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Abstract 

Antiretroviral therapy (ART) has dramatically reduced morbidity and mortality 

for people living with HIV-1 (PLWH) however treatment is life long and there is no 

cure. The main barrier to an HIV-1 cure is the persistence of long lived and 

proliferating latently infected CD4+ T-cells. These cells are more commonly found in 

tissue such as lymph node (LN) or the gastrointestinal (GI) tract. Latency can be 

established in multiple T-cell subsets, but the contribution of regulatory T-cells 

(Tregs) as targets for HIV-1 infection and latency are not well defined. These cells 

express the transcription factor FoxP3 as well as the immune checkpoint (IC) 

markers programmed death (PD-1) and cytotoxic T lymphocyte associated protein 

(CTLA-4) that both potentially play a role in maintaining HIV-1 latency. We 

hypothesized that IC markers define subsets of latently infected T-cells in LN tissue 

and that Tregs are an important reservoir that persists in PLWH on ART.   

We first developed a method to detect HIV-1 RNA and HIV-1 DNA and 

multiple cellular markers in LN tissue from PLWH on ART. To optimise the method, 

productive and latent HIV-1 infection were first examined in two latently infected 

cell lines (ACH2 and J-Lat) and a model of latency using primary CD4+ T-cells co-

cultured with monocytes and infected with a virus that expresses green fluorescent 

protein (GFP). We used flow cytometry to sort GFP+ (productively infected) and 

GFP- (latently infected) cells. GFP- cells were then stimulated with phorbol 

myristate acetate (PMA). Cells from each condition were collected and embedded 

into paraffin and then single slides were prepared. HIV-1 RNA and DNA were 

quantified using in situ hybridization (ISH) with anti-sense probes targeting HIV-1 

RNA and sense probes targeting HIV-1 DNA. When either cell line was stimulated 

with PMA and then mixed with an increasing number of uninfected cells at a ratio of 

1:1 and 1:10, detection of both HIV-1 RNA and DNA with the probes was clearly 

demonstrated. Using the in vitro infection model, stimulation of GFP- cells resulted 

in a significant increase in detection of HIV-1 RNA relative to HIV-1 DNA 

consistent with clear discrimination of the RNA and DNA probes.  
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Having demonstrated the HIV-1 RNA and DNA probes were sensitive and 

specific in paraffin embedded samples of cell lines, we then assessed formalin fixed 

paraffin embedded (FFPE) LN tissue collected from PLWH both on and off ART. 

We quantified HIV-1 RNA and DNA using the same fluorescent probes, in 

combination with antibodies to the cell proteins (CD4, PD-1, FoxP3 and CTLA-4) 

using a novel multiplex detection system (Vectra multispectral 

immunohistochemistry) and analysed expression of the probes using Halo software. 

In all samples, we detected both HIV-1 RNA and DNA in LN, but in individuals on 

ART compared to individuals off ART there was a lower ratio of RNA: DNA.  

We successfully detected cells that co-expressed HIV-1 RNA and DNA (active 

replication) and DNA only (latently infected cells) in combination with FoxP3, CD4, 

CTLA-4 and PD-1 both on and off ART. We observed significantly more frequent 

cells expressing both RNA and DNA in the B –cell follicle (BCF) compared to the T-

cell zone (TCZ) when corrected for the total number of cells in each region. Tregs 

were defined by expression of FoxP3 and were mainly distributed within the TCZ. 

Tregs represented only a small proportion of the infected cells but HIV-1 infection 

was more frequent in Tregs compared to nonTregs, in participants on and off ART. 

Most of the expression of ICs was in nonTregs. Although the difference of HIV-1 

between IC+ and IC- expressing cells was minimal on ART, virus was detected in 

CTLA-4+ Tregs and these cells were distributed between the BCF and the TCZ cells 

in PLWH on ART.  Taken together, these data demonstrated that Tregs and cells 

expressing the ICs PD-1 and CTLA-4 are infected and ART reduced the frequency of 

infection in all subsets, but virus persisted in all subsets.  

Finally, we aimed to compare the relative sensitivity of ISH for detection of 

HIV-1 RNA and DNA to cell sorting and PCR quantification. In a separate cohort of 

PLWH on ART, we collected blood and LN (n=8) and sorted cells into four 

populations based on expression of PD-1 and CTLA-4 and compared the frequency 

of cells with HIV-1 DNA, unspliced and multiply spliced RNA using PCR. In two 

participants we also examined LN tissue using combined RNA/DNAscope with 

multiplex immunohistochemistry (mIHC). We found enrichment of HIV-1 DNA in 

memory CD4+ T-cells expressing CTLA-4+ cells compared to other cell subsets, but 

there was no significant difference between the blood and the LN. Using IHC, we 
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found enrichment of HIV-1 in CTLA-4+ cells that are either nonTregs or Tregs 

located in either the BCFs or the TCZs. 

Combining HIV-1 RNA and DNA identification by ISH with 

immunohistochemistry allows identification of HIV-1 persistence in specific cell 

populations within tissue samples. Using this technique, we have shown that CTLA-

4+ Tregs compared to nonTregs expressing ICs are more frequently infected in 

PLWH on and off ART. Although the Treg contribution to the HIV-1 reservoir 

remains small, their expression of immune checkpoints may allow them to play a 

disproportionate role in the persistence of the HIV-1 reservoir.  Immune checkpoint 

inhibitors could potentially target both Tregs and nonTregs that express ICs and 

reverse HIV-1 latency and could therefore be used as a component of a combination 

cure strategy. 
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Literature review 

1.1 THE BURDEN OF HIV-1 

The Human Immunodeficiency virus (HIV-1) epidemic continues to be one of 

the major challenges globally, causing significant morbidity and mortality. The virus 

can eventually lead to Acquired Immune Deficiency Syndrome (AIDS) and to date 

has resulted in over 39 million HIV-1/AIDS related deaths 1,2. So far, there are more 

than 38 million people living with HIV-1 (PLWH) according to the United Nations 

Programme on HIV-1/AIDS (UNAIDS) with the majority living in developing 

countries of Sub-Saharan Africa, Asia and South America 2. According to UNAIDS 

reports, there has been a decrease in HIV-1 mortality from 1.95 million deaths in 

2006 to 0.69 million deaths in 2019. This trend follows with the number of new cases 

globally decreasing in 1997 from 3.16 million down to 1.7 million in 2019. In many 

countries, the foundation for ending the AIDS epidemic is through the provision of 

antiretroviral therapy (ART) and implementing early screening. Though ART has 

reduced morbidity for PLWH and restricted the spread of HIV-1, there still remain 

several challenges, one of which is access to ART.  

Moreover, studies have shown that HIV-1 testing and treatment programmes 

often fail to reach key populations and the prevalence of HIV-1 is estimated to be 

higher in men who have sex with men, sex workers and people who inject drugs. 

Unfortunately these groups of people sometimes suffer discrimination and 

experience hostility and service denial 3,4. Despite the progress made in reducing 

HIV-1-related deaths with the success of ART, the burden of HIV-1 remains high 

even in some countries with good access to ART 5.  

Despite the great successes of ART, treatment remains life-long as interruption 

of ART leads to viral rebound  in nearly all people 6,7. This is because the main 

barrier to an HIV-1 cure is the persistence of long-lived infected cells, also known as 

latently infected cells. Importantly, there has been an increased risk of kidney, 

cardiovascular, obesity and bone diseases associated with treatment despite ART 

becoming more effective and safer, therefore a cure for HIV-1 remains crucial, 8,9.  

Moreover, the cost of providing ART globally remains a burden, particularly in high 



2 

burden countries, i.e. Africa with an increase reported in some of the countries 10. 

Therefore, it is vital to develop tools to accurately identify and quantify these 

infected cells in PLWH on ART and to understand the exact molecular mechanism 

responsible for establishing and maintaining HIV-1 latency to develop eradication 

strategies.  

1.2 THE VIRUS 

HIV-1-1 consist of two single stranded ribonucleic acid (ssRNA) molecules 

with a ribonucleic acid (RNA) genome of approximately 9.8 kilobases in length 11. 

Retroviral particles use cell-surface proteins as specific receptors to enter their host 

cells 12. In HIV-1, these viral proteins are embedded in a lipid bilayer. The surface 

viral glycoprotein gp120 and transmembrane glycoprotein gp41 are composed of 

trimers of non-covalently linked heterodimers 13. The viral core contains the capsid 

protein, nucleocapsid protein and the matrix protein. The capsid core is protected by 

a matrix protein, anchored to the inside of the viral lipid bilayer. A protective case 

surrounds HIV-1 genomic material and forms the capsid protein14. The capsid 

protein is comprised of a viral core and contains the RNA genome as well as three 

viral enzymes required for viral replication such as integrase (IN), reverse 

transcriptase (RT) and protease (PR) 15. 
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Figure 1.1 Structure of a mature HIV-1 virus and the organization of the 

HIV-1 genome. (a) The HIV-1 viral envelope has a lipid bilayer which consists of an outer 

glycoprotein gp120 and a transmembrane domain gp41, including several host proteins. 

HIV-1 RNA, various proteins such as Vif, Vpr, Vpu, Nef and enzymes such as protease, 

integrase and reverse transcriptase are covered by a cylindrical core, consisting of the matrix 

and the capsid proteins. (b) Representative image of the composition of the nine-reading 

frame from of the HIV-1-1 genome showing genes coding for the structural proteins (gag, 

pol and env), the accessory proteins (vpr, vif, vpu and nef) and lastly, the regulatory proteins 

(tat and rev). The location of the genes of HIV-1 are in the central region of the proviral 

DNA and codes nine proteins 16. These proteins are divided into three classes: firstly, the 

structural proteins such as the viral  envelope Env protein 17, the polyprotein Gag and reverse 

transcriptase Pol, secondly, regulatory proteins, Tat and Rev, thirdly, the accessory proteins 

Vpu, Vpr, Vif, and Nef 18–20. Like most retroviruses, HIV-1-1 has the ability to reverse 

transcribe RNA into DNA during viral replication. Both ends of the provirus are flanked by a 

repeated sequence, also known as the long terminal repeats (LTRs) at the 5’ and 3’ ends 

(Figure 1.2) 16. 
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1.2.1 HIV-1 REPLICATION CYCLE 

Following the initial step of binding, retroviral particles use cell-surface 

proteins as specific receptors to enter their target cells through interactions with the 

viral envelope (Env) glycoproteins 21,22. The cycle of HIV-1-1 begins when gp120 

binds to CD4 on the target cell surface resulting in conformational changes leading to 

binding to a second chemokine receptor and then fusion between the host and viral 

cell membrane and release of the viral core into the cytoplasm.  

When the surface receptor CD4 interacts with gp120, it induces the formation 

of a bridging sheet between the inner and outer domains of the gp120 monomer 23. 

This then triggers the binding site for a secondary coreceptor surface molecule, 

chemokine C-C motif receptor 5 (CCR5) or C-X-C motif receptor type 4 (CXCR4). 

Viruses that bind to CCR5 are called R5-tropic and viruses that bind to CXCR4 are 

called X4-tropic. Binding of gp120 to the coreceptors  triggers membrane fusion of 

the viral and cellular membrane and entry of the viral RNA into the target cell 24. 

Partial uncoating of the capsid allows for the viral RNA to undergo reverse 

transcription from single stranded viral RNA to double stranded DNA. The double 

stranded DNA interacts with essential viral proteins and forms a structure known as 

the pre-integration complex (PIC). The enzyme integrase (IN) allows for PIC to get 

imported to the nucleus and integrated into the viral genome, where the viral DNA is 

called the provirus 25. 

Following import into the host cell nucleus, the viral DNA is integrated into the 

host DNA, transcribed, and translated with messenger RNA (mRNA). mRNA 

serving as a template for protein production leads to the translation of structural and 

non-structural proteins 26. The new viral RNA expressed by HIV-1 is divided into 

three classes, unspliced (US) RNA, serving as genomic RNA, encoding Gag and Pol 

precursor proteins, single spliced (ss) RNA, encoding the envelope and accessory 

proteins. Lastly, multiple spliced RNA, encoding additional accessory proteins 27–29. 

New viral particles are packaged after the processing and production of new viral 

proteins and genetic material. Subsequently,  new viral particles are encompassed in 

the capsid, and as the virus is released out of the cell to become a new virion, they 

become surrounded by an envelope at the cell surface 30. Finally, maturation of the 

virus takes place following protease (PR)-mediated cleavage, an enzyme that cleaves 
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two precursor proteins into smaller fragments to form mature Gag proteins; and as a 

result, a new infectious virion is created (Figure 1.3) 31. 
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Figure 1.2 HIV-1 life cycle. HIV-1 enters the cell through the virus glycoproteins 

receptors where it binds to the host CD4 and co-receptor CCR5 or CXCR4. The virus enters 

the cell following fusion of the virus with the host cell membrane, resulting in the release of 

the viral nucleocapsid. Reverse transcriptase then coverts the viral single stranded RNA into 

double stranded DNA. The viral DNA is then transported to the host nucleus, where it uses 

the integrase enzyme to integrate into the host DNA. Transcription of the HIV-1 DNA leads 

to the production of viral RNAs, which are then transported into the cytoplasm and undergo 

translation leading to production of proteins. Lastly, maturation occurs, allowing for the viral 

RNA and proteins to assemble at the surface, leaving the cell by budding off the cellular 

membrane (Figure adapted from 32). 
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1.3 ANTIRETROVIRAL THERAPY 

ART is used to treat HIV-1 and consists of at least two or three antiviral agents 

that target viral enzymes or proteins required for HIV-1 replication  33. There are now 

six classes of antiretrovirals  based on their molecular targets: (1) the, nucleoside 

reverse transcriptase inhibitors (NRTIs) and (2) non-nucleoside reverse transcriptase 

inhibitors (NNRTIs), (3) integrase inhibitors, (4) protease inhibitors (PIs), (5) fusion 

inhibitors (FIs) and (6) the CCR5 co-receptor antagonist(reviewed in 34. Recent new 

classes of antivirals that are progressing through clinical development include 

attachment inhibitors 35,36, maturation inhibitors 37, capsid assembly inhibitors 38,39 as 

well as long acting injectable and oral forms of antivirals 40 and broadly neutralising 

antibodies (reviewed in 41).

Attachment inhibitors, also known as anti-CD4 inhibitors, inhibit HIV-1 entry 

by firmly binding to HIV-1 gp120 protein onto the target cells 35,36. Before fusion of 

the virion and the CD4 receptor takes places, gp120 monomers of the Env form 

trimers based on three-fold symmetry 42. Once attached, viral attachment to the host 

cell membrane becomes weakened by binding to the  positively charged region of 

env and oppositely charged proteoglycans on the host cell membrane, preventing 

viral entry 36. Successful clinical trials of attachment inhibitors in humans were first 

reported for the humanized monoclonal antibody (mAB) ibalizumab. Nine weeks of 

intravenous treatment led to a reduction in HIV-1 RNA levels in 20 of the 22 study 

participants off ART with no serious drug-related adverse effects 43. In a more recent 

phase III study, the attachment inhibitor fostemsavir (FTR) demonstrated a decrease 

in plasma viral RNA in up to 82% of participants treated for 48 weeks 36.  

HIV-1-1 maturation, the final stage of proteolytic cascade that leads to the 

formation of virus particles 44 can be blocked by maturation inhibitors. Maturation 

inhibitors belong to a class of small-molecule compounds which block maturation by 

interfering with the HIV-1-1 protease-mediated capsid protein p24 and spacer 

peptide 1 (SP1) 45,46. Blocking the activity of the protease enzyme, results in the 

production of immature, non-infectious virus particles 38. In a phase I and II study 

one of the first HIV-1-1 maturation inhibitors, bevirimat was well tolerated in 

combination with ART and effective in reducing plasma HIV-1 RNA 47. However, it 

was discontinued due to naturally occurring sequence polymorphisms within capsid 

protein and the SP1 cleavage site, resulting in resistance in 50% of participants 48. 
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Since then, improved maturation inhibitors were developed and referred to as second 

generation inhibitors 37. The development of the second generation inhibitor 

GSK3532795 demonstrated efficacy in reducing plasma HIV-1 RNA and coverage 

of naturally occurring Gag polymorphisms was more potent than bivirimat  in 

participants on ART49.  

The viral assembly and maturation step of the HIV-1 life cycle offers the 

possibility of developing new classes of drugs. Specific inhibitors in these steps 

prevent the release of mature capsid proteins from its precursor, by blocking the 

activity of the protease enzyme, resulting in the production of immature, non-

infectious virus particles 50. GS-CA1, a small molecule capsid inhibitor, had potent 

antiviral activity by binding to the capsid and interfering with the capsid-mediated 

nuclear import of viral DNA 51.  

1.4 HIV-1 LATENCY 

HIV-1 latency is defined as the integration of a provirus in the host genome, 

that is replication-competent but transcriptionally silent. This means that viral 

proteins are not produced so latently infected cells are not visible to the immune 

system. In PLWH on long-term ART, latency is characterised by the detection of 

integrated HIV-1 DNA but minimal or no cell associated HIV-1 RNA, proteins or 

free virions.  

1.4.1 ESTABLISHMENT OF LATENCY 

HIV-1 latency may consist of two forms, based on whether or not the provirus 

is integrated into the host genome. The first form, pre-integration latency is when the 

viral life cycle is partially or completely blocked at steps such as incomplete reverse 

transcription or incomplete integration 52. This form of latency exists for a short 

period in the cytoplasm of CD4+ T-cells and appears to be clinically irrelevant 53–55. 

There are two ways in which the establishment of latency can occur, referred to as 

pre-activation or post-activation latency (Figure 1.4).  
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Figure 1.3 Mechanisms in which the establishment of latent infection may 

occur. The establishment of latency may follow two pathways. A) In the first instance, 

latency can be established when a resting CD4+ T-cell becomes directly infected with HIV-1 

in the presence of chemokines, monocytes and dendritic cells and may facilitate pre-

activation latency. As a result, HIV-1 DNA integrates into resting CD4+ T-cells resulting 

latent cells that do not express viral proteins. This process is known as pre-activation latency. 

B) Post-activation latency is established when  resting CD4+ T-cells in the presence of anti-

CD3/CD28 become activated CD4+T-cell,  When directly infected with HIV-1, these 

activated CD4+ T-cells may revert to a latent state.(Adapted from 56). 
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1.4.2 PRE AND POST-ACTIVATION LATENCY 

The process by which an activated CD4+ T-cell with integrated HIV-1 DNA 

reverts to a resting state is termed post-activation latency 57. Central memory (TCM)

CD4+ T-cells are an important reservoir of HIV-1 that persists in PLWH on ART, 

therefore suggesting that the process by which a CD4+ T-cell gets infected and 

returns to a quiescent state is significant for the formation of latency in vivo 58. A few 

studies have looked at the mechanisms that drive post-activation latency. These 

studies suggest that cell activation is a requirement for RT and integration of HIV-1 

DNA. These studies suggest that when an HIV-1 infected activated CD4+ T-cells 

reverts into a resting state, this promotes a transcriptionally quiescent state of the 

HIV-1 genome 59,60. Once latency is established, these cells are stable, long-lived 

with a half-life of 44 months. These cells do not produce viral proteins and therefore 

evade the immune system and death due to limited expression of viral proteins. 

Therefore, long-term treatment of ART alone would not be able to eradicate these 

cells  61.  

Another mechanism for the establishment of latently infected CD4+ T-cells is 

when a resting CD4+ T-cell becomes directly infected. A few studies have confirmed 

this by looking at the establishment of latency by direct infection of a resting CD4+ 

T-cell. This could explain why transcriptionally silent T-cell subsets such as naïve

cells harbour proviral DNA 62–65. Also, a recent study has shown that HIV-1 

integration in resting T-cells is maintained in active chromatin regions in resting 

CD4+ T-cells, however transcription of the provirus in resting CD4+ T-cells repress 

productive HIV-1 infection 66. Despite the non-permissive nature of CD4+ T-cells, 

viral proteins such as Gag and Nef, have been observed in these cells, and to a lesser 

extent Tat, Rev and Env 67,68. 

Resting CD4+ T-cells can become infected in several ways, including cell to 

cell contact in the presence of APCs such as dendritic cells (DCs), mDCs and 

monocytes 69,70 but in the absence of APCs, CD4+ T-cells can become activated with 

endothelial cells (ECs) 71 or through incubation of chemokines such as chemokine C-

C motif ligand 19 (CCL19) or chemokine C-C motif ligand 20  (CCL20) 62,72,73.  
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1.4.3 MAINTENANCE OF LATENCY 

Multiple mechanisms maintenaning post-integration latency are active at the 

transcriptional level of an HIV-1 infected cell 74. These include epigenetic silencing, 

transcriptional interference, insufficient levels of transcriptional activators, the 

presence of transcriptional repressors, HIV-1 transcript elongation inefficiency and 

unproductive control of viral RNA splicing (reviewed in 75). Notably, the use of ART 

can block new infection of permissive cells but unfortunately does not act on latently 

infected cells containing integrated proviruses.  

The HIV-1 provirus remains stable in PLWH on ART for years due to the 

longevity of resting CD4+ T-cells, as these cells have a long half-life 61. HIV-1 

latency is also maintained in resting CD4+ T-cells as a consequence of proliferation, 

evidenced by identical integration sites of the virus in multiple cells 76. Although the 

main driver for proliferation is unclear, potential mechanisms include homeostatic 

proliferation through interleukin-7 (IL-7), antigen-driven stimulation and integration 

site-driven proliferation (reviewed in 77).  

1.4.4 MODELS OF HIV-1 LATNECY 

Several models of HIV-1 latency exist and have mimicked in vitro infection of 

the exogenous virus, though up to this day no model has completely replicated 

latently infected cells in vivo 78. 

Transformed cell lines have been particularly useful in studying HIV-1-1 

latency 79. To present a more relevant representation of latency and to resemble what 

takes places in vivo; this section will focus exclusively on latency models using 

primary cell lines. 

As mentioned earlier, primary resting CD4+ T-cells constitute the major latent 

reservoir for HIV-1 latency and, several models have been developed to mirror what 

takes place in vivo (Table 1). Each of these cell models used to establish latency 

differ in the cell subsets they use to infect or the type of viral strain they use 

(reviewed in 80). Despite these novel strategies for latency, each model comes with 

its limitation. The interaction between DC and T cell has previously shown to be 

potent inducers of antigen-specific T-cells and productive infection in activated 

CD4+ T cells 81. In addition, a recent in vitro model of HIV-1 latency showed that 
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myeloid dendritic cell (mDC) co-cultured with resting CD4+T-cells could increase 

the frequency of HIV-1 DNA integration and latent HIV-1 infection in non-

proliferating memory CD4+ T-cells 69.  This model was modified by using monocytes 

instead of DCs to induce latency 69,82. 
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Table 1.1 In vitro models of latency 

Marini et al.83                 Naïve CD4+ T-cells co-cultured   NL4.3 Reflects latency in vivo      IL-7 which can lead T-cell activation 

 with DC’s and IL-7 

Karn et al.84            Infected activated CD4+T-cells VSV-G pseudo-typed      Longevity and a large population     Mutated virus limits the  

   co-cultured with feeder cells           GFP reporter        of cells generated       resemblance of latency 

Sillicano et al. 85      CD4+ T-cells transduced with          NL4-3-Δ6–drEGFP         Longevity in the absence  Usage of mutated virus limits the  

 BCL-2 and infected of cytokine stimulation  resemblance of latency 

O’Doherty et al.86     Direct infection of resting    NL4.3        Reflects latency in vivo      Limited cell numbers and 

   CD4+T-cells by spinoculation       short longevity 

Lewin et al. 73           Resting CD4+ T-cells stimulated          NL4.3  Longevity, enhanced         CCR7 is not expressed on 

 with CCL19      infection with chemokines      every T-cell subset        

Lewin et al.  69        Resting CD4+ T-cells cocultured    NL(AD8)Δnef  mimics physiological events Limited DCs and technically  

  with primary DCs or monocytes    in LNs by using DCs and T-cells      challenging     

Planelles et al.87           naïve CD4+ T-cells activated with NL4.3Δenv Large number of latently infected     Latently infected  naïve cells are rarely 

α-CD3/α-CD28 in the presence of IL-2  cells                                                   observed in PLWH 

BCL-2: B-cell lymphoma gene; CCR7: C-C Motif Chemokine Receptor 7; CCL19: chemokine (C-C motif) ligand 19; DCs: dendritic cells; VSV-G: vesicular stomatitis virus G; IL-7: 

interleukin 7 

Model  Latency establishment    Virus          Advantages          Disadvantages 
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1.5 IMMUNOLOGICAL CONTROL OF HIV-1 IN UNTREATED 

INFECTION 

Immunological mechanisms involved in the generation and maintenance of 

memory CD4+ T-cells also control the persistence of the HIV-1 reservoir 88. HIV-1 

production in primary CD4+ T-cells are induced by T-cell receptor (TCR) 

engagement together with IL-7 in vitro and this suggests that replication-competent 

HIV-1-infected memory CD4+ T-cells may be continuously exposed to reactivation 

signals 89,90. As a result, viral latency can be maintained by positive signals from 

cytokines or TCR stimulation that can be balanced out by negative signals that would 

interfere with reactivation of the viral reservoir and CD8+ T-cells cytopathic effects 

or cytotoxic killing of infected cells.  

1.5.1 CD8+ T-CELL RESPONSES IN HIV-1 

CD8+ T-cells are essential mediators of adaptive immunity against viral and 

tumour cells. These cells require signals from activated DCs before they become 

cytotoxic T-lymphocytes (CTLs), enabling them to execute their killing properties. 

During primary infection, HIV-1 specific CD8+ T-cells have the ability to decrease 

viral load, however, their cytotoxic function, in particular antiviral cytokines, 

drastically decreases and reduces their ability to exert a antiviral responses 91,92. 

Compared to uninfected individuals, CD8+ T-cells have been reported to be 

significantly elevated in untreated PLWH and expanded numbers do not normalize 

following suppressive ART 93,94. In addition, due to constant exposure to viral 

antigens from HIV-1, CD8+ T-cell function is impaired as demonstrated by presence 

of an exhausted phenotype in untreated PLWH. In PLWH off ART, there is 

increased expression of multiple immune checkpoints (ICs), including programmed 

cell death protein 1 (PD-1) 95 and T-cell immunoglobulin and mucin-domain 

containing-3 (TIM-3). Expression of TIM-3 has been directly correlated with HIV-1-

1 plasma RNA 96.  

In contrast to PLWH off ART, HIV-1 specific CD8+ T-cells from elite 

controllers (ECs; individuals who maintain the virus in the absence of treatment) 

have increased  cytolytic function by producing significant amounts of cytotoxic 

granule proteins, i.e granulysins, perforin and granzyme B 97,98. Initiation of ART 

leads to significant improvement in CD8+ T-cell function. Early initiation of ART, 

within 6 months of infection, compared to initiation of ART at a later stage was 
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shown to be associated with increased CD8+ T-cell function measured by 

intracellular cytokine production 99.  

