (Figure 2). Therefore, this region is constantly under 

strong selection pressure, making it much more variable than the conserved 

stem region (23,133–135).  
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As mentioned above, the two lineages of IBV originated from the same 

ancestral strain, which makes cross-lineage recognition of antibodies more 

common than IAV. Extensive research has identified many broadly 

protective antibodies specific for IAV HA, but many fewer cross-reactive 

antibodies have been reported for IBV HA until recently. While strain-

specific antibodies mostly bind to canonical epitopes located in the receptor 

binding sites, cross-reactive antibodies recognize a wider range of epitopes 

in both the head and stem regions on HA. In a recent study, a group of 

broadly protective mAbs against IBV HA were characterized (136). Among 

the three cross-reactive antibodies, CR8033 and CR8071 bind to different 

conserved epitopes in the head region, while CR9114 recognizes another 

conserved epitope in the stem region. All three antibodies were able to 

protect mice from lethal IBV challenges, and CR9114 could even extend its 

protection to IAV. More examples of these IBV-specific cross-reactive 

antibodies include 5A7 (137) and 46B8 (138). 5A7 binds to a conserved 

epitope near C-terminus of HA1 and neutralized all IBV strains isolated from 

1985 to 2006. 46B8 binds to a conserved epitope mapped in the vestigial 

esterase domain of receptor binding domain. Furthermore, 46B8 lost 

recognition to mutated HA but still protected mice from lethal IBV 

challenges, possibly due to its ADCC function. A cross-protective antibody 

that recognizes conserved epitope in the receptor binding sites has also been 

described in a recent study (139). The authors claimed that the C12G6 

antibody was able to neutralize all representative strains of IBV spanning 76 

years of evolution with high potency. Another advantage of this antibody is 

that it prevents IBV infection through a multitude of mechanisms, including 

blocking viral entry, ADCC and complement-dependent cytotoxicity. In an 

effort to elicit cross-reactive response to IBV HA, a group of researchers 

designed a chimeric HA consisted of head region of IAV HA and stem region 

of IBV HA (140). Mice vaccinated with this chimeric HA generated broadly 
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reactive antibodies recognizing the stem region of IBV HA, which protected 

the mice from lethal challenges of various IBV strains through Fc effector 

functions. Hirano et al. examined the IBV-specific antibody responses 

following TIV vaccination in human (141) and they identified three types of 

specificities within the memory B cell pool: strain-specific, cross-reactive 

between two IBV lineages and cross-reactive between IAV and IBV, which 

depicts a comprehensive picture of IBV HA-specific humoral response. 

 

 

 

 

Figure 2. Major antigenic sites on the IAV HA and IBV HA. IAV HA and IBV 

HA have distinct antigenic sites. The four major antigenic sites on the IBV 

HA are: 120-loop (red), 150-loop (green), 160-loop (blue) and 190-helix 

(orange). The head and stem regions are also indicated.  
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1.4.2.3.2 Neuraminidase 

Crystal structures of NA-specific antibodies in complex with NA have 

enabled high resolution identifications of NA antigenic domains (142–145). 

Critical residues revealed by these structures have provided important 

information on NA humoral immunity. Unlike HA-specific antibodies, NA-

specific antibodies mainly function through eliminating virus budding from 

infected cells, which helps to reduce severity of infection rather than 

preventing it. Although there are many fewer NAs presented on the surface 

of influenza virion than HAs, no difference in immunogenicity has been 

described between the two (146). Numerous studies have been conducted to 

demonstrate the role and importance of NA-specific antibodies, among 

which one study confirmed that NA-specific antibodies generated after 

natural infection alone can serve as an independent parameter of immunity, 

regardless of the presence of HA-specific antibodies (147). 

 

IBV NA-specific mAbs are understudied compared to that of IAV NA. 

However, there are still a few broadly protective IBV NA antibodies 

identified so far. Doyle et al. described an NA-specific mAb that was able to 

inhibit viral growth of both lineages of IBV (148). More importantly, this 

antibody was effective against two drug-resistant strains of IBV (E117D and 

D197E), which suggests that it may be used as an alternative approach to 

treat IBV infection when antiviral drug is already less effective against IBV 

than IAV. Another study described five broadly protective murine mAbs that 

target highly conserved epitopes within NA (149). These mAbs 

demonstrated neuraminidase inhibition and ADCC activity and protected 

mice from both lineages of IBV. Recently, NA-specific antibodies recovered 

from a human vaccine trial confirmed that these antibodies are capable of 

providing strong and broad protection as they demonstrated strong 

prophylactic and therapeutic activity in mice (150). 
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1.4.2.3.3 Other viral proteins 

In addition to the antibodies binding to HA and NA, a small portion of 

antibodies induced by infection or vaccination specifically recognize other 

relatively conserved antigens such as NP and M2. Because the coding 

sequences of these proteins are less prone to undergo mutation and are able 

to maintain high degree of similarity across various strains of influenza virus, 

antibodies binding to these antigens can universally recognize all bearing 

viruses. The broad recognition exhibited by the cross-reactive antibodies 

binding these targets lays a possible path to universal influenza vaccines. 

Previous research found that NP-specific antibodies are non-neutralizing but 

could provide mice with resistance to heterologous influenza infections 

(151,152). M2 protein has long been considered as a promising candidate of 

universal vaccine (153). Conserved epitopes on IAV M2 have also been 

identified with the help of M2-specific antibody (154).  

 

No IBV NP-specific antibody has been reported as of now. However, in a 

recent study researchers vaccinated mice with IBV NPs containing defined 

amino acid differences to investigate the cross-reactivity of NP-specific 

cytotoxic T lymphocyte response (116). The results confirmed the cross-

lineage protection of IBV NP despite the sequence variations. Wang et al. 

examined the antiviral activity of a IBV M2-specific mAb and observed that 

it was able to greatly inhibit viral growth without complete neutralization 

(155). 

 

1.4.2.4 Differential recall capacities of the two lineages 
In terms of IBV-specific humoral immunity on the lineage level, Yamagata 

lineage has been proven to be the dominant one between the two by different 

studies. In a clinical trial where young children were primed with vaccines 

containing Yamagata antigen and boosted with Victoria antigen, the 
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researchers found that trial participants recruited strong Yamagata responses 

and weak Victoria responses (156). In a follow-up study, the group 

conducted sequential experimental infections in mice. In addition to 

repeating Yamagata prime and Victoria boost, they reverted the sequence 

and tested Victoria prime and Yamagata boost. Interestingly, the responses 

elicited by boost antigens were always dominated by Yamagata lineage no 

matter what the prime antigen was (157). The underlying mechanism of this 

phenomenon is not yet elucidated. 

 

1.5 Influenza vaccines 

1.5.1 Development of influenza vaccines 
Influenza vaccines have a long history in combatting infection in humans. 

Before the isolation of IBV in 1940, scientists had established a safe and 

efficient method to grow influenza virus for vaccine preparation. Therefore, 

when IBV was found to grow in eggs similarly to IAV, both viruses (A/PR8 

and B/Lee) were decided to be included in a bivalent vaccine tested in 

humans in 1942 (158). Since then, every licensed seasonal influenza vaccine 

has incorporated an influenza B component.  

 

Currently, three kinds of influenza vaccines are licensed: inactivated, 

recombinant and live attenuated influenza vaccines. Recombinant vaccines 

include genetically engineered viral antigens that are expressed in cell lines. 

Live attenuated vaccines contain live influenza viruses whose virulence is 

attenuated through strictly controlled manners. The most commonly 

administered influenza vaccine is the inactivated one. The vaccine viruses 

are grown in eggs and killed before formulated into vaccines. For the past 

decades, trivalent inactivated influenza vaccines (TIV) are recommended by 

WHO and different local authorities. The most recent TIV includes two IAV 
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strains (H1N1, N3N2) and one IBV strain (Victoria lineage) (29). In 

response to the co-circulation of two IBV lineages, WHO has also 

recommended the quadrivalent inactivated influenza vaccines (QIV) for 

broader coverage of IBV. In addition, some adjuvanted and high-dose TIV 

are specifically made for highly susceptible populations such as the older 

adults (aged>65).  

 

1.5.2 New concepts for influenza vaccines 
Current inactivated influenza vaccines have successfully reduced the flu 

burden globally. While these vaccines are the best tool we currently have to 

prevent influenza infections, they possess significant limitations. As 

mentioned, constantly emerging variants of the circulating influenza viruses 

pose a continuous threat of mismatch between vaccine strains and dominant 

strains in circulation. Since we cannot change the fast-evolving nature of 

influenza viruses under immune pressure, the obvious counter solution 

would be to make an influenza vaccine that is able to cover as many strains 

as possible. The realization of such a universal influenza vaccine is largely 

dependent on successfully generating cross-reactive immune responses, 

either humoral or cellular. Many concepts have been proposed to create the 

universal influenza vaccine and a few of them with promising potential are 

discussed below. 
 

1.5.2.1 DNA vaccines 
Deoxyribonucleic acid (DNA) is not directly used as antigen in DNA 

vaccines. Instead, DNA constructs encoding the antigens are taken up by 

cells and initiate intracellular expression of the antigens. In the case of 

influenza vaccine, HA proteins expressed by the DNA plasmids can induce 

HA-specific immune response to confer protection against influenza 
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infection. Because DNA vaccines are not immunogenic before the 

expression of viral proteins is initiated, humoral immunity is not involved at 

early stages. However, endogenously expressed viral antigens can be 

labelled as foreign proteins and processed into small peptides. These short 

peptides are then presented by major histocompatibility complex class I 

(MHC I) and class II (MHC II) proteins to the T cells, which leads to killing 

of the cells and generation of specific memory T cells. Secreted viral 

antigens are also recognized by patrolling antibodies and result in the 

expansion of antigen-specific B cells. Compared to traditional protein-based 

vaccines, DNA vaccines are safe and easy to manufacture. Since only the 

proteins encoded by the DNA are endogenously expressed after vaccination, 

the immune responses elicited by DNA vaccines are focused on the antigens 

(159). However, the relatively poor immunogenicity of DNA vaccines 

requires different strategies such as adjuvants and boost shots to produce 

adequate level of protection (160). 

 

1.5.2.2 Recombinant vaccines 
The realization of recombinant influenza vaccines involves several distinct 

approaches. Using reverse genetics, influenza antigens from one strain can 

be introduced into a different strain by replacing their counterparts. This 

process essentially creates a novel hybrid influenza virus through 

reassortment, which allows for the combination of critical antigens from 

epidemically topical strains and viral vectors of low pathogenicity. 

Furthermore, genes encoding the influenza proteins can also be inserted into 

attenuated bacterial vectors such as Listeria monocytogenes and Salmonella 

typhi. These live bacteria will express and present influenza antigens as they 

replicate, stimulating immune responses against the antigens (161). The 

advantage provided by bacterial vector-based vaccines is that components of 

the bacteria can act as adjuvants in activating the innate immune system 
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(162). The flexible and diverse strategies utilized to produce recombinant 

influenza vaccines have driven continuous improvement on the current 

vaccines. 

 

1.5.2.3 Nanoparticle vaccines 
Virus-like particles (VLP) include antigenic determinants of influenza virus 

but not the viral genome. In mammalian cells, recombinantly expressed viral 

proteins can spontaneously assemble into virion-like structures. Previous 

study confirmed that M1 protein is essential for the assembly of a virion 

(163). NA is required for the release of VLPs from cells, possibly due to its 

neuraminidase activity (164). Influenza VLPs present HA and NA on the 

surface and are highly immunogenic, while absence of RNP makes VLPs 

non-pathogenic and safe. Vaccination with influenza VLPs in mice was 

found to induce broader HA-specific response compared to inactivated 

whole virion and recombinant HA (165). 

 

Virosomes are phospholipid membrane vesicles that incorporate viral 

glycoproteins on the surface. Similar to VLPs, virosomes lack genetic 

materials for replication but are immunogenic to elicit immune responses 

against the surface antigens. In the case of influenza, virosomes serve as both 

carrier and adjuvant systems for the surface antigens HA and NA (166). A 

review on the Inflexal®V, one of the best examples of virosomal adjuvanted 

influenza vaccines, concluded that this vaccine is well-tolerated in all age 

groups and highly efficacious (167).  

 

Self-assembling nanoparticle vaccine is a relatively new concept of 

nanoparticle-based vaccine. Subunits of self-assembling nanoparticles can 

spontaneously assemble into spherical particles in expression solution. 

Antigen presentation on these nanoparticles is usually achieved by 
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conjugating antigen to the end of each nanoparticle subunit. Because these 

nanoparticles do not carry any antigen other than what is engineered to 

present on the surface, they can be highly immunogenic while limiting 

reactogenicity. A good example of these vaccines would be ferritin 

nanoparticles. In a recent study, mice vaccinated with ferritin nanoparticles 

loaded with IAV H1 trimers generated stronger and broader humoral 

immunity against the HA compared to the conventional trivalent influenza 

vaccine (168). Another study conducted by the same group swapped the 

whole HA with the stem domain. These stem presenting ferritin 

nanoparticles were able to boost the immunogenicity of stem domain and 

elicit broadly protective antibodies in mice and ferrets (169). Self-

assembling nanoparticles seem to be a promising path to the universal 

influenza vaccines. 
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1.6 Rationale and aims of this thesis  

Influenza has been causing significant morbidity and mortality globally for 

many years, of which a large proportion is associated with influenza B. 

Increasing awareness of the global public health burden and serious 

consequences brought by influenza B vaccine strain mismatch call for a 

novel vaccine with increased breadth. The feasibility of a pan-influenza B 

vaccine is much greater than that of influenza A thanks to its limited host 

reservoir and viral diversity. To achieve this goal, two questions need to be 

answered. First, which epitopes on IBV HA do cross-reactive antibodies bind? 

Second, what is the most efficacious vaccine strategy? To answer the first 

question, antigenic mapping of IBV HA-specific antibodies can provide 

important implications on HA epitope localization. We can, therefore, utilize 

modified HA proteins to specifically elicit universal antibody responses. In 

addition to improving antigens, a novel and efficient vaccine strategy is also 

needed to increase the effectiveness and specificity of human humoral 

responses to HA. Ferritin nanoparticles as carriers of HA antigens can boost 

immunogenicity and induce broadly protective humoral immune response 

against IAV HA (168). These particles are highly modular and can be loaded 

with different HA immunogens, hence they could provide a potent vaccine 

platform in the context of IBV HA. Information gathered from this project 

will give us critical insights and guidance on the next generation of influenza 

vaccines. 

 

Specific aims of this thesis are: 
1. Examine cross-lineage protection by human antibodies binding the 

influenza B hemagglutinin  

2. Derive broadly protective influenza B vaccines based on nanoparticles  

3. Assess the protective potential of the IBV stem domain  
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In!uenza B viruses (IBV) drive a signi"cant proportion of in!uenza-related hospitalisations

yet are understudied compared to in!uenza A. Current vaccines target the head of the viral

hemagglutinin (HA) which undergoes rapid mutation, signi"cantly reducing vaccine effec-

tiveness. Improved vaccines to control IBV are needed. Here we developed novel IBV HA

probes to interrogate humoral responses to IBV in humans. A signi"cant proportion of IBV

HA-speci"c B cells recognise both B/Victoria/2/87-like and B/Yamagata/16/88-like linea-

ges in a distinct pattern of cross-reactivity. Monoclonal antibodies (mAbs) were recon-

stituted from IBV HA-speci"c B cells, including mAbs providing broad protection in murine

models of lethal IBV infection. Protection was mediated by neutralising antibodies targeting

the receptor binding domain, or via Fc-mediated functions of non-neutralising antibodies

binding alternative epitopes including the IBV HA stem. This work de"nes antigenic cross-

recognition between IBV lineages and provides guidance for the rational design of improved

IBV vaccines for broad and durable protection.
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In!uenza viruses are highly infectious respiratory pathogens
that in!ict annual epidemics and periodic global pandemics, a
signi"cant cause of mortality and morbidity. Two types of

in!uenza viruses co-circulate in human populations, in!uenza A
viruses (IAV) and in!uenza B viruses (IBV). Both IAV and IBV
are formulated into current seasonal in!uenza vaccines. IBV
historically accounts for ~20% of in!uenza-related hospitalisa-
tions in any given year1, and can dominate in!uenza seasons as
occurred in 2017/2018 in Europe2. The clinical severity of IBV is
equivalent to that of IAV3, with children and young adults most
susceptible to IBV. Unlike IAV, which naturally resides within
aquatic bird populations, IBV infection is almost exclusively
restricted to humans, with only rare reports of infection in seals4.
Mice and ferrets can however be experimentally infected with
IBV, providing useful small animal models of human IBV
infection and disease5. Owing to the limited host range and a
markedly slower mutation rate than IAV6, circulating IBV strains
exhibit more limited antigenic diversity than H1N1 and H3N2
IAV7. Nevertheless, since the "rst reports in 1940s IBV has gra-
dually diverged into two distinct lineages—B/Victoria/2/87-like
and B/Yamagata/16/88-like8 (referred to as B/Victoria and B/
Yamagata lineages from here on), which are further divided into
antigenic clades9.

An increased awareness of the burden of IBV, coupled with
growing antigenic complexity, prompted the recent deployment
of quadrivalent in!uenza vaccines, incorporating components
derived from both circulating IBV lineages in order to broaden
coverage. Quadrivalent vaccines limit the likelihood of reduced
vaccine effectiveness due to IBV lineage mismatch compared to
superseded trivalent vaccines, which is thought to have sig-
ni"cantly contributed to preventable deaths10. Nonetheless, vac-
cine effectiveness of seasonal in!uenza vaccines against IBV can
often remain low even when antigenic match with circulating
strains is good11,12. Furthermore, protective serological titres
elicited by current seasonal vaccines wane in immunised adults13.
There remains a need for improved next-generation IBV vaccines
to provide resilient and durable protection against a broad array
of IBV strains.
While the extensive characterisation of human immune

recognition of IAV spans many decades, the principal antigenic
targets of IBV, including the degree of cross-recognition of the
different lineages by B cells and antibodies, remain poorly
de"ned. Cross-reactive humoral responses between IBV lineages
were described as early as 199114, with more recent analysis of
antibody repertoires after in!uenza vaccination suggesting a large
fraction of antibodies elicited by primary infection15 or seasonal
immunisation16 are cross-reactive against both lineages of IBV.
Selected human monoclonal antibodies (mAbs) have been iso-
lated and can bind and neutralise diverse IBV isolates from both
lineages17–20, highlighting that cross-protective humoral immu-
nity is feasible. These mAbs bind conserved epitopes localised
within either the globular head, or the stem domain of hemag-
glutinin (HA), and can protect mice from challenge with diverse
strains of IBV. Protection likely depends, at least in part, upon the
elicitation of antibody-dependent cellular cytotoxicity (ADCC)17.
In addition to HA-speci"c antibodies, a recent study suggests
antibody binding the viral neuraminidase might similarly allow
cross-protection against both IBV lineages21. Unlike the large
number of mAbs characterised for IAV22, human immune
recognition of IBV remains understudied. A greater under-
standing where and how human B cells and antibodies bind to
IBV, the capacity of each site to mediate protection, and the
extent of antigenic cross-recognition between IBV lineages is
critical to guide efforts to develop improved in!uenza vaccines.
Using a !ow cytometry-based approach previously described

for IAV23,24, we interrogated the IBV-speci"c memory B cell

response following seasonal tri- and quadrivalent vaccination of
adult human volunteers. Both classical antibodies inhibiting
hemagglutination, as well as novel broadly cross-reactive anti-
bodies binding both IBV lineages were isolated from vaccinated
subjects and demonstrated antiviral activity in vitro and in vivo.
Furthermore, we demonstrate that protection mediated by non-
neutralising antibodies was dependent upon interaction with
cellular Fc receptors. The accurate de"nition of cross-reactive
human anti-IBV antibody speci"cities will guide the design of
novel IBV vaccines for broader protection.