Although HIV-1-specific CD8+ T-cells have improved function in PLWH 

following ART, they have a lower proliferative function and cytolytic production 

than ECs. This was further demonstrated in an in vitro study in which the presence of 

HIV-1 CD8+ T-cells did not lead to cytopathic effects of activated CD4+ T-cells, but 

instead resulted in their survival 100. Finally, the surface expression of PD-1 on CD8+ 

T-cells was found to be reduced in PLWH treated earlier compared to those treated

after a year with ART 101. 

1.5.2 CD4+ T-CELL RESPONSES IN HIV-1 

CD4+ T -cells play a crucial role in HIV-1 infection, providing optimal help to 

other cells, especially DCs, monocytes, B-cells for the induction of CD8+ T-cells and 

antibodies and the ability to limit HIV-1-specific immune responses (reviewed in 102. 

HIV-1-1 selectively infects CD4+ T-cells and is associated with a massive increase of 

cytokines and chronic immune activation that lead to severe depletion of CD4+ T-

cells, particularly in untreated PLWH 103. Impaired interleukin-2 (IL-2) production as 

a result of persistent immune activation had a deleterious effect on CD4+ T-cells  and 

reduced their capacity to proliferate 99,104. CD4+ T-cell proliferation was maintained 

in ECs and with the ability of these cells to produce more IL-2 and be more 

polyfunctional compared to untreated PLWH 105. A more recent study found several  

elevated cytokines, amongst those were chemokine C-C motif ligand 21 (CCL21) 

and chemokine C-C motif ligand 17 (CCL17) which were able to suppress virus 

replication in resting CD4+ T-cells of untreated and treated PLWH 106.  

A few studies have confirmed restoration of CD4+ T-cell that mediated 

aviremia in PLWH on ART 107,108 and reduced T-cell immune activation 109. Burgers 

and colleagues showed that although ART led to CD4+ T-cell recovery, not all cells 

were restored and that restoration of CD4+ T-cells was dependent on their memory 

phenotype 107.  
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1.5.3 ONGOING INTERACTIONS BETWEEN THE IMMUNE SYSTEM 

AND THE HIV-1 RESERVOIR ON ART 

The ongoing interaction between the immune system and HIV-1 persistence 

has been investigated in non-human primates 110,111. SIV-infected RMs were infected 

with SIV and treated with ART to investigate the contribution of CD8+ T-cells to 

latency maintenance. Six SIV-infected RMs received a single dose of anti-CD8α 

depleting Ab, following five weekly doses of a Smac mimetic inhibitor (inhibitor of 

apoptosis protein, which functions by activating the NF- κB pathway) 110. This study 

showed that the combination of treatment increased plasma SIV RNA levels in all six 

RMs, suggesting that depletion of CD8α+ may enhance latency reversal by activating 

the NF-κB pathway 110. Similar findings were also demonstrated in a recent study in 

which SIV-infected RM treated ART, receiving IL-15 and depleted of  CD8+ T-cells 

induced latency reversal 111.   

Moreover, increasing evidence have shown that CD8+ T- cells from PLWH 

who initiate ART in early infection exhibit a decrease in CD8+ T-cell dysfunction 

and have a broader function of these cells.  112,113. One study reported that PLWH 

treated during the acute phase were less likely to develop escape mutations directed 

to  CD8+ T-cell epitopes 114. To circumvent this issue, CD8+ T-cells that could target 

epitopes from latent HIV-1-1 were identified in chronically infected PLWH on ART 

114. Additional in vitro studies performed with humanized mice showed that

stimulation of CD8+ T-cells eliminated cells infected with autologous virus 114. 

Altogether, this data suggests that despite the presence of CTL escape mutations, 

chronically infected PLWH on ART retain a broad spectrum of viral-specific 

CD8+ T-cell responses. Strategies should focus on augmenting CD8+ T-cells 

responses to non-escape epitopes for eradication of latency HIV-1.  

Additionally, it has been shown that HIV-1 control is mediated by CD8+ T-

cells targeting specific epitopes 115. Therefore, HLA presentation of HIV-1-1 

epitopes to CTLs have been investigated for its role in HIV-1 control. This was 

demonstrated in one study which developed a method that screened the entire HIV-1-

1 proteome for disease-relevant peptides from PLWH, by integrating their viral load 

data and HLA genotypes. Investigators show in a large dataset consisting of >6,000 

chronically infected PLWH that both quantity and quality of HLA-bound HIV-1 
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epitopes contribute to controlling a patient’s viral load. Altogether these findings 

confirmed the association between HLA genes and HIV-1-1 infection outcome 116. 

1.6 PERSISTENCE OF HIV-1 ON ART 

Despite years of continuous optimal suppressive therapy, interruption or 

discontinuation of ART can lead to persistent HIV-1, in which re-emergence of the 

virus occurs. One of the main mechanisms underlying HIV-1 persistence during 

ART therapy is the persistence of memory CD4+ T-cells, also known as latently 

infected cells which can exist in a range of anatomical sites and different cell subsets 

61,117,118. Therefore, understanding the cell types and anatomical sites that harbour 

latent HIV-1 proviruses is essential for the design of therapeutic strategies to 

eradicate HIV-1 in PLWH. 

1.6.1 CELLULAR RESERVOIR 

As mentioned, an important source of HIV-1 persistence is the re-emergence of 

the virus, predominantly in long-lived and proliferating memory CD4+ T-cells that 

harbor integrated latent proviruses but can also emerge from non CD4+ T-cells. The 

HIV-1 provirus lies in a pool of transcriptionally silent cells. CD4+ T-cells enter a 

cellular state that promotes the capacity for these cells to produce infectious virus 

particles upon stimulation, making them replication-competent 119–121. These cells 

have the ability to remain invisible and escape viral cytopathic effects and CTL 

killing 122,123; therefore, it is crucial to identify and eliminate HIV-1 latent cells. The 

most prominent cellular reservoirs of HIV-1 are TCM CD4+ T-cells but HIV-1 persists 

in naïve (TN), effector memory (TEM), transitional memory (TTM) and terminally 

differentiated (TTD) CD4+ T-cells 124–127. In addition, TTM CD4+ T-cells contained 

high levels of latency, however, other subsets such as TTD ,TN and TEM are reduced 

over time 128. Recently studied subsets of T-cell, the stem memory T-cells (TSCM) 

which are long-lived  are capable of spreading the provirus to other types of memory 

T-cells and with the potential of self-renewal and differentiation upon stimulation 129.

TSCM  are just as susceptible to infection as  TCM CD4+ T-cells, despite  having a 

lower surface expression of CCR5 130. 

1.6.2.1 OTHER CD4+ T-CELL SUBSETS 

CD4+ T-follicular helper (Tfh) cells, a subset of memory CD4+ T-cells which 

are found in lymph nodes (LNs) and peripheral blood mononuclear cells (PBMCs) 
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have been shown to be a reservoir for HIV-1 persistence in PLWH on ART 131. Tfh 

cells can be distinguished from other CD4+ T-cells by their low level expression of 

IFN- γ and IL-17 and are further characterized by expression of C-X-C Motif 

Chemokine Receptor 5 (CXCR5) and ICs, PD-1 132,133. In addition, the role of Tfh 

cells during HIV-1 showed that these cells are highly susceptible to HIV-1-1 

infection in vivo, leading to viral replication and production in vitro and are a major 

site of viral replication 134,135.  

In addition, a recent study has proposed another CD4+ T-cell subset 

characterized by the surface expression of CD161 as a reservoir. CD4+ CD161+T-

cells share their lineage with T-helper 17 (Th17) cells 136, while the majority of these 

cells have a TCM phenotype and have been reported to be long-lived while harbouring 

replication competent latent HIV-1 compared to CD4+ CD161neg T-cells 137. Other 

cellular reservoirs amongst CD4+ T-cell subsets include Th17 cells and regulatory T-

cells, also known as Tregs 138,139.  

1.6.1.2 NON-T-CELL RESERVOIRS 

Besides T-cells, macrophage-derived monocytes have also shown to be 

susceptible to HIV-1 in PLWH on ART. These cells have the potential of 

contributing to the spread of HIV-1 as they migrate and circulate in tissue, but 

whether these include latently infected cells or contain replication competent virus 

remains unclear 140,141. So far two recent studies have identified another subset of T-

cells known as gamma delta (γδ) T-cells together with its subset Vγ9Vδ2 T-cells as a 

cellular reservoir in PLWH on ART142,143. Hematopoietic stem progenitor cells 

(HSPCs) have been another confirmed subset that is a reservoir to HIV-1 144–148. It 

has been demonstrated that these cells serve as an HIV-1 reservoir and harbour 

replication competent HIV-1 proviral genomes in PLWH on ART 149. Other cells 

which have also been implicated as reservoirs include; astrocytes 150–152, microglia 153 

in the brain and fibrocytes, blood and tissue 154.  

Cells expressing surface receptors have also been investigated for their 

contribution to the HIV-1 reservoir. These include the expression of ICs on T-cells 

(which will further be discussed in this chapter) 124,155,156 as well as chemokine 

receptors C-C Motif Chemokine Receptor 6 (CCR6), C-C Motif chemokine Receptor 

7 (CCR7) and C-X-C Motif Chemokine Receptor 3 (CXCR3) 157,158. Benkirane and 

colleagues have proposed CD32a as a marker on CD4+ T-cells and myeloid cells as  
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a reservoir enriched in inducible replication proviruses in PLWH on ART 137,159. 

These findings have since then been challenged as these results could not 

demonstrate enrichment for HIV-1 DNA in CD4+CD32+ cells 160. These cells are 

phenotypically diverse as a result of doublets formed with T and B-cells, potentially 

dismissing CD32 as a marker for latency 161,162. A more recent study reaffirmed these 

findings in an ex vivo study confirming that CD32+ CD4+ T-cells contain HIV-1 

proviruses and that the purity and isolation of these cells using flow cytometry play 

an major role in the enrichment of HIV-1 DNA 137.  

1.6.2 ANATOMIC RESERVOIRS 

Both human and non-human primates (NHP) studies have highlighted the 

importance of both the lymphoid and non-lymphoid tissue as reservoirs for HIV-1 

persistence. Studies have shown that lymphoid tissues are essential anatomical sites 

for HIV-1 as the majority of CD4+ T-cells are localised in lymphoid tissues. 

Moreover, a large population of these infected cells are known to reside in the main 

anatomical compartments such as the spleen, lungs, LNs and gut-associated 

lymphoid tissue (GALT) in humans and NHPs 121,163. Anatomical compartments such 

as non-lymphoid tissue including the central nervous system (CNS) has not been 

extensively studied compared to peripheral blood and lymphoid tissue as these 

samples are more difficult to obtain but are documented as a potential reservoir for 

HIV-1 164–166.  

1.6.2.1 NON-LYMPHOID TISSUE: CNS DURING HIV-1 

PERSISTENCE 

The CNS is considered one of the sanctuary sites for latently infected cells and 

presents obstacles in cure strategies. Recognised as an immune-privileged site, the 

CNS has a low drug penetration to the brain with barriers such as the blood brain 

barrier (BBB) and reactivation due to inflammation in the CNS 167–170.  The main 

cellular reservoir represented in the CNS are the microglia cells with a half-life of 

several years 170,171, other subsets include astrocytes 164 and macrophages153, both 

having half-lives of months 172,173. One particular study showed that the CNS 

contained lower HIV-1 DNA compared to the LNs and GALT which has the highest 

level of HIV-1 DNA 174. Sarah Joseph and colleagues illustrated a detectable higher 

level of HIV-1 RNA in the cerebrospinal fluid (CSF) compared to plasma, also 

known as CSF escape in three PLWH on ART.  In one individual, there was 
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evidence of CSF escape produced by persistent viral replication in the CNS, with 

these latently infected cells sharing characteristics of a macrophage/microglia 

phenotype. CSF escape in the other two individuals was more likely to be caused by 

proliferation and trafficking of these latent cells 175. 

1.6.2.2 LYMPH NODE (LNS) DURING HIV-1 PERSISTENCE 

Lymphoid tissue such as LNs provides an environment for TCM T-cells  

through the expression of lymphoid homing CCR7 and adhesion molecule L-selectin 

(CD62L) to recirculate through the LNs and blood 176,177. Moreover, studies have 

reported that LNs contain a higher frequency of HIV-1 DNA and RNA per CD4+ T-

cell compared to blood 178–181.  

Lymph nodes 

Infected T-cells enter the LNs through the high endothelial venules (HEV), 

where close contact between T-cell and APC, DCs or virions leads to viral 

transmission 182–184. These cells migrate to specific compartments in the LNs. This 

includes two main regions: the cortex which can be subdivided into the paracortex or 

inner cortex; T-cell zone (TCZ) and outer cortex; the B-cell follicle (BCF). These 

compartments are surrounded by an inner medulla which contains plasma cells, 

macrophages and TCM T-cells (reviewed in 185. Upon entry through the HEV, B-cells 

reside in the outer cortex region of the LNs as well as follicular dendritic cells 

(FDCs) and macrophages to form follicles. LNs consist of two types of follicles, 

primary and secondary follicles. Primary follicles do not contain germinal centres 

(GCs) whereas secondary follicles are composed of a GCs and a mantel zone region 

after a B-cell encounters an antigen resulting in  a network of FDCs, macrophages 

(Figure 1.4) 186. 
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Figure 1.4 Schematic representation of a lymph node internal 

architecture. The two main regions of the LNs can be distinguished: the medulla and the 

cortex. The cortex can be divided into an inner cortex and outer follicle. LNs contain a 

primary follicle which do not have a germinal centre and secondary follicles with a germinal 

centre which are surrounded by a mantle zone region. The major route into the LNs is 

through the afferent and the major exit route where lymph and cells leave are via the efferent 

lymphatic vessels. The marginal sinus in turn receives lymph from afferent lymphatic vessels 

(adapted from 187). 
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A potential source of HIV-1 persistence in the LNs might be due to the 

substantially lower concentrations of ART. There is a correlation between low 

concentration levels of ART and ongoing HIV-1 replication in these sites 188. 

Another contributing factor to ongoing viral replication in Tfh cells in BCF has been 

explained in of HIV-1- simian immunodeficiency virus (SIV) infection, in which 

HIV-1-specific CTL CD8+ T-cells and antiretroviral (ARV) drugs were limited in 

entering the BCFs despite ART 189. Moreover, this has also been highlighted in a 

previous study, showing that the majority of HIV-1-specific CD8+ T-cells are mainly 

found in the TCZ, and are  largely excluded from the BCF region, immune privileged 

site, where HIV-1-specific CD8+ T-cells cannot enter and clear up infected cells 190. 

The block is explained by the lack of expression in follicular homing molecule 

CXCR5 on most CD8+ T-cells, thus contributing to low levels of follicular HIV-1 

specific CD8+ T-cells. Nevertheless, a few SIV-specific CD8+ T-cells were found 

within the follicles in close contact with forkhead box P3 (FoxP3)+ T-cells and were 

able to suppress viral replication in vivo despite their expression of CD8+ T-cells and 

showing an exhausted profile. Although these cells would need further 

characterization to confirm their phenotype, these FoxP3+ T-cells were likely to be a 

subset of Tregs, known as follicular regulatory T-cells (Tfr) 191. These specialized 

subsets of CD8+ T-cells can also express CXCR5+ and represent between 20-60% of 

CD8+ T-cells in tonsil and LNs 192,193. Additionally, CXCR5+ CD8+ T-cells found in 

the GCs of LNs were more frequently expressed in HIV-1-infected individuals 

compared to non-infected individuals 193. A few of these T-cell subsets can be found 

within the TCZ, BCZ and the GC (Table 1.2). 

Moreover, high numbers of Tregs previously reported in LN 194 correlate with 

HIV-1 viral load in PLWH 195. This was extensively studied by one group 

demonstrating that although in vivo membrane expression of integrin α4β7, homing 

receptor CD62L and anti-apoptotic gene B-cell lymphoma gene (Bcl-2) led to the 

survival of Tregs,. As a result, Tregs accumulate in LNs 196. In contrast, a more 

recent study demonstrated that the frequencies of Tregs within the LNs compared to 

blood remained unchanged, despite early initiation of ART in SIV-infected rhesus 

macaques (RMs) 197. Altogether, these findings showcase the importance of the BCF 

as it constitutes sanctuaries for HIV-1 persistence.  
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Table 1.2 Anatomic locations of T-cells and functions during HIV-1 persistence 

CD4+ T-cell + - -     Decrease in CD4+ T-cell count, leads to immunodeficiency 198–200

   and serves as a reservoir for HIV-1

Tregs + - -  Suppress HIV-1-specific T-cell responses leading to the inhibition of 201–204

T-cell responses to HIV-1, increase of HIV-1 persistence, reduces

  immune activation and is a HIV-1 reservoir 

Tfh cells - + + Interacts with B-cells to generate high affinity antibodies and memory 

B-cells and is a reservoir for HIV-1 199,205,205–207

Tfr cells - + - Inhibits Tfh cells and B-cells and are susceptible to HIV-1 208–210

CXCR5- CD8+ T-cell   + - -  Less suppressive function compared to CXCR5+ CD8+ T-cell function 211

CXCR5+ CD8+ T-cell        - + + Suppress viral replication, cytopathic mediated killing via granzyme 212–215

T-cells Lymph node regions Function during HIV-1 persistence     Ref 

TCZ         BCZ       GC

TCZ: T-cell zone, BCZ: B-cell zone, GC: Germinal centre, CXCR5:  CXC chemokine receptor 5; regulatory T-cells: Tregs; Follicular helper 

cells: Tfh cells; follicular regulator T-cells: Tfr cells 



24 

1.6.2.3 GUT-ASSOCIATED LYMPHOID TISSUE (GALT) DURING HIV-

1 PERSISTENCE 

Gut-associated lymphoid tissue (GALT), which is known as the largest 

immune organ in the body (reviewed in 216,217), also serves as one of the main 

anatomical compartments for HIV-1 persistence 218–221 and is one of the first sites to 

become exposed and infected 222–224. GALT is made up of four compartments: the 

lamina propria (LP), located beneath the intestinal epithelium; peyer’s patches (PPs) 

in the small intestine; lymphoid follicles (also known as lymphoid aggregates) and; 

mesenteric LNs 225. Antigens are largely delivered in PPs or by antigen loaded DCs 

in the LP 226. Most CD4+ T-cells are in the LP and CD8+ T-cells between epithelial 

cells. Moreover, migration of both T and B-cells occurs out of the epithelium, 

towards lymphoid follicles 217.  

GALT association with HIV-1 has been examined in SIV-infected macaques 

and PLWH, in which severe depletion of CD4+ T-cells within the gut has been 

reported 227,228. One study showed enrichment of HIV-1 DNA in TCM CD4+ T-cells 

expressing chemokine receptors CXCR3 and CCR6 in PLWH on ART 117. This was 

also confirmed in a follow up study, where integrated HIV-1 DNA was found in 

CD4+ T-cells expressing CCR6+CXCR3+, with increased chemokine receptor CCL20 

in rectal tissue in PLWH receiving ART 220.  

Despite treatment, the gastrointestinal immune system is not fully restored, 

even when early treatment is initiated with long-term ART. Low ART penetration 

into the gut compartment is also one of the many challenges contributing to residual 

replication 188. Another possible explanation for ongoing viral replication could be 

due to the high CD4+ T-cell frequency expressing CCR5 and GALT being one of the 

first tissues of exposure and early infection 229.  

Moreover, PD-1 expression on CD4+ T-cells in rectal tissue has also been 

proven to represent a marker for HIV-1 persistence 230. As mentioned previously, 

CD32 expression, a suggested marker of the HIV-1 reservoir, was also looked at in a 

recent study in GALT. This study reported that a population of T-cells expressing 

CD3+CD4+CXCR5 + PD-1+ Bcl-6 (ruling out B-cells and confirming that they were 

not the source for signal), consistent with the cellular characteristics used to define 

Tfh cellscorrelated significantly with rectal HIV-1 DNA and CD32 expression of Tfh 

cells in PLWH on ART 231.   
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Besides the LNs, there have also been ongoing studies performed to understand 

the impact of treatment within GALT during HIV-1 persistence. These studies have 

reported substantially reduced concentration levels of treatment, leading to 

insufficient suppression of HIV-1 replication, and as a result leading to incomplete 

inhibition of viral replication in GALT 232,233. In addition, a correlation was made 

with reduced concentrations of ART and HIV-1 accumulation present in the FDCs 

network, as detected by HIV-1 RNA by in situ hybridization (ISH) 188. 

1.6.3 DEFECTIVE AND INTACT VIRUS 

Studies have shown that the majority (over 90%) of HIV-1 proviruses in CD4+ 

T-cells are defective in PLWH on ART 234–236. Notably, HIV-1 genes can be

expressed by defective proviruses due to integration into active transcription sites, 

LTR promotor function and the lack of promotor methylation 237. HIV-1-promotor 

function was found in cells carrying both defective and intact proviruses and these 

cells were able to express viral antigens upon reactivation 238,239. Moreover, cells 

containing defective proviruses may induce alternative splicing events, leading to the 

expression of viral proteins such as Tat and Rev and clearance by the host immune 

system 239. Defective proviruses contain mutations mediated by deletions, insertions, 

apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like (APOBEC) 

hypermutations and packaging signal defects 240. In addition, defective proviruses 

with large deletions or point mutations may halt viral protein production and as a 

result, evade recognition and clearance by CD8+ T-cells 239. 

Defective viruses can potentially overestimate the frequency of the true 

reservoir if DNA is quantified using qPCR and droplet digital PCR (ddPCR) with 

primers in the LTR or gag region 241,242. Recently, a novel assay was developed that 

discriminates the presence of intact or defective viruses using the intact proviral 

DNA assay (IPDA), which includes primers that bind to regions of the virus which 

are commonly deleted or hypermutated latently infected cells that persist on ART 243. 

This method separates intact and defective viruses by using different fluorescent 

probes in ddPCR format 243. In a recent study of PLWH on ART, IPDA 

demonstrated that intact and defective proviruses have different decay rates with 

intact virus decaying more rapidly than defective proviruses 244.  
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1.6.4 NON-INDUCED VIRUSES 

The frequency of cells infected with replication competent virus can be 

measured using a quantitative viral outgrowth assay (QVOA). In this assay, dilutions 

of CD4+ T-cells are stimulated with mitogen phytohemagglutinin (PHA) to induce T-

cell activation. Virus production is then detected by quantification of viral proteins 

such as p24 245, viral RNA 246 or capacity to infect a reporter cell line 247. This assay 

quantifies the frequency of infected cells following a single round of CD4+ T-cell 

activation.  

Although the QVOA is considered the gold standard to measure the replication 

competent reservoir, there are proviruses that are completely intact but seem to not 

respond to T-cell activation. These are now termed non-inducible proviruses. Intact 

viruses with a non-inducible phenotype will lead to an underestimation of the true 

frequency of replication competent proviruses using the QVOA 248,249. More 

recently, Yu and colleagues demonstrated that in elite controllers, intact proviral 

sequences can be integrated in parts of the genome, known as gene desert sites which 

are highly resistant to gene expression 250. In these sites, the HIV-1 reservoir 

remained “locked”, and as a result is resistant to expression of virions. Notably, 

although the intact proviruses were thought to be in a state of deep latency, they 

could eventually be induced when activating T-cells using the QVOA 250. 

1.6.5 HIV-1 PERSISTENCE IN TISSUE 

There have been several reports on whether HIV-1 persistent in anatomical 

compartments is genetically different or the same as that observed in peripheral 

blood. In the first proof of concept, one particular study looked at the LN and GALT, 

pre- and post-treatment and demonstrated that viral rebound did not solely arise from 

these sites but from multiple sources associated with multifocal infection in 

lymphoid tissue and latently infected cells 251. Additionally, these results were further 

supported with viral sequence analysis from PLWH, post-treatment interruption, 

revealing that GALT was not the primary source of plasma viremia rebound 252. 

Genetic characterization of HIV-1 DNA in infected cells from peripheral blood and 

lymphoid tissues in PLWH on ART had similar viral sequences 253–256, with one 

study demonstrating replication-competent clonal populations from reactivation of 
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latently infected cells during viral rebound 257. Other studies have shown that both 

blood and LNs contained proviruses with identical sequences, integration sites and 

RNA expression in PLWH on ART 258. In summary, it is unclear if there is true 

compartementalisation of latent viruses in blood and different tissue sites. The tissues 

environment may be important in determining the likelihood of whether viral 

proteins or virions are expressed 219.  

1.6.6 ONGOING VIRUS PRODUCTION AND REPLICATION 

There has been a long-standing debate on whether there is persistent virus 

replication on ART. Some groups have reported changes in viral sequences in blood 

and lymphoid tissue over time, potentially consistent with ongoing viral replication 

259–263. One proposed explanation is inadequate tissue penetration of treatment in 

anatomical compartments which is insufficient to stop virus replication but not high 

enough to generate drug resistance 264,265. ART intensification studies have also 

helped understand whether ongoing replication exists on ART. In one study, ART 

intensification with the integrase inhibitor raltegravir resulted in an increase in 2- 

long terminal repeats (LTR) circles, a dead end product of unintegrated HIV-1 DNA, 

consistent with residual virus replication on ART 266. The increase in 2-LTR was 

potentially more notable in participants receiving PI-based ART prior to 

intensification. However, results from another study using the integrase inhibitor 

dolutegravir for intensification observed no change in levels of 2-LTRs. Differences 

between findings of dolutegravir and raltegravir may be related to the high 

concentrations of raltegravir in the GI tract. In addition, the two studies only looked 

at blood and not tissue such as LNs or GALT 267.  

Another potential strategy to understand virus replication on ART is to assess 

differences in low level plasma HIV-1 RNA. Commercial assays can detect plasma 

HIV-1 RNA down to 20 copies/ml 268. However, supersensitive assays, often called 

single copy assays, can detect HIV-1 RNA to 1 copy/ml 269. Although detected in 

nearly all PLWH on ART, the source of residual low level viremia is unclear 270. A 

recent study assessed residual viremia therapizing PLWH on integrase, protease and 

NRTI based therapy. Notably, the probability of having a detectable plasma HIV-1 

RNA of >20 copies/ml was higher on PI-based treatment, potentially consistent with 

residual virus replication in this setting 271.  
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1.6.7 CLONAL PROLIFERATION DURING HIV-1 PERSISTENCE 

HIV-1-infected cells can also persist on ART through clonal expansion, 

identified as cells containing an identical integration site 272 or an identical virus 

sequence 273. Potential drivers of clonal expansion of infected cells on ART include 

homeostatic proliferation, antigen driven proliferation and integration mediated 

proliferation. Antigen-specific CD4+ T-cells undergoing clonal expansion are driven 

following exposure to different pathogens, such as cytomegalovirus (CMV) or 

influenza 274,275. 

Identifying clonal expansion of cells infected with replication competent HIV-

1 requires simultaneous analysis of the integration site and virus sequence. It was 

initially assumed that clonally expanded cells mainly harbor defective HIV-1 

proviruses 248. Since then a few studies have confirmed this observation and 

demonstrated that ~50% of HIV-1 infected cells undergo clonal expansion and 

harboured replication competent proviruses 237,276–278 and that these cells accumulate 

within the first week of infection 234. However, a more recent study found clonal 

expansion of both defective and intact proviruses in PLWH on ART 279. 

Interestingly, a significant variation in reservoir decay was found in two PLWH on 

ART 279. This data suggest that expression of viral proteins from intact proviruses 

could potentially lead to proviral clearance therefore selecting for defective 

proviruses over time 279.  

Whether clonally expanded cells contribute to low level HIV-1 plasma viremia 

has been investigated in a recent study. For this study, samples were collected from 

eight PLWH who had viremia that was not suppressed by ART for more than 6 

months to determine the origin of this persisting low level viremia. The authors 

found identical gag-pro-pol sequence in both plasma and p24+ wells following 

amplification of virus using QVOA. The authors concluded that clonally expanded 

infected cells in blood in all four PLWH, referred to as repliclones, carried 

replication-competent virus. Additionally, in three out of four PLWH, the clones 

were found to produce enough virions to cause clinically detectable nonsuppressible 

viremia 280. A few studies have shown that HIV-1 RNA obtained from blood, plasma 

and lymphoid tissue does not diverge and that highly proliferated cell clones 

contribute to viral rebound 281–283. Subsequent studies have validated these results in 

LNs and GALT and have confirmed that all observed sequences are derived from 
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cellular proliferation and are all members of clonal populations 174,258,284. Moreover, 

the effect of ART has been reported to be caused by clonal expansion of cells in LNs 

and blood and not ongoing HIV-1 replication in two recent studies 174,285. Together, 

these findings highlight the importance of clonal expansion during HIV-1 persistence 

and targeting these cells is crucial for HIV-1 eradication. 

1.7 DETECTION AND QUANTIFICATION OF HIV-1 

Accurate methods are critical for measuring the reservoir in PLWH on ART. 

HIV-1 persists in PLWH despite the initiation of ART. However, this does not 

describe whether or not the virus is capable of replicating, as both defective and 

intact proviral DNA can be found in infected individuals 286–288. Thus far, there has 

been no convincing surface marker that distinguishes uninfected cells from latently 

infected cells. The QVOA is used to quantify replication competent virus in resting 

CD4+ T-cells harbouring latent HIV-1-1 289 while other assays that quantify nucleic 

acid are more high throughput. In Table 1.3, we provide a summary of the various 

assays that have been developed for the quantification of HIV-1 during ART in blood 

as well as tissue. Additionally, RNA and DNAscope are now being used to study 

HIV-1 persistence in tissue and will be the main focus of this thesis. 
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Table 1.3 | Methods used to detect HIV-1 

Assay Measures       Method Pros Cons      Ref 

VOA Replication-competent virus 

after activation induced by a 

single round of T cell 

activation. 

ELISA or RT-

PCR 

p24 

Measures only induced replication 

competent virus; excludes detection 

of defective proviruses 

Labour intensive; (requires 2–3 weeks of tissue 

culture in a PC3 laboratory). Expensive and 

requires a large blood volume. Not all intact viruses 

are guaranteed to get reactivated 

290

qPCR for HIV-1-

1 DNA 

Total proviral DNA including 

replication-competent 

proviruses, defective 

proviruses, and unintegrated 

forms of HIV-1-1 DNA 

qPCR Sensitive, easy, and fast Detects many proviruses that are defective 291

ddPCR for HIV-

1-1 DNA

Total proviral DNA including 

replication-competent 

proviruses, defective 

proviruses, and unintegrated 

forms of HIV-1-1 DNA 

ddPCR Highly precise; provides absolute 

quantitation rather than relative 

Detects many proviruses that do not pose a barrier 

to a cure 

292

qPCR for 2-LTR 

circles 

2-LTR circles qPCR Used to measure ongoing 

replication 

Does not detect integrated proviruses. 293

Full genome 

sequencing 

Residual viremia Sanger 

sequencing and 

next generation 

sequencing 

Intact virus Labour intensive. Does not determine if the virus is 

inducible. Expensive. 

294



31 

Inducible 

transcription 

assays 

Proviruses induced after 

activation to produce cell-

associated RNA 

RT-PCR or 

ddPCR for CA-

RNA (us and ms) 

Faster than VOA and requires less 

cells (Tat/rev induced limiting 

dilution assay, TILDA) 

May detect some defective proviruses. Does not 

measure replication competency viruses. 

295

Residual viremia Virus particles qRT-PCR Measures residual virus 

production during ART 

Labour intensive, unclear what the source of virus is 

and whether it is replication competent 

296

RNA/DNA scope 

and 

HIV-1 DNA and RNA In-situ 

hybridization 

Can detect HIV-1 DNA and RNA 

individually or simultaneously 

Does not determine if the virus is replication 

competent. Labour intensive. Patient tissue might not 

always be easily obtained, and it might not be stored 

correctly, leading to over fixation. 

297

Basescope Exon splice junctions In-situ 

hybridization 

Visualize gene expression of short 

RNA target sequences (as short 

as 50 bp). Target regions in the 3′ 

HIV-1/SIV genome that have 

been demonstrated to be deleted 

or hypermutated 

Does not determine if the virus is replication 

competent. Labour intensive. 

298

ELISA: enzyme-linked immunosorbent assay; qPCR: quantitative polymerase chain reaction; IHC: immunohistochemistry; VOA: Viral outgrowth assay; bp: base pair 
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1.7.1 IN SITU HYBRIDIZATION 

Over the years, a number of studies focusing on the HIV-1 reservoir in tissues 

have generated useful knowledge on what takes place within tissue; however, each 

approach has their limitations. Peripheral blood during HIV-1 persistence has been 

more extensively studied, with peripheral blood being easier to obtain compared to 

tissue 299. Another approach to study the tissue reservoir is using single-cell analysis 

of tissue-derived cells, which has been able to provide insight into eradication 

strategies 300–302. However, this is limited in providing spatial information regarding 

the exact location in tissue and not all tissue resident cells are easy to isolate 300–302. 

One of the first techniques that was able to visualize viral RNA in formalin-fixed, 

paraffin embedded (FFPE) tissues used radiolabelled in situ hybridization (ISH). 

This technique has contributed to the understanding of the tissue reservoir by its 

sensitivity in ability to detect productively infected cells as well as virions. 

Nevertheless, this technique has it’s disadvantages, such as using radioactive 

material and long incubation periods that make it labour intensive, as well as high 

background 297,303. These limitations have led to the development of ISH assays 

focusing on increasing the high signal-to-noise ratio. However, these approaches 

were even less sensitive, time consuming, and with high background due to off target 

probe binding compared to radiolabelled ISH 304,305. The use of these assays has been 

limited to genes that are highly expressed, such as transcripts of the Epstein-Barr 

virus 306. 

Most recently, a new next-generation ISH approach, RNAscope, has been 

investigated, delivering hope in studying the tissue reservoirs, while promising to 

deliver sensitivity and a high signal-to-noise ratio. RNA ISH method, RNAscope, 

allows for single molecule visualization in each cell by using a unique probe design 

together with an amplification system while offering a high signal-to-noise-ratio and 

preserving tissue morphology. This can be done on intact FFPE tissue samples, or 

fresh tissue (cryopreserved) and visualized using a bright-field microscope (for 

chromogenic detection), or a fluorescent microscope (for fluorescent labels) 307.  
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1.7.1.1 RNA/DNA SCOPE 

One of the many interesting features of RNAscope ISH is that it uses a unique 

probe design, consisting of two independent probes (double Z, or “ZZ” probes). The 

target probes consist of two oligonucleotides with a region complementary and 

highly specific to hybridize to the RNA target, a short linker, and a preamplifier 

sequence (depicted in a general scheme in Figure 1.5).  

Figure 1.5 Schematic representation of RNA/DNAscope ISH technique. i) 

Formalin-fixed, paraffin embedded cell pellets or tissues are fixed onto the slide, followed by 

pre-treatment to remove paraffin and to expose RNA or DNA. ii) Next, hybridization of the 

target double Z probe takes place to target RNA or DNA. iii) The top part of the double Z 

probes then binds to the amplifiers to hybridize signals with attached labelled probes. iv) 

Lastly, labelled probes allow for chromogenic or fluorescence signals to be visualised using 

a microscope. (Image modified from ACD RNAscope®). 

Moreover, this ensures specificity as the possibility of two probes binding 

simultaneously to non-specific target is extremely low. Each target RNA is designed 

with 20 double Z pairs, covering over one kilo byte (kb) region. Once hybridization 

takes place, both oligonucleotides of the target probe on a target RNA joins the two 

halves of the preamplifier. As a result, a cascade of signal amplification takes place, 

and with each label probe containing chromogenic enzymes, catalysing the 

deposition of chromogens such as diaminobenzidine (DAB) which uses horseradish 

peroxidase (HRP) and alkaline phosphatase (AP) based fast red chromogens. Lastly, 

the coloured signals can be detected by either bright field or fluorescence microscope 

are both highly specific and sensitive. Importantly, RNAscope can be used for the 
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detection of viral targets as well any cellular RNA for which target probes are 

available and validated. In addition, RNAscope is highly sensitive and enables the 

detection of low-copy transcripts in FFPE samples 308.  

Advanced usage of RNAscope has opened doors to further study the HIV-1 

reservoir in tissue. This has allowed investigators to successfully examine both viral 

RNA using RNAscope and viral DNA using a modified version of the RNAscope 

assay, known as DNAscope. So far only a limited number of of RNAscope probes 

have been designed covering the HIV-1/SIV genome and targeting 5’ and 3’ gene 

regions that bind to spliced and unspliced RNA transcripts; i.e HIV-1 clades A, 

CRF_AE, B, C, and D, SIVmac239, SIVagm and SHIV-1-C1157 297.  

The combination of both RNA- and DNA- scope in tissue from SIV-infected 

non-human primate (NHP) as well as LN tissue from PLWH has been 

investigated. This showed the discrimination of viral DNA (vDNA)+ 

cells that are transcriptionally silent viral RNA (vRNA)-, from those that are 

actively transcribing vRNA+. These findings detected productively infected vRNA 

and vDNA+ cells in tissue  reservoirs and demonstrated the importance of the 

BCFs as an important anatomical compartment during treatment 297.The same 

group of investigators also quantified SIV in lymphoid tissue (i.e. LN, gut, lungs 

and spleen)  of SIV-infected NHP, which contained >98% of SIV RNA and 

DNA cells before ART. The administration of ART substantially decreased the 

amount of SIV RNA and DNA cells; however, SIV RNA and DNA remained 

detectable, with the presence of lower drug concentrations in LN tissue than 

peripheral blood. Notably, these findings highlight the challenges faced in 

developing cure strategies that must target several anatomical compartments of 

infected cells that harbor replication competent virus 163. 

       With successful detection of both vRNA and vDNA, advances have been made 

to develop an assay which combines both RNAscope and/or DNAscope with 

the combination of immunofluorescent cellular markers in FFPE tissue or cell 

pellets using confocal microscopy. This assay was performed using the Opal-TSA 

system from Perkin-Elmer®, allowing for simultaneous detection to characterize 

distinct immune cells within tissue. This was demonstrated recently, in 

which two immunofluorescently labelled cellular markers; PD-1, cytotoxic T-

lymphocyte-associated protein 4 (CTLA-4) and CD4+ T-cell, in combination 

with DNAscope 
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have been used to study SIV tissue reservoirs. In SIV-infected RM on ART, SIV 

DNA was detected with infectious virus in CTLA-4+PD-1- cells, primarily outside 

the BCF region of LN tissue 309.  

Although the usage of confocal microscopy delivers specificity in viral 

detection, it is unfortunately limited by the available wavelengths of light produced 

by lasers. This is not the case when using the conventional fluorescence microscope 

which makes use of a mercury lamp and offers a range of excitation wavelengths 310.  

To date, most studies focusing on HIV-1 persistence in tissue have investigated 

the reservoir using confocal microscopes, limiting the number of markers for cellular 

phenotyping in combination with both HIV-1 RNA and/or DNAscope. Given that 

there is persistence of HIV-1-1 in the setting of ART, it is therefore important to 

obtain a better understanding with detailed immunophenotypic information of 

the viral reservoir in tissue.  

We therefore optimized and developed an assay which will allow us to 

combine both HIV-1 RNA and/ or DNAscope with IHC. This will allow us to detect 

multiple antigens such as CD4, FoxP3, CTLA-4 and PD-1 in FFPE tissue sections to 

define and understand HIV-1 in PLWH on ART.  

1.8 AN OVERVIEW OF REGULATORY T-CELLS (TREGS) 

 The earliest discovery of Tregs in 1969 demonstrated a suppressive T-cell 

function as a result of neonatal thymectomy in mice 311. Since then, Sakaguchi and 

colleagues identified a subset of CD4+ T-cells expressing CD25 (the alpha chain of 

the IL-2 receptor) in the thymus that can prevent autoimmunity in mice 312. 

Development of T-cells occurs in the thymus with their T-cell lineage regulated by 

the notch pathway 313. In the thymus these cells develop into four T-cell types, these 

include; naïve CD8+ T-cells, naïve CD4+ T-cell, natural killer T-cells and natural 

Tregs (nTregs), also known as naïve Tregs. The development of nTregs is initiated 

through the interaction between TCR and MHC II with the self-peptides from APCs 

in the thymus. Based on a strong TCR signal with self-peptide, CD4+ thymoctyes 

undergo positive selection and differentiate into nTregs and CD4+ T-cell in the 

thymus. Lower affinity of the T-cell receptor with self-peptide leads to positive 

selection of CD4+ T-cells.  
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Most naïve CD4+ single positive cells either undergo negative selection as a 

result of a weak TCR signal or with a high affinity for TCR undergo positive 

selection. As a result, these cells escape deletion and differentiate into Tregs 314. 

Unlike nTregs which fulfil their suppressive role immediately, naïve CD4+ T-cells, 

on the other hand, rely on other signals for their activation. Naïve CD4+ T-cells 

expression is triggered when MHC II interacts with T-cell receptor 315–317 on the 

surface of  an APC, following co-stimulatory signalling by CD28 interaction with 

CD80 or CD86. Lastly the secretion of cytokines by the APCs, leading to the 

differentiation of induced regulatory T-cells (iTregs)  where they mature in the 

periphery (reviewed in 318). 

The role of FoxP3 has shown to play an essential role in the development and 

function of Tregs. Foxp3 has been demonstrated to be key regulator and a reliable 

signature of Treg lineage (mostly in the thymus) 319. In mice, FoxP3 is constitutively 

expressed in Tregs and is the most specific marker 320. However, this is the opposite 

in humans as not all Tregs express FoxP3, which is also upregulated in non-CD4 

Tregs or B-cells 321–324. The induction of peripheral FoxP3 can occur through 

transforming growth factor (TGF)-β, promoting Treg induced suppression 325–327. In 

addition, induction of FoxP3 occurs in the Treg precursors as in either the thymus or 

in naïve CD4+ T-cells. Their expression can also become triggered when MHC II 

interacts with TCR 315–317 together with an APC, resulting in a phenotypically 

heterogeneous populations. As a result, there are factors that block nuclear factor 

kappa B (NF-κB), resulting in the inhibition of cytokine expression 328 and 

transcription factor nuclear factor of activated T-cells (NFAT) which regulates gene 

expression and differentiation of Tregs 329,330. Previous studies have also highlighted 

the role of vitamin D as a supplementary candidate for the expansion of Tregs and 

the maintenance of FoxP3. These observations were confirmed with a positive 

correlation with vitamin D concentration levels in serum and the frequency of Tregs 

in PBMC 331–333. 

1.8.1 PHENOTYPIC DIVERSITY IN TREG SUBSETS 

Tregs constitute up to 5-10 % of total CD4+ T-cells 319,334 and can be divided 

into two main groups; these are the nTregs, which leave the thymus to become 

effector Tregs (also referred to as peripheral Tregs) and induced Tregs (iTregs). 
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nTregs develop in the thymus through interaction between TCR and MHC II with 

self-peptides from APCs. Upon antigen stimulation by an APC within the peripheral 

lymphoid organs, T-cells within the thymus differentiate into effector T-cells and 

iTregs. iTregs are further divided into transforming growth factor beta (TGF-β) 

secreting T helper 3 (Th3) cells 335 and interleukin-10 (IL-10) secreting regulatory 

type 1 (Tr1) T-cells 336 where they are matured in the periphery (Figure 1.6). 
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Figure 1.6 Differentiation of Tregs into subsets. The maturation of nTregs and 

Tregs derived from naïve CD4+ T-cells takes places once these cells leave the thymus. There, 

nTregs differentiate into effector Tregs and naïve CD4+ T-cells into iTregs, or Tr1 and Th3 

T-cells. Tregs represent a heterogeneous population are distinctively phenotyped based on

intracellular or surface markers. (Adapted from 337). Abbreviations: nTregs: natural Tregs; 

Tr1: regulatory type 1; Th3: T helper 3; iTregs: inducible Tregs. 



39 

Because FoxP3+ marks heterogeneous populations constituted of nTregs and 

iTregs, other markers have been identified and used to distinguish the different Treg 

sub-populations 338. One of the earliest markers used to identify Tregs is CD25 339,340; 

however, CD25 is also a marker for T-cell activation and is therefore not exclusive to 

Tregs, rendering it an unsuited marker for characterizing Tregs 341. In addition, the 

IL-7 receptor (CD127) is used as an additional marker of Tregs, and has shown to 

inversely correlate with FoxP3 and suppression on Tregs 342,343. This has promoted 

the consistent identification of Tregs in combination with FoxP3 expression, and 

surface expression of CD4, CD25 and CD127 as key markers in past and recent 

studies to dissect populations of Tregs. A variety of other markers have been used to 

identify Tregs such as TIM-3, TIGIT, CD39, CD45RO, PD-1, CTLA-4 latency-

associated peptide (LAP) and C-C Motif Chemokine Receptor 8 (CCR8), all which 

are not specific for iTregs, as they can also be expressed on other activated T-cells 

344–350. 

The combination of CD25 high, CD127 low and FoxP3+  are the first group of 

Treg subset classification and are the most commonly used markers used to sort and 

study Tregs. However, FoxP3+ is excluded for sorting Tregs as they require 

intracellular staining, which leads to non-viable cells 351–356. Although combining 

CD127 with other markers has been highly beneficial to identify and sort Tregs, high 

CD127 expression on iTregs were reported 357. In addition, several studies have also 

reported downregulation of CD127 on naïve T-cells 358 and other nonTregs in PLWH 

359,360. Thus, CD127 low expression is not an intrinsic characteristic of Tregs as it is 

unable to distinguish between activated T-cells, particularly during HIV-1 infection, 

indicating possible contamination with CD4+CD25+ T-cells 361.  

The second classification of Treg subsets proposed was based on the 

expression of CD45RA, CD25 and FoxP3. CD45RA can be used for the distinction 

of naive and effector Tregs and can be further divided into three fractions: (i) 

naïve/resting Tregs (CD25low FoxP3low CD45RA-), (ii) effector Tregs (CD4+ 

CD25high FoxP3high CD45RAhigh) and (iii) non-Tregs (CD4+ CD25low CD45RA- 

FoxP3low CD25low) 362 (Figure 1.8). To date, there is not enough evidence to 

determine if these effector Treg subsets are thymic derived or if these Tregs are 

iTregs developed in the periphery. A recent in vitro study combined CD4, CD45RA, 

CD25, CD127 and FoxP3 to identify distinct Treg subsets with naïve phenotype 
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(CD4+ CD25+ CD127low CD45RA+ FoxP3+) and Tregs with a memory phenotype 

(CD4+ CD25+ CD127low CD45RA- FoxP3+). In addition, naïve/resting Tregs also 

possess and maintain a FoxP3+ regulatory T-cell specific demethylation region 

(TSDR) demethylated phenotype. This phenotype is associated with the stability of 

FoxP3 and is exclusive for Tregs 363 during in vitro expansion 364. Notably, sorting 

for a purified population of nTreg from total Tregs by combining CD45RA with 

CD4, CD25 and CD127 may be potentially beneficial for targeting in therapeutic 

immune interventions such as the depletion of Tregs in tumours 365,366.  
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Figure 1.7 Flow cytometry profiling of phenotypically distinct Treg 

groups. Phenotypic markers enriched on Tregs were used to establish two distinct groups of 

Tregs based on gating strategies. A) First group of Tregs were sorted based on the expression 

of CD3, CD4, CD25, CD127 and FoxP3. Gating strategies identified total Tregs that were 

CD3+ CD4+ CD127low CD25+ and FoxP3+. B) Alternatively, Tregs can be divided using 

CD45RA. Here, CD4+ CD25+ T-cells can be fractioned into three groups, (i) CD45+ FoxP3 

naïve/resting Tregs, (ii) CD45RA- FoxP3+ effector/activated Tregs and (iii) CD45- FoxP3- 

nonTregs.(Adapted from 367,368).  
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1.8.2 THE PHYSIOLOGICAL FUNCTION OF TREGS 

nTregs are co-stimulated by the CD28 molecule with paracrine IL-2 playing an 

essential role in maintaining thymic development and peripheral homeostasis 32,369. 

iTreg differentiate from thymic derived naïve CD4+ T-cells upon stimulation or in 

the presence of cytokines, following upregulation of FoxP3 in the periphery 370. The 

presence of TGF-β promotes the development of these cells to become CD25+ cells 

through binding of transcription factors NFAT and SMAD (an acronym from the 

fusion of Caenorhabditis elegans Sma genes) and as a result leading to the induction 

of FoxP3 371,372.  In vitro studies have shown that Tregs in the absence of APCs can 

suppress CD4+ and CD8+ T-cells in a contact-dependent, antigen-independent 

manner 373,374. Unlike nTregs, iTregs have a reduced dependency on IL-2 which is 

not required for their maintenance, and are instead maintained by inducible 

costimulatory (ICOS) 369.  

Unlike other iTregs, IL-10 producing Tr1 cells are unable to express FoxP3 

constitutively and are defined based on their coexpression of lymphocyte-activation 

gene-3 (LAG-3) and CD49b 375 and through IL-10 and TGF-β carry out their 

suppressive function through a contact independent pathway as well cell dependent 

inhibition, metabolic disruption and cytolysis 376.  

TGF-β producing cells Th3, which are derived from naïve CD4+ T-cells, are 

identified based on the expression of CD4 and LAP. In vitro studies have shown that 

Th3 can be generated in the presence of TGF-β, IL-4, and IL-10, while potentially 

shifting towards a FoxP3+ iTreg phenotype. Th3 is associated with oral tolerance of 

self-antigen where they exhibit TGF-β suppression 377,378. 

Thus, Tregs can be defined based on the expression of markers and cytokines 

they release, allowing the classification on Treg populations, denoting their 

suppressive profile in each subset.  

1.8.3 TISSUE RESIDENT TREGS 

As mentioned earlier, the expression of chemokines promotes the migration of 

Tregs from the thymus to lymphoid and non-lymphoid tissue. CD62Lhigh, 

CCR7high and cell surface adhesion receptor CD44low on nTregs, allows them to 

actively migrate through lymphoid organs before exiting the thymus. In addition, the 

downregulation of CD62L, CCR7 and the upregulation of CD44 expression on 
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iTregs as a result of antigenic simulation are associated with reduced non-lymphoid 

tissue homing potential 369,379. Thus, the expression of chemokines and adhesion 

molecules may promote trafficking to various lymphoid and non-lymphoid tissues, 

demonstrating that Tregs are able to adapt to their environment and promote tissue 

homeostasis in several settings (Figure 1.9).   

This can be further explained by looking at Th17-like Tregs, which mediate 

immunosuppression in the gut 343,344 and the relationship between the expression of 

Th17 key regulators, transcription factors RAR-related orphan receptor gamma 

(RORγt) and FoxP3. Notably, the microbiota may provide signals to induce these 

FoxP3+ Th17-like Tregs to activate signal transducer and activator of transcription 5 

(STAT5) or generate Th17 in the gut through interleukin 1 beta (IL-1β)/ interleukin 6 

(IL-6) signalling. Visceral adipose tissue (VAT) FoxP3+Tregs and peroxisome 

proliferator-activated receptor (PPAR)-γ in adipose tissue expresses high levels of 

the enzyme 15-hydroxyprostaglandin dehydrogenase which allows them to inhibit 

effector T-cells 380. The secretion of amphiregulin produced by FoxP3+ Tregs is 

essential for the regeneration of muscle cells, repairing lung damage and the 

secretion of the growth factor cellular communication network factor 3 (CCN3) in 

the CNS used to develop the brain (reviewed in 381). As mentioned earlier, a 

specialized subset of Tregs, Tfr cells play a role in limiting the function of Tfh cells 

in the GCs and are driven by transcription regulators including FoxP3+ 382.  
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Figure 1.8 Tregs displayed in lymphoid and non-lymphoid tissue. The 

phenotype of Tregs and the mechanism they use to exert their suppressive function enable 

them to adapt to their environment. Tregs upregulate various chemokine receptors and 

transcription factors supporting their function and navigating to guide these cells towards 

lymphoid tissue such as LNs and the gut and non-lymphoid tissues; adipose tissue, CNS, 

lungs or muscles where they can localize. Treg subsets can suppress Tfh cells, Th17 cells, 

and effector cells or release the growth regulatory protein CCN3 or the secretion of 

amphiregulin. (Adapted from 383). Abbreviations: LNs: lymph nodes; CNS: Central Nervous 

System; Tfh cells: T follicular helper cells; Th17: T helper 17; CNS: Central Nervous 

System; CCN3: Cellular Communication Network Factor 3. 



45 

1.8.3.1 FOLLICULAR TREGS 

It was not until less than ten years ago that the physiology of Tfr cells was 

described in mice 382,384,385. Tfr cells share similar phenotypes with Tregs and Tfh but 

differ in their transcriptional profile compared to the traditional Tregs described 

earlier  382. NFAT allows for the upregulation of CXCR5 expression on Tfr cells 

which allows trafficking into C‐X‐C motif chemokine ligand 13 (CXCL13) enriched 

regions towards the GCs and is maintained by the expression of Bcl6 386. 

 In addition, Tfr cells express transcription repressor protein B lymphocyte-

induced maturation protein 1 (Blimp1), which is known for its suppressive function 

on Bcl6 387. These cells also express markers similar to Tfh such as PD-1, Bcl6 and 

ICOS and traditional Tregs including FoxP3 glucocorticoid-induced tumour necrosis 

factor receptor (GITR) and CTLA-4 382,384,388. One study found two distinct 

subpopulations of Tfr cells, CD25+ and CD25- cells. Unlike CD25+Tfr cells, CD25- 

Tfr cells are able to expand independent of IL-2, while stably expressing FoxP3 and 

Bcl, allowing them to migrate towards the  GCs 389 CD25+. Notably, Tfr cells are 

also the only FoxP3- cells that expressed CD25+ and are able to produce high levels 

of Bcl6 389,390. This phenotype allows Tfr cells to modulate B-cells and the formation 

of autoreactive Tfh cells in the thymus and periphery.  