Results
Development of B cell probes for in!uenza B hemagglutinin.
Recombinant HA analogues derived from IAV24 have proven
utility for characterising B cells responses to in!uenza A vac-
cination using !ow cytometry23,25–27. We designed analogous
constructs to enable expression of soluble trimeric IBV HA
ectodomains from B/Phuket/3073/2013 (B-PH13). We gener-
ated a wild-type (WT) and a T139G variant, selected to
potentially disrupt hydrogen bonds within the receptor binding
pocket28. With the HA proteins expressed and using !ow
cytometry (gating in Supplementary Fig. 1), co-staining human
memory B cells from in!uenza immune adults with both WT
and T139G HA probes from B-PH13 revealed largely over-
lapping patterns of staining (Supplementary Fig. 2), which
suggested limited antigenic changes between WT and the
T139G mutant. However, while signi"cant non-speci"c asso-
ciation with human B cells was previously described for IAV
probes24, this did not appear the case for B-PH13, and non-
mutated HA was deemed suitable for use as B cell probes. The
antigenic conservation of the B-PH13 HA probe as compared to
the WT virus was further con"rmed by staining B cells in mice
experimentally infected mice with B/Phuket/3073/2013 (Sup-
plementary Fig. 3). Analogous WT probes for two additional B/
Yamagata-lineage HAs (B/Brisbane/60/2008 (B-BR08), B/
Yamagata/16/1988), three B/Victoria-lineage HAs (B/Victoria/
2/1987, B/Malaysia/2506/2004, B/Florida/4/2006) and the his-
torical B/Lee/1940 strain were also developed.
The utility of IBV probes for tracking IBV-speci"c B cell

responsiveness was "rst assessed in a cohort of healthy adults
(N= 30) receiving 2015 trivalent Southern Hemisphere inacti-
vated in!uenza vaccine (IIV3), including a B-PH13
component23,29. Vaccine-elicited expansion of B-PH13+ class-
switched memory B cells (CD19+, IgD!, IgG+) was clearly
evident between baseline (d0) and d28 post-immunisation
(representative staining in Fig. 1a; gating in Supplementary
Fig. 1), with a signi"cant twofold rise in observed frequencies
from a median 0.18% (IQR: 0.14–0.22) to 0.35% (IQR: 0.22–0.44)
(Fig. 1b). The rise in memory B cell expansion was of a similar
magnitude to levels we previously reported23 for vaccine
components H3N2 A/Switzerland/9715293/2013 (H3-SW13)
and H1N1 A/California/07/2009 (H1-CA09) (Fig. 1c). We also
observed increased proportions of B-PH13+ B cells adopting a
characteristic activated phenotype (CD27+CD21!) following
IIV3 immunisation (Fig. 1d). Moreover, a weak but signi"cant
correlation (r= 0.40, p= 0.034, Spearman’s rank-order test) was
observed between the magnitude of IIV3-induced expansion in B-
PH13+ memory B cell frequencies and the increase in strain-
matched serum hemagglutination inhibition assay (HIA) titres
(Fig. 1e), con"rming our previous observations in IAV studies
linking B cell and serologic responsiveness to IIV323. Together,
these data highlight memory B cell dynamics following IIV3 are
broadly similar to IAV and con"rm the utility of IBV HA-derived
!ow cytometric probes for interrogating IBV-speci"c B cell
immunity in response to vaccination or infection.
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Memory B cell responses to IIV3 and IIV4. To better combat
IBV viral diversity, many health authorities recommend the
quadrivalent (IIV4) over trivalent (IIV3) for seasonal immuni-
sation programmes. The ability of IIV4 to simultaneously pro-
mote serological responses to both B/Victoria/2/87-like and B/
Yamagata/16/88-like components has been con"rmed30. How-
ever, the dynamics of B/Yamagata and B/Victoria-lineage cross-
reactivity at the level of the B cell remains unclear. We therefore
compared lineage-speci"c and cross-reactive B cell responses by
!ow cytometry following either IIV3 or IIV4 vaccines containing
B-PH13 (B/Yamagata component only) or B-PH13 and B-BR08
(combined B/Yamagata and B/Victoria components), respec-
tively. Class-switched memory B cells from subjects receiving
IIV3 or IIV4 were co-stained with B-PH13 and B-BR08 probes as
before. Four populations of HA-binding memory B cells could be
delineated (representative plot in Fig. 2a): B-PH13-speci"c, B-
BR08-speci"c and two cross-reactive populations, one which
bound both probes with roughly equivalent intensity (“cross-
reactive - equivalent” or (CR-E)) and one which showed
increased relative binding to the B/Yamagata probe (B-PH13)
(“cross-reactive – B/Yamagata preference” or (CR-Y)). CR-Y
staining was dif"cult to clearly differentiate from the B-PH13+
population of cells. However, the CR-Y was identi"able in many
subjects examined both at baseline and following IIV (Supple-
mentary Fig. 4). Moreover, the speci"city of the CR-Y staining
pattern was not artefactual as con"rmed by swapping the probe
SA conjugates on matched samples (Supplementary Fig. 5). Thus,
the CR-Y population appears to represent sub-population of B-
PH13 HA-speci"c B cells with weak cross-reactive recognition of
B-BR08. No comparable populations of B cells with preferential
recognition of B/Victoria were observed. The extent to which
preferential binding of cross-reactive memory B cells to the B/

Yamagata probes is generalisable to all IBV strains is not clear.
However, this observation was recapitulated in representative
donors using probes derived from historical IBV strains B/Flor-
ida/4/2006 (B/Yamagata-lineage) and B/Malaysia/2506/2004 (B/
Victoria-lineage) (Supplementary Fig. 6).
The responsiveness of each memory B cell population

following IIV3 and IIV4 immunisation was compared. B-PH13
+ memory B cells were present at a median level of 0.17% (IQR:
0.13–0.22) at baseline in both cohorts and underwent signi"cant
expansion (Fig. 2b) in response to both IIV3 and IIV4. In
contrast, B-BR08+ memory B cell responses were present at a
lower level of 0.04% (IQR: 0.03–0.06) in both cohorts and
expanded only in response to IIV4 (Fig. 2c). Interestingly, both
CR-Y and CR-E populations expanded in response to IIV3 and
IIV4 (Fig. 2d, e). Therefore, seasonal vaccines elicited expansion
of both memory B cells speci"c for the respective IBV component
antigens and cross-reactive B cell populations, however the
magnitude of CR-Y expansion was signi"cantly greater following
IIV4 (Fig. 2f). The serological implications of cross-reactive B cell
expansion are currently unclear. However, we observed consis-
tently greater expansion in serum endpoint titres against diverse
IBV strains in subjects receiving IIV4 compared to subjects
receiving IIV3 (Supplementary Fig. 7), suggesting antibody
binding both lineages might be elicited as part of a broad anti-
IBV polyclonal response.

Isolation of IBV-speci"c human monoclonal antibodies. We
next examined the speci"city and breadth of monoclonal anti-
bodies recovered from each of the four identi"ed IBV HA-speci"c
B cell populations. As with our previous IAV work, PBMCs
from three IIV4 vaccine recipients with marked expansion of
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IBV-speci"c B cells post-immunisation were stained as before,
followed by sorting of single B cells and BCR-sequencing as
described24,31. Out of 672 sorted B cells, 519 productive heavy
sequences were recovered, 303 of which also had productive light
chain sequences. On the basis of similarities in variable gene
usage, complementarity-determining region 3 (CDR-H3)
sequence length and CDR-H3 amino acid sequence, we identi"ed
284 unique clonal lineages with a mix of larger clonal expansions
and singletons in each population (Supplementary Fig. 8; Sup-
plementary Data 1). A selection of clonally expanded strain-
speci"c or cross-reactive B cell lineages (Supplementary Fig. 9)
were chosen for recombinant expression and testing by ELISA for
binding to IBV HA. Antibodies isolated from B-PH13-speci"c (N
= 10) or B-BR08-speci"c (N= 10) B cell populations displayed
HA recognition largely restricted to the sample of three IBV
lineage-speci"c HAs, with the exception of mAb W85–3F06,
which was broadly cross-reactive (Fig. 3). The majority of these
lineage-speci"c antibodies demonstrated both HIA and neu-
tralisation activity in vitro, suggesting binding to canonical epi-
topes that surround the receptor binding site32. However, unlike
IAV where HIA+ antibodies are usually highly strain speci"c (i.e.
with minimal cross-reactivity even within the same HA subtype),
we found anti-IBV mAbs elicited by seasonal vaccines generally
recognised all strains tested within a respective IBV antigenic
lineage spanning over 20 years of antigenic drift.
Consistent with dual binding of both IBV HA probes by !ow

cytometry, mAbs isolated from the two cross-reactive B cell
populations (CR-Y and CR-E) generally displayed much broader
IBV reactivity across both lineages, with greatest breadth
observed within the CR-E-derived mAbs. A subset of cross-
reactive mAbs could mediate HIA and neutralisation in vitro,
suggesting binding of epitopes proximal from the receptor
binding domain. Eleven broadly cross-reactive antibodies were
identi"ed which bound all 7 IBV HAs tested across the two
lineages and the historical B/Lee/1940 strain. As many broadly
reactive IAV-speci"c mAbs bind the HA stem, we generated
recombinant IBV stem constructs (Supplementary Figure 10)
based upon the designs employed to generate the IAV stem
domain33. These preliminary recombinant IBV stem proteins
appeared misfolded and failed to bind the prototypic stem mAb
CR9114, indicating antigenic changes compared to full-length
HA (Supplementary Figure 10). However, the IBV stem proteins
were bound by three putative broadly cross-reactive IBV stem-
speci"c mAbs: W85–3F06, R95–1E03 and R95–2A08. Stem
speci"city was further supported based upon binding to full-
length HA but not to puri"ed HA1 proteins by ELISA (Fig. 3).
Therefore, based on breadth of HA recognition and antiviral
activity, we de"ned three groupings of mAbs with IBV cross-
reactivity for in vivo ef"cacy testing: broad HIA+ lineages (e.g.
R95–1E07, R95–1D05, K77–2D09), broad HIA! lineages (e.g.
R95–1F04, R95–1C01, R95–1E05) and broad HIA! stem-binding
lineages (e.g. W85–3F06, R95–1E03, R95–2A08).

Protective capacity of human anti-IBV mAbs against IBV. We
next assessed the protective capacity of selected human mAbs in
mice experimentally challenged with human IBV strains. Passive
infusion of classical HIA+ B/Yamagata-lineage-speci"c mAbs
(K77–1G12, W85–1B01) protected mice from mortality or weight
loss following infection with the B/Yamagata-lineage B/Florida/4/
2006 virus (Fig. 4a). In contrast, control mice infused with a
Victoria-lineage-speci"c mAb R95–1E12 exhibited no protection.
All broadly cross-reactive lineages isolated from CR-E B cells
provided some measure of protection against the B/Florida/4/
2006 challenge. On the basis of area under the curve analysis of
weight maintenance, there was a consistent trend for mAbs which

displayed HIA activity in vitro to be more protective against
weight loss than lineages lacking HIA, with the IBV stem-binding
mAb R95–1E03 showing the weakest protection.

In mice challenged with B/Victoria-lineage B/Malaysia/2506/
2004 virus, we observed three distinct patterns of protection by
the panel of mAbs studied. Passive infusion of B/Victoria-lineage-
speci"c HIA+ mAbs provided near complete protection from
weight loss (Fig. 4b). Again, we observed superior protection
mediated by cross-reactive mAbs with HIA activity, compared to
those without HIA activity. The intermediate protection elicited
by the three cross-reactive HIA! mAbs was highly consistent. In
contrast to the weak protection observed by the stem-speci"c
mAb against the B/Florida/4/2006 challenge, IBV stem-speci"c
mAbs were not protective at all against B/Malaysia/2506/2004,
clustering closely to negative controls.
Studies using IAV have established antibody-based protection

in the murine challenge model can be mediated via direct
neutralisation of virus and/or engagement with host effector cells
via Fc receptors (FcR)34,35, with the ability to engage FcR being
highly dependent on epitope location on the viral HA13,36. We
therefore cloned and re-expressed a selection of IBV-speci"c
mAbs using an Fc backbone with LALA mutations (L234A/
L235A) shown to prevent engagement with murine FcRs37.
Passive infusion of either B/Yamagata-lineage-speci"c mAbs or
the cross-reactive mAb R95–1E07, all of which mediated HIA
activity in vitro could still fully protect animals from weight loss
in the context of a LALA Fc (Fig. 5). In contrast, cross-reactive
mAbs without HIA activity (R95–1C01, R95–1F04) and the stem-
speci"c mAb R95–1E03, lost any protective ef"cacy in the
absence of FcR engagement, suggesting cell-mediated antibody
effector functions are critical for protection in vivo, consistent
with observations for IAV-speci"c mAbs34.

Mapping cross-protective epitopes on IBV HA. Pre-dominant
antigenic sites of IBV cluster around the receptor binding domain
(RBD), while previously resolved epitopes from broadly reactive
mAbs bind epitopes located across both the globular head and
stem domains of HA (Fig. 6a). When looking at amino acid
conservation across the lineages, most divergence is concentrated
within RBD proximal regions (Fig. 6b). However, signi"cant areas
of pan-IBV conservation exist in the stem, residual esterase
domain and in selected areas of the RBD.
In order to better understand the molecular basis of broad IBV

recognition by antibody, we mapped the epitope speci"city of a
selection of IBV neutralising mAbs through generating escape
viruses by serial passaging of IBV in the presence of mAbs. Viral
supernatants were recovered and the sequence of the full-length
HA gene determined38. To con"rm the selection of viral escape
mutants, monoclonal isolates were recovered by plaque puri"ca-
tion and similarly sequenced. We "rst determined the sensitivity
of WT and mutant viruses to mAb-directed neutralisation
(Supplementary Figure 11). Any loss of recognition of the viral
HA from mutant viruses was assessed by !ow cytometry using
infected cells (Supplementary Figure 12) and by ELISA using
recombinant HA proteins (Supplementary Figure 13). Amino
acid substitutions conferring antibody resistance were mapped
onto resolved IBV HA structures. B/Victoria-lineage-speci"c
mAbs were mapped using B/Brisbane/60/2008 virus. Escape
mutants displayed a T214P mutation (R95–1D08, K77–2E02),
which potentially abrogated the N-linked glycan motif at N212,
and was generally coupled with a three-residue deletion from
K177 to D179 (Fig. 6c). While the T214P mutation alone was
suf"cient to drive escape from antibody-mediated neutralisation,
the three-residue deletion conferred additional loss of HA
binding by mAbs CR8033 and K77–2E02. B/Yamagata-lineage-
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speci"c mAbs were mapped using B/Phuket/3073/2013, and
convergent pathways of viral escape were observed with
substitutions clustered at residues G156 (W85–1B01,
K77–1G12), T214I (R95–1E05, K77–1G12) and D212N
(K77–1G12, R95–1E05) (Fig. 6d). These mutations are proximal
to the receptor binding pocket and localised within the 150-loop
and 190-helix structures, respectively. A G156R substitution alone
or in combination with D212N mediated neutralisation escape
and a partial to complete loss of HA binding by W85–1B01 and
K77–1G12. G156E/T214I mutations drove neutralisation escape
and a complete loss of HA recognition by K77–1G12, as well as
W85–1B01 and CR8033. In terms of cross-reactive mAbs, escape
mutations were identi"ed within the viral supernatants upon
culturing with R95–1D05, with G156R substitutions in B/Phuket/
3073/2013 and N212S glycan loss in B/Brisbane/60/2008 (Fig. 6e).
However, plaques were not recoverable from the viral supernatant
preventing further HA-binding analysis. Escape mutations were
similarly generated for a control antibody CR8033, which elicited
a T214P substitution and K177 to D179 deletion in B/Brisbane/
60/2008. Overall, our data indicate the glycine at position 156,
and the presence or absence of glycan at position 212, constitute
key pathways of escape against both neutralising strain-speci"c
and cross-reactive mAbs. Escape variants could not be generated
for IBV stem-speci"c mAbs, nor for those lacking HIA activity

in vitro, with further epitope de"nition likely requiring X-ray
crystallographic approaches or similar.

Discussion
IBV infections make up a signi"cant proportion of the global
in!uenza burden1, with health authorities recommending
simultaneous immunisation with both IBV lineages to combat
increasing IBV diversity and minimise the chances of seasonal
vaccine mismatch. Using a novel !ow cytometric approach, we
provide a detailed characterisation of the memory B cell
responses to IBV HA following immunisation with seasonal tri-
and quadrivalent vaccines. We found that each vaccine ef"ciently
drove the expansion of memory B cells binding vaccine compo-
nent HAs, either B-BR08 or B-PH13. In contrast to these human
data, ferret antisera raised by IBV infection displays typically
narrow, near strain-speci"c serological responses to HA with
limited inter-lineage cross-reactivity7, consistent with antigenic
changes brought about by drift. In humans, repeated lifetime
exposures to both co-circulating lineages renders antibody and
B cell recognition of IBV HA decidedly more complex. In line
with this, we found a subset of human mAbs initially thought
likely to be strain-speci"c based on single HA probe binding often
demonstrated relatively broad cross-lineage HA recognition
in vitro and protected from heterologous challenge in vivo,
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despite binding to canonical epitopes such as the 150-loop and
190-helix, which are subject to antigenic drift in human
populations7.

The elicitation of IBV cross-reactive serological responses to
seasonal vaccines has been previously reported14,39–41. When
assessed directly at the level of the B cell, two interesting and
reproducible populations of cross-reactive B cells (CR-Y and CR-
E) were identi"ed, with recovered mAbs con"rming broad IBV
recognition by ELISA. Pan-IBV recognition was concentrated
within mAbs derived from the CR-E population, with 64% (9/14)

of mAbs binding all 7 IBV HA tested compared to 16% (2/12) of
the CR-Y-derived mAbs. Nevertheless, it remains possible that
the CR-E and CR-Y populations might derive from continuous
spectrum of cross-reactivity and additional mAb isolation and
characterisation is warranted. While administration of IIV3 was
suf"cient to drive expansion of both CR-Y and CR-E memory
B cell populations, expansion of CR-Y was signi"cantly enhanced
following IIV4 immunisation. It remains to be seen if a differ-
ential ability to drive expansion of CR-Y B cells contributes to any
potential increased serological protection from IIV4 vaccines. A
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limitation of our study is the restricted number of mAbs and the
heterogenous patterns of IBV HA binding and neutralisation.
However, in general we "nd seasonal in!uenza vaccines drive
expansion of two pre-dominant populations of memory B cells;
one binding neutralising epitopes proximal to the receptor
binding site shared within each respective IBV lineage, and a
second population of highly cross-reactive B cells binding both
lineages and expressing antibodies that were generally non-
neutralising. Although many human mAbs displayed a degree of
protection in mice, the protective bene"t of cross-reactive non-
neutralising antibodies in human populations remains an open
question. Nevertheless, IIV4 drove expanded serological reactivity
against a broad range of IBV strains and simultaneously expands
B cells expressing HIA+ antibody with pan-B/Yamagata or pan-
B/Victoria reactivity, suggesting IIV4 has an improved capacity to
combat antigenic drift in either lineage while removing the risk of
lineage mismatch relative to IIV3.
Interestingly, reports from immunised children39 and in murine

models42 found that prior priming with B/Yamagata antigens fol-
lowed by immunisation with B/Victoria induces strong serological
recall of B/Yamagata, but only low B/Victoria antibody responses.
The converse is not the case, suggesting a degree of immunologic
dominance of B/Yamagata HA. Elements of our study are con-
sistent with these observations, such as (a) lower baseline fre-
quencies of B/Victoria-speci"c memory B cells in adults compared
with B/Yamagata-speci"c memory B cells, (b) a cross-reactive B cell
population (CR-Y) that shows preferential binding to B/Yamagata
HA by !ow cytometry and (c) the absence of cross-reactive B cells
that show the converse preferential binding to B/Victoria HA.
Further resolution of the precise epitopes recognised by IBV cross-
reactive B cells and antibodies may help elucidate mechanisms that
underpin any differential capacity of antigens from the two IBV
lineages to recall cross-reactive immunity.
Several human antibodies with broad recognition of both IBV