The mechanism by which Tfr cells can suppress Tfh cells has not been well 

defined. To further understand this, one study demonstrated that Tfr cells derived IL-

10 in response to an acute viral infection which promoted GC response 391. Another 

study showed that Tfr cells in the GCs that correlated with a suppressed development 

of granzyme B expressing Tfh cells 392. Moreover, the exposure of Tfr cells to 

antigens, allows these cells to differentiate with DCs initiating this process 382,390,393.  

In addition, they also shape the quantity and quality of B-cells by suppressing 

humoral immune responses in the GCs (reviewed in 394). Tfr cells can be found in the 

blood, spleen and lymphoid tissues such as PPs and LNs 395.  

1.8.3.2 PERSISTENCE OF HIV-1 ON ART 

Both eTregs and Tfr cells are found in LNs, where the majority of eTregs 

reside in the TCZ. Tfr cells reside between the T-B cell zone and a few found in GCs 

391,396,397. A few studies have shown that Tfr cells are differentiated from either 

nTregs precursor cells in the thymus 384,398 or similar to Tfh cells, naïve CD4+ T-cells 

390. Here these cells undergo differentiation and migrate to different zones of the LNs
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(reviewed in 399) (Figure 1.8). Similar to Tfh cells, Tfr cells also require the LN 

microenvironment for their differentiation and function as these cells rely on signals 

such as ICOS and Bcl6 382,384.  

So far two models have been proposed to explain the differentiation that Tfr 

cells undergo while entering follicle compartments. One proposed model suggests 

that upon stimulation, nTregs in the thymus can differentiate into Tfr cells in the 

TCZ as a result of DCs priming before receiving further stimulation from B-cell 

interactions as they migrate towards the follicles and GCs.  

Moreover, one proportion of these cells will remain localized in the TCZ, while 

other cells may become effector Tfr (eTFr) cells and recirculate to PBMCs. The 

circulating eTfr cells have shown to have a rapid memory response to Tfh cells but 

are less suppressive than LNs Tfr cells 400. Next, Tfr cells in the TCZ can migrate 

between the TCZ and the BCZ where these cells interact with B-cells, while lastly 

migrating to the GC 401. Similarly, another model suggests that key events from Tfr 

cells primarily take place in the follicles before they reach the GCs. Thymic derived 

CXCR5-CD25+ nTregs may also differentiate into CXCR5+CD25+Tfr cells in the 

follicles to CXCR5- CD25+ Tfr cells in the GCs. Alternatively, microscopic analysis 

of LN tissues showed that nTregs in the thymus are also able to differentiate into 

CD25+ CXCR5- while residing within the follicles and controlling the formation of 

Tfh cells by suppressing the interaction between the DCs and naïve T-cells 402 .  
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Figure 1.9 Schematic overview of the differentiation of Tfr cells in 

different region of the LNs. Tfr cells may either be generated from natural Tregs 

(nTregs) or naïve T-cells in the thymus. Thymic derived naïve T-cell can differentiate into 

Tfr cells upon signals from DCs during the interaction of T-cell receptor and MHCII in the 

TCZ. Alternatively, Tfr cells may also develop as a result of natural Tregs interacting with 

DCs through the signals provided by these cells in the TCZ. These cells then migrate from 

the TCZ, follicles into the GC where they may encounter other APCs such as B-cells or 

follicular dendritic cells. Alternatively, Tfr cells may also recirculate and become eTregs or 

migrate to the GCs where they suppress Tfh and GCs responses on B-cells. Transcription 

factors FoxP3 and Blimp-1 in Tfr cells direct the expression of Tfr key genes such as 

CXCR5, CD25, Bcl6 and ICOS. Abbreviations: nTregs: natural Treg; Tfr: T-follicular 

regulatory T-cell; eTreg: effector Treg; Tfh: T-follicular helper cell: FDC: Follicular 

dendritic cell; cTfr: central T-follicular regulatory T-cell; RBC: Red blood cell; TCZ: T-cell 

zone; DC: dendritic cell; GC: germinal centre (Adapted from 399). 
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1.8.4 TREGS DURING HIV-1 

1.8.4.1 SUSCEPTIBILITY OF TREGS DURING HIV-1 

CCR5 and CXCR4 have been identified as receptors expressed on Tregs 403,404 

and showed to be susceptible to HIV-1 infection, with their susceptibility to either 

CXCR4-using (X4) or CCR5-using (R5) HIV-1 strains. Moreno and colleagues 

demonstrated in an in vitro study using either X4 or R5 viruses, that Tregs were more 

susceptible to X4 viruses compared to R5 viruses can infect Tregs and were not 

preferentially infected with HIV-1 compared to other CD4+ T-cell subsets 405. In a 

humanized mice model, Tregs was rendered more susceptible to R5 viruses as a 

result of Vpr stimulating R5 HIV-1 replication, expanding Treg viral production 406. 

In tissue, Tfr cells were shown to be highly susceptible to R5 viruses in PLWH on 

ART 407. 

1.8.4.2 TREGS FREQUENCY IN TREATED AND UNTREATED PLWH 

There have been several conflicting results in regards to the proportion of 

Tregs among CD4+ T-cells in PLWH compared to healthy controls 408–413. The 

frequency of Tregs and cell cycle marker for proliferation Ki67 was higher in 

untreated PLWH in comparison to other memory CD4+ T-cell subsets 414. This was 

also demonstrated in another study in which the proportion of Tregs within CD4+ T-

cells populations increased and correlated positively with HIV-1 viral load in 

untreated PLWH 415. These observations were recently followed up demonstrating 

that Tregs defined as CD4+CD25+CD127- are increased in untreated PLWH during 

chronic infection compared to healthy individuals 416.   

Besides peripheral blood, GALT which contains a significant amount of Tregs 

as previously mentioned was also investigated during SIV chronic infection. This 

study demonstrated an increase in the  frequency of Tregs in GALT of  SIV-infected 

RM off ART 417. In contrast, another study showed no difference between the 

frequency of Tregs in untreated PLWH and uninfected individuals 418. 

In one study in PLWH off ART, the frequency of Tregs was shown to have an 

inverse relationship with plasma viral load 419. The authors identified a decrease in 

the total number of Tregs, which correlated with viremia and immune activation 419. 

Two more studies also documented a decrease in the frequency of Tregs in untreated 

PLWH during chronic infection, compared to healthy donors 420–422. 
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In PLWH on ART, the frequency of Tregs increased and immune activation 

significantly decreased six months post ART 423. Several groups have reported that 

the number of Tregs and immune activation normalized in PLWH on ART 424–426, 

while others have shown an increase during treatment 418,425,427,428 with higher levels 

of Tregs compared to uninfected controls 429. In a recent study of PLWH on stable 

suppressive ART, ART intensification decreased the frequency of Tregs compared to 

untreated individuals, indicating the effectiveness of ART 430.  In summary, these 

findings suggest that uninterrupted ART may reduce the expansion of Tregs during 

HIV-1 infection. These results were all assessed by flow cytometry and IHC; 

however, each study used different markers to define Tregs, making cross study 

comparisons difficult. 
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Off ART

PLWH   (n=21)         Decrease in Treg frequency in blood          Flow gating CD4+ CD25+ FoxP3+ 419

 compared to HD 

PLWH   (n=16)         Decrease in Treg frequency in blood          Flow gating CD4+ CD45RA-FoxP3+ 420

 compared to HD 

PLWH   (n=15)         Decrease in Treg frequency in blood           Flow gating   CD4+ CD25+ FoxP3+ 422

 compared to PLWH on ART 

PLWH   (n=38)         Decrease in Treg frequency in blood           Flow gating    CD4+ CD25+      421

 compared to HD 

PLWH   (n=131)       Increase in Treg frequency in blood  Flow gating  CD4+CD25+ FoxP3/ 414

 compared to HD  Isolation/flow gating CD4+CD25+ CD127lo 

NHP      (n=8)          Increase in Treg frequency in GALT           Isolation/flow gating/IHC       CD4+CD25+ FoxP3+ 417

PLWH   (n=10)        No difference in Tregs frequency in           IHC         CD4+ FoxP3+ 418

GALT compared to HD and ECs 

On ART

PLWH  (n=12) Decrease in Treg frequency in blood Isolation/flow gating CD4+CD25+ CD127low FoxP3+       423

compared to HD 

PLWH  (n=18) Normalized Treg frequency in blood Flow gating CD4+ CD25+ CD127- FoxP3+ 424

Cohort Effect on Tregs      Method   Treg marker        Ref 

Table 1.4 Frequency of Tregs in PLWH on and off ART 
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compared to HD 

PLWH  (n=20)           Normalized Treg frequency in blood Flow gating CD4+ CD25+ CD127- 426

compared to ECs 

PLWH  (n=21) Increase in Treg frequency in blood Flow gating CD4+CD25+  FoxP3+ 430

compared to PLWH off ART 

PLWH  (n=12)           Increase in Treg frequency in blood Flow gating CD4+ CD25+ CD127- 427

compared to HD 

PLWH  (n=18)           Increase in Treg frequency in blood Flow gating CD4+ CD25+ CD127- 428

compared to PLWH on ART and IL-2 

PLWH  (n=32)           Increase in Treg frequency in blood Flow gating CD4+ CD25+ FoxP3+ 429

compared to HD 

HD: healthy donor; ECs: elite controllers; NHP: non-human primate; GALT; gut-associated lymphoid tissue; PLWH: people living with HIV-1 
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1.8.4.3 Effect of HIV-1 on Treg function 

Of note, there has been conflicting evidence on the suppressive activity of 

Tregs during HIV-1. Two in vitro studies reported that HIV-1 had no effect on the 

suppressive function of Tregs 405,431, while another study showed that these cells had 

a lower suppressive capacity and a decrease in Foxp3 suppression when compared to 

uninfected Tregs 432. 

1.8.4.4 Tregs as a reservoir during art 

There are multiple studies that have investigated whether Tregs are a reservoir 

during HIV-1 persistence on ART. Resting Tregs defined by the expression of CD4+ 

CD25+ HLADR-CD69-  contained more HIV-1 compared to non-Tregs, suggesting 

that Tregs contribute to the viral reservoir 433. These findings were also confirmed in 

a more recent study where CD4+ CD25+ CD127low Tregs harbouring higher levels 

of HIV-1-DNA were more abundant compared to non-Tregs in PLWH on and off 

treatment. In this study, intracellular HIV-1-1 p24 levels as well as p24 antigen levels 

in cell culture supernatant were examined in PBMCs, PBMCs depleted of Tregs, and 

Tregs. The p24 levels in Tregs, as well as the supernatant culture of Tregs were 

higher compared to PBMCs and PBMCs depleted of Tregs 434.  

So far, one study measured replication competent provirus in Tregs compared 

to other CD4+ T-cell subsets using droplet digital PCR (ddPCR), as well as total 

HIV-1 DNA. The Tregs in this study were sorted based on the expression of 

CD4+CD25+ CD127low and showed no difference in the total amount of HIV-1 

DNA in Tregs compared to TCM or TEM. Notably, this study led to a skewed 

representation of the replication competent provirus in these T-cells, as this assay 

was limited due to a low yield of Tregs, resulting in results from two of the ten study 

participants on ART 435.  

Recently, analysis in LNs from SIV-infected macaques confirmed that a subset 

of Tregs expressing ICs CD4+CTLA-4+ contained significantly more SIV DNA 

compared to CD4+ CTLA-4- cells. Due to the anatomical location, these cells were 

suggested to be Tfr cells, however, this study was unable to validate this finding due 

to the limitations such as including the intracellular marker FoxP3 used to define 

Tregs 155. 
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In addition, one in vivo study showed that Tregs can inhibit HIV-1 through 

cyclic adenosine monophosphate (cAMP) dependent protein kinase A pathway to 

suppress HIV-1 infection in humanized mice. This study reported HIV-1 gene 

expression and replication inhibition by Tregs via Adenylyl Cyclase–Dependent 

cAMP and a decrease of the HIV-1 reservoir during ART as a result of Treg 

depletion 436. 
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Phenotype of Tregs Assay Main Findings  Ref 

CD4+CD25+ Limiting cell dilution PCR     Abundant HIV-1 DNA in Tregs compared  to nonTregs from sorted PBMCs 437

HLADR-CD69-  

FoxP3+ 

CD4+CD25+ qPCR, ELISA for p24 HIV-1 DNA levels in Tregs were 10 fold higher than nonTregs 438

CD127low

CD4+CD25+ droplet digital PCR no difference in the total amount of HIV-1 DNA in Tregs compared to TCM   439

CD127low VOA or TEM  in PBMCs

CD4+ CTLA-4+          DNAscope, IHC, qPCR          CD4+ CTLA-4+ contained significantly more SIV DNA compared to CD4+        155

PD-1- droplet digital PCR                 CTLA-4- in LN, PMBCs and spleen 

Table 1.5 Summary of studies examining Tregs as a potential reservoir during HIV-1 

ELISA: enzyme-linked immunosorbent assay; qPCR: quantitative polymerase chain reaction; IHC: immunohistochemistry; VOA: Viral outgrowth assay; 

PMBCs: peripheral blood mononuclear cells 
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1.9 IMMUNE CHECKPOINTS (ICS) 

During ART, HIV-1 persists in CD4+ T-cells that express immune checkpoints 

(ICs). ICs provide feedback responses that keep T-ells in check by maintaining self-

tolerance, preventing autoimmunity and minimize collateral tissue damage (reviewed 

in 440). Some ICs are expressed in peripheral tissues. Moreover, IC proteins and their 

respective ligands vary in their level of expression on immune cells (reviewed in 441). 

Recently, studies have shown that cells that express multiple ICs compared to cells 

that don’t express these ICs are more likely to harbour latent HIV-1 in PLWH on 

ART 156,199,309,442,443. 

Thus far, several ICs have been identified with the most studied molecules 

including CTLA-4, PD-1, LAG-3, TIM-3 (reviewed in 440). Other ICs include, B and 

T-lymphocyte attenuator (BTLA) and V-domain Ig suppressor of T-cell activation

(VISTA) that are expressed on several immune cell subsets (reviewed in 444). Figure 

1.10 is an overview of some of the identified ICs pathway and their receptor.  
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Figure 1.10 Immuno-stimulatory checkpoints and their targets on T-cells 

and APCs. Immune checkpoints bind to ligands delivering an inhibitory signal. These 

include PD-1, CTLA-4, LAG-3, TIM-3, TIGIT, BTLA and VISTA with their respective 

ligands. Abbreviations: APC: antigen presenting cell; CTLA-4: cytotoxic T lymphocyte 

antigen-4; PD-1: Programmed cell death protein 1; LAG-3: Lymphocyte-activation gene 3; 

BTLA: B and T-lymphocyte attenuator; VISTA: V-domain Ig suppressor of T-cell 

activation; CEACAM1: Carcinoembryonic antigen-related cell adhesion molecule 1; VSIG-

3: V-Set and immunoglobulin domain containing 3; NECTIN2: Nectin cell adhesion 

molecule 2; Galectin-3: Galactose specific lectin 3 (Adapted from  440).  
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Both PD-1 and CTLA-4 regulate immune responses, however operating by 

different mechanisms. They are so far the two most actively studied ICs, particularly 

in the context of cancer and persistent pathogens 445. CTLA-4 is primarily localized 

in several intracellular compartments such as the endosomes, lysosomes and the 

trans-Golgi network 446,447. Factors such as endocytosis and intracellular trafficking 

to the cell surface determine the overall level of expression of CTLA-4 on the 

surface of a T-cell (reviewed in 448). CTLA-4 is predominantly expressed on CD4+ T-

cells, and is retained considerably longer on the surface of memory T-cells such as 

Tregs, compared to activated effector T cells 449.  

CTLA-4 functions by regulating early stages of T-cell activation through 

binding of CTLA-4 to their ligands CD80/86, inducing a potent negative signalling 

cascade. By preventing the interaction of CD28 and CD80/86, which is required for 

T-cell activation, CTLA-4 binding to CD80/86 consequently results in tolerance 450.

Moreover, blocking CTLA-4 engagement with its ligand CD80/86 reduces the 

interaction of Tregs and T-cells, while increasing the T-cell proliferation 451. 

Engagement of CTLA-4 binding to its ligand prevents the TCR stop signal, which is 

involved in sustaining the immunological synapse for the interactions between TCR 

and its peptide-MHC ligand. Moreover, both naïve and resting memory T-cells 

express CD28. In contrast to CD28, CTLA-4 is only expressed upon antigen 

engagement, and as a result, feedback inhibition can occur. Moreover, CTLA-4 is 

also involved in modulating T-cell responses against cancer and persistent 

pathogenic infections. Whereas the role of CTLA-4 in CD4+ T cells is shown to 

downmodulate its activity, the role of CTLA-4 in Tregs is to enhance its suppressive 

function. Additionally, LN and blood showed similar levels of CTLA-4 expression in 

Tregs 452,453. 

In contrast to CTLA-4, PD-1 is expressed on T-cells that have been in contact 

with an antigen in the periphery, such as activated T- and B-cells, but is absent in 

resting naïve memory T cells 454,455. The expression of PD-1 can result in the 

inhibition of T-cell activation kinases when binding of PD-1 to either one of its two 

ligands, PD-L1 and PD-L2, takes place. Once binding takes place, PD-1 forms a 

cluster with TCR while activating phosphatase SHP2 (Src homology 2 domain-

containing tyrosine phosphatase 2) and induces the dephosphorylation of the 
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proximal TCR signalling molecules. Continuous chronic antigen exposure can lead 

to persistently high levels of PD-1, resulting in anergy or exhaustion of CD4+ or 

CD8+ T-cells. However, more studies need to be done in order to understand the 

molecular mechanisms by which these pathways function and how and when T-cell 

exhaustion is initiated 456,457.   

1.9.1 ICS AND HIV-1 PERSISTENCE ON ART 

The relationship between expression of ICs on CD4+ T-cells and HIV-1 

persistence in PLWH on ART has been explored in several studies. This relationship 

can be assessed in vitro using different HIV-1 latency models or assessing blood or 

LN tissue from PLWH or SIV-infected NHP on ART. Our laboratory demonstrated 

using an in vitro model of co-culture of dendritic cells with T-cells that inhibition of 

PD-1 during infection favoured the establishment of latency 458. In this model, cells 

expressing PD-1 compared to cells that didn’t express PD1 were enriched for HIV-1. 

Finally we also demonstrated in the same in vitro model that cells expressing PD-1 

and TIM-3 were highly enriched for latent HIV-1 458.  

Using CD4+ T-cells from PLWH on ART, HIV-1 proviral DNA is harboured 

by memory CD4+ T-cells expressing PD-1 compared to cells that don’t express PD-1 

128. A subsequent study in PLWH on ART showed that CD4+ T-cells that expressed

ICs compared to cells that didn’t express ICs contained a higher frequency of cells 

infected with replication competent virus 156. Correspondingly, Banga and colleagues 

also found replication competent virus in PD-1+Tfh cells isolated from LNs in 

PLWH on ART 199.  

In addition to PD-1, other ICs have also been shown to be expressed on cells 

enriched for HIV-1 in PLWH on ART. We showed that HIV-1 was enriched in cells 

that express PD1, TIGIT and TIM-3 459. In SIV-infected NHP on ART, imaging 

analysis of CD4+ T-cells expressing CTLA-4+ from LNs showed colocalization and 

enrichment of HIV-1 DNA 155. Similar studies of the relationship between CTLA4 

and HIV-1 in tissue have not been performed in PLWH. 
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1.10 CURE STRATEGY 

Ten years after the Berlin patient was reported cured, a second individual 

known as the London patient on ART was effectively cured of HIV-1 infection 460. 

These two individuals underwent a risky process for treating malignancy. This was 

achieved by allogenic stem-cell transplant from compatible donors who were 

homozygous for CCR5-delta 32 (Δ32) deletion, preventing HIV-1 infection 

susceptibility 460,461. Although this intervention shows that curing HIV-1 is possible, 

such interventions are not feasible as they are also associated with high morbidity 

and mortality rates 462. Therefore, less invasive strategies will be required for an 

effective cure to be developed to eliminate latently infected cells.  

Several approaches are being investigated for eradicating the HIV-1 reservoir. 

These include strategies that can reverse HIV-1 latency, also known as the “shock 

and kill” strategy 463. This strategy  uses compounds to reactivate the integrated 

proviral DNA called latency reversing agents (LRAs), forcing the latently infected 

cell to express HIV-1 proteins or virions allowing for recognition and clearance by 

HIV-1-specific T-cells 464. If this is done in PLWH on ART, uninfected cells are 

protected from further rounds of infection (reviewed in 465,466). To date, this approach 

has not led to clearance of infected cells. Whether this is because more potent latency 

reversal is needed, more cells need to express HIV-1 proteins or that the latently 

infected cells are primed to survive remains unclear. 467. As a consequence of these 

findings, current approaches include the combination of LRAs with strategies that 

induce immune function (reviewed in 468). Another strategy which aims to control the 

HIV-1 reservoir is the “block and lock” approach. Block and lock functions by 

“blocking” HIV-1 transcription, resulting in the suppression of latency and “locking” 

the HIV-1 promoter in a deep latent state via epigenetic modifications (review in 469). 

1.10.1 SHOCK AND KILL STRATEGY 

1. Epigenetic modifiers

The first LRAs investigated in clinical trials were the anti-cancer agents,

Histone Deacetylase Inhibitors (HDACi). HDACs deactylate lysine residues on 

histones, inducing chromatic condensation and repression of gene expression, and 

thus packaging  DNA in a silent state 470. In addition, HDACs have also been shown 
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to be involved in the active repression of HIV-1 expression in its latent state. This 

was confirmed with vorinostat, the first potent HDACi investigated in clinical trials 

471, which increased the expression of HIV-1 RNA in resting memory CD4+ T-cells 

by an average of 4.8 fold 472. Similarly, this was confirmed in another  in vivo study 

which found that multiple doses of vorinostat  resulted in an increase in  viral RNA 

transcription in CD4+ T-cells but had no effect on viral DNA in PLWH on ART 473. 

In a clinical trial study in PLWH on ART, the use of HDACi panobinostat resulted in 

reactivation of the latent HIV-1 reservoir which was measured by a significant 

increase of cell-associated unspliced (CA-US) HIV-1 RNA and plasma HIV-1 RNA 

474. In the same way, romidempsin, a more potent HDACi shown to induce HIV-1

expression ex vivo 475, demonstrated induction of HIV-1 transcription with a 

significant increase in  HIV-1 RNA in plasma 476. 

2. PKC agonists

Another potential strategy to overcome latency involves the transcription

factors that are down-regulated in latently infected CD4+ T-cells. Protein Kinase C 

(PKC) agonists have been found to be highly potent in inducing proviral expression 

through NF-κB pathways. Prostratin and byrostatin-1 are the two well-known PKC 

activators, and have shown to play a role in latency reactivation of HIV-1 477. Unlike 

prostratin, which has not yet reach clinical studies due to its toxicity, byrostatin  

appears to be non-toxic and has been shown to reactivate latently infected cells by 

PKC and 5' adenosine monophosphate-activated kinase (AMPK) pathways, with and 

without the combination of HDACis 478–480.  

3. Bromodomain inhibitors

The LRA JQ1 is a small molecule bromodomain inhibitor that has

demonstrated its potential in inducing viral expression. Additionally, JQ1 has the 

ability to interact with BRD4 a member of bromodomain and extra terminal domain 

(BET) family, with the positive transcriptional elongation factor b (P-TEFb) and to 

compete with Tat for binding to P-TEFb at the HIV-1-1 promoter. Although JQ1 has 

demonstrated low toxicity and has potential to be used as a reactivating agent, studies 

have shown that in vitro results with primary cell and patients gave diverse results 

481,482. 
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1.10.2 BLOCK AND LOCK STRATEGY 

1. siRNA

One of the first studies on “block and lock” investigated strategies to silence 

the HIV-1 promoter using small interfering RNA (siRNA), also known as siPromA 

483. In an in vitro study, siPromA “blocked” HIV-1 transcription in a latently infected

cell line, J-Lat, for more than 21 days. In the presence of LRAs, these cells remained 

resistant to reactivation, promoting their lock effect 484. 2. nullbasic  

Another “block and lock” effect that inhibits HIV-1-1 transcription and 

replication is the mutant form of Tat, also referred to as nullbasic 485. When 

expressed in cell lines 486 or human cells 487, nullbasic can target cellular factors such 

as P-TEFb488. In a mouse model engrafted with human CD4+ T-cells, the effect of 

nullbasic was further investigated as a small molecule gene therapeutic agent, 

referred to as NB-ZSG. In vivo, using a pre-infection model, CD4+ T-cells were 

transduced with nullbasic, then sorted and infected with HIV-1, and then engrafted 

into mice. This approach inhibited virus replication in the mice. In a second 

approach, referred to as the post-infection model, infection of CD4+ T-cells with HIV 

was performed first, followed by the delivery of nullbasic into infected cells using a 

retroviral vector. When these cells were engrafted in mice, HIV replication was 

delated compared with untreated mice  489. 

3. dCA

didehydro-Cortistatin A (dCA), a small molecule inhibitor of Tat, functions by 

binding to the TAR-binding domain of Tat, inhibiting its interaction with TAR and 

blocking Tat transactivation of the HIV promoter 490. Moreover, studies showed that 

dCA had an inhibitory effect on HIV reactivation from latency in vitro 491 and in vivo 

492. So far, dCA is the only “block and lock” therapeutic to advance to NHP studies.

In an ex vivo study, dCA potentially inhibited SIV reactivation from latently infected 

Hut78 cells and  from primary CD4+ T-cells from SIVmac239-infected RM 493. 

Altogether, these data demonstrate the use of dCA in preclinical evaluation and the 

potential of “block and lock” in cure strategies. 
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1.10.3 SECOND MITOCHONDRIAL-DERIVED ACTIVATOR OF 

CASPASES MIMETICS 

Tumour cells can resist apoptosis (programmed cell death) by increasing 

expression of proteins that block pro-apoptotic pathways. Survival signalling and 

apoptosis in cancer cells are regulated by members of inhibitors of apoptosis (IAP) 

protein family (reviewed in 494). Overexpression of IAP may interrupt apoptosis of 

cancer cells, consequently leading to resistance of tumour treatment and are therefore 

considered as therapeutic targets 495. Novel approaches that promote cell death and 

mimic IAP antagonists have been made, such as Smac mimetics 496.  

Smac mimetics are small pro-apoptotic proteins which function as endogenous 

inhibitors 496. Moreover, Smac contains a four-amino acid sequence which binds to a 

direct antagonist of caspase-3, -7, and -9, X-linked IAP (XIAP), baculoviral IAP 

repeat (BIR) 2 (also known as cellular inhibitor of apoptosis; c-IAP1) and 

baculoviral IAP repeat (BIR) 3 (also known as cellular inhibitor of apoptosis; c-

IAP2) domain of IAPs 495. Upon its release from the mitochondria, Smac mimetics 

alters c-IAP1 and c-IAP2 which in turn results in proteasomal degradation and XIAP, 

allowing apoptosis to occur (reviewed in 497).  