lineages have been isolated and are of interest as potential diag-
nostic, therapeutic and prophylactic agents for IBV infection.
Broad IBV recognition and HIA activity was "rst demonstrated
by the isolation of CR8033, which binds and neutralises both IBV
lineages and has HIA activity against B/Yamagata strains20.
Subsequently, the humanised murine antibody 12G6 was shown
to potently neutralise and elicit HIA activity against both IBV
lineages19, and binds a similar epitope to CR8033 overlapping the
receptor binding domain. We identi"ed at least four mAbs
(R95–1D05, K77–2D11, R95–1E07, K77–2D09) with analogous
breadth and HIA activity in vitro. Viral escape mutants generated
with R95–1D05 and CR8033 both entailed glycan removal at
N212, suggesting binding to highly similar epitopes. Interestingly,
conserved pathways of escape were observed for both lineage-
speci"c and cross-reactive mAbs that mediated HIA. For B/
Yamagata, this was focused at two regions: substitutions in the
150-loop at the glycine residue 156 (G156K, G156E, G156R), and
substitutions at residues 212 and 214 within the 190 helix. Ana-
logous G156R and G156E mutations were reported for cross-
reactive mAb C12G619 and double substitutions at D212 and
T214 previously reported for B/Yamagata-speci"c human mAbs
3A2 and 10C418. For B/Victoria, we commonly observed removal
of glycan at N212 via N212S (R95–1D05) or T214P (R95–1D08,
K77–2E02, CR8033) mutations, generally coupled with deletion
of K177 to D179 (R95–1D08, K77–2E02, CR8033) in the 160-
loop. These HA modi"cations lie immediately proximal to resi-
dues identi"ed in B/Brisbane/60/2008 essential for binding by
cross-reactive mAb C12G619. Common pathways of escape for
both lineage-speci"c and cross-reactive mAbs may complicate the
design of IBV HA immunogens for preferential induction of pan-
IBV immunity. In addition, HIA+ cross-reactive antibody spe-
ci"cities like CR8033 might be susceptible to a loss of ef"cacy in

the face of antigenic drift, potentially driven by strain-speci"c or
lineage-speci"c humoral responses at the population level.
Broad IBV recognition and broad prophylactic and/or ther-

apeutic protection against IBV infection in vivo can be mediated
at alternative epitopes. In particular, within the vestigial esterase
domain at the base of the HA, as seen with CR807120 and 46B817,
or localised in the IBV stem domain, as seen with CR911420.
While we have identi"ed antibodies with properties suggestive of
both CR8071-like (W85–1A07, W85–3E10) and HA stem-
reactive speci"cities (W85–3F06, R95–1E03, R95–2A08), the
absence of neutralisation activity in vitro means accurate epitope
localisation via crystallographic or electron microscopic approa-
ches is required.
The ready detection of broadly cross-reactive B cells in humans

based on our study presented here is supportive of efforts to
broaden vaccine protection. Moreover, a recent study using phage
display to derive mAbs from a seasonal vaccine recipient also
identi"ed multiple cross-reactive antibody lineages including
those with intra-Yamagata, inter-lineage and even CR9114-like
speci"cities43. However, the degree to which B cells targeting the
different epitope clusters are recruited into protective serological
responses remains unclear, although some initial studies suggest
cross-reactive serum antibody may be signi"cant16. In terms of
protective capacity, we observed a clear hierarchy following
passive infusion studies whereby cross-reactive antibodies capable
of mediating HIA showed the greatest protective effect in vivo.
This is consistent with the reported activity of mAb 12G6, which
demonstrated greater prophylactic and therapeutic protection
against experimental IBV challenge than antibodies binding distal
to the receptor-binding domain44. Next in that order were mAbs
that conferred intermediate protection, characterised by broad
IBV recognition but no HIA activity, in a manner akin to
CR8071. Consistent with reports for IAV34,35, protection medi-
ated by such mAbs was highly dependent upon engagement with
cellular Fc receptors. Finally, we found mAbs binding the IBV
stem domain failed to neutralise in vitro and provided the
weakest protection against experimental challenge. The fact that
mAb CR9114 can neutralise IAV but not IBV strains20 suggests
the IBV stem may exist in a conformation comparatively resistant
to antibody-mediated neutralisation. This is supported by the
poor epitope accessibility and low relative neutralising potency of
the IBV stem-proximal mAb 5A718. In contrast, a recent report
detailed the isolation of multiple human IBV stem-binding
antibodies that can both neutralise in vitro and provide potent
cross-lineage protection in mice45. In human populations, serum
antibodies binding the IBV stem are widely prevalent, with titres
increasing with age46 or following IBV infection15. However,
while the IBV HA stem is highly conserved and can be targeted in
mice to protective effect47, the utility of the IBV stem as a human
vaccine target remains to be clari"ed.
In summary, we demonstrate broadly cross-reactive memory

B cells are common in humans, express both neutralising and
non-neutralising immunoglobulins and are ef"ciently recruited
into the humoral response elicited by seasonal immunisation.
Further, IBV cross-reactive mAbs demonstrate protective
potential in vivo and may constitute a substrate amenable to
selective targeting by improved vaccine designs. Accurate
de"nition of conserved sites of vulnerability on the IBV HA, in
particular, clarifying the molecular basis of narrow versus broad
IBV HA recognition, will greatly inform rational vaccine design
efforts for eliciting broad and durable protective immunity
against IBV.

Methods
Ethics statement. The study protocols were approved by both the Alfred Hospital
Ethics Committee (# 432/14), and the University of Melbourne Human Research
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Ethics Committee (# 1443420) and all associated procedures were carried out in
accordance with the approved guidelines. All participants provided written
informed consent in accordance with the Declaration of Helsinki. Animal studies
and related experimental procedures were approved by the University of Mel-
bourne Animal Ethics Committee (#1714193).

IIV3 and IIV4 clinical samples. The 2015 IIV3 immunisation trial is fully
described elsewhere29 and registered as NCT02632578. Brie!y, 30 healthy Aus-
tralian adults (mean age 40.4 years) were vaccinated with the 2015 IIV3 (bioCSL
Fluvax®) containing 15 !g of hemagglutinin from A/California/7/2009-like
(pdmH1N1), A/Switzerland/9715293/2013 (H3N2)-like and B/Phuket/3073/2013-
like strains. Blood samples were taken at baseline (d0) and d28 post-immunisation
and sera, plasma and PBMCs were cryopreserved prior to use. For the 2016 IIV4
trial, 20 healthy adults were administered Sano" FluQuadri® vaccine containing A/
California/07/2009-like virus (pdmH1N1), A/Hong Kong/4801/2014-like virus
(H3N2), B/Phuket/3073/2013-like virus and B/Brisbane/60/2008-like virus com-
ponents. Sera, plasma and PBMCs were collected and cryopreserved from d0 and
day 28. Participant information is summarised in Supplementary Figure 14.

HA proteins and probes. Recombinant HA proteins for use as !ow cytometry
probes derived for IAV A/California/7/2009 and A/Switzerland/9715293/
2013 strains were previously described23,24. Analogous probes were prepared for
in!uenza B encompassing the HA ectodomain C-terminally fused to the trimeric
foldon of T4 "britin, a biotinylatable AviTag sequence GLNDIFEAQKIEWHE, and
a hexa-histidine af"nity tag (sequences in Supplementary Figure 15). Brie!y,
synthetic genes encompassing the HA ectodomain from B/Phuket//3073/2013, B/
Brisbane/60/2008, B/Yamagata/16/1988, B/Victoria/2/1987, B/Malaysia/2506/2004,
B/Florida/4/2006 and B/Lee/1940 and variants containing the T129G mutation to
limit sialic acid binding were synthesised (GeneArt) and cloned into mammalian
expression vectors. Stabilised IBV stem protein expression plasmids were con-
structed based upon designs established to work for IAV33. Recombinant HA and
HA stem proteins were expressed by transient transfection of Expi293F (Life
Technologies, A14527) suspension cultures and puri"ed by polyhistidine-tag af"-
nity chromatography and gel "ltration. For use as !ow cytometric probes, HA
proteins were biotinylated using BirA (Avidity) and stored at !80 °C. Prior to use,
biotinylated HA proteins were labelled by the sequential addition of streptavidin
(SA) conjugated to PE, APC, Alexa488 (ThermoFisher) or BV421 (BD) and stored
at 4 °C.

Flow cytometry. HA-speci"c B cells were identi"ed within cryopreserved human
PBMC by co-staining with HA probes conjugated to SA-PE, SA-APC, SA-BV421
or SA-Ax488. Monoclonal antibodies for surface staining included: CD19-ECD
(Beckman Coulter IM2708U, J3–119, 1:150), CD20 Alexa700 (BD 560631 2H7,
1:300), IgM-BUV395 (BD 563903, G20–127, 1:75), CD21-BUV737 (BD 564437, B-
ly4, 1:150), IgD-Cy7PE (BD 561314 IA6–2, 1:500), IgG-BV786 (BD 564230,
G18–145, 1:150), CD14-BV510 (Biolegend 301841, M5E2, 1:300), CD3-BV510
(Biolegend 344828, OKT3, 1:600), CD8a-BV510 (Biolegend RPA-T8, 1:1500),
CD16-BV510 (Biolegend 302047, 3G8, 1:500), CD10-BV510 (Biolegend 312220,
HI10a, 1:750) and CD27-BV605 (Biolegend 302829, O323, 1:100). Background B
cells interacting with SA were excluded by staining with SA-BV510 (BD 563261).
Cell viability was assessed using Aqua Live/Dead amine-reactive dye (Thermo-
Fisher). For mouse samples, splenocytes or lymph node suspensions were stained
with the following panel: B220-BUV737 (BD 564449, RA3–6B2; 1:300), IgD-
BUV395 (BD 564274, 11–26 c.2a, 1:300), CD45-Cy7APC (BD 557659, 30-F11,
1:300), GL7-Alexa488 (Biolegend 144612,GL7, 1:300), CD38-Cy7PE (Biolegend 90,
1:750), SA-BV786 (BD 563858, 1:300), CD3-BV785 (Biolegend 100355, 145–2C11,
1:750) and F4/80-BV785 (Biolegend 123141, BM, 1:150). Samples were collected
using a BD Fortessa con"gured to detect 18 !uorochromes and analysis was per-
formed using FlowJo software version 9.5.2 (TreeStar).

Sequencing, cloning and expression of B cell immunoglobulins. The sequencing
and cloning of BCRs from single B cells and the expression of recombinant mAbs
was performed as previously described24,31,48. Productive, recombined heavy chain
(V-D-J) and light chain (V-J) immunoglobulin sequences were synthesised
(Genscript), cloned into expression plasmids and transfected into Expi293F cells
using ExpiFectamine (Invitrogen). Recombinant monoclonal antibodies were
puri"ed from culture supernatants using sepharose Protein-A or G (Pierce). BCR
sequences have been deposited in Genbank accession MK311355 - MK312159.

ELISA. Antibody binding to IBV HA, HA1 and stabilised stem proteins was tested
by ELISA. 96-well Immunosorp plates (ThermoFisher) were coated overnight at
4 °C with 2 !g/mL recombinant IBV HA expressed in Expi293 cells or sourced
commercially (Sino Biological). After blocking with 1% fetal calf serum (FCS) in
PBS, duplicate wells of IBV-speci"c monoclonal antibodies at different dilutions
(starting at 10 !g/mL, four times serial dilutions) or human sera (1:100, four times
serial dilutions) were added and incubated for one hour at room temperature.
Plates were washed prior to incubation with 1:30,000 dilution of HRP-conjugated
anti-human IgG (KPL) for 1 h at room temperature. Plates were washed and
developed using 3,3!,5,5!-Tetramethylbenzidine (TMB) substrate (Sigma) and read

at 450 nm. HA-binding intensity was calculated as the antibody concentration
giving half-maximal signal (EC50) using a "tted curve (4 parameter log regression).
For serum samples, endpoint titres were using a "tted curve (4 parameter log
regression) and a cutoff of two times background.

Passive infusion of IBV-speci!c monoclonal antibodies. B/Florida/4/2006 and
B/Malaysia/2506/2004 viruses were grown in embryonated eggs and infectious
titres were determined by 50% tissue culture infective dose (TCID50) viral assays.
Challenge stocks were titrated in mice and assessed for pathogenicity (Supple-
mentary Figure 16). Groups of "ve C57BL/6 female mice at 8–12 weeks of age were
used to examine prophylactic potential of mAbs generated. Mice were administered
mAbs intraperitoneally at a dose of 5 mg/kg body weight. Twenty-four hours after
passive infusion of mAbs, mice were anaesthetised by iso!urane inhalation and
intranasally challenged with 50 !L of B/Florida/4/2006 and B/Malaysia/2506/2004
viruses at doses of 50 and 2000 TCID50, respectively. Animals were monitored for
weight loss and signs of infection for 14 days, and killed if a loss of more than 20%
of their pre-infection weight occurs.

Hemagglutination inhibition assay (HIA). HIA activity of recombinant mAbs
was assessed using 1% turkey erythrocytes in a standardised assay as previously
described49. Brie!y, mAbs were diluted to 100 !g/mL in PBS prior to incubation
with ether treated50 in!uenza viruses from strains B/Phuket/3073/2013, B/Bris-
bane/60/2008 and B/Lee/1940. HIA titres are reported as the reciprocal of the
highest dilution where hemagglutination was completely inhibited.

Focus reduction assays (FRA). Neutralisation activity of recombinant mAbs
against B/Phuket/3073/2013, B/Brisbane/60/2008 and B/Lee/1940 was examined
using focus reduction assays as previously described51. The neutralisation titre is
expressed as the reciprocal of the highest dilution of a 1 mg/mL mAb stock at
which virus infection is inhibited by !50%.

Viral escape assay. The generation of IBV escape mutants was based upon
previously described protocols38. Brie!y, 24-well plates were seeded with 2.5 ! 105
Madin Darby Canine Kidney (MDCK) cells (ATCC CCL-34) per well to form
con!uent monolayers. The next day, serial dilutions of recombinant mAbs were
incubated with B/Phuket/3073/2013 and B/Brisbane/60/2008 for one hour at 37 °C
in Flu-media (Dulbecco’s Modi"ed Eagle’s Medium (DMEM) with 0.8% bovine
serum albumin (BSA), 1% penicillin/streptomycin and 0.1% L-1-Tosylamide-2-
phenylethyl chloromethyl ketone (TPCK)-treated trypsin), before adding the virus-
antibody mixture to MDCK cells. After 2 to 3 days culture media supernatants
from wells with visible cytopathic effect were collected and used to infect a fresh
monolayer of MDCK cells in the presence of increasing concentrations of mAb.
After serial passaging, culture supernatants were harvested, viral RNA was
extracted and the IBV HA gene sequenced. Putative mutant viruses were identi"ed
based upon sequence comparison to similarly passaged media-only or irrelevant
mAb (anti-HIV VRC01) controls. Where mutants were identi"ed, single virus
isolates were recovered by plaque puri"cation using standard techniques. Single
plaques were rescued, expanded in MDCK cells, and mutant viruses within culture
supernatants sequenced and TCID50 determined as before.

mAb neutralisation and HA-binding assays. The neutralisation activity of
recombinant mAbs was examined using a modi"ed microneutralisation assay52.
MDCK cells were seeded in 96-well plates at 1.5 ! 105 per well. The next day, serial
dilutions of recombinant mAbs were incubated in Flu-media with 100TCID50 of
WT or mutant B/Phuket/3073/2013 and B/Brisbane/60/2008 viruses for one hour
at 37oC, before addition to MDCK cells. After 18–24 h, supernatants were removed,
cells were "xed and cellular cytopathicity was visualised by ELISA using mouse
anti-in!uenza B nucleoprotein (1:1000;Abcam) primary and goat anti-mouse HRP-
conjugated secondary antibodies. Plates were developed using TMB substrate and
read at 450 nm. The concentration of mAb preventing 50% infectivity (IC50) was
calculated.

The ability of recombinant mAbs to bind cell-surface HA on infected cells was
examined by !ow cytometry. MDCK cells were seeded into 6-well plates and
infected with ~10,000 TCID50 WT or mutant B/Phuket/3073/2013 and B/Brisbane/
60/2008 viruses and incubated at 37 °C for 18–24 h. Cells were resuspended by
manual scraping and infectivity con"rmed by staining with mouse anti-in!uenza B
nucleoprotein (1:1000; Abcam) and goat anti-mouse Alexa647 (1:5000;
ThermoFisher). The binding of human anti-IBV mAbs (5 !g/mL) or an anti-HIV
negative control (VRC01) to surface expressed HA was detected using goat anti-
human Alexa647 (1:5000; ThermoFisher).

Sequence analysis of viral isolates. To characterise conservation of the IBV HA,
a cross-section of 2000 B/Yamagata and B/Victoria-lineage viral sequences span-
ning 1988–2018 were exported from the EpiFlu database [gisaid.org], HA protein
sequences aligned using Geneious 11.1.3 (Biomatters) and weighted conservation
scores accounting for year of isolation determined at each residue position. Amino
acid conservation was visualised using Pymol.
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Statistical analyses. Data is generally presented as median ± interquartile range.
Statistical signi"cance was assessed by Mann–Whitney U tests. Correlations were
analysed using Spearman’s rank-order tests. Curve "tting was performed using 4
parameter logistic regression. All statistical analyses were performed using Prism
(GraphPad).

Reporting summary. Further information on experimental design is available in
the Nature Research Reporting Summary linked to this article.

Data availability
All data generated or analysed during this study are included in the published
article and its supplementary information "les.
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Supplementary Figure 1 - Representative flow cytometry gating
Single live CD19+ B lymphocytes were stained with IgD and CD20 to define class-switched
B cells. Activation phenotype was assessed using surface markers CD21 and CD27. CD27-
CD21+ naïve (N), CD27+ CD21+ resting memory (RM), CD27+ CD21- activated memory
(AM) and CD27- CD21- tissue-like populations (TL) are denoted. Surface immunoglobulin
expression was determined by co-staining for IgG and IgM subclasses. This gating was used
for Figure 1 and 2.
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Supplementary Figure 2 - Co-staining memory B cells with wild-type (WT) and
T139G recombinant HA probes from B/Phuket/3073/2013
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Supplementary Figure 3 – Ability of IBV HA probes to resolve HA-specific B cells was
confirmed in infected mice. HA-specificity could be readily identified within germinal
centre B cells isolated from the spleen or mediastinal lymph node of C57BL/6 mice infected
intranasally with 104 TCID50 B/Phuket/3073/2013.
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Supplementary Figure 4 - Changes in lineage-specific and cross-reactive B cell
populations in a cross-section of 4 subjects receiving IIV3 and 4 subjects receiving IIV4
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Supplementary Figure 5 - Distinct patterns of B-PH13 and B-BR08 cross-reactivity
were confirmed using matched samples stained with swapped streptavidin conjugates.
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Supplementary Figure 6. B/Florida and B/Malaysia cross-reactive B cell populations in 
four representative subjects receiving IIV4
Cross-reactive staining patterns in cryopreserved PBMC samples from four subjects taken 4 
weeks post-IIV4 immunisation were assessed using recombinant HA probes derived from 
B/Florida/4/2006 and B/Malaysia/2506/04. Shown in comparison to samples previously 
stained with B/BRIS and B/PHU probes.
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Supplementary Figure 7 – IBV HA-specific serum antibody responses following 
immunisation with seasonal influenza vaccines
The fold change in serum endpoint titres of antibody binding the indicated IBV strains 
following IIV3 and IIV4 immunisation was determined by ELISA. Median and IQR are 
indicated.
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Supplementary Figure 8 – Clonal Distribution of recovered BCR transcripts
BCR sequences recovered from each sorted population were clustered into families based 
upon similarities in germline gene utilization, light chain pairings and the length and 
sequence of the CDR-H3. The clonal distribution of 
each population is shown using color coded lineages, the width proportional to the number of 
clones in each family and the total number of BCR recovered in each population indicated in 
the middle. 
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Supplementary Figure 9 - Genetic characteristics of IBV-specific human mAbs 
recovered from seasonal influenza vaccine recipients
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Supplementary Figure 10 – Design and expression of IBV HA stem proteins
(A) Stabilised IBV stem constructs encompassing relevant sections of the IBV HA 
ectodomain interspersed with linkers (purple) then C-terminally fused to the trimeric foldon
of T4 fibritin (red), AviTag (green) and hexa-histidine affinity tag (blue). (B) SDS-PAGE of 
expressed recombinant IBV proteins. Lane 1 – marker, lane 2 – 5µg B/Brisbane/60/2008 HA 
trimer, lane 3 - 5µg B/Phuket/3073/2013 HA trimer,  lane 4 - 5µg B/Brisbane/60/2008 HA 
stem, lane 5 - 5µg B/Phuket/3073/2013 HA stem. (C) Gel filtration trace of 
B/Phuket/3073/2013 HA trimer and B/Phuket/3073/2013 HA stem proteins. (D) Binding of 
known IBV-specific mAbs to stablised IBV stem proteins and a rHA control was examined 
by ELISA.