Originally developed for cancer treatment, Smac mimetics are being studied in 

reversing HIV-1 latency. In a recent study, macrophages which are permissive to 

HIV-1 and serve as important site of viral persistence 498 were infected with HIV-1 

and treated with small molecule direct inhibitor of apoptosis protein-binding protein 

with low pl (DIABLO)/Smac mimetics to induce cell death. HIV-1-infected 

macrophages were selectively targeted when treated with DIABLO/Smac, resulting 

in BIRC2 and XIAP degradation and inducing autophagy-dependent apoptosis 499.  

Smac mimetics SBI-0637142 were found capable of reversing latency in J-Lat 

cell lines, resulting in an increase of HIV-1 transcription. The same group 

demonstrated synergistic activation and induced apoptosis in isolated resting CD4+ 

T-cells from PLWH on ART using SBI-0637142 and panobinostat 500. A recent

follow-up study using humanized mice on ART demonstrated an increase of latent 

HIV-1 expression when treated with Ciapavir (SBI-0953294), a more potent Smac 

mimetic compared to SBI-063714. In addition, Ciapavir used in combination with 

LRAs JQ-1 and BET protein inhibitor I-BET-151 acted synergistically to reverse 
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HIV-1 latency 501. These studies highlight Smac mimetics as LRAs and efficacious 

therapeutic targets that can eliminate the HIV-1 reservoir.  

1.10.4 TOLL-LIKE RECEPTOR AGONIST 

Pathogen-recognition receptors (PRRs) which are expressed on immune 

subsets are capable of sensing small molecular motifs by recognizing pathogen-

associated molecular patterns (PAMPs) that transduce signals derived from 

pathogenic infections (reviewed in 502). Over the years, PRR ligands have received 

attention as therapeutic drugs against cancers and infectious diseases. The majority 

of PPRs used to treat diseases are agonists of TLRs. TLRs are transmembrane PPRs 

and consist of two groups based on their location within the cells and their cognate 

PAMP. The first subgroup of TLRs: 1, 2 4, 5, 6 and 10 are located on the surface of 

cells and recognize PAMPs present on fungi, protozoa and bacteria. On the contrary, 

the second group of TLRs: TLR3, 7, 8 and 9 are localised within intracellular 

endosomal structures and recognizes bacteria and viruses.  

Increasing numbers of evidence have demonstrated that TLRs agonists 

function as unique LRAs. However, the role of TLR agonists in reversing latency has 

been largely restricted to in vitro studies. TLRs signalling has been shown to lead to 

activation of nuclear factor kappa B (NF-κB) and reactivation of latent HIV-1 

proviruses in combination with other LRAs known to activate the NF-κB pathway, 

such as bryostatin and prostratin 503. Interestingly, a recent study using J-Lat cells 

showed reactivation of HIV-1 latency in the absence of NF-κB activation, indicating 

NF-κB independent signalling of the latent provirus 504. The TLR7 agonist, GS-9620 

a potent compound originally used to treat chronic hepatitis 505 has also been tested 

as a LRA in SIV-infected RMs on ART, showing a decrease of viral DNA in LNs 

and blood 506. In addition, Lim and colleagues also showed promising results when 

treating SIV-infected RMs with GS-9620 once every two weeks 507. The authors 

showed that GS-9620 led to reduction in CA-SIV DNA in sorted CD4+ T-cells from 

blood and tissue. Inconsistent results have been reported with GS-9620 treatment 

which did not result in a decrease in viral DNA blood or tissue nor plasma viremia or 

changes in the viral RNA to DNA ratio  in blood and tissue in SIV-infected RMs 508. 

However, both studies had several differences such as ART initiated at different 
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times after initial infection (65 versus 13 days) and treatment with GS-9620 at 

different times post ART (60 versus 75 weeks).   

Additionally, TLR8 ligand CL75 enhanced HIV-1 replication and induced 

reactivation of latent HIV-1 in CD4+ T-cells isolated from blood in two out nine 

PLWH on ART in the presence of PHA and from one patient when acting alone 509.  

1.10.5 IMMUNE THERAPY 

In conjunction with the above-mentioned strategies, a variety of immune-based 

therapies are also being investigated to eradicate HIV-1-infected cells. These include 

gene editing, bi-specific antibodies, broadly neutralising antibodies (bNAbs), 

chimeric antigen receptor (CAR) T-cells, therapeutic vaccines, Treg depletion, 

immune checkpoint blockers (ICB) 510 (reviewed in 468). Because Tregs have been 

identified as a reservoir for HIV-1 during HIV-1 persistence and a decrease in Tregs 

has been associated with HIV-1 progression, the following section will focus on 

depleting these cells 437,438. Additionally, novel strategies that can block ICB will 

also be discussed based on emerging data that HIV-1 is enriched in cells expressing 

ICs and therefore ICBs could potentially reverse latency and enhance HIV-1-specific 

T-cell function (reviewed in 468).

1.10.5.1 ALTERNATIVE CURE STRATEGIES 

The recent development of anti-tumour immunity using Treg depletion to 

facilitate cancer treatment has been another area of interest for HIV-1 cure. Depletion 

of Tregs have been tested in regulating anti-tumour immunity in mice by using 

antibodies or targeting surface receptors such as CD25, GITR and ICs. In addition, as 

stated previously (section 1.8.4), HIV-1 can alter Tregs suppressive function, which 

has led to targeting and manipulating these cells. However, this may be associated 

with some major challenges when directly targeting FoxP3 Tregs in vivo as activated 

T-cells transiently express Foxp3 511. A recent study has addressed this issue by

suggesting an approach using a mAB which selectively targets Tregs expressing 

CD4 +CD25+CD127low by mediating antibody dependent cellular cytotoxicity 

(ADCC) 512.  

A few surface markers have been investigated and administered for depleting 

or blocking Tregs in several diseases including HIV-1 infection. Tregs can be 
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depleted by targeting their surface maker CD25. The monoclonal antibody 

Daclizumab binds to CD25, which then blocks binding of the receptor IL-2 513. So 

far, Daclizumab has been successfully used in multiple immunological disorders 

including multiple sclerosis 513, but to date, little is known about its role in HIV-1. 

Denileukin diftitox (Ontak) is another component which binds to CD25 with IL-2 

fused with diphtheria toxin, subsequently leading cell death as a result of diphtheria 

entering the cell in cancer 514. Unlike Daclizumab, this compound has also been used 

in studies to deplete Tregs during HIV-1. In a study performed on SIV-infected 

African green monkeys, the use of Ontak resulted in a significant decrease of Tregs 

while reducing CD4+ and CD8+ T-cell activation 515. In addition, Ontak led to a 

decrease in disease progression, increased  immune activation 516,517 and, boosted 

SIV-specific T-cells in peripheral blood and LNs in in SIV infected RM 518. Of 

importance, these two drugs were discontinued and replaced with an improved drug, 

bivalent human IL-2 fusion toxins 514 . 

Another strategy to deplete Tregs is through targeting CCR4 with a diphtheria 

toxin based anti-human CCR4 immunotoxin, which leads to inhibition of protein 

synthesis 519. A significant decrease of  Tregs in LNs was demonstrated when 

depleting Tregs with this drug in NHP 520. 

Cyclophosphamide (Cy), a drug used for chemotherapy, decreased the 

proportion of  nTregs and aTregs in meseothelioma patients 521.  In addition, results 

from one study also reported a decrease in the frequency of aTregs, which was lower 

in LNs that were surgically removed from patients with melanoma cancer 522. 

So far, only one study has looked at the effect of Cy on the HIV-1 reservoir 

and no significant difference was reported in HIV-1 DNA in LNs and PBMCs 

between ART treat alone and ART treated group with Cy. Notably, these patients 

had a detectable plasma viral load, with half of the participants admitting to 

nonadherence to ART, potentially explaining why a decrease of HIV-1 DNA in these 

patients was not detected 523. Further studies are needed to investigate whether Cy 

could be used as a promising treatment for decreasing the HIV-1 reservoir. 
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1.10.5.2 IMMUNE CHECKPOINT BLOCKERS (ICB) IN CANCER 

Cancer cells evade immune destruction by continuously inducing inhibitory 

signals such as ICs. As a result, this has led to studies of ICs, demonstrating that 

blocking these can result in antitumor immunity in preclinical models 524,525.  

The ICs PD-1 and CTLA-4 both play distinct roles in T-cell immunity. In 

cancer, ICs become upregulated causing an inhibitory response and therefore limiting 

the ability of the immune system to produce an effective anti-tumour response. 

Therefore, blocking ICs has gained a tremendous amount of attention in anti-tumour 

immunity. This was demonstrated by Honjo and colleagues whereby blocking PD-1 

led to long-term remission in melanoma 526,527. The basic understanding of CTLA-4 

functioning as a negative regulator of T-cells has led to preclinical observation that 

blocking its negative regulatory function can dramatically enhance anti-tumour 

activity in mouse models, then moving into the successive clinical trials that tested 

this in advance melanoma. Food and Drug Administration (FDA) approved CTLA-4 

IgG1antibody and inhibitor, ipilimumab, was one of the first ICs therapeutic 

antibodies to be investigated in advanced melanoma, showing improved survival in 

phase III clinical trial 528,529. Tumour-reactive T-cells have shown to be highly 

upregulated in melanoma patients; however, this has a beneficial effect due to the 

high proportion of these tumour-reactive T-cells, balance autoimmune toxicity.  

Another immune checkpoint inhibitor, PD-1 and its ligand PD-L1 have been 

demonstrating even more exciting results by elevated anti-tumor activity and reduced 

toxicity, than for the anti-CTLA-4. Anti-PD-1, nivolumab, has shown an effective 

anti-tumor activity in melanoma as well as various cancers 530.  

Although ipilimumab and nivolumab monotherapies may have an impact on 

survival rate, the majority of patients that undergo treatment unfortunately do not 

achieve objective responses to treatment; rather tumour regressions are partially 

eradicated. This has led to immunologic observation, suggesting that treatment 

combination of CTLA-4 and PD-1 could have an additive or synergistic potential. 

Studies in mouse models demonstrated that treatment combination of anti-CTLA-4 

and anti-PD-1 may be synergistic 531,532. Furthermore, combination treatment of 

ipilimumab and nivolumab showed early tumour regression in advanced melanoma. 

The five-year survival rate in patients who received ipilimumab and nivolumab was 
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52%, ipilimumab alone 26% and nivolumab 44%; treatment was related with no new  

side effects, also known as immune-related adverse events 530. 

1.10.5.3 ICB IN HIV-1 

Clinical trials of PD-1and CTLA-4 inhibitors in treated HIV-1-1 disease have 

been initiated, these are summarised in Table 1.4. Animal studies of SIV infection in 

macaques, which is a much closer model to humans than murine, has brought a better 

understanding of the role of ICs pathways in HIV-1. A recent study led by Paiardini 

and colleagues, demonstrated that inhibition of CTLA-4 and/or PD-1 using 

ipilimumab and nivolumab was well tolerated in SIV-infected RM on ART 533. 

Inhibition of CTLA-4 alone or in combination with anti-PD-1 led to an increase in 

CD4+ T-cell activation, proliferation and expanding TEM and CD8+ T-cells in 

peripheral blood and LNs. Notably, the combination of anti-PD-1 and anti-CTLA-4 

increased viral reactivation, SIV-RNA and unparalleled HIV-1- specific CD8+ T-cell 

responses in RM on ART. In addition, this combination also showed a decrease in 

total SIV-RNA or DNA in LNs, particularly in the BCZ 533.  

         In a small randomized study the effect of anti-PDL-1 showed promising results 

by enhancing HIV-1-specific T-cell responses in healthy PLWH without malignant 

cancers on ART, however, this study was discontinued as this antibody was related 

with immune-related adverse events in macaques 534. The impact of ipilimumab and 

nivolumab on the HIV-1 reservoir in an HIV-1-infected patient on ART with 

metastatic melanoma 535,536 and lung cancer 537,538 was studied showing that these 

ICBs were well tolerated and reduced the HIV-1 reservoir 537, consistent with 

previous reports in HIV-1-infection. A study in our lab reported an increase in CA-

US HIV-1 RNA after treatment with ipilimumab and nivolumumab in a HIV-1-

infected individual treated for melanoma 539. Furthermore, ex vivo blockade of PD-1 

pathway with mAb pembrolizumab has shown promising results by enhancing HIV-

1 production without increasing T-cell activation when used in combination with 

bryostatin 540. 

In summary, these results suggest that ICBs PD-1 and CTLA-4 may have a 

significant impact on HIV-1 that persists on ART, including LN tissue. However, the 
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underlying mechanism of how there is depletion of infected cells needs to be further 

explored. 
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Table 1.4 | Summary of recent studies on the effects of anti-CTLA-4 and anti-PD-1on HIV-1 in vivo 

Compound     Source     Cohort     Effect on the HIV-1 reservoir       Comments    Ref

Anti-CTLA-4

Ipillimumab         BMSc SIV-infected RM on ART       Significant increase in plasma viremia      Significant increase level of T-cell 541

MDX-010    (n=10) activation 

Ipillimumab         BMSc PLWH on ART treated for     Increase in CA-US HIV-1 RNA and No change in T-cell activation 539

melanoma (n=1)      Transient increase in CD8+ T-cells  No change in CA-HIV-1 DNA but 

assay used was unable to pick up HIV-1 

DNA containing inducible proviruses 

Anti-PD-1  

Anti-PD-1          clone: SIV-infected RM on ART      Decrease in plasma viral load. RNA   Proliferation of memory B cells and          542

EH12-1540   (n=9)      copies reduced post-treatment and    increase in SIV envelope specific anti- 

  delayed disease progression  body 

Nivolumabb       BMSc PLWH on ART treated for     Viral load remained undetectable   CD4+ T-cells remained unchanged         543

NSCLC(n=10)  

Nivolumabb        BMSc PLWH on ART treated for     Increase in CA-HIV-1 DNA  Increase in HIV-1-specific CD8+ and  CD4+    538

NSCLC (n= 1) T-cells and decrease in PD-1+ T-cells
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Nivolumabb        BMSc PLWH on ART treated for     Reduced the HIV-1 reservoir Increase in HIV-1-specific CD8+ T-cells        537

NSCLC (n=1)

Pembrolizuma    BMSc PLWH on ART treated for     No changes in CD4+ T-cell CA-HIV-1 RNA     No consistent changes in the frequency of   544

or Nivolumabb  malignancy (n=3)  and DNA or plasma viremia total or activated CD4+ or CD8+ T-cells

Pembrolizumab   BMSc            PLWH on ART treated for     Increase HIV-1 production   No increase in T-cell activation 540

bryostatin  melanoma   (n=1)

Combination 

Ipilimumab         BMSc            PLWH on ART treated for     No effect on the HIV-1 reservoir  No immune related adverse events 545

Nivolumab melanoma and HCV (n=2) 

Ipilimumab         BMSc SIV-infected RM on ART      Induced SIV reactivation  No effect on SIV specific CD8+ T-cells    533

Nivolumab (n=34)     Increase in CD4+ T-cell activation, 

proliferation and decreased SIV in the 

BCZ

aIpilimumab isotype fully human IgG1 b Nivolumab isotype fully human IgG4 cBMS (Bristol-Myers Squibb) 

CA-US: cell-associated unspliced; BCZ: B-cell zone; NSCLC: non-small cell lung cancer 
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1.11 HYPOTHESIS AND AIMS 

Hypothesis: 

Tregs are an important reservoir that persists in PLWH on ART and ICs define subsets of latently 

infected T-cells 

Main Aim: 

Determine the relationship between expression of ICs and HIV-1 persistence in blood and tissue 

from PLWH on ART 

Aims: 

1. Establish a method to identify HIV-1 RNA and DNA in combination with cellular

markers used to define Tregs expressing PD-1 and CTLA-4 in LN tissue

2. Define the expression of CTLA-4 and PD-1 on T-cell subpopulations in LN tissue

from PLWH on and off ART

3. Determine the relationship between detection of HIV-1 DNA and RNA using IHC

and PCR based quantification in LN tissue from PLWH on ART
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Abstract 

The main barrier to a cure for HIV-1 is the persistence of long-lived and proliferating 

latently infected CD4+ T-cells despite antiretroviral therapy (ART). Latency is well 

characterized in multiple CD4+ T-cell subsets, however, the contribution of 

regulatory T-cells (Tregs) expressing FoxP3 as well as immune checkpoints (ICs) 

programmed cell death protein 1 (PD-1) and cytotoxic T-lymphocyte-associated 

protein 4 (CTLA-4) as targets for productive and latent HIV-1 infection in people 

living with HIV-1 on suppressive ART is less well defined. We used multiplex 

detection of HIV-1 DNA and RNA with immunohistochemistry (mIHC) on 

formalin-fixed paraffin embedded (FFPE) cells to simultaneously detect HIV-1 RNA 

and DNA and cellular markers. HIV-1 DNA and RNA were detected by in situ 

hybridization (ISH) (RNA/DNAscope) and IHC was used to detect cellular markers 

(CD4, PD-1, FoxP3, and CTLA-4) by incorporating the tyramide system 

amplification (TSA) system. We evaluated latently infected cell lines, a primary cell 

model of HIV-1 latency and excisional lymph node (LN) biopsies collected from 

people living with HIV-1 (PLWH) on and off ART. We clearly detected infected 

cells that coexpressed HIV-1 RNA and DNA (active replication) and DNA only 

(latently infected cells) in combination with IHC markers in the in vitro infection 

model  as well as LN tissue from PLWH both on and off ART. Combining ISH 

targeting HIV-1 RNA and DNA with IHC provides a platform to detect and quantify 

HIV-1 persistence within cells identified by multiple markers in tissue samples from 

PLWH on ART or to study HIV-1 latency.  
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Introduction 

Antiretroviral therapy (ART) has led to a significant decline in mortality and 

morbidity in people living with HIV-1 (PLWH), however treatment is life long and 

there is no cure. Despite rapid decline of HIV-1 RNA in plasma to undetectable 

levels following ART, virus persists in long lived and proliferating latently infected 

CD4+ T-cells 6,546. Latency is defined as the integration of intact virus into the host 

genome but failure to complete the virus life cycle in the absence of T-cell 

stimulation 547,548 and can be distinguished by detection of HIV-1 DNA but not HIV-

1 RNA 61,549. Latently infected cells are rare in blood and are found at far higher 

frequency in tissue such as lymph node (LN) and the gastrointestinal (GI) tract 230,550–

552. Identification of specific subpopulations of latently infected cells by multiple

markers, specifically in tissue from PLWH on ART, is of high interest but better 

tools are needed for such studies.   

New strategies are needed to understand the complexity of HIV-1 persistence in 

tissue sites to allow analysis of the cell phenotype in situ and provide spatial 

information about the exact location of the infected cell in tissue structures 300–302. 

The lack of sensitivity of traditional in situ hybridisation (ISH) approaches has led to 

development of a new and more sensitive ISH method of RNAscope and DNAscope. 

These use fluorescents labelled probes in either formalin-fixed, paraffin embedded 

(FFPE) tissues samples or fresh cryopreserved tissue. This method identifies RNA 

and DNA in individual cells and uses bright-field microscope (for chromogenic 

detection), or a fluorescent microscope (for fluorescent labels) 307.   

The combination of both DNA and RNAscope in the same tissue section collected 

from either simian immunodeficiency virus (SIV) infected non-human primates 
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(NHP) or PLWH allows for the discrimination of viral DNA (vDNA) + cells that are 

transcriptionally silent, from those that are actively transcribing viral RNA (vRNA) + 

cells. These methods demonstrate the importance of the B-cell follicles (BCFs) as an 

important site for persistence of vRNA+ cells in LN from PLWH on ART 297 and in 

all lymphoid tissue (i.e. LN, gut, lungs and spleen)  in NHP even after years of 

ART163. 

There is currently no surface marker that can distinguish latently infected from 

productively infected cells in PLWH on ART. There are many cellular markers that 

are enriched for HIV-1 persistence and these include immune checkpoint (IC) 

markers which can be found on certain CD4+ T cell subsets, including regulatory T-

cells (Tregs) 553,554. We and others have shown that on ART, virus can persist in cells 

that express PD-1 555,556 and these PD-1hi cells are frequently found in the BCFs 

199,557 and have features consistent with T follicular helper (Tfh) cells. However, 

HIV-1 can persist in cells other than PD-1 hi cells, including cells that express other 

IC markers such as TIM-3558, TIGIT559, and CTLA-4155, which are largely found in 

the extrafollicular areas. Therefore characterization of HIV-1 and multiple markers in 

tissue is of great importance and has been studied in FFPE tissue155, however, further 

progress to stain more antigens on the same tissue has been limited.  

Advances in immunohistochemistry (IHC) now allows simultaneous in situ detection 

of RNA and multiple surface proteins in FFPE tissues 561, using the Tyramide signal 

amplification (TSA) Opal system and  the Vectra multispectral IHC (mIHC) imaging 

system from Perkin-Elmer and could potentially be applied to fully understand where 

HIV-1 persists in LN tissue in PLWH on ART. In this study, we report the 

development of a seven-color mIHC panel, combining both HIV-1 DNA and 

RNAscope with IHC, allowing us to simultaneously characterize HIV-1 RNA, HIV-
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1 DNA, CD4, FoxP3, PD-1, CTLA-4 and DAPI in FFPE tissue using the TSA Opal 

system. Sections where then scanned and analysed using the Vectra 3 quantitative 

imaging system from Perkin-Elmer. We could simultaneously detect HIV-1 RNA 

and DNA, in combination with up to seven cellular markers. In agreement with 

previous studies both vRNA and DNA could be detected in LN tissue both on and off 

ART and we found co-localisation of vRNA with FoxP3 and CTLA-4 consistent 

with Tregs being a potential reservoir for HIV-1 on ART.  
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Materials & Methods 

Cell lines  

ACH-2 cells (subclone A3.01) obtained from NIH AIDS reagent program contain an 

integrated copy of HIV-1 and although commonly used as a model for HIV-1 

latency, have evidence of multiple diverse integration sites consistent with some low 

level virus replication 79. ACH-2 cells were cultured in Roswell Park Memorial ( 

RPMI) 1640 supplemented with 10 mM N-2-Hydroxyethylpiperazine-N′-2-

ethanesulfonic acid (HEPES), 2 mM L-glutamine, 10%; heat inactivated fetal bovine 

serum (FBS). The parental cell line, Jurkat cells (clone E6-1) were cultured in RPMI 

1640 (RF10) supplemented with 2 mM L-glutamine, 1% Penicillin-Streptomycin and 

10% FBS.  

The J-Lat isoclone 6.3 contains a single copy of integrated HIV-1 which lacks 

multiple HIV-1 genes including envelope but includes both Tat and green fluorescent 

protein (GFP) open reading frames both under the control of the HIV-1 promoter in 

the 5’ long terminal repeat (LTR) 562; NIH AIDS reagent program]. The cell line was 

cultured in RPMI 1640, 10% FBS, supplemented with penicillin (100 U/ml) and 

streptomycin (100µg/ml). All cells were maintained in a humidified incubator at 37 

°C with 5% CO2.   

ACH-2 cells were mixed with uninfected Jurkat cells to obtain serial dilutions of 10-

20 x106 total cells at different ratios of infected to uninfected cells of 1:2, 1:10 and 

0:1. J-Lat cells were mixed with uninfected Jurkat cells at a ratio of 1:2. For some 

experiments, ACH-2 and J-Lat 6.3 cells were first stimulated with phorbol myristyl 

acetate (PMA; 10nM) for 24 hours and then diluted with Jurkats at a ratio of 1:2. 
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An in vitro HIV-1 latency model using resting CD4+ T-cells and monocytes 

Resting CD4+ T-cells and monocytes from peripheral blood mononuclear cells 

(PBMC) collected from healthy donors (Australian Red Cross, Melbourne, 

Australia), were infected with NL4.3 which contained the CCR5–using envelope 

protein from AD8 and expressed GFP (GFP) in place of the nef protein or under the 

control of an internal ribosome entry site (IRES) element (NL(AD8)Δnef-GFP and 

NL(AD8) IRES–GFP respectively) were produced by transfection of 293T-cells at a 

multiplicity of infection (MOI) of 0.5 as determined by limiting dilution in 

phytohemagglutinin (PHA)-activated PBMC as previously reported 563. Resting 

CD4+ T-cells were isolated by negative selection using a panel of monoclonal 

antibodies and magnetic bead sorting (autoMACS; Miltenyi Biotec, San Diego, CA) 

as previously described 564. Monocytes (CD14+) were isolated from syngeneic donors 

using positive selection for CD14 on by magnetic bead sorting (autoMACS; Miltenyi 

Biotec). Monocytes with a purity ≥95% and resting CD4+ T-cells with a purity of 

>98% were used. Resting CD4+ T-cells were cultured alone or with syngeneic

monocytes at a ratio of 10:1 for 24 h in the presence of IL-2 (2 U/ml; Roche 

Diagnostics, Mannheim, Germany) and Staphylococcus enterotoxin B (SEB) (10 

ng/ml) before infection with either reporter virus for 2 h. After washing, cells were 

cultured for five days in IL-2 (2 U/ml) supplemented media without additional SEB. 

Productive infection was measured by flow cytometry at day five post infection. 

Monocytes were excluded by gating for HLA-DRlo CD3+ T cells. CD4+ T cells that 

were non-productively infected (EGFP−) were sorted by flow cytometry using a 

FACSAria (BD Biosciences, San Jose, CA). Latent infection was determined 

following activation of 200,000 sorted CD4+ T cells (EGFP−) with immobilized anti-

CD3 (7 μg/ml; Beckman Coulter, Brea, CA) in 10% RPMI 1640 medium with 



81 

antibiotics (penicillin–streptomycin–glutamine; RF10) supplemented with soluble 

CD28 (7 μg/ml; BD Biosciences). Sorted cells were harvested 72 h after stimulation 

in RF10 media supplemented with IL-2 (10U/ml) and IL-7 (1ng/ml) with anti-

CD3/CD28 and raltegravir 1 μM; National Institutes of Health AIDS Reagent 

Program) was added to media to prevent spreading infection. The expression of 

inducible virus was quantified by GFP expression using flow cytometry 

(FACSCalibur; BD Biosciences). 

Fixation and Embedding of Cell Pellets in Paraffin 

Cells were washed in PBS and fixed in 4% paraformaldehyde (PFA) at room 

temperature for 24 hours with mild aggregation on a slow speed rocker. Fixed cells 

were washed to remove PFA, which was replaced with 80% ethanol, on a slow speed 

rocker for mixing.  Cells were then washed and in a drop wise manner, suspended in 

liquefied Histogel biopsy gel (Fisher Scientific, Hampton, New Hampshire) pre-

warmed to 50 °C in a water bath and centrifuged for five minutes at 2,000x g. After 

centrifugation, cells were cooled for 5-10 minutes at 4 °C in covered by 80% ethanol 

and the cell pellet was paraffin embedded. 