B/Phuket/3073/2013 stem construct
MKAIIVLLMVVTSNADRICTGITSSNSPHVVKTATQGEVNVTGVIPLGSGLKLANGTKYRPQRETRGFFGAIAGFLEGGWEGMIA
GWHGYTSHGAHGVAVAADLKSTQEAINKITKNLNSLSELEGSGGSGTDLAELAVLLSNEGIINSEDEHLLALERKLKKMLGPSAV
DIGNGCFETKHKCNQTCLDRIAAGTFNAGEFSLPTFDSLNITGSGYIPEAPRDGQAYVRKDGEWVLLSTFLGSGLNDIFEAQKIE
WHEGHHHHHH*

B/Brisbane/60/2008 stem construct
MKAIIVLLMVVTSNADRICTGITSSNSPHVVKTATQGEVNVTGVIPLGSGLKLANGTKYRPQRETRGFFGAIAGFLEGGWEGMIA
GWHGYTSHGAHGVAVAADLKSTQEAINKITKNLNSLSELEGSGGSGTDLAELAVLLSNEGIINSEDEHLLALERKLKKMLGPSAV
EIGNGCFETKHKCNQTCLDRIAAGTFDAGEFSLPTFDSLNITGSGYIPEAPRDGQAYVRKDGEWVLLSTFLGSGLNDIFEAQKIE
WHEGHHHHHH*
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Supplementary Figure 11 – Neutralisation activity of human mAbs against wild-type 
(WT) and escape mutant IBV
The inhibitory concentration of mAb sufficient the prevent infection of 50% of MDCK tissue 
culture wells (IC50) was determined for monoclonal wild-type and escape mutant viruses 
recovered after plaque purification.

mAb Virus Mutant IC50

K77-1G12 B/Phuket/3073/2013
WT <0.05mg/ml

G156E, T214I >100mg/ml

W85-1B01 B/Phuket/3073/2013
WT <0.05mg/ml

G156R, D212N >100mg/ml

R95-1D05 B/Phuket/3073/2013
WT 0.095mg/ml

G156R 2.47mg/ml

K77-2E02 B/Brisbane/60/2008

WT 0.275mg/ml

△K177-D179, 
T214P >100mg/ml

T214P >100mg/ml

CR8033

B/Phuket/3073/2013 WT <0.05mg/ml

B/Brisbane/60/2008
WT 44mg/ml

△K177-D179, 
T214P >100mg/ml



Supplementary Figure 12 – Binding of mAbs to surface HA following infection of 
MDCK cells
MDCK cells were infected in vitro with wild-type (WT) or viruses with the indicated escape 
mutations. The binding of human mAbs to HA on the cell surface was assessed by flow 
cytometry 18 hours post-infection. A major loss of binding relative to wild-type virus is 
indicated in red shading.
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Supplementary Figure 13 - Binding of mAbs to wild-type and mutant HA by ELISA
Recombinant HA ectodomains were expressed using sequences from wild-type (WT) or 
viruses with the indicated escape mutations. The binding of human mAbs to HA was assessed 
by ELISA.
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Cohort 2015 IIV3 2016 IIV4

Age – mean (range) 40.3 (22-55) 34.8 (21-53)

Gender – #male (%) 13 (43.3%) 10 (50%)

Influenza vaccine 
history in prior 5 

years (self-reported)

Unknown
/ not disclosed 2 (6.7%) 3 (15%)

0 2 (6.7%) 2 (10%)

1 6 (20%) 5 (25%)

2 4 (13.3%) 1 (5%)

>3 16 (53.5%) 9 (45%)

Subject Age Gender Influenza vaccine history in 
prior 5 years (self-reported)

K77 39 M 3

W85 31 F 1

R95 21 F 0

A

B

Supplementary Figure 14 – Summary of clinical trial participant information
(A) Summary of participant information from seasonal influenza vaccine immunisation trials 
in 2015 and 2016. (B) Details of participants used for B cell sorting and recovery of 
monoclonal antibodies.



Supplementary Figure 15 - Recombinant HA probe sequences 
The indicated IBV HA ectodomain was  C-terminally fused to the trimeric foldon of T4 
fibritin (red), AviTag (green) and hexa-histidine affinity tag (blue).

B/Brisbane/60/2008
MKAIIVLLMVVTSNADRICTGITSSNSPHVVKTATQGEVNVTGVIPLTTTPTKSHFANLKGTETRGKLCPKCLNCTDLDVALGRP
KCTGKIPSARVSILHEVRPVTSGCFPIMHDRTKIRQLPNLLRGYEHIRLSTHNVINAENAPGGPYKIGTSGSCPNITNGNGFFAT
MAWAVPKNDKNKTATNPLTIEVPYICTEGEDQITVWGFHSDDETQMAKLYGDSKPQKFTSSANGVTTHYVSQIGGFPNQTEDGGL
PQSGRIVVDYMVQKSGKTGTITYQRGILLPQKVWCASGRSKVIKGSLPLIGEADCLHEKYGGLNKSKPYYTGEHAKAIGNCPIWV
KTPLKLANGTKYRPPAKLLKERGFFGAIAGFLEGGWEGMIAGWHGYTSHGAHGVAVAADLKSTQEAINKITKNLNSLSELEVKNL
QRLSGAMDELHNEILELDEKVDDLRADTISSQIELAVLLSNEGIINSEDEHLLALERKLKKMLGPSAVEIGNGCFETKHKCNQTC
LDRIAAGTFDAGEFSLPTFDSLNITGSGYIPEAPRDGQAYVRKDGEWVLLSTFLGSGLNDIFEAQKIEWHEGHHHHHH*

B/Phuket/3073/2013
MKAIIVLLMVVTSNADRICTGITSSNSPHVVKTATQGEVNVTGVIPLTTTPTKSYFANLKGTRTRGKLCPDCLNCTDLDVALGRP
MCVGTTPSAKASILHEVRPVTSGCFPIMHDRTKIRQLPNLLRGYEKIRLSTQNVIDAEKAPGGPYRLGTSGSCPNATSKIGFFAT
MAWAVPKDNYKNATNPLTVEVPYICTEGEDQITVWGFHSDNKTQMKSLYGDSNPQKFTSSANGVTTHYVSQIGDFPDQTEDGGLP
QSGRIVVDYMMQKPGKTGTIVYQRGVLLPQKVWCASGRSKVIKGSLPLIGEADCLHEEYGGLNKSKPYYTGKHAKAIGNCPIWVK
TPLKLANGTKYRPPAKLLKERGFFGAIAGFLEGGWEGMIAGWHGYTSHGAHGVAVAADLKSTQEAINKITKNLNSLSELEVKNLQ
RLSGAMDELHNEILELDEKVDDLRADTISSQIELAVLLSNEGIINSEDEHLLALERKLKKMLGPSAVDIGNGCFETKHKCNQTCL
DRIAAGTFNAGEFSLPTFDSLNITGSGYIPEAPRDGQAYVRKDGEWVLLSTFLGSGLNDIFEAQKIEWHEGHHHHHH*

B/Malaysia/2506/04
MKAIIVLLMVVTSNADRICTGITSSNSPHVVKTATQGEVNVTGVIPLTTTPTKSHFANLKGTETRGKLCPKCLNCTDLDVALGRP
KCTGNIPSARVSILHEVRPVTSGCFPIMHDRTKIRQLPNLLRGYEHIRLSTHNVINAENAPGGSYKIGTSGSCPNVTNGNGFFAT
MAWAVPKNDNNKTATNSLTIEVPYICTEGEDQITVWGFHSDNEAQMAKLYGDSKPQKFTSSANGVTTHYVSQIGGFPNQTEDGGL
PQSGRIVVDYMVQKSGKTGTITYQRGILLPQKVWCASGRSKVIKGSLPLIGEADCLHEKYGGLNKSKPYYTGEHAKAIGNCPIWV
KTPLKLANGTKYRPPAKLLKERGFFGAIAGFLEGGWEGMIAGWHGYTSHGAHGVAVAADLKSTQEAINKITKNLNSLSELEVKNL
QRLSGAMDELHNEILELDEKVDDLRADTISSQIELAVLLSNEGIINSEDEHLLALERKLKKMLGPSAVEIGNGCFETKHKCNQTC
LDRIAAGTFDAGEFSLPTFDSLNITGSGYIPEAPRDGQAYVRKDGEWVLLSTFLGSGLNDIFEAQKIEWHEGHHHHHH*

B/Florida/60/2008
MKAIIVLLMVVTSNADRICTGITSSNSPHVVKTATQGEVNVTGVIPLTTTPTKSYFANLKGTRTRGKLCPDCLNCTDLDVALGRP
MCVGTTPSAKASILHEVKPVTSGCFPIMHDRTKIRQLPNLLRGYENIRLSTQNVIDAEKAPGGPYRLGTSGSCPNATSKSGFFAT
MAWAVPKDNNKNATNPLTVEVPYICTEGEDQITVWGFHSDDKTQMKNLYGDSNPQKFTSSANGVTTHYVSQIGSFPDQTEDGGLP
QSGRIVVDYMMQKPGKTGTIVYQRGVLLPQKVWCASGRSKVIKGSLPLIGEADCLHEKYGGLNKSKPYYTGEHAKAIGNCPIWVK
TPLKLANGTKYRPPAKLLKERGFFGAIAGFLEGGWEGMIAGWHGYTSHGAHGVAVAADLKSTQEAINKITKNLNSLSELEVKNLQ
RLSGAMDELHNEILELDEKVDDLRADTISSQIELAVLLSNEGIINSEDEHLLALERKLKKMLGPSAVEIGNGCFETKHKCNQTCL
DRIAAGTFNAGEFSLPTFDSLNITGSGYIPEAPRDGQAYVRKDGEWVLLSTFLGSGLNDIFEAQKIEWHEGHHHHHH*

B/Yamagata/16/1988
MKAIIVLLMVVTSNADRICTGITSSNSPHVVKTATQGEVNVTGVIPLTTTPTKSHFANLKGTKTRGKLCPNCLNCTDLDVALGRP
MCMGTIPSAKASILHEVRPVTSGCFPIMHDRTKIRQLPNLLRGYENIRLSTHNVINAERAPGGPYRLGTSGSCPNVTSRNGFFAT
MAWAVPRDNKTATNPLTVEVPYICTKGEDQITVWGFHSDDKTQMKNLYGDSNPQKFTSSANGVTTHYVSQIGDFPNQTEDGGLPQ
SGRIVVDYMVQKPGKTGTIVYQRGVLLPQKVWCASGRSKVIKGSLPLIGEADCLHEKYGGLNKSKPYYTGEHAKAIGNCPIWVKT
PLKLANGTKYRPPAKLLKERGFFGAIAGFLEGGWEGMIAGWHGYTSHGAHGVAVAADLKSTQEAINKITKNLNSLSELEVKNLQR
LSGAMDELHNEILELDEKVDDLRADTISSQIELAVLLSNEGIINSEDEHLLALERKLKKMLGPSAVDIGNGCFETKHKCNQTCLD
RIAAGTFNAGEFSLPTFDSLNITGSGYIPEAPRDGQAYVRKDGEWVLLSTFLGSGLNDIFEAQKIEWHEGHHHHHH*

B/Lee/1940
MKAIIVLLMVVTSNADRICTGITSSNSPHVVKTATQGEVNVTGVIPLTTTPTRSHFANLKGTQTRGKLCPNCFNCTDLDVALGRP
KCMGNIPSAKVSILHEVKPVTSGCFPIMHDRTKIRQLPNLLRGYENIRLSTSNVINAETAPGGPYKVGTSGSCPNVANRNGFFNT
MAWVIPKDNNKTAINPVTVEVPYICSEGEDQITVWGFHSDDKTQMERLYGDSNPQKFTSSANGVTTHYVSQIGGFPNQTEDEGLK
QSGRIVVDYMVQKPGKTGTIVYQRGILLPQKVWCASGRSKVIKGSLPLIGEADCLHEKYGGLNKSKPYYTGEHAKAIGNCPIWVK
TPLKLANGTKYRPPAKLLKERGFFGAIAGFLEGGWEGMIAGWHGYTSHGAHGVAVAADLKSTQEAINKITKNLNSLSELEVKNLQ
RLSGAMNGLHDEILELDEKVDDLRADTISSQIELAVLLSNEGIINSEDEHLLALERKLKKMLGPSAVEIGNGCFETKHKCNQTCL
DRIAAGTFNAGDFSLPTFDSLNITGSGYIPEAPRDGQAYVRKDGEWVLLSTFLGSGLNDIFEAQKIEWHEGHHHHHH*

B/Victoria/2/1987
MKAIIVLLMVVTSNADRICTGITSSNSPHVVKTATQGEVNVTGVIPLTTTPTKSHFANLKGTKTRGKLCPKCLNCTDLDVALARP
KCMGTIPSAKASILHEVKPVTSGCFPIMHDRTKIRQLPNLLRGYEHIRLSTHNVINAETAPGGPYKVGTSGSCPNVTNGNGFFAT
MAWAVPKNDNNKTATNPLTVEVPYICTEGEDQITVWGFHSDSETQMVKLYGDSKPQKFTSSANGVTTHYVSQIGGFPNQAEDGGL
PQSGRIVVDYMVQKSGKTGTITYQRGILLPQKVWCASGRSKVIKGSLPLIGEADCLHEKYGGLNKSKPYYTGEHAKAIGNCPIWV
KTPLKLANGTKYRPPAKLLKERGFFGAIAGFLEGGWEGMIAGWHGYTSHGAHGVAVAADLKSTQEAINKITKNLNSLSELEVKNL
QRLSGAMDELHNEILELDEKVDDLRADTISSQIELAVLLSNEGIINSEDEHLLALERKLKKMLGPSAVEIGNGCFETKHKCNQTC
LDRIAAGTFNAGEFSLPTFDSLNITGSGYIPEAPRDGQAYVRKDGEWVLLSTFLGSGLNDIFEAQKIEWHEGHHHHHH*
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Supplementary Figure 16 - Titration of mouse challenge stocks
Weight loss in mice (N=5 per group) receiving increasing intranasal doses of 
B/Florida/4/2006 or B/Malaysia/2506/2004 challenge stocks. Data are mean and SEM.
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Boosted immunogenicity and broad 
protection by ferritin nanoparticles 
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ferritin nanoparticles presenting influenza B hemagglutinin 
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Abstract 

Self-assembling ferritin-based nanoparticles are a promising vaccine 

strategy that induces robust and broad humoral response when loaded with 

IAV HA (168), but has not been applied extensively to IBV. In this chapter, 

we generated ferritin nanoparticles presenting both monovalent (single HA) 

and bivalent (HAs from both Yamagata and Victoria lineage of IBV) 

immunogens and examined their potential as vaccine candidates in mice. Our 

results showed that display by ferritin nanoparticles significantly increased 

the immunogenicity of IBV HA. We also found that either chimeric 

nanoparticles loaded with bivalent HAs, or a mixture of two different 

monovalent nanoparticles, elicited similar level of antibody responses 

against both IBV lineages and partially protected mice from simultaneous 

lethal challenge with both IBV lineages. These findings confirmed that 

ferritin nanoparticles may be a pathway to improved humoral immune 

responses against IBV HA. 
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Introduction 

Influenza vaccines remain our most effective method to prevent seasonal 

influenza infections. However, vaccine protection is largely limited to when 

virus strains in the vaccine match antigenically with circulating strains (170). 

In addition, protective serum antibody titers tend to rapidly wane (171). 

Therefore, current vaccines are required to be reformulated annually based 

on information gathered by large scale epidemiological surveillance. 

 

The realization of an improved influenza B vaccine that generates broad and 

durable protection is largely dependent on the generation or boosting of 

intra- and inter-lineage antibody cross-reactivity and a more efficacious 

vaccine platform. As discussed in Chapter 2, cross-reactive antibody 

responses against IBV HA post influenza vaccination is unexpectedly 

common within the memory B cell pool (172). The majority of HA-specific 

mAbs isolated based upon specificity for a single IBV strain generally 

recognized other strains within the same lineage. These observations suggest 

that repeated lifetime exposure in humans to diverse strains of IBV likely 

forms a memory B cell pool enriched for cross-reactive specificities. 

Furthermore, mAbs with cross-lineage reactivity were readily recovered, 

many with wide recognition of six representative strains of IBV, three from 

each lineage, and an ancestral strain (B/Lee/1940). Broadly cross-reactive 

antibodies against IBV HA have also been isolated and characterized 

following multiple infections with different strains in mice (173) and after 

primary infection in young children who did not receive influenza 

vaccination (174). The unexpectedly high level of cross-reactivity for 

multiple IBV strains in both lineages has not been observed for IAV, likely 

because of much greater antigenic diversity (175).  
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Since we have seen that intra- and inter-lineage reactivity is relatively 

common in influenza B humoral immunity and can be stimulated by current 

seasonal vaccines, a novel vaccine platform that is capable of selectively 

boosting and extending this broad protection is a potential pathway to a better 

vaccine. In recent years, nanoparticles have emerged to become a promising 

platform for more efficacious and durable vaccine designs (170). Self-

assembling ferritin nanoparticles are one example in the field. This modular 

and highly customizable nanoparticle platform can carry and display various 

kinds of antigens on its surface, such as full-length HA (168) and stem region 

of HA (169). Both in vitro assays and animal challenge experiments have 

confirmed that HA-ferritin nanoparticles are able to induce stronger and 

broader antibody responses compared to TIV (168). For example, the HAI 

titers induced by adjuvanted ferritin-HA nanoparticles to H1N1 virus were 

approximately 7-fold higher than TIV in immunized mice. However, to date, 

this novel vaccine concept has not been widely applied to IBV HA. 

 

In this chapter, we examined two potential approaches using IBV HA-ferritin 

nanoparticles in both DNA and protein forms to improve current vaccines 

and validated them both in vitro and in vivo. The first approach is boosting 

the immunogenicity of HA. HA-ferritin nanoparticles have been shown to 

elicit more robust antibody responses than HA protein by itself (168). 

Stronger humoral immune responses against IBV HA naturally leads to 

higher titers of all HA-specific antibodies, which include both lineage-

specific and cross-lineage ones. The second approach is co-display of HAs 

from different lineages. As shown by results in Chapter 2, QIV that includes 

two IBV strains improved cross-reactive responses compared to TIV 

containing only one IBV strain. There are two ways to include two kinds of 

HAs in ferritin nanoparticle vaccines. One is a mixture of two types of 

nanoparticles, each loaded with one kind of HA (we term this Admix here 
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and below). The other is a chimeric nanoparticle loaded with two kinds of 

HAs. We tested if one formulation is more efficacious than the other in 

inducing cross-reactive responses in mice. In summary, the two approaches 

aim to achieve the same ultimate goal of inducing broad and durable HA-

specific antibody responses through nanoparticle vaccination.  
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Materials and Methods 

Ferritin-IBV HA nanoparticles  
HA–ferritin fusion genes were generated as previously described (168). Each 

ectodomain of HAs from B/Phuket/3073/2013, B/Florida/4/2006, 

B/Brisbane/60/2008 and B/Malaysia/2506/2004 viruses was linked to a H. 

pylori ferritin subunit with a Ser-Gly-Gly linker. These fusion genes were 

then cloned into pcDNATM5/TO mammalian expression vector and 

expressed by transfection of Expi293F (Life Technologies, A14527) 

suspension cultures for five days. Culture supernatants were first purified by 

ion exchange chromatography using a HiTrap Q HP anion exchange 

chromatography column (GE Healthcare). Then the nanoparticles were 

further purified by size-exclusion chromatography. Purity and size (92kDa) 

of the nanoparticles were analyzed by sodium dodecyl sulfate–

polyacrylamide gel electrophoresis (SDS-PAGE) after they were 

concentrated with Amicon® Ultra Centrifugal filters with a 30,000 molecular 

weight cutoff. 

 

Enzyme-linked immunosorbent assay (ELISA) 
The presence of HAs on ferritin nanoparticles was verified by binding of 

HA-specific mAbs (Chapter 2). 96-well MaxiSorp plates (Nunc) were coated 

overnight with 2!g/ml ferritin nanoparticles at 4°C. After blocking with 1% 

fetal calf serum (FCS) in phosphate-buffered saline (PBS), duplicate wells 

of IBV-specific mAbs at different dilutions (starting at 10 μg/mL, four times 

serial dilutions) were added and incubated for one hour at room temperature. 

Plates were washed prior to incubation with 1:30,000 dilution of horseradish 

peroxidase (HRP)-conjugated anti-human IgG (KPL) for 1 h at room 

temperature. Plates were washed again and developed using 3,3 ′ ,5,5 ′ -

Tetramethylbenzidine (TMB) substrate (Sigma) and read at 450 nm. For 
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assays on mouse serum, plates were coated with recombinant HAs and 

mouse sera (1:100, four times serial dilutions) were added. Bound mouse 

antibodies were detected by HRP-conjugated anti-mouse IgG (KPL). For 

serum samples, endpoint titers were calculated using a fitted curve (4 

parameter log regression) and a cutoff of two times background. Modified 

ELISA procedure was applied to verify co-display of two types of HAs on 

the chimeric nanoparticles. Plates were coated with B/Florida HA-specific 

mAb. After the incubation with ferritin nanoparticles, HRP-conjugated 

B/Brisbane HA-specific mAb was added for detection. In this case, only the 

chimeric nanoparticles should be able to bind both mAbs and generate 

positive readouts.  

 

Immunization 
Groups of five C57BL/6 female mice at 8–12 weeks of age were used to 

examine protective potential of ferritin nanoparticles. In the DNA 

immunization trial, mice were anesthetized and given 100 μg of DNA 

plasmids in 100 μl of PBS intramuscularly (50 μl into each thigh) on day 1. 

Subsequently, two boost shots of 100 μg were administered on day 14 and 

day 28. For protein immunizations, recombinant HAs and ferritin 

nanoparticles in 50 μl of PBS were diluted 1:1 in adjuvant (Addavax) and 

administered intramuscularly (50 μl into each thigh). Mice were immunized 

with high and low dose of each immunogen and the doses of ferritin 

nanoparticles were adjusted to deliver same amount of HA as the HA only 

groups. No boost shot was given in the protein immunization trial.  

 

Mouse serum collection 
According to the results of previous animal trials, antibody responses against 

both full-length HA and HA stem become detectable two weeks post 
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vaccination (176). On day 42 and day 14 of the DNA and protein 

immunization trial respectively, blood of vaccinated mice was obtained 

through retro-orbital bleeds. Serum was isolated by centrifugation and stored 

at -20°C. 
 

Virus challenge 
According to the results of previous animal trials, HA-specific antibody 

responses peak at 4 weeks post vaccination (176). On day 56 and day 28 of 

the DNA and protein immunization trial respectively, immunized mice were 

challenged with lethal dose of B/Florida/4/2006 and/or 

B/Malaysia/2506/2004 viruses. These viruses were grown and titrated as 

described in Chapter 2. Mice were anesthetized by isoflurane inhalation and 

intranasally challenged with 50 μl of B/Florida/4/2006 and 

B/Malaysia/2506/2004 viruses at doses of 50 and 250 fifty-percent tissue 

culture infective dose (TCID50) respectively. Animals were monitored for 

weight loss and signs of infection for 14 days and euthanized if a loss of 

more than 20% of their pre-infection weight occurs. 
 

Statistical analysis 
All data plotted with error bars are expressed as means with standard 

deviation unless otherwise indicated. Statistical significance was assessed by 

Mann–Whitney U tests. Curve fitting was performed using 4 parameter 

logistic regression. All statistical analyses were performed using Prism 

(GraphPad). 
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Results 

Preparation of ferritin-HA nanoparticles 
To facilitate the expression of IBV HA nanoparticles, ferritin-HA fusion 

genes were generated by linking the ectodomain of IBV HA to a subunit of 

ferritin (Figure 1) and inserting this ferritin-HA segment into a eukaryotic 

expression vector. HA genes from four strains of IBV were used, 

B/Phuket/3073/2013 and B/Florida/4/2006 from the Yamagata lineage, and 

B/Brisbane/60/2008 and B/Malaysia/2506/2004 from the Victoria lineage. 

The cloned constructs were then sequenced to confirm the correct insertion 

of ferritin-HA fragment. Each of these constructs was then transfected into 

Expi293TM cells for expression of ferritin-HA nanoparticles. In order to make 

the chimeric ferritin-HA nanoparticles that present two types of IBV HAs 

from both lineages, two constructs were co-transfected into cells 

simultaneously at a 1:1 ratio so that the two kinds of HA linked ferritin 

subunits can co-assemble. 

 

Cell culture supernatants containing nanoparticles were collected for 

purification. Two steps of purification were applied in order to achieve high 

purity nanoparticles. The first step was charge-based ion exchange 

chromatography. Within Tris hydrochloride buffer at pH of 7.8, ferritin-HA 

nanoparticles would become negatively charged and thus bind to the 

positively charged beads within the column. The second step, size exclusion 

chromatography, further removed irrelevant proteins secreted by the cells 

and unassembled ferritin subunits (Figure 2). Purified ferritin-HA 

nanoparticles were analyzed using SDS-PAGE (Figure 3). Despite small 

quantities of irrelevant proteins of different sizes, two steps of purifications 

generated dominant bands of ferritin-HA nanoparticles that were 

consistently present across all preparations. The size difference between HA 
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and ferritin-HA is small (17kDa) and may require a higher percentage gel to 

resolve it. 

 

All four ferritin-HA constructs were successfully expressed and collected 

from supernatants. Ferritin-Phuket HA was not used in later experiments to 

ensure homologous challenge in animal trials as only B/Florida virus was 

found to be infective and lethal in mice. 

 

 

 
 
 

Figure 1. Schematic representations of ferritin-HA fusion proteins. The

HA is linked to the ferritin subunit with a Ser-Gly-Gly linker. Two types of

HA were selected from each lineage of IBV.

HA1 FerritinHA2
B/Florida/4/2006 HA

B/Phuket/3073/2013 HA

HA1 FerritinHA2

HA1 FerritinHA2

B/Malaysia/2506/2004 HA 

HA1 FerritinHA2
B/Brisbane/60/2008 HA

Yamagata lineage

Victoria lineage
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Figure 2. Size exclusion chromatography of ferritin-HA nanoparticles.

Collected fractions of ferritin-HA nanoparticles are indicated with

arrows.

Ferritin-Florida HA

Ferritin-Brisbane HA

Ferritin-Florida+Brisbane HA (Chimera)
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Figure 3. SDS-PAGE analysis of the ferritin-HA nanoparticles. Purified
HA trimer was used as a control. Bands of the ferritin-HA nanoparticles
are highlighted. From left to right, lane are laid out as marker, HA trimer
(HA), ferritin-Florida HA (Fer-Flo HA), ferritin-Phuket HA (Fer-Phu HA),
ferritin-Malaysia HA (Fer-Mala HA), ferritin-Brisbane HA (Fer-Bris HA)
and chimeric ferritin nanoparticle loaded with both Florida HA and
Brisbane HA (Chimera).
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Verification of the antigenicity of ferritin-HA nanoparticles 

The presence of HA on the surface of ferritin nanoparticles was verified 

based upon binding to IBV HA-specific mAbs (recovered in Chapter 2) by 

ELISA (Figure 4). The presence of B/Florida (Figure 4a) and B/Brisbane HA 

(Figure 4b) on ferritin nanoparticles were confirmed, but ferritin-B/Malaysia 

HA (Figure 4c) failed to generate a positive signal in ELISA, suggesting that 

the B/Malaysia HA linked to the ferritin unit might be misfolded. Therefore, 

ferritin-B/Florida and ferritin-B/Brisbane were selected as candidate 

Yamagata and Victoria immunogens to proceed into further trials. These two 

ferritin subunits were also chosen for making the chimeric nanoparticle. 

Chimeric nanoparticles generated via this method were shown to bind both 

Yamagata-specific and Victoria-specific mAbs (Figure 4d, 4e). Co-display 

of both types of HAs on chimera was also verified by sandwich ELISA, in 

which the chimera was captured by Yamagata-specific mAb and detected by 

HRP-conjugated Victoria-specific mAb (Figure 4f). 
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Figure 4. Antigenic characterization of ferritin-HA nanoparticles.
Presentation of HA on the surface of ferritin nanoparticles (red or
green) was verified with HA-specific monoclonal antibodies using ELISA.
Purified HA trimer was used as a positive control (blue). a, Ferritin-
Florida HA (Fer-Flo HA) was bound by Yamagata-specific mAb. b,
Ferritin-Brisbane HA (Fer-Bris HA) was bound by Victoria-specific mAb.
c, ferritin-Malaysia HA (Fer-Mala HA) was not bound by Victoria-specific
mAb. d,e, Chimera was bound by both Yamagata-specific (d) and
Victoria-specific (e) mAbs. f, Only chimera was bound by both
Yamagata-specific and Victoria-specific mAbs simultaneously.

a

b

c

d

e

f

Fer-Flo HA binding to Yamagata-specific mAb

Fer-Bris HA binding to Victoria-specific mAb

Fer-Mala HA binding to Victoria-specific mAb

Chimera binding to Yamagata-specific mAb

Chimera binding to Victoria-specific mAb

Chimera binding to both mAbs
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DNA immunization with the ferritin-HA nanoparticles 
In order to rapidly assess the immunogenic potential of ferritin-HA, we 

initiated a pilot DNA immunization trial whereby the ferritin-HA 

nanoparticles would form in vivo. Groups of C57BL/6 mice were immunized 

intramuscularly with the DNA plasmids expressing ferritin-HA 

nanoparticles. The vaccine regimen (Figure 5a) was set as one primary and 

two boost immunizations, which were two weeks apart from each other. 

Another two weeks after the final immunization, mouse serum was collected 

through retro-orbital bleeds. Titers of HA-specific antibodies in the serum 

were measured by ELISA. On day 56, mice were challenged with a lethal 

dose of IBV and monitored for signs of infection and weight loss. Groups of 

mice included in this study were designed for two main comparisons. 

 

We first analyzed whether ferritin-HA nanoparticles delivered as DNA 

induce a more robust humoral immune response than DNA for HA protein 

alone (Figure 5). On day 42 post-vaccination, titers of B/Florida HA-specific 

serum antibodies elicited by immunization with ferritin-Florida HA was 

significantly higher (p=0.0006) compared to animals administered with 

DNA for soluble B/Florida HA trimers (Figure 5b). Therefore, ferritin-HA 

as a DNA vaccine appears more immunogenic than the HA DNA vaccine. 

When challenged with lethal dose of B/Florida virus, serum antibodies 

elicited by DNA vaccination of both HA and ferritin-HA were sufficient to 

protect all mice from infection or weight loss (Figure 5c). No difference 

could be observed in weight curves of the two groups, despite ferritin-HA 

DNA inducing much higher titers of antibodies than HA DNA. A higher dose 

of viral challenge or lower dose of vaccination may be required to reveal any 

differences in protection provided by elicited antibodies between the two 

groups. 
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Groups of mice (N=5):
1. Ferritin only
2. B/Florida HA
3. Ferritin-Florida HA

a b

Figure 5. DNA immunizations with ferritin-HA nanoparticles boosted
immunogenicity and induced protective immunity. a, List of groups of
mice and timeline of the DNA immunization trial. DNA of empty ferritin
nanoparticle was used as negative control. Titers of the elicited
antibodies on d42 were determined with ELISA and lethal viral
challenge was performed on d56. b, Comparison of the end point titers
of elicited antibodies against B/Florida HA. c, Comparison of protective
potential in murine challenge model measured by weight loss, area
under curve (AUC) of weight and survival. Mice were challenged with
B/Florida virus.
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In the second experiment, we aimed to compare if a mixture of two 

monovalent nanoparticles versus a chimera elicits superior protection 

(Figure 6). The chimeric and Admix vaccinations using DNA plasmids 

expressing nanoparticles have not previously been tested to our knowledge. 

By mixing the two DNA constructs of ferritin-HA and co-injecting the 

mixture into mice, chimeric nanoparticles may be generated where the two 

plasmid constructs are taken up by the same cells in vivo. To simulate an 

Admix approach, we injected one kind of ferritin-HA DNA into each of the 

two thighs of mice to ensure that the two types of nanoparticles were 

expressed separately and would drain to separate lymphoid sites. 

Comparison between the two groups would inform us whether there is an 

immunological advantage in providing one chimeric nanoparticle versus 

presenting two HAs in a mixture of two monovalent nanoparticles. As shown 

by ELISA results, both immunizations induced similar levels of antibodies 

specific for both B/Florida and B/Malaysia HAs (Figure 6b), without 

significant difference observed between the two groups.  

 

The groups of mice with chimeric and Admix immunizations were both 

challenged with either 50 TCID50 of B/Florida (Figure 6c) or 250 TCID50 of 

B/Malaysia (Figure 6d) viruses. The homologous challenge with B/Brisbane 

virus was not conducted here because the B/Brisbane virus we had was not 

lethal in mice. Therefore, the B/Malaysia virus from the same lineage was 

used in substitute. Both chimeric and Admix immunizations were able to 

completely protect all mice from both challenges. No significant weight loss 

or sign of infection was observed in any immunized groups.  
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In summary, we found that ferritin-HA nanoparticles delivered 

intramuscularly as DNA constructs can boost immunogenicity of HA, 

supporting reports in the literature that nanoparticle vaccines are more 

immunogenic than conventional protein subunit vaccine (168). Both Admix 

and chimera nanoparticle vaccines launched from a DNA platform induced 

similar titers of serum antibody specific for both IBV lineages and provided 

equivalent protection against lethal challenges. 

 

 

 

 

 

 

 

 

 

 

Figure 6. DNA immunizations with Admix and chimera induced
protection against both lineages of IBV . a, List of groups of mice and
timeline of the DNA immunization trial. DNA of empty ferritin
nanoparticle was used as negative control. Titers of the elicited
antibodies on d42 were determined with ELISA and lethal viral
challenge was performed on d56. b, Comparison of the end point titers
of elicited antibodies against B/Florida HA and B/Malaysia HA. c,d,
Comparison of protective potential in murine challenge model
measured by weight loss, area under curve (AUC) of weight and
survival. Mice were challenged with either B/Florida (c) or B/Malaysia
(d) viruses.
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Protein immunization with the ferritin-HA nanoparticles 
Having established that in vivo expression of ferritin-HA (delivered via DNA 

constructs) was immunogenic in mice, we next initiated an immunization 

trial using purified HA-ferritin nanoparticles and soluble proteins. The 

schema included a single immunization, one serum collection and one viral 

challenge, two weeks apart from each other (Figure 7a). Similar to the DNA 

immunization trial, serum was used to measure HA-specific antibody titers 

and the viral challenge was used to evaluate the protective potential of 

elicited antibodies in vivo. The mice were also divided into two experiments. 

 

The first experiment included groups immunized with B/Florida HA and 

ferritin-Florida HA, each at high (3.8!g and 5!g) and low dose (0.38!g and 

0.5!g) (Figure 7a) which represents an equimolar delivery of HA protein. 

The vaccine components in PBS were diluted 1:1 in adjuvant (Addavax) and 

administered intramuscularly. Consistent with the results from DNA 

immunization trial, titers of B/Florida HA-specific antibodies elicited by 

ferritin-HA were higher than that by HA alone (Figure 7b). The difference 

was statistically significant between the high dose immunizations where the 

ferritin-HA nanoparticle induced 32-fold higher antibodies than HA alone 

(p=0.0002). High dose immunizations with either HA or ferritin-HA led to 

higher serum titers of antibodies compared to their corresponding low dose 

ones.  

 

All groups of mice were challenged with a lethal dose of B/Florida virus. As 

shown by the weight loss, neither the soluble HA trimers nor the ferritin-HA 

nanoparticles were able to completely protect mice from significant weight 

loss and severe infection (Figure 7c). However, all mice from the two HA 

groups suffered from a weight loss greater than 20% and were euthanized on 

or before day 7 post infection, while weight loss in the ferritin-HA groups 
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was slower and two mice from ferritin-HA low dose group as well as one 

mouse from ferritin-HA high dose group had less than 20% weight loss, 

overcame the infection and recovered. In area under the curve (AUC) 

analysis of weight loss, values of the ferritin-HA groups were also higher 

than the HA groups without significant difference. The totality of these 

results suggests that while not sufficient to afford protection from a robust 

challenge, the serum antibody responses in mice immunized with ferritin-

HA were generally more protective than those after immunization with HA 

alone. 
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Groups of mice (N=5):
1. Adjuvant only
2. B/Florida HA 0.38!g
3. B/Florida HA 3.8!g
4. Ferritin-Florida HA 0.5!g
5. Ferritin-Florida HA 5!g
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Figure 7. Protein immunizations with ferritin-HA nanoparticles
boosted immunogenicity and conferred partial protection. a, List of

groups of mice and timeline of the protein immunization trial. Adjuvant

was used as negative control. Titers of the elicited antibodies on d14

were determined with ELISA and lethal viral challenge was performed

on d28. b, Comparison of the end point titers of elicited antibodies

against B/Florida HA. c, Comparison of protective potential in murine

challenge model measured by weight loss, area under curve (AUC) of

weight and survival. Mice were challenged with B/Florida virus.

B/Florida
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In a second experiment, in addition to the chimeric and Admix 

immunizations, ferritin nanoparticles presenting only B/Florida or 

B/Brisbane HA were also included to measure the degree to which IBV HA 

antigens from a given lineage induce cross-reactive antibody responses 

against the alternate lineage. As before, high and low dose groups for each 

IBV antigen were included. Surprisingly, ferritin-HA nanoparticles 

displaying only a single kind of HA, either B/Florida or B/Brisbane, were 

also able to elicit robust antibody responses against both lineages. Chimeric 

and Admix immunizations produced antibody responses of similar 

magnitude against both lineages. In all cases, a ten-fold reduction in dose led 

to an ~500-fold decrease in serum antibody titers. 

 

In order to evaluate the breadth of cross-lineage protection provided by 

ferritin vaccines, we challenged the mice in this experiment simultaneously 

with viruses from both lineages, B/Florida and B/Malaysia viruses. In 

response to the challenge, all mice from all groups demonstrated signs of 

weight loss and infection. Despite serum antibody responses against both 

lineages, none of the mice from monovalent ferritin nanoparticles groups 

survived the mixed lethal challenge except for one mouse from ferritin-

Florida HA high dose group. In contrast, within the chimera and Admix 

vaccines groups there were some animals that survived the challenge, with 

more mice in the Admix groups survived compared to the chimera groups, 

especially the five mice from the Admix low dose group. Specifically, 1 out 

of 5 mice survived in chimera low dose group and 2 out of 5 mice survived 

in chimera and mixture high dose groups respectively. AUC values of the 

groups with surviving mice were approximately two times as those of the 

groups without surviving mice. Despite similar levels of serum antibody 

responses observed with monovalent ferritin nanoparticles, both chimera and 
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Admix vaccines appeared potentially more effective in protecting mice from 

mixed challenges. 

 

To summarize, ferritin-HA nanoparticle protein vaccination is capable of 

eliciting stronger antibody response than HA trimers, consistent with the 

results from ferritin-HA DNA vaccine study above. Additionally, including 

HAs of both lineages in immunizations, either through chimera or Admix, 

provides broader coverage than single HA, especially in the case of strain 

mismatch. Even though Admix immunizations led to higher survival rate 

against mixed challenge compared to chimera immunizations, no significant 

difference was observed from antibody titers and weight loss of the mice.  
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Groups of mice (N=5):
1. Ferritin only
2. Ferritin-Florida HA 0.5!g
3. Ferritin-Florida HA 5!g
4. Ferritin-Brisbane HA 0.5!g
5. Ferritin-Brisbane HA 5!g
6. Chimera (Flo+Bris) 0.5!g
7. Chimera (Flo+Bris) 5!g
8. Admix (Flo+Bris) 0.5!g
9. Admix (Flo+Bris) 5!g

Figure 8. Protein immunizations with chimera and Admix induced
partial protection against challenges with both lineages of IBV. a, List
of groups of mice and timeline of the protein immunization trial. Empty

ferritin nanoparticles were used as negative control. Titers of the

elicited antibodies on d14 were determined with ELISA and lethal viral

challenge was performed on d28. b, Comparison of the end point titers

of elicited antibodies against B/Florida HA and B/Malaysia HA. c,
Comparison of protective potential in murine challenge model

measured by weight loss, area under curve (AUC) of weight and

survival. Mice were challenged with the mixture of B/Florida and

B/Malaysia viruses.