Human Subjects  

Four participants underwent elective surgical resection of LNs. All participants were 

PLWH and were either naïve to ART (n=2; with HIV-1 RNA >150000 copies/ml) or 

on suppressive ART (n=2; defined as HIV-1 RNA <90 copies/ml for at least 2 

years). LNs were collected at the Centro de Investigación en Enfermedades 

Infecciosas (CIENI-IN ER), Mexico City, Mexico and the study was approved by the 

local human and research ethics committee (B03-16). Clinical details are provided in 

Supplementary Table 1. 
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Histology and Immunohistochemistry 

Immunohistochemistry was performed on FFPE LN tissue using a peroxidase-based 

method on 5 𝜇m sections on Superfrost® plus microscope slides (Thermo Scientific). 

Specimen slides were incubated at 60 °C for 45-60 minutes for the melting and 

fixing of specimens onto microscope slides. In order to deparaffinise, slides were 

washed in xylene and rehydrated in ethanol of 100% to 70%. Slides were then treated 

with hydrogen peroxidase (Chem-Supply, Gillman, Australia) in 0.3% H2O2 (v/v) in 

double-distilled H2O (ddH2O) for 15 minutes at room temperature. Heat induced 

epitope retrieval was then performed until boiling was achieved, followed with 90 °C 

for 15 minutes by microwave treatment (MWT) in the appropriate retrieval buffer 

optimised for each target epitope. Specimens were then blocked using Background 

Sniper (Biocare Medical, Concord, CA) for 15 minutes prior to primary antibody 

application.  

HIV-1-1 RNA and DNA target probes 

The HIV-1 RNA probe used was designed to hybridize to viral RNA in gag, pol, vif, 

vpr, tat, rev, env, nef, and vpx genes (vRNA anti-sense probe, ACD catalog: 

ADV416111) as well as HIV-1 DNA probe targeting the Gag-Pol coding region 

(vDNA sense probe, ACD catalog: ADV425531). All probes were purchased from 

Advances Cell Diagnostics (ACD Newark, CA) and a complete list of the sequence 

of each probe used has been previously published 297.  

HIV-1- RNA and DNA in situ hybridization 

For the detection of vRNA and vDNA, we used the RNAscope 2.5 brown kit297, with 

some modifications 297. In brief, probes were visualized by hybridizing with 

preamplifiers, amplifiers in a humidified HybEZ oven, and finally, fluorescent label 



83 

with TSA amplification system (Perkin Elmer, Waltham, Massachusetts). Pre-

amplifier 1 was hybridized at 40 °C for 30 min. Following washing of samples twice, 

then hybridized with Amplifier two in a humidified at 40 °C for 15 min. Again 

following two washes, amplifier three was hybridized at 40 °C for 30 min. After a 

further two washes, Amplifier four was hybridized at 40 °C for 15 min, washed 

twice, following hybridization of Amplifier five for 30 minutes at 40 °C, again with 

two washes and lastly incubation of Amplifier 6 for 15 minutes at 40 °C for 15 

minutes with a final two washes. For vRNA detection, slides were first washed once 

in Tris Buffered saline (TBS) with Tween (VWR International, Radnor, 

Pennsylvania) and incubated for 4 minutes with either 3,3'-diaminobenzidine (DAB) 

for 5-10 minutes or TSA dyes. TSA dye 520 (1:700) was used for 4 minutes for 

labelling of vRNA, TSA dye 570 (1:700) for two minutes for labelling of vDNA and 

washed twice in TBS-Tween for five minutes. Lastly, slides were incubated with 

either DAPI (Perkin Elmer) or counterstained with hematoxylin and eosin (H&E) for 

one-two minutes. Slides were incubated with DAPI (1:2) for either four (human LN 

tissue) or six minutes (cell lines or primary model of latency). For the removal of 

DAPI, slides were washed twice with TBS-Tween for five minutes. 

Simultaneous detection of vDNA and vRNA 

In order to visualize vDNA and vRNA+ cell simultaneously, we combined both DNA 

and RNAscope (DNA/RNAscope). Following fixation and pretreatment as described 

for RNA and DNAscope 297, slides were incubated for two hours at 40 °C with RNA 

probes as described previously, following amplification, washes, labelling with TSA 

520 (1:700) for four minutes and MWT retrieval. For vDNA, slides were hybridized 

with HIV-1 DNA sense probes overnight at 40 °C, followed by amplification, 
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washes, labelling with TSA 570 (1:700) for two minutes and counterstained with 

DAPI.  

Multiplex immunohistochemistry (OPAL™) 

Rabbit monoclonal antibodies to CD4 (Cell Marque, Rocklin, CA) clone 104R-1, 

1/100, high pH retrieval), mouse monoclonal antibody to FoxP3 (Abcam, 

Cambridge, UK) , clone IgG1, 1/1000, high pH retrieval), mouse polyclonal antibody 

to PD-1 (Abcam, IgG1 Nat105, 1/500, low pH retrieval), mouse monoclonal 

antibody to CTLA-4 (MyBiosource, San Diego, CA) IgG2a/k, 1/100, high pH 

retrieval) were used. Antibodies were diluted using a background-reducing antibody 

diluent buffer S3022 (Agilent, Santa Clara, CA). A horseradish hydrogen peroxidase 

(HRP) linked anti-mouse and anti-rabbit secondary antibody, EnvisionTM HRP 

(Agilent), was used for each primary antibody species according to the 

manufacturer’s recommendation. Immunofluorescent signal was visualized using the 

TSA amplification system, OPAL™ 7-color fluorescent IHC kit (Perkin Elmer), 

TSA dyes 540, 620, 650, and 690 (1:50) for ten minutes, counterstained with 

Spectral DAPI. All slides were imaged on the Vectra® 3 Quantitative Pathology 

Imaging System (Perkin Elmer). Images were then examined using color separation 

and inForm® Software v2.1 (Perkin Elmer). All slides were scanned on the Vectra at 

10X magnification to select for high-powered imaging at 20X (resolution of 0.5 μm 

per pixel) using Phenochart (Perkin Elmer).  

Quantitative image analysis 

HALO® image analysis software from Indica Labs (versions 2.0, Albuquerque, New 

Mexico) was used for quantitative IHC assessment of the number of cells positive for 

each stain as described above, including vDNA+ and vRNA+ cells in each 
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compartment and the number of cells with different co-localization. For the 

evaluation of probe signals for both vDNA and vRNA+ cells in cell lines, primary T-

cells and LN tissue samples, HALO’s Fluorescence in Situ Hybridization (FISH) 

probing module was used to quantify co-expression of fluorescent HIV-1 DNA and 

RNA probes on a per cell basis and cell classification of each probe (0, 1+, 2+, 3+ and 

4+) using ACD guidelines for scoring.  

Statistical analysis 

Statistical analysis was performed, and graphs plotted using Graphpad Prism (version 

8.2.1, GraphPad Software, La Jolla, CA). Given the small sample numbers, we 

assumed normality and used a Two-tailed paired t-test to determine difference in 

vDNA and vRNA+ cells between unstimulated and stimulated ACH-2 and J-Lat 

cells. Details of significant differences between data groups have been described in 

each figure legend and P values less than 0.05 was considered significant.  
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Results 

Identification of latent and productively infected cells using HIV-1 DNA and 

RNA probes in cell lines  

We first optimised our method for tissue analyses using the T-cell lines ACH-2 and 

J-Lats. We used ACH-2 cells which contains 2 integrated copies of HIV-1-1 DNA 79

and have evidence of low level virus replication 79. These cells were diluted in the 

uninfected parental Jurkat cell line. Latently infected cells were defined as vDNA+, 

vRNA- cells and productively infected cells as vDNA+ vRNA+ or vDNA- vRNA+ 

cells. We assessed the specificity for each probe for HIV-1 RNA and HIV-1 DNA 

using the in situ hybridization (ISH) assays (RNAscope and DNAscope).  

We detected no signals using the no probe control (Supplemental Fig. S1A, i) and 

uninfected Jurkat cells alone (Supplemental Fig. S2.1A, ii). When unstimulated 

ACH-2 cells were diluted at a ratio of 1:10 in uninfected Jurkat cells, we were able to 

detect vRNA+ cells with chromogen diaminobenzidine (DAB), as a brown signal in 

10% of cells, indicating highly specific detection of productively infected cells. The 

brown cells were densely stained, encompassing the entire cell body (Supplemental 

Fig. S2.1A, iii). Similar results were obtained with a higher ratio of infected cells and 

a corresponding increase in DAB positive or vRNA+ cells (Supplemental Fig. S2.1A, 

iv).  

We then evaluated HIV-1 DNA probes using the same samples. With the DNAscope 

probes, we demonstrated no DAB positive signals in the no probe control 

(Supplemental Fig.2.1B, i) and in Jurkat cells (Supplemental Fig. S2.1B, ii). When 

we used the HIV-1 DNA probes in mixtures of PMA-activated ACH-2 and Jurkat 
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cells, there were punctuate signals of one or two dots (vDNA+ cells) within the 

nucleus. The frequency of cells visually scored as vDNA+ decreased accordingly 

with the proportion of diluted PMA-activated ACH-2 with uninfected Jurkat cells 

(Supplemental Fig. S2.1B, iii and iv, black arrows). Collectively, this data indicate 

that the HIV-1 RNA probes could detect vRNA+ cells and vDNA in PMA-stimulated 

ACH-2 cells as previously reported 297.  

After successfully identifying vDNA and vRNA+ cells by bright field microscopy 

using DAB, we next sought to identify both HIV-1 DNA and/or RNA using dual ISH 

and IHC and imaged on the multispectral imaging platform Vectra (Perkin-Elmer). 

This approach was further investigated in combination with the TSA system, which 

has previously demonstrated to be more sensitive than conventional DAB or 

fluorescence IHC 565, but has been difficult to simultaneously examine HIV-1 RNA 

and DNA with cellular markers (mIHC >5-plex) 566,567.  

We normalized the background to a no probe control (Fig. 1A, i), and detected green 

vRNA+ cells, when ACH2 were at a frequency of 1 in 10 uninfected Jurkat cells (Fig. 

1A, ii). We used a similar approach for DNA probes using a no probe control (Fig. 

1B, i) and detected red vDNA+ cells as one or multiple distinct punctuate red dots 

within the nuclei (Fig. 2.1B, ii). To determine whether both RNA and DNA probes 

could be detected simultaneously, we used a dilution of ACH-2 at a frequency of 1 

ACH-2 cell to 1 uninfected Jurkat cells, and detected vRNA+ cells (green) within the 

cytoplasm (Fig. 2.1C, i,iv) and punctuate dots in red, indicative of vDNA+ cells (Fig. 

2.1C, ii, iii). In these cultures, we could detect both productive (vRNA+ vDNA+, 

white arrow 1.) and latent infection (vRNA- vDNA+ cells, white arrow 2).  
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Quantification of probes in cell lines 

We next quantified the number of vDNA and/or vRNA+ cells using Halo imaging 

analysis software in the infected cell lines, ACH-2 and J-Lat which were either 

unstimulated or stimulated with PMA. Simultaneous visualization of vDNA+ (red) 

and/ or vRNA+ cells (green) was possible in ACH-2 (Fig. 2.2A) and J-Lat cell lines 

(Fig. 2.2B). Both fluorescence signals for HIV-1 DNA and RNA were visible in 

unstimulated and stimulated ACH-2 cells (Fig. 2.2A) and there was a significant 

increase in the number of vDNA and vRNA+ cells in both latently and productively 

infected cells after stimulation (Fig. 2.2C). In unstimulated J-Lat cells, the majority 

of cells were vDNA+ cells (red) (Fig. 2.2B) with the number of vRNA+ cells 

significantly increasing after stimulation (Fig. 2.2D). These data are consistent with 

ACH-2 cells being infected with replication competent virus 79,568 while J-Lat cells 

are infected with replication defective virus, however, once these cells are stimulated 

the activation of the LTR leads to expression of viral RNA 569. After stimulation with 

PMA, the ratio of vRNA to vDNA+ cells increased in both ACH-2 and J-Lat cells 

(Fig. 2.2E).  We used the Halo analysis software to quantify the number of HIV-1 

DNA and RNA positive probe signals in each cell. HIV-1 DNA and/or RNA probe 

signals were quantified using ACD recommended RNAscope scoring guideline 

which consist of cells that are 0+ (no probe signal), 1+ (1-3 probes), 2+ (4-9 probes), 

3+ (10-13 probes) and 4+ (>14).  In the ACH-2 cells, we observed multiple copies 

with both DNA and RNA probes within each cell, mainly in the 1+ and 2+ categories 

(Fig. 2.2F) with the frequency of DNA and RNA increasing in both categories after 

stimulation (Fig. 2.2G). In the J-Lat cells, HIV-1 DNA+ cells were in the 1+ 

expression category with a few HIV-1 RNA+ cells (Fig. 2.2H). Following 

stimulation, the number of HIV-1 DNA and RNA cells increased and were mostly in 
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the 1+ expression category (Fig. 2.2I). One interesting observation while utilizing 

image analysis on the Halo platform, we were able to enumerate multiple copies of 

vDNA in J-Lat 6.3 cells pre and post-activation, despite there being no evidence that 

suggests that these cells contain multiple copies79.  

HIV-1 RNA and DNA detection in an in vitro model of inducible latency 

We next investigated expression of virus using the DNA and RNA probes and the 

TSA system in an in vitro infection model for HIV-1 latency 69. Resting CD4+T-cells 

were cultured in the presence and absence or syngeneic monocytes, with all culture 

media being supplemented with IL-2 (2 U/mL). Following 24 h of culture, CD4+ T-

cells alone and CD4+T-cells-monocytes co-cultures were infected with NL (AD8)-

nef/eGFP at an MOI of 0.5 for 2 h (Fig. 2.3A). These cells were then collected and 

processed to generate FFPE blocks. We did not observe vDNA+ nor vRNA+ cells in 

CD4+T-cells alone or CD4+T-cells-monocytes co-cultures 2 h following infection 

(Fig. 2.3B i and ii). At day 5 post-infection, the GFP + cells contained both vRNA 

(green) and/or vDNA (red) + cells consistent with productively infected cells (Fig. 

2.4B, iii). In contrast, GFP- cells contained few vRNA+ cells and the majority of 

cells contained integrated vDNA+, suggesting that these cells were latently infected 

(Fig. 2.3B, iv). Finally, 3 days following activation of GFP- cells, ie at day 8, we 

observed an increase in vRNA+ (green) and/or vDNA + cells, (red) (Fig. 2.3B, v), 

consistent with inducible latent infection.  

To address the efficiency of viral detection using our mIHC approach, we quantified 

the proportion of productive, latent and inducible infection in our in vitro model of 

latency (Fig. 2.3C). In productive infection, we found similar levels of vDNA+ and 

vRNA+ cells. In latent infection, we detected a higher frequency of vDNA+ cells 
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compared to vRNA+ cells. After activating these latent cells (inducible infection), we 

observed an increase in vRNA+ cells, with roughly equivalent levels of vDNA+ cells 

when we compared cultures pre- and post-stimulation (Fig. 2.3C). Finally, we 

examined the ratio of vRNA+ to vDNA+ cells and observed a significant decrease in 

the ratio of vRNA+ to vDNA+ cells in latent cells compared to productive and 

inducible infection (Fig. 2.3D). Together these findings are consistent with the 

establishment of latency in this in vitro cell model, and that following stimulation, 

expression of viral RNA was induced using DNAscope and RNAscope. 

Visualization of vDNA and vRNA in LN tissue from PLWH on ART 

We next evaluated FFPE LN tissue from PLWH on ART using RNAscope and 

DNAscope and the TSA detection system. We observed vRNA+ cells in LN tissue 

(Fig.2.4A, white arrows) located in the B cell follicles, as previously described 

297,570,571. Using DNAscope in combination with the TSA system, we detected 

punctuate signals within the nuclei (Fig. 2.4B, white arrows) indicative of HIV-1 

provirus. We detected both productively infected cells, i.e vDNA+ and vRNA+ cells 

(Fig. 2.4C, ii, arrow 1) as well as latently infected cells, i.e vDNA+ cells only (Fig. 

2.4C, ii, second arrow). Finally, we quantified the frequency of productive and latent 

cells in LN tissue from PLWH on and off ART. Both vDNA+ and vRNA+ cells were 

detected in all samples, with less frequent vDNA+ and vRNA+ cells on ART 

compared to those off ART (Fig. 2.4D). In addition, the vRNA+ to vDNA+ ratio was 

lower on ART compared to off ART. Together, this suggests that the frequency of 

HIV-1 RNA is less than the frequency of HIV-1 DNA in PLWH on ART. 

Co-expression of cell markers in productive and latently infected cells 
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To identify if IC markers such as PD-1 and CTLA-4 were co-located with latent or 

productively infected cells, we performed a multiplex assay with TSA, combining 

ISH and IHC to examine FFPE LN tissue from PLWH on and off ART. Slides were 

stained first for RNA and DNA, followed by antibodies to CD4, FoxP-3, PD-1 and 

CTLA-4 with imaging on the Vectra multispectral IHC imaging platform (Fig.2.5). 

We were able to demonstrate latent infection (vDNA+ and vRNA- cells) co-

expressing the cellular markers CD4, CTLA-4 and PD-1 (Fig. 2.5, arrow 1) and a 

productively infected cell (vDNA+ and vRNA+ cells) co-expressing CD4, PD-1 and 

CTLA-4 (Fig. 2.5, arrow 2).  

Altogether, we successfully combined RNAscope/DNAscope approaches with 

numerous cellular markers and demonstrated the capacity to perform detailed 

quantitative immunophenotypic analysis of cellular reservoirs in HIV-1 infected 

treated patients. This approach is a sensitive tool to assess phenotype, activation, 

latency, and location in lymphoid tissues.    
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Discussion 

Despite the extensive use of flow cytometry (FACS) for characterizing immune 

subsets, FACS does not reveal the spatial location of these cells or the cellular 

immune neighborhood, which are potentially essential indicators for understanding 

where and how HIV-1 can persist on ART. Advances in multiparameter imaging for 

nucleic acid and proteins are rapidly changing the field of pathology, enabling a 

more detailed description of the anatomic and cellular sites of HIV-1 persistence on 

ART. The development of RNAscope and DNAscope has allowed the detection of 

vDNA and vRNA+ cells in FFPE tissue, discriminating between vDNA+ cells that are 

transcriptionally silent (vRNA−) and cells that are actively transcribing viral RNA 

(vRNA+) 297. In combination with IHC, co-expression of vDNA is seen in immune 

subsets in histological sites 297,309.  

Despite the advances in combining ISH with IHC, to our knowledge this is the first 

demonstration of >5-plex mIHC with detection of HIV-1 DNA and RNA in FFPE 

tissue. To achieve this, we have modified the already established RNAscope and 

DNAscope approaches by incorporating the TSA system from Perkin Elmer and 

extended with TSA based mIHC. The previous studies of HIV-1 combining ISH and 

IHC have used TSA with fluorescence antibodies and chromogenic staining 297,309,567. 

The combination of high sensitivity of TSA based fluorescence detection and dilute 

protease step allows the detection of the attenuated immunohistochemical signal seen 

with combination of ISH and IHC 566. The additional intracellular marker FoxP3 and 

surface markers has been used to identify Treg with greater specificity than that used 

in the previous studies where the number of phenotyping markers was limited 309. 
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We first demonstrated that these technologies can be applied to in vitro cell models 

of HIV-1 latency. We first optimized this approach using latently infected cell lines 

and primary cells. Using this approach, we detected multiple copies of HIV-1 DNA 

in each cell. One potential explanation for this is that the probes are targeting a small 

portion of the HIV-1 genome, and as a result, a few double Z-probe pairs bound to 

the same integrated HIV-1 genome can be detected. This was recently also observed 

in a study in which two copies of vDNA+ signal were found in a J-Lat 10.6 cell 572. 

In LN tissue from PLWH, both vRNA and vDNA+ cells were detected, however, 

there was a lower ratio of vRNA: vDNA in individuals on ART compared to off 

ART. This is consistent with studies showing that RNA+ cells are substantially 

reduced by ART (29–31). 

LIMITATIONS 

The presence of vRNA+ cells does not distinguish between cells with intact and 

defective proviruses. As a result, the reservoir size of intact virus could be 

overestimated in LNs in PLWH on ART using this approach. At the time of this 

study, this method was restricted to simultaneously detect up to seven markers. 

Therefore, we were restricted from incorporating additional markers for further 

characterization of the reservoir. Confocal imaging platforms require a longer time to 

acquire whole slide images (reviewed in 576). However on the other hand, Vectra 

imaging platform circumvents this issue, but this is done by utilizing a lower 

resolution for scanning whole slide images and does not support high resolution 

imaging of whole slides. In addition, manual staining was used for this method, 

which increases the chances of staining errors as this method is laborious. 
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CONCLUSION 

Using the TSA fluorescent 7-plex platform consisting of probes for HIV-1 DNA and 

HIV-1 RNA and antibodies to CD4, FoxP3, CTLA-4, PD-1 and DAPI in one single 

tissue, we developed a technique to further characterize cells that are either latently 

or productively infected. Combining ISH and IHC can offer new insights into HIV-1 

persistence on ART in tissue. Furthermore, this technique can be applied to a wide 

range of viruses and pathological studies. An automative staining system such as the 

Leica Bond RX™ 577, which diminishes the possibility of staining errors and 

variation, could be adapted for this study. Future studies could include additional 

panels of markers to allow for further characterization of tissue which could 

potentially provide more insight into the HIV reservoir in tissue (Vectra® Polaris™ 

Imaging System).  
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Figure legends  

 

Figure 2.1. Assessment of HIV-1 RNA and DNA probes in ACH-2 cells 

using immunofluorescence detection. ACH2 cells were diluted 1:10 with uninfected 

Jurkat cells and hybridised with either (A) RNA (green) or (B) DNA (red) probes. The left 
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panels contain no target probe controls. (C) (i) Unmixed composite image of both RNA and 

DNA probes showing simultaneous detection of vRNA and vDNA+ in a cell, consistent with 

a productively infected cell (white arrow 1) and a vDNA+ cell, consistent with a latently 

infected cell (white arrow 2) (ii) vRNA probe only indicated in green and (iii) vDNA probe 

only indicated in red. All specimens were counterstained with DAPI nuclear staining in blue 

and all micrographs were taken at 40X magnification on the Vectra ®. Scale bars are 20μm. 
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         Figure 2.2. Sensitivity of HIV-1 DNA and RNA probes in unstimulated and 

stimulated ACH-2 cells and J-Lat cells. Representative image of (A) ACH2 and (B) J-

Lat cells that were (i) unstimulated and stained with no probe control (ii) unstimulated and 
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hybridized with HIV-1 DNA and RNA probes (iii) stimulated with PMA and stained with no 

probe control and (iv) stimulated with PMA and hybridized with HIV-1 DNA and RNA 

probes. DAPI was used for nuclear counterstain and all micrographs were taken at 20X 

magnification on the Vectra®. Scale bars are 20 µm. Proportion of vDNA+ and vRNA+ cells 

in unstimulated and stimulated (C) ACH-2 and (D) J-Lat cells. (E) Ratio of vDNA+ and 

vRNA+ cells in unstimulated and stimulated ACH-2 and J-Lat cells. (C-E). Each color 

represents a region of interest. Columns represent the mean of four regions. Proportion of 

cells that express different frequencies of vRNA and vDNA based on the ACD scoring 

system of grade 0 to 2 defined as the number of RNA and DNA copies for (F) unstimulated 

ACH-2; (G) stimulated ACH2; (H) unstimulated J-Lats; and (I) stimulated J-Lats. Columns 

represent the mean of three regions of interest and the numbers above each column 

represents the mean value. Comparisons between conditions were performed with a t-test. * 

P <0.05; ** P <0.01.  
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Figure 2.3. HIV-1 DNA and RNA probes to detect latent and productive 

infection in an in vitro latency model. (A) Schematic diagram of experimental 

approach. Resting CD4+ T cells (orange) were cultured with monocytes (grey) for 24 hours 

and infected with NL(AD8)- nef/GFP virus (green) at an MOI of 0.5 for 2 hours. Non-

productively infected (GFP-) cells were sorted at day 5 post infection and the number of 

productively infected (GFP+) cells was determined by flow cytometry. Sorted GFP- cells 

were stimulated with anti-CD3/CD28+IL-7+IL-2+raltegravir for 3 days to induce expression 

of virus from latently infected cells. Cells were harvested at 2 hours, day 5 and 8 and 

formalin-fixed and paraffin-embedded (FFPE), sectioned and stained for vRNA and vDNA 

as indicated by black arrows. (B) Representative image of vDNA (red) and vRNA (green) 

showing (i) T-cells alone; (ii) T-cells and monocytes; (iii) eGFP+ T-cells and monocytes; (iv) 

eGFP- T-cells; and (v) activated eGFP- T-cells. (C) Mean number of vDNA+ (open column) 

and vRNA+ (grey column) cells when analysing GFP+ (productive), GFP- (latent) and 

inducible GFP+ cells. (D) Mean ratio of vRNA+ and DNA+ cells in the same cell populations. 

DAPI was used for nuclear counterstain and all micrographs were taken at 20X 

magnification on the Vectra. The lower limit of detection of each assay is represented by a 

dotted line. Columns represent the mean of sections per slide. Each coloured symbol in 

panels C and D represents a region of interest. Scale bars are 20 µm. T-test; mean; * P 

<0.05; ** P <0.01.  
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Figure 2.4. HIV-1 RNA and DNA probes to detect HIV-1 persistence in 

LNs from PLWH. Representative image of LN tissue from a person living with HIV-1 off 

ART using (i) low and (ii) high magnification with (A) HIV-1 RNA probes demonstrating 

vRNA (green) in the BCF region (white arrows); (B) HIV-1 DNA probes demonstrating 

vDNA (red) as a punctate mark (white arrows); and (C) both HIV-1 RNA and DNA probes 

showing vRNA (green), vDNA (red) and DAPI (blue) with the magnified image indicating 

simultaneous detection of both vDNA and vRNA+ cells (arrow 1) and single detection of 

vDNA+ cells (arrow 2). Additional panels show an unmixed composite image for (iii) 

vDNA+ cells and (iv) vRNA+ cells. (D) The number of vRNA+ and vDNA+ cells in LN tissue 

from 4 HIV-1-infected participants (2 on ART and 2 off ART), with the mean number from 

four sections shown as a column. The ratio of vRNA and vDNA+ cells is shown as a number. 

Each symbol represents a region of interest. All specimens were subjected to DAPI nuclear 

staining, shown in blue and all micrographs were taken at 20X magnification on Vectra® 

multispectral IHC imaging platform. Scale bars are 10 µm. 
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         Figure 2.5. Multiplex detection with HIV-1 RNA and DNA probes and 

surface markers in LN tissue from PLWH. Representative images of LN tissue 

sections from a person living with HIV-1 off ART depicting simultaneous detection of HIV-

1 DNA (red) and RNAscope (green) in combination with antibodies to CD4 (cyan), FoxP3 

(white), CTLA-4 (magenta) and PD-1 (orange). (i) Whole slide scan and (ii) composite 

image (enlarged section of whole slide scan, white box) depicting colocalization of vDNA+ 

cell (arrow 1) with CD4+ T cells, PD-1 and CTLA-4 and vDNA+ and vRNA+ cell (arrow 2) 

with CD4+ T cells, PD-1 and CTLA-4.  Representative unmixed composite images of (iii) 

HIV-1 DNA and RNA and (iv) HIV-1 DNA, RNA and CD4+ T-cells. DAPI was used for 

nuclear counterstain and micrographs were taken at 10X (whole slide scan) and 20 X 

magnifications using the Vectra™ multispectral imaging software. Scale bars are 500 µm 

(whole slide scan) and 20 µm. 
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Supplementary Figures

Supplementary Table S2.1. Site of Biopsy.  Clinical characteristics of LNs from PLWH on 

and off ART 
Patient Classification Type of 

biopsy 

Gender Age Months 

 on 

ART 

CD4+ T 

cells 

(cells/ μl) 

CD8+ T 

cells 

(cells/ μl) 

viral load 

(copies/ml) 

1 Off ART Inguinal M 37 - 391 1158 1,781,250 

2 Off ART Cervical M 33 - 368 1776 6,326,452 

3 On ART Inguinal M 54 58 336 1467 98 

4 On ART Cervical M 32 27 355 653 <40 

Supplementary Figure S2.1. Assessment of HIV-1 RNA and DNA probes 

in ACH-2 cells with chromogen diaminobenzidine (DAB). (A) Representative bright 

field microscope image showing ACH-2 cells in varying ratios with uninfected Jurkat cells 

labelled with either (A) HIV-1 RNA or (B) HIV-1 DNA probes. Negative controls included 

(i) no probe using either ACH-2 cells diluted 1:1 with Jurkat cells or (ii) Jurkat cells alone.

Positive controls included ACH-2 cells diluted either (iii) 1:10 or (iv) 1:1 with Jurkat cells. 

Positive signals are brown and diffuse for RNA and punctate for DNA (black arrow). Nuclei 

were counterstained with hematoxylin. Original magnification 40x using bright field 

microscopy. Scale bars are 20μm. 
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CTLA-4 and PD-1 are expressed 

on infected T-cells including 

Tregs in lymph node tissue from 

people living with HIV-1 on 

suppressive antiviral therapy 

3.1 INTRODUCTION 

        Identifying which cellular subsets that preferentially harbour HIV-1 in 

individuals on suppressive ART is important for understanding the mechanisms of 

HIV-1 persistence and for developing strategies for its elimination. Memory CD4+ T-

cell subsets in blood and tissue, can be characterized by the presence of immune 

checkpoints (ICs) such as, lymphocyte activation gene 3 (LAG-3), T-cell 

immunoglobulin ITIM domain (TIGIT), programme death receptor-1 (PD-1) and 

cytotoxic T lymphocyte antigen-4 (CTLA-4). In people living with HIV-1 (PLWH) 

on ART, we and others have shown that CD4+ T-cells that express ICs are enriched 

for latent HIV-1 156. Our lab has assessed the effects of anti-PD-1 in resting CD4+ T-

cells in vitro and showed that blocking PD-1 inhibits the establishment of HIV-1 

latency 555. In addition, we and others have shown that blockade of the ICs, PD-1 and 

CTLA-4 either alone or in combination have the capacity to reverse HIV-1 latency 

578. Using an in vitro model of HIV-1 latency, we recently showed that combining

antibodies to PD-1 and CTLA-4, in combination with a second stimulus reversed 

latency and this was comparable in potency to the latency reversal agent (LRA) 
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bryostatin and more potent than the LRAs JQ1 (a bromodomain inhibitor)  and 

histone deacetylase inhibitor (HDACi) romidepsin 578.  

        Studies examining the effects of anti-CTLA4 in PLWH on ART are less 

common but in one case report, latency reversal activity was associated with 

increased levels in cell-associated unspliced (CA-US) HIV-1 RNA 539. In addition, a 

follow up study in our lab showed the same effect on the HIV-1 reservoir but instead 

using anti-PD-1, which also resulted in a significant increase in CA-US HIV-1 RNA 

555, however, these results could not be repeated in other studies using anti-PD-1 or 

anti-PDL-1 544.  Dual blockade of PD-1 and CTLA-4 was shown to have a significant 

effect in reducing the size of the SIV reservoir in lymph nodes (LNs) from ART 

treated macaques than either PD-1 and CTLA-4 alone 533. More recently, it was 

found that in PLWH on ART with cancer, combined blockade of CTLA-4 and PD-1 

modestly reversed HIV-1 latency (n=7), whereas anti-PD-1 alone did not activate 

HIV-1 from latency (n=33) 579. 

        There are multiple new approaches to quantify HIV-1 persistence in tissue 

compartments from PLWH. One such approach is a highly sensitive in situ 

hybridization (ISH) assay to detect viral RNA or DNA (termed RNAscope and 

DNAscope respectively) using formalin-fixed paraffin embedded (FFPE) LN tissue 

from SIV-infected non-human primate (NHP) before and following suppressive ART 

297. In LN tissue, CD4+  C-X-C Motif Chemokine Receptor 5 (CXCR5+) PD-1+ T-

cells, residing in the B-cell follicle (BCF) region, a subset of follicular helper T-cells 

(Tfh), have been shown to contribute to viral persistence 131. In PLWH on ART, LN 

tissue PD-1+ Tfh cells have been reported to produce greater levels of infectious 

HIV-1 and have more virus transcription compared to CD4+ CXCR5+PD-1- Tfh cells 
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and CD4+CXCR5- PD-1- cells in blood 131. In addition, a recent study of NHP 

infected with SIV on suppressive ART, demonstrated that CTLA-4+ PD-1- cells were 

enriched with SIV and these cells were found outside the BCF 155. Taken together, 

these data suggest that PD-1+ and CTLA-4+ cells harbor HIV-1 but reside in different 

regions of LN tissue. 

       Given that regulatory T-cells (Tregs) express high levels of CTLA-4, our main 

question here was to determine if Tregs are also a reservoir of HIV-1 in LN tissue 

from PLWH on ART and whether findings in relation to CTLA-4+ cells and SIV 

persistence in NHPs were similar in human studies. Prior studies of PLWH on ART, 

have shown that in blood, HIV-1 was significantly higher in Tregs compared to 

nonTregs 434,437,580.  Unlike other T-cell subsets, Tregs represent a small population 

of T-cells (varying from 0.2 to 7%) 581–583 and are not always sampled in sufficiently 

high numbers to allow for certain clinical applications such as cell sorting. Therefore, 

a method such as IHC was utilized here to study this rare population. 

       We hypothesized that HIV-1 is enriched in cells expressing PD-1 and CTLA-4 

and that in LN tissue from PLWH on ART, Tregs bordering the T-cell zone (TCZ) 

and the BCF are enriched for HIV-1. We quantified virus in FoxP3+ CXCR5+ Tregs, 

also known as T-follicular regulatory (Tfr) cells 584. We used an already established 

multiplex method (Chapter 2) which combines detection of viral RNA and DNA 

using ISH RNA/DNAscope in combination with immunohistochemistry (IHC). This 

allowed for assessment of co-expression of surface markers CTLA-4+PD-1+FoxP3+ 

to identify Tregs. We aimed to distinguish between cells based on either IC 

expression or Treg phenotype. We found that the frequency of HIV-1 infection was 
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higher in Tregs compared to nonTregs, however, the overall contribution of infected 

Tregs to the overall reservoir size remains small. Although the difference of HIV-1 

between IC+ and IC- expressing cells was minimal on ART, virus was detected in 

CTLA-4+ Tregs and these cells were distributed between the BCF and the TCZ cells 

in PLWH on ART. Future studies that aim to eradicate HIV-1 will need to address 

the persistence of the virus in LN anatomical sites such as the BCF and the TCZ.   
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3.2 MATERIAL AND METHODS 

3.2.1 HUMAN SUBJECTS 

LNs were obtained from a cohort of PLWH, as pointed out in chapter 2. Seven 

participants underwent elective surgical resection of LN, either inguinal or cervical. 

All participants were PLWH and were either naïve to ART (n=4; with HIV-1 RNA 

>30,739 copies/ml) or on suppressive ART (n=3; defined as HIV-1 RNA <98

copies/ml for at least 2 years). LNs were collected at the Centro de Investigacion en 

Enfermedades Infecciosas (CIENI-IN ER), Mexico City, Mexico and the study was 

approved by the local human and research ethics committee (B03-16). Clinical 

details are provided in Table 3.1. 

Table 3.1. Site of Biopsy 
Patient Classification Type of 

biopsy 

Gender Age Months 

 on 

ART 

CD4+ T 

cells 

(cells/μl) 

CD8+ T 

cells 

(cells/μl) 

viral load 

(copies/ml) 

1 Off ART Inguinal M 37 - 391 1158 1,781,250 

2 Off ART Cervical M 33 - 368 1776 6,326,452 

3 Off ART Cervical M 35 - 491 2284 30,739 

4 Off ART Cervical M 24 - 316 1772 643,922 

5 On ART Cervical M 32 24 1104 775 <40 

6 On ART Cervical M 32 27 355 651 <40 

7 On ART Inguinal M 54 58 336 1467 98 

3.2.2 HISTOLOGY AND IMMUNOHISTOCHEMISTRY 

Immunohistochemistry was performed on FFPE LN tissue using a peroxidase-

based method on 5 𝜇m sections on Superfrost® plus microscope slides (Thermo 

Scientific). Specimen slides were incubated at 60 °C for 45-60 minutes for the 

melting and fixing of specimens onto microscope slides. To deparaffinise, slides 

were washed in xylene and rehydrated in ethanol of 100% to 70%. Slides were then 

treated with hydrogen peroxidase (Chem-Supply, Gillman, Australia) in 0.3% H2O2 

(v/v) in double-distilled H2O (ddH2O) for 15 minutes at room temperature. Heat 

induced epitope retrieval was then performed until boiling was achieved, followed 
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with 90°C for 15 minutes by microwave treatment (MWT) in the appropriate 

retrieval buffer optimised for each target epitope. Specimens were then blocked 

using Background Sniper (Biocare Medical, Concord, CA) for 15 minutes prior to 

primary antibody application.  

3.2.3 HIV RNA AND DNA TARGET PROBES 

The HIV-1 RNA probes used were designed to hybridize to viral RNA in gag, 

pol, vif, vpr, tat, rev, env, nef, and vpx genes (vRNA anti-sense probe, ACD catalog: 

ADV416111) as well as HIV-1 DNA probe targeting the Gag-Pol coding region 

(vDNA sense probe, ACD catalog: ADV425531). All probes were purchased from 

Advances Cell Diagnostics (ACD Newark, CA) and a complete list of the sequence 

of each probe used has been previously published 297.  

3.2.4 HIV RNA AND DNA IN SITU HYBRIDIZATION 

For the detection of vRNA and vDNA, we used the RNAscope 2.5 brown 

kit297, with some modifications 297. In brief, probes were visualized by hybridizing 

with preamplifiers, amplifiers in a humidified HybEZ oven, and finally, fluorescent 

label with TSA amplification system (Perkin Elmer, Waltham, Massachusetts). Pre-

amplifier 1 was hybridized at 40 °C for 30 min. Following washing of samples twice, 

then hybridized with Amplifier two in a humidified at 40 °C for 15 min. Again, 

following two washes, amplifier three was hybridized at 40 °C for 30 min. After a 

further two washes, Amplifier four was hybridized at 40 °C for 15 min, washed 

twice, following hybridization of Amplifier five for 30 minutes at 40 °C, again with 

two washes and lastly incubation of Amplifier 6 for 15 minutes at 40 °C for 15 

minutes with a final two washes.  

For vRNA detection, slides were first washed once in Tris Buffered saline 

(TBS) with Tween (VWR International, Radnor, Pennsylvania) and incubated for 4 

minutes with either 3,3'-diaminobenzidine (DAB) for 5-10 minutes or TSA dyes. 

TSA dye 520 (1:700) was used for 4 minutes for labelling of vRNA, TSA dye 570 

(1:700) for two minutes for labelling of vDNA and washed twice in TBS-Tween for 

five minutes. Lastly, slides were incubated with either DAPI (Perkin Elmer) or 

counterstained with hematoxylin and eosin (H&E) for one-two minutes. Slides were 

incubated with DAPI (1:2) for four (human LN tissue). For the removal of DAPI, 

slides were washed twice with TBS-Tween for five minutes. 
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3.2.5 SIMULTANEOUS DETECTION OF VDNA AND VRNA 

In order to visualize vDNA and vRNA+ cell simultaneously, we combined both 

DNA and RNAscope (DNA/RNAscope). Following fixation and pretreatment as 

described for RNA and DNAscope297, slides were  incubated for two hours at 40 °C 

with RNA probes as described previously, following amplification, washes, labelling 

with TSA 520 (1:700) for four minutes and MWT retrieval. For vDNA, slides were 

hybridized with HIV-1 DNA sense probes overnight at 40 °C, followed by 

amplification, washes, labelling with TSA 570 (1:700) for two minutes and 

counterstained with DAPI.  

3.2.6 MULTIPLEX IMMUNOHISTOCHEMISTRY (OPAL™) 

Rabbit monoclonal antibodies to CD4 (Cell Marque, Rocklin, CA) clone 104R-

1, 1/100, high pH retrieval), mouse monoclonal antibody to FoxP3 (Abcam, 

Cambridge, UK), clone IgG1, 1/1000, high pH retrieval), mouse polyclonal antibody 

to PD-1 (Abcam, IgG1 Nat105, 1/500, low pH retrieval), mouse monoclonal 

antibody to CTLA-4 (MyBiosource, San Diego, CA) IgG2a/k, 1/100, high pH 

retrieval) were used. Antibodies were diluted using a background-reducing antibody 

diluent buffer S3022 (Agilent, Santa Clara, CA). A horseradish hydrogen peroxidase 

(HRP) linked anti-mouse and anti-rabbit secondary antibody, EnvisionTM HRP 

(Agilent), was used for each primary antibody species according to the 

manufacturer’s recommendation. Immunofluorescent signal was visualized using the 

TSA amplification system, OPAL™ 7-color fluorescent IHC kit (Perkin Elmer), 

TSA dyes 540, 620, 650, and 690 (1:50) for ten minutes, counterstained with 

Spectral DAPI. All slides were imaged on the Vectra® 3 Quantitative Pathology 

Imaging System (Perkin Elmer). Images were then examined using color separation 

on inForm® Software v2.1 (Perkin Elmer). All slides were scanned on the Vectra at 

10x magnification using Phenochart (Perkin Elmer) in order to select for high-

powered imaging at 20x (resolution of 0.5 μm per pixel).  

3.2.7 QUANTITATIVE IMAGE ANALYSIS 

HALOTM image analysis software from Indica Labs (versions 2.0, 

Albuquerque, New Mexico) was used for multispectral images prepared by inForm 

in LN sections (Fig.S3.1, i). The cell-based segmentation algorithm was used to 
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accurately segment nuclear DAPI counterstained cells (Fig.S3.1, ii). Once 

segmentation was verified, the HALO’s Highplex Fluorescence algorithm was 

designed for each fluorescent probe using adjustable thresholding for positive signals 

585. Signals were determined by comparing the Opal single stains with the multiplex

signal 586. Negative control slides consisted of primary antibodies (excluding Opal), 

LN tissue from HIV-1 negative individuals and LN tissue from PLWH incubated 

with ACD negative control probes. Only cells above the positive threshold were 

scored. This approach allowed for the evaluation of cell phenotypes (DAPI, DNA, 

RNA, CD4, FoxP3, PD-1 and CTLA-4) and subsets (Tregs, nonTregs and nonCD4 

expressing PD-1+/- and CTLA-4+/-) (Fig.3.0, iii).  Regions of interest (ROI) 

containing TCZs and BCFs were manually selected by drawing, and any tissue or 

staining artefacts were excluded. The same algorithm design was used for each ROI 

per slide based on staining intensity and adjusted for each patient to account for 

staining variability.  

Figure 3.0 Workflow illustration of image analysis platform Indica Labs 

HALOTM software. i) Multiplex images are taken using Vectra 3.0™ multispectral 
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microscopy and prepared by inForm® cell analysis software to quantify expression of HIV-1 

RNA, DNA, CD4, FoxP3, PD-1 and CTLA-4 in LN tissue. ii) Individual cells are defined by 

DAPI counter stain using the HALO cell segmentation option. Blue DAPI counter-stained 

cells surrounded by white doted lines represent segmented cells. iii) The HALO Highplex 

Fluorescence module allows for pixel based colocalisation analysis using adjustable 

thresholding. In the mark-up image, by manually adjusting the intensity threshold for each 

biomarker (iii, sub image on the right), cells positive for each biomarker becomes coloured. 

iv) Image example using the HALO’s Highplex phenotyping algorithm, which allows users

to select regions of interest (shown in the yellow and green layers), analysis of of positively 

scored cells and results. Inclusion areas are depicted as solid lines and exclusion areas 

depicted as dashed lines. 

3.2.8 STATISTICAL ANALYSIS 

Statistical analysis was performed, and graphs plotted using Graphpad Prism 

(version 8.2.1, GraphPad Software, La Jolla, CA). Given the small sample numbers, 

we assumed normality and used a Two-tailed paired t-test to determine difference in 

T-cell subsets. Details of significant differences between data groups have been

described in each figure legend and P values less than 0.05 was considered 

significant.  
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3.3 RESULTS 

3.3.1 MEASURING THE DISTRIBUTION OF IMMUNE CELLS IN LNS 

FROM PLWH PRIOR TO AND FOLLOWING ART USING IMAGING 

Previous studies have examined HIV-1 persistence in PLWH on ART using a 

combination of ISH and mIHC in LN tissue 155,219,297. Although these studies have 

provided evidence as to where HIV-1 persists during ART, prior studies were limited 

to a five-color panel of immunofluorescence in tissue. To address this, we examined 

LNs from PLWH prior to and following ART using a multiparameter analysis of 

HIV-1 RNA and DNA as described in Chapter 2 of this thesis. Histological sections 

from FFPE LN (either inguinal or cervical) were stained for HIV-1 RNA and DNA. 

Tregs were identified using previously described markers i.e., FoxP3. We examined 

expression of ICs given previous studies showing enrichment of HIV-1 in PLWH on 

ART in CD4+ T-cells expressing PD-1 and CTLA-4 199,309,459,555,578. We defined 

productively infected cells as vDNA+vRNA+ and latently infected cell as vDNA+ 

vRNA- cells. 

We analysed both the paracortex region (the TCZ; defined by the yellow dotted 

lines) and the cortical region (the BCF; defined by the white dotted lines) for the 

distribution of immune cells (Fig. 3.1A). We then quantified total cells (DAPI+ 

cells), double negative cells i.e., CD4neg (CD4- FoxP3-), single positive cells, i.e., 

CD4pos (CD4+ FoxP3-), nonTregs (CD4+ FoxP3-) and Tregs (CD4+ FoxP3+). The 

total number of events were quantified within the BCF and the TCZ (Fig. 3.1B) in 

PLWH prior- to and during ART.  

We observed a higher number of cells in the TCZ compared to the BCF 

(Fig.3.1B). The frequency of CD4+ T-cells was higher in the TCZ compared to the 

BCF (i.e 43% vs 36%, respectively). The majority of the CD4+ T-cell population 

were non-Tregs (Fig.3.1B). The frequency of the non-Tregs was higher in the TCZ 

compared to the BCF (i.e., 97% vs 94%, respectively; Fig.3.1B). We detected a small 

population of Tregs in these tissues. Tregs were located along the T-cell and B-cell 

(T:B) border with 3% in the BCF, with the majority located in the TCZ (6%) 

(Fig.3.1A&B).  

We then looked at the distribution of productively and latently infected cells 

using RNA/DNAscope. Given the small numbers of participants, we are only able to 

describe trends and not apply any statistical tests. We found a similar frequency of 
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HIV-1 RNA+ and/ or DNA+ cells in the BCF and TCZ (Fig.3.1C) in participants both 

prior to and following ART. In addition, cells that were positive for HIV-1 were 

evenly distributed in both PLWH on and off ART (Fig.3.1D). Lastly, when we 

looked at the frequency of HIV-1+ cells per million of total cells, there was a higher 

frequency of HIV-1 RNA+ and/ or DNA+ cells in the BCFs compared to the TCZ in 

four out of four PLWH prior-to ART and in two out of three in PLWH during ART 

(Fig. 3.1E & Suppl. Fig 3.1). Overall, in agreement with the literature 155,163, our 

results show that HIV-1-infected cells can be found distributed between the BCF and 

the TCZ, with the BCFs containing a higher frequency of infected cells per million 

total cells.   
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Figure 3.1 Distribution of total and HIV-1-infected immune cells in the 

TCZ and BCF of LN tissues collected from PLWH prior to and following ART. 

FFPE sections of the LNs were prepared from a Mexican cohort of PLWH (3 on and 4 off 

ART). HIV-1 RNA+ and/ or DNA+ cells were visualized by mIHC (Method, Section 3.2.6). 

Quantification of the HIV-1 RNA+ and/ or DNA+ cells was carried out using 

RNA/DNAscope and imaging on the HALO analysis software (Method, Section 3.2.7). 

DAPI was used for nuclear counterstain of the cells in each zone, and micrographs were 

taken at 20x magnification using the Vectra™ multispectral imaging software (Method, 

Section 3.2.6). For each donor, four regions of interest (ROIs) were taken. A) Representative 

unmixed composite image of a LN section from a participant off ART, depicting single 

detection of (i) HIV-1 DNA (red) and (ii) RNAs (green), (iii) CD4 (cyan), (iv) FoxP3 

(white), (v) PD-1 (orange) and (vi) CTLA-4 (magenta).  DAPI was used for nuclear 

counterstain and all micrographs were taken at 20X magnification using the Vectra™ 

multispectral imaging software. Scale =10 µm. B) Representative multiplex image of LN 

tissue of a participant off ART depicting simultaneous detection of HIV-1 DNA and RNA in 

combination with antibodies for CD4, Treg marker FoxP3, and ICs CTLA-4 and PD-1 

distributed between the TCZs (yellow dotted lines) and the BCFs (white dotted lines). C) 

Images were analysed with HALO to quantify the total events (number) of HIV-1 RNA+ 

and/ or DNA+ positive cells and denoted as total cells (DAPI+), CD4neg (CD4- FoxP3-), 

CD4pos (CD4+), nonTregs (CD4+FoxP3-) and Tregs (CD4+ FoxP3+) in the BCF (grey 

symbols) or TCZ (blue symbols) from participants off ART (closed symbol) and on ART 

(open symbol). D) The absolute number of HIV-1 RNA+ and/ or DNA+ positive cells on total 

cells prior-to ART (i) and on ART (ii) and (E) the frequency of infection compared with the 

total amount of HIV-1 RNA+ and/ or DNA+ cells is shown as log 10 for PLWH off ART (i) 

and on ART (ii) in TCZ and the BCF of LN. Each participant is shown by a different colour 

(n=7 subjects). Grey shaded area highlights people living with HIV-1 on ART. TCZ: T-cell 

zone; BCF: B-cell follicle. 
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3.3.2 TREGS CONTAIN A HIGHER FREQUENCY OF HIV-1 INFECTION 

COMPARED TO OTHER T-CELL SUBSETS 

To determine the contribution of Tregs to the total number of HIV-1-infected 

cells in LNs, we next divided the cells into subpopulations of T-cells expressing ICs 

i.e., CTLA-4 and PD-1 as well as FoxP3. Based on this analysis, cells in the LN

tissue were divided into CD4+FoxP3+ Tregs, CD4+ FoxP3- nonTregs and CD4neg T-

cells (CD4-FoxP3-cells). We found FoxP3+ expression was predominantly seen near 

the T:B border (Fig. 3.2 i, yellow arrows). In contrast, cells that did not express 

FoxP3 and defined as nonTregs were located within the BCF and the TCZ (Fig. 

3.2A, ii, white and yellow arrows, respectively). Cells that did not express CD4 and 

defined as CD4neg (CD4- FoxP3-) were found between the BCF and the TCZ (Fig. 

3.2 iii, white and yellow arrows, respectively).  

We then used the same approach as described earlier to understand the 

distribution of productively and latently infected cells in the BCF and TCZ according 

to the T-cell phenotype in LNs prior-to and during ART (Fig. 3.2 B&C). In LN from 

participants both off and on ART, the highest frequency of HIV-1+ cells were found 

in the Treg population of cells, followed by nonTregs and by CD4neg cells (Fig. 

3.2). In participants off ART, the frequency of infected Tregs was higher in the BCF 

(circles) compared to the TCZ (triangles; Fig 3.2 B, i) but this distinction was not 

observed in LN from participants on ART (Fig 3.2B, ii). Interestingly, Tregs were 

the least frequent cell in both the TCZ or BCF for participants off and on ART (Fig. 

3.2C, i & ii). Together these data demonstrate preferential HIV-1 infection in Tregs 

in PWLH prior-to or during ART, but given the low frequency of these cells, their 

overall contribution to the total pool of infected cells is low (5.11%, off ART and 

3.9%, on ART). 
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Figure 3.2. Distribution of infected Tregs and nonTregs in LNs. A) 

Representative multiplex images of a LN in a participant off ART, from a Mexican cohort in 

PLWH (3 on and 4 off ART). mIHC image (Method, Section 3.2.6) of HIV-1 DNA (red) and 

RNA (green) using RNA/DNAscope in combination with IHC of T-cell populations with 

expression markers CD4 (cyan), Treg marker FoxP3 (white), and ICs CTLA-4 (magenta) 

and PD-1 (orange). (i) The location of Tregs is shown between the BCF (white arrows) and 

the TCZ (yellow arrows), (ii) nonTregs distrubuted between the BCF (white arrows) and the 

TCZ (yellow arrows) and (iii) nonCD4 cells within the BCF (white arrows) and the TCZ 

(yellow arrows). DAPI was used for nuclear counterstain and micrographs were taken at 20x 

magnification using the Vectra™ multispectral imaging software. Scale =20 µm. For each 

donor, four ROIs were taken. B) The frequency of HIV-1 RNA+ and/ or DNA+ in infected 

subsets prior-to ART (i) and on ART (ii) was examined with HALO (Method, Section 3.2.7) 

using cells positively scored to identify CD4neg cells, Tregs and nonTregs. C) The 
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proportion of HIV-1 RNA+ and/ or DNA+ infected cells in participants prior-to ART (i) and 

on ART (ii) was examined with HALO (Method, Section 3.2.7) using cell positively scored 

to identify CD4neg cells, Tregs and nonTregs in participants prior-to ART. The samples are 

colour coded (n=7 subjects) in either the BCF (closed circle) or the TCZ (closed triangle). *p 

< 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 and ns (no significance). 
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3.3.3 CELLS EXPRESSING PD-1+ ARE MORE FREQUENTLY INFECTED 

COMPARED TO CTLA-4+ CELLS 

We and others have shown that in blood and LN tissue from PLWH on ART, 

HIV-1 is enriched in PD-1+ and CTLA-4+ CD4+ T-cells 199,556. Similar findings have 

been observed in SIV-infected non-human primates on ART 155. To determine if cells 

expressing ICs i.e., PD-1 and CTLA-4 are enriched for HIV-1 and to identify their 

location within LN, we combined RNA/DNAscope with mIHC and assessed the 

same LNs from PLWH prior-to and during ART.   