B/Florida and B/Malaysia
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Discussion 

With the limitations of current influenza vaccines in mind, this chapter 

explored improving the strength and breadth of the IBV HA-specific 

antibody response by displaying different arrays of IBV HAs on ferritin 

nanoparticles.  

 

The ferritin-HA nanoparticle system has several advantages  (168) but also 

some limitations that became apparent during this study. Due in part to lack 

of specific binding reagent for HA-ferritin nanoparticles, ion exchange and 

size exclusion chromatography were used for nanoparticle purification. 

Because all proteins with negative charge bind to the beads in column, 

contaminating proteins were observed after ion exchange chromatography. 

In order to make sure that equivalent molar amount of nanoparticles were 

administered in vaccine trials, the actual concentrations were adjusted by 

comparing the band intensity between target proteins and reference protein 

on SDS-PAGE gel. One potential future solution to this problem is scaling 

up the volume of expression culture because it can compensate the loss 

during the process of purification and allow for more intensive purification 

steps. 

 

Initially, nanoparticles loaded with B/Florida and B/Malaysia HAs were 

selected for homologous viral challenges, but B/Malaysia HA had to be 

replaced by B/Brisbane HA due to problematic expression of ferritin-

Malaysia HA nanoparticles, which was possibly caused by incorrect folding 

modifications in Expi293TM cells considering the similarity in HA sequence. 

The ferritin-Brisbane HA immunized mice were challenged with B/Malaysia 

virus instead of the homologous B/Brisbane virus because the infectivity of 

B/Brisbane strain we grew in eggs was too low in cells and mice as shown 
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by the virus titration assays. According to the results of Chapter 2, intra-

lineage cross-reactivity is common among immunization-elicited antibodies 

and most of the Victoria-specific mAbs can bind both B/Brisbane and 

B/Malaysia HAs (172). As expected, antibodies induced by ferritin-Brisbane 

HA immunization were also able to recognize B/Malaysia HA, as shown by 

the results of ELISA and viral challenge. Therefore, we believe the 

heterologous nature of the Victoria lineage immunization experiments would 

not dramatically compromise the accuracy and reliability of the results. For 

future trials, we would explore methods to improve the expression of ferritin-

Malaysia HA nanoparticle and adapt the less infectious B/Brisbane virus to 

mice by passage and selection. 

 

Considering the expression and purification challenges we encountered with 

the ferritin nanoparticles, a DNA immunization trial served as an informative 

pilot study from which we learned that ferritin-HA nanoparticle is more 

immunogenic than HA alone, and that chimera and Admix induce similar 

strength of protection against both lineages. Most of the results we gathered 

from the DNA trial were consistent with our observations in the protein 

immunization trial, which in turn validates the feasibility and reliability of 

the DNA approach. DNA vaccination comes with a few advantages and 

disadvantages. DNA as an immunogen can be prepared on large scale in a 

relatively short time and readily purified. This inherent advantage of DNA 

can easily bypass the expression and purification issues of protein-based 

immunogens. In DNA vaccination, only the antigens that are encoded by the 

DNA are present, which eliminates the possibility of introducing irrelevant 

proteins. However, the poor immunogenicity of DNA requires repeated 

vaccinations for accumulation of the amount of antigens that is sometimes 

achievable with only one shot of protein immunogen. Importantly, titers of 

antibodies elicited by a single protein immunization were generally lower 
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compared to what we observed in the DNA immunization trial (three 

injections). We believe this led to the overall weaker protection measured 

during viral challenge after the protein immunizations. A potential 

explanation for this phenomenon is that the three immunizations with DNA 

generated higher concentrations of antigens within the immunized mice than 

the corresponding protein immunizations. Further ELISA assays are required 

to quantify the final concentration of antigen in serum in the DNA and 

protein immunized mice. 

 

Ferritin nanoparticles loaded with IBV HA were found to be more 

immunogenic than HA proteins by themselves. Previous research with IAV 

HA also confirmed the boosted immunogenicity provided by ferritin-HA 

nanoparticles (168). In comparison of IC50 titers against a panel of H1N1 

subtypes, ferritin-HA induced antibodies consistently demonstrated 

significantly greater neutralization strength than HA trimers. The 

mechanistic basis of this improved immunogenicity is still unclear. A study 

on the different forms of the glycoprotein of vesicular stomatitis virus 

revealed that the regularly and rigidly organized epitopes are more likely to 

induce T helper cell independent primary and secondary neutralizing B cell 

response (177). More specifically, epitopes with repetitiveness and rigid 

organization can induce robust B cell response with or without the help of T 

cell, while soluble form of the same epitopes depends on T cell completely 

for initiation of response (178). Compared to the free-floating soluble HA, 

ferritin-HA nanoparticles present the trimeric HAs in a more controlled 

repetitive array so that more cross-linking can happen between bound 

antibodies simultaneously. Considering the spherical shape and relative size 

of the nanoparticles, it is also possible that one nanoparticle can bind to more 

than one cell at the same time. All of these increased interactions between 

receptors on B cells and HAs on the nanoparticles can potentially contribute 
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to the elevated strength of serological response. In a more recent study, the 

researcher stated that delivering HIV envelope trimers on synthesized 

liposomes can greatly enhance the geminal center and T follicular helper cell 

responses, which in turn leads to increased avidity of the elicited antibodies 

(179). Furthermore, they also showed that the strength of this observed 

enhancement was positively correlated with the rigidity and stability of the 

liposomes. 

 

Protective potential was compared between the monovalent nanoparticles 

and the chimera or Admix. It was clear that antibody response elicited by 

monovalent nanoparticles was not sufficient to prevent infection of the other 

lineage. In contrast, both the chimera and Admix groups demonstrated 

different levels of protection against both lineages. As shown in Chapter 2, 

including two strains of IBV in QIV granted the vaccine recipients broader 

and stronger B cell responses. Therefore, introducing two types of HA 

simultaneously, through either chimera or Admix, creates an advantage in 

coverage, which bears great importance in light of the co-circulation of both 

lineages of IBV. No significant difference could be observed between the 

chimera and Admix nanoparticles in either immunization trial. Even though 

co-loading of two types of HA on ferritin nanoparticle may not bring extra 

immunological benefits, it can potentially be a relief on the manufacturing 

burden of the influenza vaccines because only one component is included in 

chimera as opposed to two components in Admix.  

 

Since technical challenges with expression and purification of ferritin 

nanoparticles were a limiting factor in the progress of the project, improved 

preparation methods such as two-component assembly (180) and more 

effective purification methods are needed. In addition to SDS-PAGE 

analysis and antigenic verification, visual confirmation of the integrity of 
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nanoparticles by transmission electron microscopy is also warranted. Future 

studies on the composition and specificity of the memory B cell pool post 

ferritin nanoparticle immunization using recombinant HA probes and flow 

cytometry (as performed in humans in Chapter 2) will more definitively 

dissect the nature of the responses against both lineages elicited by chimera 

and Admix immunizations. Despite the fact that chimera did not generate 

superior humoral response than Admix, we would expect to observe higher 

proportion of cross-lineage reactive memory B cells in chimera immunized 

mice and the B cell populations in Admix immunized mice will dominantly 

be lineage-specific, as co-display of two types of HAs increases the chance 

of selecting a B cell receptor that can recognize both antigens simultaneously. 

The in-depth information gathered from these studies will uncover important 

implications on cross-reactive response and future vaccine design. 

 

In conclusion, we fabricated ferritin nanoparticles loaded with different 

arrays of IBV HA antigens and examined their ability in inducing broad and 

durable antibody responses. We found that ferritin-HA is more immunogenic 

than HA proteins alone and the chimera is capable of generating antibody 

responses against both lineages of IBV. The boosted and broadly protective 

immunity conferred by ferritin-HA nanoparticles qualifies it as a promising 

vaccine candidate for universal IBV vaccines. 
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Chapter Four  
Assessing the protective potential of 

influenza B hemagglutinin stem immunogens 

Chapter Four: Assessing the protective potential of influenza B 

hemagglutinin stem immunogens 
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Abstract 

The stem region of HA is highly conserved compared to the head region and 

has long been considered as one of the major targets for broadly protective 

responses against influenza. However, the IBV stem domain and the humoral 

response elicited against it are understudied. In this chapter, we prepared 

IBV stem proteins and investigated their protective potential as immunogens. 

The results showed that IBV stem is immunogenic and capable of inducing 

cross-lineage antibody responses. Mice immunized with IBV stem were 

partially protected from simultaneous challenges with IBV of both lineages. 

Our findings indicated that IBV stem-elicited cross-lineage antibodies can 

potentially broadly protect against circulating IBV strains, suggesting that 

IBV stem is a promising candidate for universal influenza B vaccines.  
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Introduction 

HA is the dominant viral surface protein targeted by humoral immunity. The 

ectodomain of HA can be divided into two regions, the head and the stem. 

Antibody responses against HA in humans following infection or 

immunization are mainly focused on the head region (136,176,181), which 

undergoes constant antigenic drift that leads to evasion of antibody 

recognition. In contrast, the stem region is highly conserved and hence able 

to support cross-reactive antibody responses against antigenically distinct 

influenza viruses.  

 

The IAV stem domain has been extensively studied and widely considered 

as a promising target for universal influenza vaccines (182). The early 

iterations of stable trimeric IAV stem proteins were designed based on H1N1 

(183) and H3N2 (184) and proven to protect mice from lethal challenges. To 

improve upon these designs, the H1N1-based stem constructs were refined 

by protein-minimization approach so that they contained only the critical 

epitopes instead of the entire stem region and folded into the conformation 

bound by broadly neutralizing antibodies with high affinity (185). A similar 

H1-based stem immunogen protected mice from heterosubtypic challenges 

and elicited antibodies with antibody-dependent effector activity (186). 

Furthermore, IAV stem constructs based on other viruses have also been 

reported. A Chinese group successfully cloned a stem construct from the 

sequence of H7N9 subtype, but only the protection against the homologous 

H7N9 virus challenge was verified (187). In a more recent attempt, 

researchers designed a mini-stem that mimicked the prefusion conformation 

of H5 HA (135). Importantly, the mice immunized with this H5 mini-stem 

were protected against lethal challenges from both group 1 and group 2 IAVs, 

which was the first report of cross-group protection.  
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In addition to the stem only constructs, chimeric HA antigens that comprise 

of a conserved stem domain and a customized head domain are also 

considered promising candidates for inducing broadly protective humoral 

responses. One good example of these chimeric HA antigens is the different 

combinations of one constant stem domain and various exotic head domains 

(188). The goal of this design is to redirect the HA-specific humoral 

responses to be stem-focused. Studies have shown that repeated 

immunizations in mice (189) and ferrets (190) with the chimeric HA antigens 

induce heterosubtypic protection against lethal viral challenges. This concept 

was also validated by another study using human sera samples from a H5N1 

vaccine trial (191). The authors showed that the vaccine recipients with pre-

existing immunity against H1N1 recalled strong cross-reactive responses 

against group 1 but not group 2 viruses when vaccinated with inactivated 

H5N1 virus. Thus, exposure to conserved stem domain and multiple 

divergent head domains skews the immune response from the 

immunodominant head domain towards the stem domain. 

 

Unlike head-directed antibodies, stem-reactive antibodies are less prevalent 

after vaccinations and infections. The first stem-specific mouse antibody 

C179 that recognizes multiple IAV H1 and H2 strains in group 1 was isolated 

and characterized in 1993 (192). Since then, a variety of IAV HA stem-

specific mAbs have been reported. Ekiert et al. described that the broadly 

neutralizing antibody CR6261 neutralizes IAV group 1 viruses by disrupting 

the necessary conformational changes that happen during membrane fusion 

(193). Another antibody FI6, with broader recognition breadth that 

neutralizes both IAV group 1 and group 2 viruses, was selected by screening 

human plasma cells (194). Interestingly, binding of these antibodies to the 

stem region involves residues from both HA1 and HA2 (193,194) and 

depends on the correct conformation of the epitopes (195). Notably, a study 
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on the conserved epitopes of IBV HA identified the CR9114 antibody that is 

able to bind a number of different HAs from both IAV and IBV (136). 

 

Over the past decades, many efforts have also been made to prepare 

efficacious stem-based immunogens for universal influenza vaccines. The 

early attempts focused on trimming down the full-length HA to generate 

constructs that are only the HA2 subunit (184) or headless structures bearing 

the neutralizing epitopes bound by broadly neutralizing stem antibodies 

(196). Immunizing animals with these constructs could partially protect them 

from viral challenges of distinct subtypes. However, due to the extensive 

modifications that made these constructs distant to their natural form, the 

stem constructs can express poorly in mammalian cells and be misfolded. In 

response to these issues, groups of researchers have developed the novel 

chimeric HA antigens mentioned above (188–190). The return of head 

domain ensures the correct folding of the chimeric HAs and allows for 

vaccine manufacture with either the novel recombinant technologies or the 

conventional egg-grown method (182). With the advance of nanotechnology, 

nano-sized particles have also drawn increasing attention as a newly emerged 

vaccine platform. Using the self-assembling ferritin nanoparticles, Yassine 

et al. loaded the conserved trimeric stem immunogens on the surface in a 

tightly controlled manner (169). This nanoparticle-based vaccine strategy 

successfully protected mice and ferrets from heterosubtypic challenges and 

passive transfusion of the elicited antibodies to naïve mice also conferred 

protection.  

 

In light of the promising protective potential of IAV stem domain shown in 

various animal trials, many efforts have been made to translate these findings 

into human medical applications. Although antiviral drugs play a vital role 

in controlling influenza infection, rapidly emerging drug resistance has 
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posed a great limitation on our choices. Under these circumstances, using the 

stem-specific antibodies as therapeutic treatments could become extremely 

helpful. Most of the stem-specific antibodies mentioned above have been 

tested in animal models for their therapeutic potential and shown some 

promise. Among these animal models, ferret is considered the optimal 

representation of human in terms of the influenza infection. A previous study 

reported that administration of the CR6261 antibody at 30mg/kg in ferrets, 

either prophylactically or therapeutically, protected the animals from severe 

morbidity and mortality (197). Therefore, the CR6261 antibody, together 

with another promising candidate CR8020 (198), were evaluated for their 

efficacy and safety in human influenza-challenge clinical trials. The recently 

released results of phase II clinical trial of CR6261 (NCT02371668) showed 

some promise, with 73% of the H1N1 challenged subjects infected after the 

administration of CR6261, compared to 88% in the placebo group. 

Treatment of CR6261 also led to slightly shorter time of viral shedding (2 

days in treated group and 2.5 days in placebo group) and symptoms (5 days 

in treated group and 6 days in placebo group) in infected patients. 

 

In contrast to IAV, very little is known about humoral immunity against IBV 

stem so far. Although cross-reactive responses against IBV have been 

reported after vaccinations (199,200), few of IBV stem-specific antibodies 

have been isolated and characterized. In a study on conserved epitopes of 

IBV HA, the researchers successfully recovered the CR9114 antibody, 

which binds to the stem region of a variety of both IAV and IBV strains (136). 

Recently in a clinical trial, we have also reconstructed and validated three 

IBV stem-specific mAbs from subjects vaccinated with QIV (172). In 

ELISA, these antibodies did not bind the HA1 subunits of B/Phuket or 

B/Brisbane HA but recognized the IBV stem proteins we generated. In an 

effort to drive IBV stem-directed responses, the group that developed 
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chimeric IAV HA antigens designed a novel chimeric HA comprising of a 

head domain from IAV and a stem domain from IBV (140). Vaccinations 

with this chimeric IAV/IBV HA induced cross-reactive stem-specific 

antibodies that protected mice from lethal challenges with both IBV lineages. 

The authors also indicated that the protection was mediated by antibody-

dependent Fc functions. 

 

One shortcoming of isolated HA stem protein as an antigen is its poor 

immunogenicity (133,176). This weakness of HA stem can be potentially 

remedied with several approaches. A good example was loading IAV stem 

onto ferritin nanoparticles, as mentioned above (169). Like other small and 

poorly immunogenic proteins, immunogenicity of stem protein can also be 

possibly boosted with conjugation to a larger carrier protein such as keyhole 

limpet hemocyanin (KLH) (201).  

 

In this project, we engineered IBV stem proteins that could be recognized by 

IBV stem-specific antibodies. Then we evaluated the immunogenicity and 

cross-lineage antiviral potential of the stem proteins as vaccine candidates in 

both DNA and protein formulations. The results indicated that immunization 

with the IBV stem elicited titers of stem-specific antibodies that were 

comparable to full-length HA proteins. Although the conjugation with KLH 

did not boost the total antibody response, a better survival rate was observed, 

suggesting the quality of the antibody response may have been improved. To 

summarise, we demonstrated that IBV stem is able to induce cross-lineage 

antibody response and should be considered in future efforts to control IBV 

through vaccination. 
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Materials and Methods 

IBV stem proteins 
The design of IBV stem constructs was based on previously reported IAV 

stable stem (169,202). HA stem sequences were cloned into pcDNATM5/TO 

mammalian expression vector and expressed by transfection of Expi293F 

(Life Technologies, A14527) suspension cultures for five days, then purified 

by polyhistidine-tag metal affinity chromatography using nickel-

nitrilotriacetic acid (Ni-NTA) resin and gel filtration. Purity and size (25kDa) 

of the stem proteins were analyzed by SDS-PAGE after they were 

concentrated with Amicon® Ultra Centrifugal filters with a 30,000 molecular 

weight cutoff. 

 

ELISA 
The antigenicity of IBV stem proteins was verified by binding of stem-

specific mAbs (Chapter 2). 96-well MaxiSorp plates (Nunc) were coated 

overnight with 2!g/ml stem proteins at 4°C. After blocking with 1% fetal 

calf serum (FCS) in phosphate-buffered saline (PBS), duplicate wells of 

different mAbs at different dilutions (starting at 10 μg/mL, four times serial 

dilutions) were added and incubated for one hour at room temperature. Plates 

were washed prior to incubation with 1:30,000 dilution of HRP-conjugated 

anti-human IgG (KPL) for 1 h at room temperature. Plates were washed 

again and developed using 3,3′,5,5′-Tetramethylbenzidine (TMB) substrate 

(Sigma) and read at 450 nm. For assays on mouse serum, plates were coated 

with recombinant HAs and mouse sera (1:100, four times serial dilutions) 

were added. Bound mouse antibodies were detected by HRP-conjugated 

anti-mouse IgG (KPL). For serum samples, endpoint titers were calculated 

using a fitted curve (4 parameter log regression) and a cutoff of two times 

background. 
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Immunization 
Groups of five C57BL/6 female mice at 8–12 weeks of age were used to 

examine protective potential of IBV stem proteins. In the DNA 

immunization trial, mice were anesthetized and given 100 μg of DNA 

plasmids in 100 μl of PBS intramuscularly (50 μl into each thigh) on day 1. 

Subsequently, two boost shots of 100 μg were administered on day 14 and 

day 28. For protein immunizations, recombinant HAs and stem proteins in 

50 μl of PBS were diluted 1:1 in adjuvant (Addavax) and administered 

intramuscularly (50 μl into each thigh). No boost shot was given in the 

protein immunization trial.  

 

Mouse serum collection 
On day 42 and day 14 of the DNA and protein immunization trial 

respectively, blood of vaccinated mice was obtained through retro-orbital 

bleeds. Serum was isolated by centrifugation and stored at -20°C. 

 

Virus challenge 
On day 56 and day 28 of the DNA and protein immunization trial 

respectively, immunized mice were challenged with lethal dose of 

B/Florida/4/2006 and/or B/Malaysia/2506/2004 viruses. These viruses were 

grown and titrated as described in Chapter 2. Mice were anesthetized by 

isoflurane inhalation and intranasally challenged with 50 μl of 

B/Florida/4/2006 and B/Malaysia/2506/2004 viruses at doses of 50 and 250 

TCID50, respectively. Animals were monitored for weight loss and signs of 

infection for 14 days and euthanized if a loss of more than 20% of their pre-

infection weight occurs. 
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Statistical analysis 
All data plotted with error bars are expressed as means with standard 

deviation unless otherwise indicated. Curve fitting was performed using 4 

parameter logistic regression. All statistical analyses were performed using 

Prism (GraphPad). 
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Results 

Preparation of IBV stem protein 
The IBV stem is the short stalk beneath the head domain of HA (Figure 1c, 

1d). We engineered two designs for stabilized IBV stem based on stabilized 

stem proteins previously reported for IAV H1N1 (169) and H3N2 (202). 

Although IAV and IBV diverged approximately 4000 years ago (203), there 

remains strong structural conservation of the HA trimer between the viruses. 

Nevertheless, we acknowledge that the prototypic designs presented in this 

chapter are only a starting point for the development of stabilized IBV stem 

proteins (IBV SS), which will likely require a more extensive iterative design 

process as was required for IAV (169). We aligned IAV and IBV HA genes 

and demarked putative truncation points for the IBV stem regions with 

sequence reference from these IAV stable stems (Figure 1a, 1b). We 

designed IBV SS variants, one with reference and linkers from IAV group 1 

viruses (169) and a second variant with reference and linkers from IAV 

group 2 viruses (202). We term these two variants IBV SS (G1) and IBV SS 

(G2). The IBV stem constructs were expressed in Expi293TM cells and 

purified by metal affinity and size exclusion chromatography. Purified stem 

proteins were analyzed using SDS-PAGE. The IBV SS G1 based on the 

H1N1 stable stem was poorly expressed, with no dominant band seen other 

than smear of proteins (Figure 2a). The second iteration of stem design based 

on the H3N2 stable stem (IBV SS G2) greatly improved the overall 

expression of IBV stem, as shown by the dominant band of predicted size of 

25kDa (Figure 2b). Notably, gel filtration of either IBV SS (G1) or IBV SS 

(G2) was problematic, without the identification of a dominant peak 

suggesting these stem constructs might not be correctly folded into stable 

conformation when expressed. Due to the combination of poor overall 

expression and poor resolution by gel filtration, the protein preparations 
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advanced for antigenic and immunogenic characterization were relatively 

crude protein preparations.  

 

We also cloned and expressed ferritin-SS (G2) construct as described in 

Chapter 3, but no protein of predicted size could be collected after 

purification and ELISA could not detect the presence of IBV SS.  

 

In summary, we designed and prepared IBV stem proteins with reference to 

published IAV stem constructs. However, a limitation of this initial approach 

is that the IBV stem constructs were not correctly folded into stable structure 

when expressed, hence the proteins could not be purified by gel-filtration.  
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Figure 1. Design of IBV stem constructs. a, Sequence alignment of IBV
SS (G1) with H1-based stem. b, Sequence alignment of IBV SS (G2) with
H3-based stem. c, Three-dimensional modeling of IBV SS (G1) (green) on
the HA of B/Phuket/3073/2013 (PDB:3BT6) (orange) . d, Three-
dimensional modeling of IBV SS (G2) (green) on the HA of
B/Phuket/3073/2013 (PDB:3BT6) (orange) .
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Figure 2. SDS-PAGE analysis of the IBV HA stem. a, The first iteration of
IBV stem (G1). Full length HA were also included as reference. b, Second
iteration of IBV stem (G2). Dominant band was present at the predicted
molecular weight of 25 kDa and indicated by arrow.
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Antigenic characterization of IBV stem 
In consideration of the stability issue, the integrity of the antigenic sites of 

the IBV stems was assessed through their binding to IBV stem specific mAbs 

by ELISA. Both iterations of the IBV stem were recognized and bound by 

three stem-specific mAbs we described in Chapter 2 (Figure 3). In addition, 

a published IAV/IBV cross-reactive antibody, CR9114, also bound weakly 

to both IBV SS G1 and G2. The exclusion of head domain in IBV stems was 

also confirmed because our IBV stems were not bound by the control IBV 

head-specific mAb W85-1B01 we also developed earlier in this thesis. 

 

By the time Chapter 2 was finished, we only had the first generation of IBV 

SS available, so the three stem-specific mAbs were identified with IBV SS 

(G1). However, we later made a second attempt on this because of the 

unsatisfactory results of SS (G1) in SDS-PAGE analysis as discussed above. 

The IBV SS (G2) generated overall better results in both SDS-PAGE 

analysis (Figure 2b) and ELISA binding assays (Figure 3), thus IBV SS (G2) 

was selected as the immunogen for both the DNA and protein immunizations 

in this chapter. 
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Figure 3. Antigenic characterization of the IBV stem proteins. Binding
of IBV stems to the IBV stem-specific mAbs (R95-1C01, R95-1F04 and
R95-1E03) were tested with ELISA. A HA head-specific mAb (W85-1B01)
was used as negative control and the IAV/IBV cross-reactive antibody
CR9114 was used as positive control.

IBV SS G1

IBV SS G2
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DNA immunization with the IBV stem  
To rapidly assess the immunogenic potential of the IBV HA stem, we first 

initiated a pilot study where mice were immunized with the DNA expression 

plasmids for IBV SS (G2). The vaccine regimen was set as one primary and 

two boost immunizations, two weeks apart from each other. Another two 

weeks after the final immunization, mouse serum was collected. Titers of 

HA-specific antibodies in the serum were then measured by ELISA. Usage 

of full-length HA instead of stem in ELISA not only confirmed the equal 

strength of responses against both lineages, but also removed the potential 

influence brought by the suboptimal quality of stem proteins. On day 56 post 

first vaccination, mice were challenged with lethal dose of IBV and 

monitored for signs of infection and weight loss (Figure 4a). 

 

There were in total four groups of mice (Figure 4a). DNA plasmid of the 

empty ferritin nanoparticle was the negative control. DNA of full-length 

soluble B/Florida HA served as a positive control. DNA immunization with 

plasmids expressing full-length B/Florida HA elicited a strong antibody 

response, with end point dilutions of serum antibody measured against 

B/Florida HA on average 31 times higher than B/Malaysia HA. In contrast, 

DNA immunization with IBV SS (G2, B/Phuket-based) gave rise to 

equivalent levels of serum antibodies against B/Florida and B/Malaysia HAs 

(Figure 4b). In comparison, the end point dilutions of B/Florida-specific 

antibody response elicited by full-length B/Florida HA was on average 12 

times as that by the SS, while the dilutions of B/Malaysia-specific antibodies 

were at similar levels. DNA immunization with the ferritin-IBV SS induced 

slightly stronger response than SS only, with the end point dilutions 2.3 times 

as high as that of the SS-induced antibodies. 
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The protective potential of IBV stem was evaluated in two experiments, in 

which mice were challenged with lethal dose of either B/Florida (Figure 4c) 

or B/Malaysia (Figure 4d) viruses. When challenged with B/Florida virus, 

mice immunized with DNA of full-length B/Florida HA demonstrated no 

weight loss and were fully protected (5/5). However, stem DNA 

immunization provided no better protection than negative control and none 

of the mice survived (0/5). The protection mediated by ferritin-SS DNA was 

modest, with two mice in the group (2/5) managing to control the infection 

and recovering despite of significant weight loss. In the second experiment 

with B/Malaysia challenge, the cross-lineage response induced by DNA of 

full-length B/Florida HA, as observed in ELISA, still provided sufficient 

level of protection to prevent mortality (5/5). In contrast to the B/Florida 

challenge, IBV SS (G2) DNA immunized mice demonstrated delayed weight 

loss compared to either the ferritin only control or the B/Florida HA 

immunized group, with four mice recovering from infection (4/5). Although 

similar level of weight loss was observed in ferritin-SS group compared to 

SS group, ferritin-SS provided slightly better protection as all of the mice in 

this group survived the challenge (5/5). Given that similar levels of 

antibodies against B/Florida and B/Malaysia HAs were induced by DNA of 

IBV SS and ferritin-SS, we speculate that the differentiated protection seen 

between the two challenges is due to difference in dose and pathogenicity 

between B/Florida and B/Malaysia viruses. 

 

In summary, we immunized mice with the DNA plasmids expressing IBV 

SS and ferritin-SS and confirmed that they were immunogenic and elicited 

equivalent levels of antibody responses against both IBV lineages. IBV SS 

DNA failed to protect mice from the more pathogenic B/Florida challenge, 

as opposed to the partial protection against B/Malaysia challenge. The 
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ferritin-SS DNA immunization elicited slightly stronger antibody responses 

than SS DNA, which led to better protection in vivo. 
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Protein immunization with IBV stem 
Having validated the immunogenicity and protective potential of IBV SS in 

a DNA immunization approach, we then went on to assess it in a protein 

immunization trial. The protein immunization trial included one 

immunization, one serum collection and one viral challenge, two weeks apart 

from each other (Figure 5a). Like the DNA immunization trial, serum was 

used to measure HA-specific antibody titers and the viral challenge was used 

to evaluate the protective potential of elicited antibodies in vivo. 

 

Groups of mice were immunized with either full-length HA protein or a low 

dose or high dose of IBV SS (G2) protein. In addition, a KLH-conjugated 

stem protein (KLH-SS) group was included (Figure 5a). The purpose of high 

dose and KLH-conjugation was to potentially boost the relatively poor T-

helper immunogenicity of stem (176) and enhance stem-specific antibody 

responses. Due to poor expression/purification, the ferritin-SS nanoparticle 

was not able to be included in this trial. 

 

In terms of the end point dilutions of the elicited antibodies, the response to 

full-length B/Florida HA (3.8!g/animal) was again focused on the Yamagata 

lineage. Both high (38!g/animal) and low dose (3.8!g/animal) of IBV SS 

Figure 4. DNA immunizations with IBV SS induced cross-lineage
antibodies and partial protection. a, List of groups of mice and timeline
of the DNA immunization trial. DNA of empty ferritin nanoparticle was
used as negative control. Titers of the elicited antibodies on d42 were
determined with ELISA and lethal viral challenge was performed on d56.
b, Comparison of the end point titers of elicited antibodies against
B/Florida HA and B/Malaysia HA. c,d, Comparisons of protective
potential in murine challenge model measured by weight loss, area
under curve (AUC) of weight and survival. Mice were challenged with
either B/Florida (c) or B/Malaysia (d) viruses.
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immunizations led to similar levels of antibody responses against both IBV 

lineages (Figure 5b), which were ~10 times stronger than the Yamagata-

directed response by full-length HA. Interestingly, 10 times higher dose of 

IBV SS did not result in significantly higher titers of stem-specific antibodies, 

suggesting that the low dose might be sufficient to achieve a saturated 

concentration of antigen in the mouse immune system. No boost to antibody 

responses was observed in KLH-conjugated stem group either and indeed 

the B/Malaysia HA-specific antibody response was reduced compared to the 

SS only groups, although still higher than the full-length HA elicited 

responses.  

 

The same groups of mice were then challenged with lethal dose of a mixture 

of B/Florida and B/Malaysia viruses as described in Chapter 3. None of the 

5 mice within the full-length B/Florida HA group survived the challenge. 

The antibody response to B/Florida HA was heavily focused on Yamagata 

lineage, so the mice within this group may have died of the lethal infection 

with the Victoria lineage. Conversely, all SS immunizations provided better 

protection compared to full-length HA (Figure 5c). 3 of 5 mice in the SS low 

dose group and 4 of 5 mice in the SS high dose group were protected and 

recovered from infection. Although no boost to serum antibody titers was 

observed with KLH conjugation of the IBV SS, mice with KLH-SS 

immunization demonstrated less significant weight loss and all survived the 

mixed challenge (5/5).  

 

We conclude that a single dose of 3.8!g IBV SS was sufficient to generate 

effective titers of cross-reactive stem-specific antibodies in mice and provide 

partial protection against a simultaneous challenge with both IBV lineages.  
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Discussion 

In this chapter, we generated two IBV SS variants based on previous designs 

of IAV stem constructs and assessed their ability to induce cross-reactive 

antibody responses and protective immunity in mice in both DNA and 

protein immunization trials. 

 

Preparation of the stable IAV stem constructs has been an iterative effort by 

many groups for more than two decades. However, much less attention has 

been shown to IBV and attempts to make stable IBV stem proteins are still 

at an early stage. It is a complex and challenging task to prepare a soluble 

trimeric stem protein with its neutral pH conformation because of the 

metastable nature of viral HA (204). In addition to issues with conformation, 

stem proteins can misfold after the removal of the head domain. Furthermore, 

many neutralizing epitopes on the IAV stem domain require residues located 

in both HA1 and HA2 subunits, so the HA needs to truncated at more 

deliberate sites rather than simply removing the HA1 part completely (182). 

With these design considerations in mind, the two prototypic constructs we 

generated allowed the IBV stem proteins to be expressed in mammalian cells, 

albeit with the correct folding and conformation not fully achieved as 

indicated by the SDS-PAGE analysis and size-exclusion chromatography. 

However, we still validated the presence of B cell epitopes on IBV SS by 

binding of stem-specific mAbs from Chapter 2. When tested in mice, IBV 

SS (G2) was immunogenic and capable of eliciting cross-lineage stem-

specific antibodies, suggesting that this IBV SS preparation lays a solid 

foundation for improvements in IBV SS designs in the future. Although the 

similarities between the stem domains of IAV and IBV prompted us to 

design IBV SS based on IAV sequences, we believe that further 

improvements of the IBV SS design require us to refocus on IBV and look 
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for specific mutations that can stabilize the IBV stem proteins. Alternatively, 

we could develop a chimeric HA that comprises of the stem region of IBV 

and the head region of IAV, as described previously (140). This construct 

expresses a full-length HA in its native form, which may provide a solution 

to some folding and stability issues. The chimeric HA approach can 

potentially reintroduce the issue of immunodominance of HA head domain, 

but this could be tackled by repeated boosting with different chimeric HAs 

bearing the same stem domain (140). 

 

The ferritin-SS nanoparticle was one of the strategies to strengthen immune 

responses against IBV SS in this chapter. Unfortunately, ferritin-SS 

nanoparticles could not be recovered with the purification methods used in 

Chapter 3. It is not clear whether this issue was caused by problematic 

expression, purification or both. Surprisingly, immunization with the DNA 

plasmids of ferritin-SS successfully induced cross-lineage antibody 

responses and partially protected mice from lethal challenges with both 

lineages. These results confirmed the feasibility and protective potential of 

ferritin-SS, as demonstrated by previously reported ferritin-SS (H1N1) 

nanoparticles (169), and implied possible issues with our purification 

methods. Potential approaches we could adopt to resolve this issue include 

better design of IBV SS based on HA sequence of a different IBV strain and 

more steps of purification for a scaled-up expression. 

 

In both the DNA and protein immunization trials, IBV SS, ferritin-SS and 

KLH-SS all induced robust cross-lineage humoral responses. Thanks to 

these stem-specific antibodies, the immunized mice were partially, or even 

completely in the case of KLH-SS, protected from lethal challenges with 

both lineages. The only situation where the trimeric full-length HA provided 

better protection than IBV SS was against the homologous challenge with 
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B/Florida virus, which demonstrates the immunological advantage the stem 

domain has over the head domain in terms of the breadth of protection. 

Notably, the coverage provided by IBV SS immunizations observed here can 

potentially expand to almost all circulating strains of IBV, while most 

designs of IAV SS can only induce heterosubtypic responses. Because the 

diversity between the groups of IAV is much greater compared to the two 

lineages of IBV, eliciting cross-reactive antibodies of great recognition 

breadth with stem immunogens seems to be a more feasible and reachable 

goal in the context of IBV. 

 

The mechanistic basis of the cross-lineage protection requires further 

investigation, although our findings in Chapter 2 are informative. Despite no 

neutralizing activity detected in vitro, the three IBV stem-specific mAbs 

conferred complete protection against lethal challenges with both lineages in 

mice. When the Fc engagement of the stem-specific mAbs was abolished by 

LALA mutations, we observed that the mAbs were no longer protective. 

Therefore, we proposed that in vivo protection provided by these stem-

specific mAbs was dependent on Fc effector functions (172). A recent review 

comprehensively examined the different effector mechanisms of both 

neutralizing and non-neutralizing influenza-specific antibodies (122). The 

authors highlighted the importance of non-neutralizing antibodies in viral 

clearance and discussed the diverse Fc effector functions used by these 

antibodies. Although further verification is warranted, we speculate that the 

cross-reactive stem-induced antibodies in mice were also protecting through 

Fc functions considering none of the protection was sterile as seen in 

immunization with the full-length HA ectodomain, which is known to elicit 

neutralizing antibodies.  
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To conclude, we prepared IBV stem constructs and assessed their 

immunogenicity and protective potential in murine DNA and protein 

immunization trials. IBV SS was immunogenic in mice and elicited cross-

lineage stem-specific antibody responses. These results demonstrate that the 

stable IBV stem proteins are promising candidates for universal IBV 

vaccines. 
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5.1 Abstract 

This thesis aims to improve our understanding of humoral immunity against 

IBV and explore new approaches for universal IBV vaccines. We delineated 

the composition of memory B cell pool following influenza vaccination in 

humans and investigated the antiviral activity and epitopes of vaccine-

elicited antibodies. Our studies also verified the feasibility and protective 

potential of ferritin-IBV HA nanoparticles and IBV stem proteins. Along 

with these important findings, several relevant topics have surfaced that 

warrant discussion and future work, including QIV, Yamagata lineage 

dominance, Fc-effector functions, IBV HA epitopes and strategies to 

improve IBV vaccines. Below we contextualize our findings with reference 

to the literature in order to expand and deepen our understanding on inducing 

broad and durable humoral immunity against IBV through vaccination.  
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5.2 The case for QIV 

TIV, with one IBV lineage, has been one of our most effective tools for 

fighting influenza infection for over 75 years. When vaccine strains are 

antigenically matched with circulating strains, TIV can elicit robust humoral 

immunity and provide satisfactory protection in the order of 70% efficacy 

(171). However, co-circulation of both lineages of IBV has increased the 

possibility of IBV strain mismatch in flu seasons. In some years, TIV vaccine 

efficacy was significant against both the matched strain and mismatched 

strain (205,206), possibly due to the cross-reactive response elicited by the 

vaccine strain. However, strain mismatch usually leads to dramatically 

decreased vaccine efficacy (83) and leave a large proportion of the 

population susceptible to IBV infection.  

 

QIV was first proposed to specifically resolve this problem by the US in 

2007 (207). The inclusion of an additional IBV strain ensures coverage 

against both IBV lineages and thus eliminates the potential strain mismatch. 

Several QIVs have been evaluated in clinical trials for immunogenicity and 

safety and the overall results are positive. The VaxigripTetraTM, a 

quadrivalent split-virion influenza vaccine developed by Sanofi Pasteur, 

showed immunogenicity and tolerance that were non-inferior than 

previously licensed TIV in a phase III clinical trial (208). The addition of a 

second IBV strain did not negatively impact the safety profile of the TIV. 

More importantly, the VaxigripTetraTM elicited superior immune responses 

against the second IBV strain compared to the TIV (209). Another cell-based 

QIV, Flucelvax® Tetra, demonstrated equivalent efficacy as the TIV for the 

three shared strains and increased immunogenicity for the absent IBV strain 

in TIV (210). More comprehensive reviews on the meta-analysis for 

comparing the immunogenicity and safety of TIV and QIV have come to the 
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same conclusions that QIV remains similar level of immunogenicity as TIV 

while demonstrating superior protection against the extra IBV strain in both 

children and adolescents (211,212). The broader protection by QIV shown 

by these studies is in agreement with our findings in Chapter 2. Among the 

four B cell populations we delineated from post-vaccination memory B cell 

pool, QIV induced increased clonal expansion in the three populations 

(Victoria-specific, CR-E and CR-Y) compared to TIV except for the 

Yamagata-specific that is induced by the shared strain included in both 

vaccines (most clearly shown in Fig 2f of Chapter 2). To summarize, the 

addition of an IBV strain from the other lineage broadens the coverage of 

current TIVs without compromising the immunogenicity and safety.  

 

An extra IBV strain included in the QIV inevitably leads to additional 

manufacturing burden, increased manufacture cost and increased vaccine 

price. The decision on recommending QIV relies heavily on the cost-

effectiveness in practice. Although most of the current literature confirmed 

that QIV is a cost-effective intervention, great heterogeneity in cost-saving 

results could still be found (213). The researchers found that the cost-

effectiveness of QIV strongly depends on the increased vaccine price of QIV 

and the cross-reactive response elicited by TIV against the mismatched strain. 

While the level of cross-protection by TIV is difficult to predict, we found 

cross-reactive B cells were efficiently expanded by TIV (Chapter 2). 

However, with a move towards modern recombinant techniques, 

manufacturing costs of QIV can be reduced. For example, cell-culture 

technology enables rapid production of vaccine virus without the 

compromise of egg adaptation, increasing the manufacturing efficiency and 

quality. Several studies in the US have also confirmed that cell-based 

vaccines demonstrated improved vaccine effectiveness compared to egg-

based ones (214). Additionally, given the fact that recent flu seasons are 
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dominated by A/H3N2 (215–217), it is also reasonable to consider including 

two H3N2 strains in QIV, or even a pentavalent vaccine, albeit with even 

higher costs.  

 

In summary, QIV can provide broader immunity and improved protection 

against IBV in comparison with TIV and is cost-effective in all age groups 

including older adults. Our results confirm that QIV should ideally replace 

TIV in future flu seasons, especially when the price difference between TIV 

and QIV is shrinking with improved manufacturing technologies.   

 

5.3 Yamagata lineage dominance 

Although the two lineages of IBV diverged almost 40 years ago, cross-

lineage responses were still readily detectable following single IBV strain 

vaccination with TIV (Figure 2f in Chapter 2). Thanks to the existence of 

cross-lineage responses, boosting with an IBV strain from the opposite 

lineage to the priming strain can recall antibody responses against both 

lineages. However, the strength of the recall responses has been found to 

differ significantly between the two lineages. In 1991, Levandowski et al 

first described the recall of both Yamagata and Victoria-specific responses 

following vaccination with a Yamagata virus (199). But the Yamagata 

response was more substantial than the Victoria response and this 

phenomenon is dependent on the previous priming with Victoria virus as no 

recall of Victoria response could be identified in unprimed children. Since 

then, several reports have also confirmed the dominance of Yamagata 

lineage in the cases of heterologous priming and boosting. In a clinical trial 

of IBV vaccination in children and experimental infections in mice, 

Skowronski et al found that Yamagata response was predominantly recalled 

no matter which lineage the priming was (156,157). In two reports on 2010-
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2011 TIV vaccine response in Canadian young children, the authors 

consistently found that those who received the 2009-2010 TIV in previous 

year demonstrated reduced Victoria-specific response (218,219). Previous 

TIV vaccinations containing Yamagata virus in these children might be one 

of the explanations for this observation, but further investigation on the 

history of influenza vaccinations prior to 2009 is warranted.  

 

We have also observed the Yamagata dominance in our novel studies on 

memory B cell specificities after influenza vaccination. As shown in Chapter 

2, we not only measured lower baseline frequencies of Victoria-specific B 

cells, but also identified a unique cross-reactive B cell population (which we 

termed CR-Y) that showed greater specificity for Yamagata lineage. 

Interestingly, a theoretical “CR-V” population, i.e. a cross-reactive 

population with higher affinity against Victoria lineage, was not detected by 

our HA probes, which suggests that Yamagata dominance might play out at 

the level of the B cell. Previous research has revealed that Yamagata lineage 

is under less selection pressure than Victoria lineage and therefore has 

generated less variability within the lineage (23), which may partially 

explain the elevated level of cross-reactivity elicited by vaccine strain against 

existing Yamagata lineage memory. If a seasonal influenza vaccine aims to 

induce robust Victoria-specific response with the presence of Yamagata 

dominance, including both IBV lineages in vaccines as in QIV may be the 

only viable solution at present.  

 

The mechanistic basis of the Yamagata dominance remains unclear. 

Skowronski et al speculated in their first publication on the Yamagata 

dominance that the original antigenic sin (OAS), which describes a 

phenomenon where priming antigens are predominantly recalled and 

suppress the response against the distantly related boosting antigens, may 
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play a role in the preferential recall (156). However, in the follow-up report, 

persistence of Yamagata dominance in the Victoria/Yamagata infected mice 

contrasted with this hypothesis (157).  

 

One of the potential approaches to unravel this Yamagata 

immunodominance phenomenon is probing composition of the memory B 

cell pool after heterologous sequential infections in future murine studies. 

Indeed, we conducted preliminary tests on mice that were sequentially 

infected with two different IBV lineages, but two obstacles were met during 

the study that may help guide future approaches. First, cross-reactive 

responses elicited by the priming infection partially or fully protected mice 

from the boosting challenge, so the second infection was eliminated 

prematurely before robust recall response could be generated. This is, of 

course, interesting in itself but limited the dissection of immunodominance 

issues.  Second, some IBV HA probes required for delineating murine B cell 

specificities suffered from poor expression or high background issues when 

staining mouse tissues, although these technical issues are solvable with 

more reagent development. Another approach that can possibly improve our 

understanding of the Yamagata immunodominance is localization of the 

epitopes recognized by the CR-Y antibodies. Epitope mapping of the 

neutralizing CR-Y antibodies can be realized by the escape mutant assay we 

described in Chapter 2. As for the non-neutralizing CR-Y antibodies, 

crystallography or electron microscopy may be required for more precise 

epitope identification. Further analysis on the footprints of these epitopes of 

CR-Y antibodies can potentially reveal the difference between CR-Y and 

CR-E antibodies and inform the underlying mechanisms responsible for the 

Yamagata immunodominance. 
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5.4 Mechanisms of non-neutralizing protection 

Adaptive immune responses adopt various approaches to fight off viral 

infection. The approaches that rely on humoral immunity can be roughly 

divided into two categories: direct neutralization and non-neutralizing 

effector functions. While neutralizing antibodies mostly block the 

attachment of virus to host cells and directly prevent viral entry, non-

neutralizing antibodies usually take effect later in the viral life cycle and 

require help from components of the innate immune system (220). In the 

case of influenza virus, neutralizing and non-neutralizing antibodies tend to 

bind different epitopes on the HA (122). Neutralizing antibodies are mostly 

directed towards the variable head domain that is responsible for host cell 

receptor binding, while non-neutralizing antibodies are directed more 

broadly across the entire HA protein, including more conserved regions such 

as the stem domain. Although non-neutralizing antibodies cannot prevent 

initial infection, targeting the conserved regions on the HA enables them to 

cross-react with multiple antigenically distinct viruses and potentially 

provide broader protection.  

 

Previous research on non-neutralizing antibodies against influenza virus HA 

has confirmed their protective potential (173,220–222). Further investigation 

also verified that the protection was conferred through Fc receptor 

engagement (220,221). Among the cross-reactive antibodies we 

reconstructed in Chapter 2, several demonstrated no neutralization activity 

by either HIA or FRA. However, these non-neutralizing cross-reactive 

antibodies provided partial protection against lethal challenges with IBV in 

a murine model. To investigate the effector mechanisms used by these 

antibodies, we abrogated their Fc functions by introducing LALA mutations 

to the Fc portion and found that the protection conferred by these antibodies 
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is dependent on Fc engagement involving the LALA contact points (172). 

However, the precise effector mechanisms adopted by the IBV HA-specific 

non-neutralizing antibodies have not been investigated and warrant more in-

depth examination. There are at least three potential Fc-mediated 

mechanisms that may play a role in providing the protection and they are all 

discussed below. 

 

 

 

 

Figure 1. Different mechanisms of non-neutralizing antibodies. a, ADCC. b, 

ADCP of infected cells and (c) viral particles. d, ADCD of infected cells and 

(e) viral particles. Figure adapted from Sicca et al. (122). 
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5.4.1 Antibody-dependent cellular cytotoxicity (ADCC) 
Influenza viral proteins expressed on the surface of infected cells such as HA 

can be bound by specific IgG, which can then be captured by innate effector 

cells like NK cells and macrophages through Fc-Fc gamma receptor IIIa 

(FcgRIIIa) interaction. Subsequently, cytotoxic factors (perforin and 

proteases) released by these immune cells will cause the death of infected 

cells. As demonstrated by DiLillo et al, protection provided by the influenza-

specific non-neutralizing antibodies requires the FcR interactions (128). 

They also confirmed that ADCC was potently mediated by non-neutralizing 

antibodies directed towards the stem region of HA (223). Interestingly, two 

papers published in 2016 both reported that optimal activation of ADCC 

requires more than FcR binding (224,225). Other essential interactions may 

form between the HA on the infected host cells and the sialic acids on the 

innate effector cells. The two interactions together seem to stabilize the 

contact between the infected cells and the effector cells, increasing cytotoxic 

function. Furthermore, the interplay between the epitope binding of 

neutralizing and non-neutralizing antibodies also impacts the extent of 

ADCC activity (226). The authors found that ADCC is the second line of 

defense because it was inhibited when neutralizing antibodies were present. 

Non-neutralizing antibodies engaged effector cells to initiate ADCC activity 

only when neutralizing antibodies were limited or absent. 

 

5.4.2 Antibody-dependent cellular phagocytosis (ADCP) 
ADCP occurs when infected host cells and viral particles are captured by 

antibodies and then phagocytosed by effector cells such as macrophages 

through FcR engagement (125). Huber et al. first described that FcR-

mediated ADCP contributes to controlling influenza infection in 2001 (227). 

More recent studies have also confirmed that previous exposure to influenza 



 146 

viruses through infection and vaccination elicit cross-reactive antibodies that 

are capable of inducing ADCP (228). In the context of influenza infection, 

some types of immune cells have been verified to engage ADCP. 

Specifically, both neutrophils (229) and alveolar macrophages (230) play 

critical roles in conferring protection through ADCP activity.  

 

5.4.3 Antibody-dependent complement deposition (ADCD) 
Of the three pathways of complement activation, only the classical pathway 

was thought to require the presence of antibodies. However, the first report 

of protection against influenza infection through ADCD in 1983 revealed 

that the alternative pathway was also activated and required antibody for 

neutralization (231). Subsequent studies dug deeper and proposed that 

interplay between the classical and alternative pathways depends on 

antibody for conferring effective protection (232). Lysis of infected host 

cells can also be achieved through complement activation. Influenza 

vaccination was found to induce antibodies that were able to mediate 

complement-dependent cell lysis (233).  

 

To identify the exact mechanism(s) used by the non-neutralizing antibodies 

we isolated in Chapter 2, we can test evaluate the antibodies in separate 

assays specifically designed to measure effector function activities in future 

studies. More specifically, FcgRIIIa (activating receptor)-mediated ADCC 

assay, complement-dependent lysis assay and flow-based antigen-specific 

phagocytosis assay (234) can help us delineate the effector functions 

responsible for the protection. Effector functions of non-neutralizing 

antibodies can also be influenced by the antibody isotypes and Fc 

polymorphisms. All of the IBV-specific mAbs in Chapter 2 were 

reconstructed onto IgG1 Fc, which removes possible effects of different 
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isotypes and polymorphisms on Fc functions. In future studies, we can 

introduce diverse native Fc regions to the antibodies for more comprehensive 

examination of Fc functions as described (235). 

 

One of the biggest shortcomings of current influenza vaccines is that they 

are strain-specific and therefore the elicited neutralizing immunity can be 

easily evaded by mutation at critical antigenic sites. Considering the 

relatively frequent vaccine mismatch of IBV components, cross-lineage 

protection may afford an important protective role in the absence of direct 

neutralization. Although we have proven that FcR effector functions 

mediated by the non-neutralizing antibodies are induced by current influenza 

vaccination and can provide non-sterile protection (172), we believe that 

generating potent and cross-reactive FcR-based immune responses could 

also be a focus of future vaccine development and even a potential pathway 

to universal IBV vaccines. 

  

5.5 Implications of highly conserved and 

protective IBV epitopes  

Through escape mutant assays, we successfully localized several epitopes 

bound by IBV HA-specific neutralizing antibodies (Figure 6 in Chapter 2). 

Interestingly, some of these epitopes were shared by both lineage-specific 

and cross-lineage antibodies as well as some previously reported IBV-

specific antibodies (136,137,139). The lineage-specific antibodies we 

studied using viral escape displayed broad intra-lineage recognition by 

ELISA, suggesting binding to conserved regions in the head domain. 

Notably, even though neutralization by the lineage-specific and cross-

lineage antibodies requires common critical residues, the specificities of 
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these two kinds of antibodies remain distinct, suggesting differences in the 

conformation and orientation of the HA-antibody contact.  

 

Humoral responses against influenza virus HA are usually dominated by 

responses to the head domain, suggesting that this region is under greater 

selection pressure than the stem domain. However, the highly variable nature 

of the head domain means the antigenic sites undergo constant antigenic drift 

to evade recognition by existing antibodies. Although the epitopes bound by 

cross-lineage antibodies are relatively conserved, their location within the 

head region means that they are not exempt from the selection of mutations, 

especially at the population level during circulation. Therefore, while the 

broad protection by cross-lineage antibodies seems promising, we should 

remain cautious considering the possibility of these conserved epitopes 

becoming lost to antigenic drift over time. 

 

Looking beyond the HA head region, an improved understanding is needed 

of conserved epitopes on the IBV HA including within the IBV stem domain. 

All cross-reactive antibodies binding the IBV stem region to date are not IBV 

neutralizing in vitro and require innate effector cells for protection in vivo. 

This means gross mapping by viral escape assays in the absence of immune 

cells is not possible. The most accurate approach to structurally map epitopes 

is X-ray crystallography (236). Although expensive and time-consuming, 

this method ensures precise localization of epitopes and informs additional 

details like binding affinity (237–242). Recently, cryo-electron microscopy 

(cryoEM) method can also be used to visualize the structural contact between 

antigen and antibody but at a lower resolution than crystallography (243). 

Functional epitope mapping, on the other hand, can identify antigenic 

determinants on the residue level with more confidence (244). The 

mechanistic basis of these functional mapping is mainly testing the binding 
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of antibody to different kinds of antigens, synthetic peptides and mutated 

antigen fragments, sometimes with the competition of other antibodies. 

However, these binding assays usually require extensive optimization of 

antigen, antibody and their ratio in the complex. 

 

Epitope mapping of IBV HA is highly understudied compared to IAV. With 

the combination of both structural and functional epitope mapping methods, 

increasing numbers of neutralizing and non-neutralizing epitopes will be 

uncovered and provide valuable information on vaccine design. 

 

5.6 Strategies to improve IBV vaccine 

Both the currently licensed TIV and QIV include complete HA proteins as 

antigens. Full-length HAs are highly immunogenic and able to induce 

antibody responses against a wide variety of epitopes within both head 

domain and stem domain. The humoral responses to whole HA vaccination 

are usually dominated by head-specific and strain-specific antibodies. Many 

efforts have been made to broaden the protective efficacy of current 

influenza vaccine (reviewed in section 1.5.2 of this thesis introduction). Two 

of the approaches of relevance to this thesis are highlighted here. The first is 

co-display of multiple HAs or HA-derived antigens on the surface of virus-

like particles (VLP) and nanoparticles (NP). The second approach is the 

induction of broad response by HA stem immunogens and chimeric HA 

antigens. 

 

5.6.1 Multivalent HA nanoparticles 
In Chapter 3, we fabricated chimeric ferritin-HA nanoparticles that present 

IBV HAs from both lineages. Vaccination of mice with these chimeric NPs 

(either as a DNA construct or protein NP) elicited similar levels of antibody 
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responses against both lineages. When challenged with viruses of both 

lineages, immunized mice were partially protected, while mice with the 

monovalent NP vaccination suffered significant weight loss and did not 

survive. Although further investigation is warranted to verify whether cross-

lineage antibodies were elicited by the chimeric NP, we established that 

chimeric NP provided IBV coverage that was at least comparable to two 

monovalent NPs. Another group also prepared VLP and NP loaded with 

multiple distinct IAV HAs (245). These preparations were stable and highly 

immunogenic, but inconsistent broad protection by the chimeric particles 

was observed. The authors concluded that these HA-loaded chimeric 

particles may be potential alternatives to the current influenza vaccines, 

though further optimization is required. Kanekiyo et al. loaded ferritin NP 

with diverse H1-based receptor-binding domains (RBD) and found that this 

chimeric NP induced broader IAV-specific humoral responses than the 

mixtures of NP with homotypic RBD arrays (246). A broadly neutralizing 

antibody was also confirmed to be induced by this chimeric RBD-NP. 

Combining results from our studies and published research, we propose that 

chimeric NPs that display multiple distinct HAs or modified HAs can 

provide non-inferior protection compared to mixture of separate HAs. 

Taking manufacturing and formulating of influenza vaccines into 

consideration, achieving the same level of protection that is provided by 

multiple antigens with only one vaccine component should be cost-saving 

and efficient, especially for a vaccine recommended globally. Therefore, the 

chimeric NP is a promising replacement for the multivalent influenza 

vaccines.  

 

5.6.2 Stem immunogens and chimeric HA antigens 
The stem region of HA, due to its highly conserved nature, has been the focus 

of considerable influenza research. To help fill in the gaps in IBV stem field, 
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we prepared prototypic IBV stem proteins and validated their protective 

potential in vivo. Despite incomplete trimerization and/or misfolding, our 

stem proteins induced strong antibody responses and partially protected mice 

from simultaneous lethal challenges with both lineages. Although some 

promise was demonstrated by our results, several limitations need to be 

overcome before using IBV stem as immunogens in vaccines. So far, no 

stable IBV stem protein has been reported. Considering the IAV stable stem 

required generations of designs and extensive structural analysis (169), 

further intensive efforts are still required for preparation of stable IBV stem.  

 

According to previous research, the IAV stem region is poorly immunogenic 

compared to the head region (176). However, a relatively low dose of IBV 

stem protein induced robust antibody responses in mice. KLH conjugation, 

a common approach to boost immunogenicity of small antigens, was used in 

our studies. We did not observe any boost effect to the immunogenicity of 

IBV stem after KLH conjugation. The contradicting results we gathered may 

warrant further investigation on lower dosage and different prime/boost 

vaccination regimens.  

 

In addition to stem immunogens, researchers have also explored the 

protective potential of carefully engineered chimeric HA antigens. There are 

two main pathways to generate chimeric HAs. The first method focuses on 

substituting variable antigenic sites of one HA with corresponding sequences 

from an irrelevant HA (247,248). The second method combines head domain 

and stem domain from distinct HAs into one hybrid HA (140,188,189). 

Despite difference in techniques, the goal of these two methods is to refocus 

antibody response to the conserved stem region for generating broader 

protection. Sequential vaccinations with chimeric HA antigens containing 

the same stem region skew the elicited response towards the stem region and 



 152 

protect animal from heterosubtypic IAV (190) and heterologous lineage IBV 

challenges (140). Immunological properties of the chimeric HAs are similar 

to unmodified HAs, so chimeric HA antigens can be easily incorporated into 

the existing systems of vaccine evaluation and manufacture. 

 

Both the chimeric NPs and HAs are highly customizable and can be readily 

produced in cell culture on large scale. With better understanding of the 

elicited immune responses and further optimization of antigen presentation 

and composition, we believe that these novel vaccine candidates will lay a 

solid foundation for the realization of universal influenza vaccines. 

 

5.7 Summary 

Influenza infections remain a serious threat to public health despite 

continuous efforts at improving influenza vaccines over decades. The 

ultimate goal of a universal influenza vaccine requires an in-depth 

understanding of influenza-specific immune responses and advanced 

vaccine strategies, especially for the understudied IBV. In this thesis, we 

contribute to more complete picture of humoral immunity against IBV HA, 

including the functions and epitopes of cross-lineage antibodies and the 

utility of HA-nanoparticles and IBV stem proteins for further vaccine 

development. These findings will inform rational universal influenza vaccine 

design efforts. 
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