We found that nonTregs contained the majority of PD-1+ cells, whereas CTLA-

4+ cells consisted of Tregs in participants prior to- and during ART (Fig. 3.3A). We 

next compared the frequency of infected cells in PD-1 positive and negative cells and 

did the same for CTLA-4 positive and negative cells in the BCF and TCZ (Fig. 

3.3B). In PLWH off ART, virus was more commonly detected in PD-1+ compared to 

PD-1- cells in the TCZ, while there was no difference between CTLA-4+ and CTLA-

4- cells in the BCF and the TCZ. In contrast, in PLWH on ART, there was no

enrichment of virus in PD-1+ compared to PD-1- cells and there was a trend to more 

virus in PD-1- cells in the BCF and the TCZ. In both PLWH off ART and PLWH on 

ART there was no difference in  virus in CTLA-4+  compared to CTLA-4- cells. 

As expected, the frequency of infected cells was higher in LN from participants 

off ART compared to on ART. We examined the number of infected cells in PD-1+ 

and CTLA-4+ cells (Fig 3.3C). In the PD-1+ cells in participants off ART, infected 

cells were most common in total cells, followed by non-Tregs followed by Tregs. A 

similar pattern was observed in the CTLA-4+ cells. Infected cells were found in both 

the BCF and TCZ. In participants on ART, detection of infected cells in either PD-1+ 

or CTLA-4+ cells was dramatically reduced compared to participants off ART. For 

PD-1+ cells, one of three participants had detectable virus in PD-1+ nonTregs and this 

was only in the BCF. For CTLA-4+ cells, one of three participants had detectable 

virus in CTLA-4+ Tregs and only in the both the BCF and the TCZ. These data 

demonstrate that virus persistence in participants on ART has a very different 

distribution to participants off ART and that when virus persists in Tregs, these are 

CTLA-4+ and found in the BCF and the TCZ. 
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Altogether these results suggest that nonTregs expressing PD-1+ were more 

frequently infected in participants prior-to ART compared to Tregs. In PLWH on 

ART, we saw no enrichment of virus in PD-1+ cells, in contrast to other publications 

199,459,555. Although numbers were small, we saw clear enrichment of virus in PLWH 

on ART in CTLA-4+ Tregs located in the BCF and the TCZ, consistent with similar 

descriptions in a NHP model155. 
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         Figure 3.3. Distribution of PD-1+ and CTLA-4+ HIV-1-infected cells in LNs 

tissue. Cells were stained using mIHC (Method, Section 3.2.6) and RNA/DNAscope 

following image analysis of LNs sections. Each section was quantified using HALO analysis 

software (Method, Section 3.2.7). Quantitative imaging analysis of LNs from participants 
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prior-to (n=4) or post ART (n=3) showing the frequency of HIV-1 infection in cells 

expressing ICs. A) The proportion of PD-1+/- CTLA-4+/-in infected subsets prior-to and post 

ART (grey shaded area) was examined with HALO (Method, Section 3.2.7) using cells 

positively scored to quantify PD-1+/- CTLA-4+/- expression on Tregs and nonTregs. The 

samples are colour coded (n=7 subjects). B) Plots show the frequency of HIV-1 infection in 

matched PD-1+ or CTLA4+ expression in LNs in participants prior-to or post ART (grey 

shaded areas). Cells were stained with ICs and quantified using HALO analysis software 

(Method, Section 3.2.7). C) Plot shows the frequency of HIV-1 RNA+ and/ or DNA+ infected 

total cells (DAPI+), CD4neg (CD4- FoxP3-), CD4pos (CD4+), nonTregs (CD4+ FoxP3-) and 

Tregs (CD4+ FoxP3+) that expressed PD-1+ and/or CTLA-4+ prior-to or during ART. Mean of 

four ROIs were taken for each donor. The samples are colour coded (n=7 subjects) in either 

the BCF (closed circle) or the TCZ (closed triangle). 
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3.4 DISCUSSION 

In this study, we used RNA/DNA scope and imaging established in our lab 

(Chapter 2) which allowed us to define Tregs and their relationship with ICs such as 

PD-1 and CTLA-4 in the BCF and TCF regions of the LNs of PLWH prior-or during 

ART. We showed that in both PLWH on ART and off ART; 1. virus was detected in 

both the BCF and TCZ with similar frequency; 2. infection of Tregs was more 

common than non Tregs; 3 the frequency of Tregs was low so the contribution of 

infected Tregs to the overall reservoir size is small; and 4. the overall frequency of 

infection was higher in PLWH off ART compared to on ART.  

When we examined the relationship between Treg markers and ICs, we found 

that 1. PD-1 was predominantly expressed on nonTregs; 2. CTLA-4 was expressed at 

higher levels on Tregs than non-Tregs; 3. There was minimal enrichment of virus in 

PD-1+ compared to PD-1- cells or CTLA-4+ cells compared to CTLA-4- cells both on 

ART; and 4 persistent virus was detected on ART in CTLA-4+ Tregs located in the 

BCF and the TCZ, similar to findings in NHP 309. 

Our data demonstrated a higher frequency of HIV-1 infected cells both RNA+ 

and/ or DNA+ in the BCF than TCZ (Fig. 3.1E). This was shown with a similar 

pattern in PLWH prior to- and during ART, which suggests that the BCF is a site of 

ongoing HIV-1 replication in LNs 297. However, we found that the TCZ also 

contained HIV-1 infected both RNA+ and/or DNA+. This observation suggests that

the enrichment of HIV-1 infection can be found outside the follicles, as shown in 

SIV-infected NHP on ART 309.  

Using our imaging analysis, we further looked at the compartmentalization of 

the T-cells in the BCF and the TCZ and their relationship with HIV-1 infection (Fig. 

3.1B). We showed that nonTregs are predominantly found in the BCF and express 

more PD-1 on their surface than CTLA-4 (Fig.3.3A). Our data is in agreement with 

the literature which shows that CD4+ T-cells (nonTregs) characterized by the 

expression of cell surface receptors (CD4+ PD-1+/- CTLA-4+/-) are the major source 

of persistent and infectious HIV-1, particularly in LN from PLWH on ART 131,587,588.  

When we compared Tregs to nonTregs, we found that Tregs contained higher 

levels of HIV-1 than nonTregs, this was also observed in two studies which 

demonstrated an abundance of HIV-1 DNA in Tregs compared to nonTregs in 
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PBMCs from PLWH that were either treatment naïve438 and on ART437,438. In 

addition, our data confirms what other groups have reported, which is that CD4+ PD-

1+/- CTLA-4+/- nonTregs contain frequently infected HIV-1 RNA+ and/or DNA+ cells 

in ART naïve participants 131,587,588. Our data which shows an enrichment of HIV-1 

in CD4+ FoxP3+ or CTLA-4+/- PD-1+/-Tregs identified in the BCF, makes us 

speculate that these Tregs are Tfr cells which next to CXCR5 and Bcl6, also express 

CD4+ FoxP3+ or CTLA-4+/-PD-1+/- and are capable of gaining entry to the BCFs 

through the expressing of CXCR5584. Additionally, these cells share similar 

phenotypic characteristic with Tfr cells, where the expression of CTLA-4 was shown 

to correlate with these cells 589.  

We found that Tregs contained the highest frequency of infection, particularly 

in the BCF, in participants on and off ART. Although we didn’t specifically measure 

CXCR5 expression which defines Tfr cells, we speculate that these Tregs are a 

subset of Tfr cells 584. Tfr and Tfh cells differ by the presence or absence of FoxP3 

and high or low levels of PD-1 and CTLA-4. In vivo and ex vivo studies have 

demonstrated that Tfr cells are more permissive to HIV-1 R5-tropic HIV-1 infection 

compared to Tfh cell which may be mediated by their high expression of CD4 and 

CXCR5 407. 

Early initiation of ART has shown to be associated with a lower HIV-1 

reservoir in CD4+ T-cells 590 and a decay of PD-1+ cells in the LN over time 131. Of 

note, in this cohort, the initiation and duration of ART varied amongst participants. 

Another essential factor to take into consideration is the donor variation between 

PLWH. Published data has shown that age i.e. plays an important role in subset 

contribution during HIV-1 591. Furthermore, CD4neg cells can resemble Tfh cells or 

macrophages which have lost their surface expression 592. 

Although we found evidence of infected Tregs, there appeared to be no 

difference between those on and off ART. However, we found no difference between 

the number of infected Tregs with PD-1 and CTLA-4, but this remained challenging 

to examine due to the low number of cells and cohort size. 
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3.4.1 LIMITATIONS 

This is the first systematic characterisation of HIV-1 location in LN based on 

expression of Treg markers and the ICs PD-1 and CTLA-4. A major limitation of this 

work is the small sample size analysed and further work would be needed to ensure 

any differences were statistically significant. We had limited LN material from 

participants that could be evaluated. This was largely due to the manner the samples 

were prepared. Time in formalin is a variable which can impact  sensitive detection 

of viral RNA and proteins. In these studies, we only included samples that were 

prepared using a method that preserved detection of viral RNA.  

Although we did detect CTLA-4 predominantly on Tregs and other subsets, 

CTLA-4 expression is retained considerably longer on Tregs and other T-cells and 

can be found on the membrane and cytoplasm of the cell 593,594. The algorithm used 

on the HALO analysis software was set on membrane staining and not cytoplasmic 

expression and this could potentially explain why CTLA-4 expression is low in T-

cells which constitutively internalize CTLA-4.  

The Tregs identified led us to believe that they might be Tfr cells. However, 

our data could not provide their phenotype as we only looked at Tregs as a bulk 

population and not subsets of Tregs. Therefore, including other markers such as 

CXCR5 and Bcl6 in future studies would be useful to fully determine their 

phenotype. This also applies to the nonTregs seen which had a Tfh cell-like 

phenotype due to their location and expressesion of CXCR5 and Bcl6.  These issues 

deserve further empirical study. 

3.4.2 CONCLUSION 

Besides blood, lymphoid tissue such as gut associated lymphoid tissue and LNs 

is reported as an essential anatomical site where the majority of CD4+ T-cells reside 

574. Tregs have been identified previously as a reservoir during HIV-1 persistence in

blood in PLWH on ART, however these studies have been limited to blood 201,595. 

Most importantly, we demonstrate that Tregs are enriched for virus compared to non 

Tregs both on and off ART. In participants on ART, we showed that PD-1+ cells 

were not enriched for infection in LN tissue and that virus can certainly persist 
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outside the BCF, largely in CTLA-4+ cells. Future studies should include additional 

phenotyping to include CXCR5 and BCL6 to fully understand the relationship of 

Tregs to Tfh and Tfr. We conclude that HIV-1 persistence in cells outside the BCF 

needs to be considered in eradication strategies.  
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3.5 SUPPLEMENTARY FIGURES 

Supplementary Table 3.1 Percentage of infected cells in each subset 

Off ART BCF % TCZ % 

HIV DNA+ RNA+ PD-1+  105/2548 4.0 32/1288 2.0 

HIV DNA+ RNA+ CTLA-4+ 41/1957 2.0 30/2600 1.0 

HIV DNA+ RNA+ CD4+ FoxP3+ (Tregs) l13/182 7.1 10/1736 0.6 

HIV DNA+ RNA+ CD4+ FoxP3- (nonTregs) 218/7258 2.9 212/20418 1.0 

HIV DNA+ RNA+ CD4- 92/197217 0.5 83/38212 0.2 

On ART BCF % TCZ % 

HIV DNA+ RNA+ PD-1+ 7/819 1.0 0/215 0.0 

HIV DNA+ RNA+ CTLA-4+ 1/295 0.3 3/742 0.4 

HIV DNA+ RNA+ CD4+ FoxP3+ (Tregs)   2 /75 2.7 2/496 0.4 

HIV DNA+ RNA+ CD4+ FoxP3- (nonTregs) 21/2533 0.8 16/14482 0.1 

HIV DNA+ RNA+ CD4- 19/3429 1.0 21/15783 0.1 
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HIV-1 persists preferentially in 

memory CTLA-4+ CD4+ T-cells 

4.1 INTRODUCTION 

Analysing LN tissue is critically important to fully understand HIV-1 

persistence in PLWH on ART given: 1.  the low penetration of ART into lymphoid 

tissue 596 as cessation of ART resulted in viral rebound originating from the 

lymphatic tissue597, 2. anatomic compartments in the LNs such as BCF are immune-

privileged sites restricting migration of HIV-1-specific CD8+ T-cells 598 and 3. the 

majority of T-cells reside in the LNs and are functionally distinct from those in blood 

599. 

In addition, multiple studies have shown that LN PD-1+ cells, the majority of 

which are follicular helper T-cells (Tfh), harbor the majority of HIV-1 DNA and 

replication-competent HIV-1 in PLWH on ART 131. In contrast, in ART-treated SIV-

infected rhesus macaques CTLA-4+ cells were enriched for SIV DNA and these 

infected cells were primary located in the T-cell zone (TCZ) and not within the B-

cell follicle (BCF) of the LN 155. The CTLA-4+ cellular subset within the TCZ of the 

LN tissue has never been studied in PLWH on ART.   

In this study, we sought to determine whether blood and LN CD4+ T cells 

subsets defined by their expression of PD-1 and CTLA-4 preferentially harbor HIV-1 

in PLWH on ART. We showed that although there was enrichment of HIV-1 DNA in 

memory CD4+ T-cells expressing CTLA-4, there was no significant difference 

between the blood and the LN. In addition, we combined RNA/DNAscope with 

multiplex immunohistochemistry (mIHC) to provide insight into spatial distribution 

of the HIV-1 reservoir in LN tissue, and found enrichment of HIV-1 in PD-1-CTLA-

4+ cells located in either the BCFs or the TCZs in PLWH on ART. We conclude that 

CTLA-4 is indeed an important marker for HIV-1 enrichment and identifies a pool of 

infected cells distinct from PD-1+ cells.   
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4.2 METHODS 

4.2.1 STUDY PARTICIPANTS AND SAMPLE COLLECTION 

We enrolled 11 PLWH receiving suppressive ART (see clinical characteristics 

in Table 1) at The Alfred Hospital, Melbourne, Australia (n=11). Inclusion criteria 

were documented HIV-1-1 infection, aged 18 years or older and receiving 

combination ART with plasma HIV-1 RNA <50 copies/mL for at least 3 years. Due 

to leukapheresis and LN biopsy procedures, we excluded individuals with skin 

infection at inguinal area; current lower extremity, gastrointestinal or genitourinary 

infection; chronic venous stasis or lymphedema of lower extremities; blood 

coagulation disorders or conditions requiring anticoagulant therapy; liver cirrhosis; 

weight <50 kg or body mass index (BMI) >35; blood pressure >160/100 mmHg or 

<100/70 mmHg; pregnant or breast feeding; or any with clinically significant cardiac 

or cerebrovascular disease. Leukapheresis procedures were performed at The Alfred 

Hospital (n=11) and excisional LN biopsies were performed at The Avenue Hospital, 

Melbourne, Australia. The time between the two procedures ranged from 6 to 50 

days. LN biopsies were performed by an experienced surgeon using general 

anaesthesia.  
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Table 4.1 Clinical characteristics of PLWH 
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4.2.2 PROCESSING OF EXCISED LNS AND SORTING OF LNMCS 

To disaggregate lymph node mononuclear cells (LNMCs) from LN biopsy 

tissue, we initially stored LN samples in RPMI 1640 media (Life Technologies, 

Carlsbad, CA, USA) supplemented with 15% heat-inactivated Fetal Bovine Serum 

(FBS, Bovogen, Keilor East, VIC, AUS), 10mM HEPES buffer (Life Technologies, 

Cat no 15630-080), 1X Penicillin-Streptomycin-Glutamine (Life Technologies, Cat 

no 10378016) on ice in a 4C cold room overnight for processing the following day. 

Using sterile disposable scalpels and forceps, LN tissue was torn apart and minced to 

obtain small fragments. Minced node tissue was transferred to a 70-micron nylon cell 

strainer (Bio-Strategy Laboratory Products PTY LTD, Tullamarine, VIC, AUS, Cat 

no 352350) inserted into a 50 mL collection tube. Remaining tissue within the cell 

strainer was further grinded to allow cells to pass through and then passed through a 

second strainer with a 40-micron filter (Bio-Strategy Laboratory Products PTY LTD, 

Cat no 352340). Cells were then transferred to conical tubes and centrifuged at 400g 

for 10 minutes. In case of significant presence of red blood cells, these were lysed 

with ACK lysing buffer (Life Technologies). Cells were then resuspended in warm 

DNase media (RPMI with 1% FBS and 100 ug/mL DNase I [Sigma Aldrich, St. 

Louis, MO, USA, Cat no DN25-100mg]) at 10 million cells/mL, centrifuged at 400g 

for 10 minutes and resuspended at desired concentration for sorting or 

immunophenotyping. Following isolation of LNMCs from LN biopsies, unfrozen 

cells were labelled with the following antibodies and fluorophores all from BD 

Biosciences (Franklin Lakes, NJ, USA): anti-CD3 BV711 (Cat no 563725), CD4 

FITC (Cat no 561842), CD45RA PE-Cy7 (Cat no 337167), PD1 BV421 (Cat no 

562516) and CTLA4 PE (Cat no 557301) and sorted on a BD FACS Aria cell sorter. 

We collected 4 different subsets of LN memory CD4+ T-cells defined as double 

positive (CD3+CD4+CD45RA-PD-1+CTLA-4+), PD-1 single positive (SP) 

(CD3+CD4+CD45RA-PD-1+CTLA-4-), CTLA-4+ SP (CD3+CD4+CD45RA-PD-1-

CTLA-4+) and double negative (CD3+CD4+CD45RA-PD1-CTLA4-). 



138 

4.2.3 ISOLATION OF BLOOD MEMORY CD4+ T CELLS AND CELL 

SORTING 

Following leukapheresis, peripheral blood mononuclear cells (PBMCs) and 

plasma were isolated using standard Ficoll procedures and cryopreserved in liquid 

nitrogen. To isolate memory CD4+ T-cells from PBMCs obtained by leukapheresis, 

we subsequently thawed PBMCs and used a magnetic bead negative selection kit 

from BioLegend that depleted non-CD4+ memory T-cells with a biotin antibody 

cocktail consisting of anti-CD8a, anti-CD11b, anti-CD14, anti-CD16, anti-CD19, 

anti-CD20, anti-CD36, anti-CD45RA, anti-CD56, anti-CD123, anti-CD235ab and 

TC γ/δ (MojoSort Human CD4 memory T-cell isolation kit, BioLegend, San Diego, 

CA, USA, Cat no 480064).  Memory CD4+ T cells were then labelled with the 

following antibodies and fluorophores all from BD Biosciences: anti-CD3 BV711, 

CD4 FITC, CD45RA PE-Cy7, PD-1 BV421 and CTLA-4 PE and sorted on a BD 

FACS Aria Fusion. We collected 4 different subsets defined as double positive 

(CD3+CD4+CD45RA-PD-1+CTLA-4+), PD-1+ SP (CD3+CD4+CD45RA-PD-

1+CTLA-4-), CTLA-4+ SP (CD3+CD4+CD45RA-PD1-CTLA-4+) and double negative 

(CD3+CD4+CD45RA-PD-1-CTLA-4-). 

4.2.4 FLOW CYTOMETRY ON T-CELL SUBSETS 

The flow cytometry gating strategy used to analyse the distribution of PD-1 

and CTLA-4 in memory CD4+ T-cell subsets derived from blood and LNs are shown 

in (Fig. 4.1A). This involved gating on live CD3+CD4+ T-cells negative for 

CD45RA, followed by gating on PD-1 and CTLA-4 to obtain 4 populations of 

memory CD4+ T cells defined by their expression of PD-1 and CTLA-4, i.e. DN 

PD1-CTLA4-, SP PD-1+CTLA-4-, SP PD1-CTLA-4+ and DP PD-1+CTLA4+ on their 

surface (Fig. 4A). In PBMCs this was performed on cells that were enriched for 

CD45RA- memory CD4+ T-cells using negative selection (MojoSort Human CD4 

memory T-cell isolation kit, BioLegend, San Diego, CA, USA, Cat no 480064).  

4.2.5 IMMUNOPHENOTYPING 

Before sorting cells, we used flow cytometry to assess the distribution of the 4 

subsets of memory CD4+ T cells in blood and LN based on their expression of PD1 

and CTLA-4. For this we used the same antibodies as described for cell sorting and 

fluorescence minus one (FMO) control and ran samples on a BD LSR Fortessa flow 

cytometer. Gates were set based on the FMOs and then adjusted by comparing 
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CD45RA versus PD-1 and CD45RA versus CTLA-4 populations as this was found 

to be a more accurate way of determining the populations. Flow Jo version 10 was 

used for analysing acquired data.  

4.2.6 QUANTIFICATION OF TOTAL HIV-1 DNA, CA-US HIV-1 RNA, CA-

MS HIV-1 RNA 

To quantify levels of cell-associated HIV-1 RNA and DNA, memory CD4+ T-

cells sorted based on their expression of PD-1 and CTLA-4 subsets were lysed and 

lysates stored at -80 until analyses. We extracted RNA from lysates using the Qiagen 

All-prep kit (Qiagen, Hilden, Germany). Cell associated unspliced (CA-US) HIV-1 

RNA was then quantified in four replicates using a semi-nested real-time quantitative 

polymerase chain reaction (RT-PCR) as previously described600. Primers used for 1st 

and 2nd round amplified HIV-1-1 RNA copy numbers, which were standardized to 

cellular input using the 18S TaqMan gene Expression Assay (Applied Biosystems, 

Foster City, CA USA). For all samples, a non-RT control was included. If this 

control was positive, results for this sample were excluded from the analysis. Cell 

associated multiple spliced (CA-MS) HIV-1 RNA was measured using RT-PCR with 

primers and probes as described previously 578. Total HIV-1 RNA and DNA were 

isolated from AllPrep extraction kit and CA total HIV-1-DNA was analysed in 

triplicate with cell lysates using primers SL19/SL20 and  SL30 probes to detect  

either HIV DNA or HIV RNA. The 18S Taqman probe was used as house keeping 

gene for total cellular RNA as previously described 601. HIV DNA copy numbers 

were standardized to cellular equivalents through quantification of CCR5. 

4.2.7 HISTOLOGY AND IMMUNOHISTOCHEMISTRY 

After using LN tissue for sorting, the remaining LNs were embedded and snap 

frozen in optimum cutting temperature (OCT) compound (Sakura) and stored at -

80°C before FFPE and sectioning.  Immunohistochemistry was performed on FFPE 

LN tissue using a peroxidase-based method on 5 𝜇m sections on Superfrost® plus 

microscope slides (Thermo Scientific). Specimen slides were incubated at 60 °C for 

45-60 minutes for the melting and fixing of specimens onto microscope slides. In

order to deparaffinise, slides were washed in xylene and rehydrated in ethanol of 

100% to 70%. Slides were then treated with hydrogen peroxidase (Chem-Supply, 

Gillman, Australia) in 0.3% H2O2 (v/v) in double-distilled H2O (ddH2O) for 15 

minutes at room temperature. Heat induced epitope retrieval was then performed 
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until boiling was achieved, followed with 90°C for 15 minutes by microwave 

treatment (MWT) in the appropriate retrieval buffer optimised for each target 

epitope. Specimens were then blocked using Background Sniper (Biocare Medical, 

Concord, CA) for 15 minutes prior to primary antibody application.  

4.2.8 HIV-1-1 RNA AND DNA TARGET PROBES 

The HIV-1 RNA probe used was designed to hybridize to viral RNA in gag, 

pol, vif, vpr, tat, rev, env, nef, and vpx genes (vRNA anti-sense probe, ACD catalog: 

ADV416111) as well as HIV-1 DNA probe targeting the Gag-Pol coding region 

(vDNA sense probe, ACD catalog: ADV425531). All probes were purchased from 

Advances Cell Diagnostics (ACD Newark, CA) and a complete list of the sequence 

of each probe used has been previously published 297.  

4.2.9 HIV-1-1 RNA AND DNA IN SITU HYBRIDIZATION 

For the detection of vRNA and vDNA, we used the RNAscope 2.5 brown kit 

297, with some modifications 297. In brief, probes were visualized by hybridizing with 

preamplifiers, amplifiers in a humidified HybEZ oven, and finally, fluorescent label 

with TSA amplification system (Perkin Elmer, Waltham, Massachusetts). LNs that 

were stored in OCT and FFPE were stained for HIV-1 RNA and DNA. 

4.2.10 MULTIPLEX IMMUNOHISTOCHEMISTRY (OPAL™) 

Rabbit monoclonal antibodies to CD4 (Cell Marque, Rocklin, CA) clone 104R-

1, 1/100, high pH retrieval), mouse monoclonal antibody to FoxP3 (Abcam, 

Cambridge, UK), clone IgG1, 1/1000, high pH retrieval), mouse polyclonal antibody 

to PD-1 (Abcam, IgG1 Nat105, 1/500, low pH retrieval), mouse monoclonal 

antibody to CTLA-4 (MyBiosource, San Diego, CA) IgG2a/k, 1/100, high pH 

retrieval) were used. Sectioned LN tissues were stained using IHC with CD4, PD-1 

and CTLA-4 and DAPI, followed by imaging on the Vectra multispectral IHC 

imaging (as described in Chapter 3, Methods 3.2.7).    

4.2.11 QUANTITATIVE IMAGE ANALYSIS 

HALOTM image analysis software from Indica Labs (versions 2.0, 

Albuquerque, New Mexico) was used for multispectral images prepared by inForm 

in LN samples (described in chapter 3.2.7) Cells below the positive threshold were 

not scored and cells above the positive threshold are scored. Using the HALO 

analysis software, CD4+ T-cells were divided into PD-1 and/or CTLA-4, i.e., DN 
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PD1-CTLA4-, SP PD1+CTLA4-, SP PD1-CTLA-4+ and DP PD-1+CTLA4+ in both 

the TCZ and the BCF of LNs. In addition, further characterization of subsets, i.e. 

Tregs, nonTregs and nonCD4, (as described in Chapter 3, Methods 3.2.7).   

4.2.12 STATISTICAL ANALYSES 

We performed pairwise comparisons across the individual subsets using paired 

t-test or Wilcoxon matched-pairs signed rank test, depending on data distribution.

We investigated associations of HIV-1 persistence measures and baseline 

characteristics using Spearman or Pearson correlation depending on data distribution. 

All statistical analyses were performed in Prism 8 (version 8.4.3).  

4.2.13 STUDY APPROVALS 

The study was approved by Human Research Ethics Committees at The Alfred 

and Avenue Hospitals in Melbourne. The study was also registered at and approved 

by the University of Melbourne Ethics Committee. The study was conducted in 

accordance with the principles of the Declaration of Helsinki (1996) and the 

principles described in the Food and Drug Administration regulations and the 

Department of Health and Human Services regulations for the protection of human 

participants. Each participant provided written informed consent. 
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4.3 RESULTS 

4.3.1 STUDY PARTICIPANTS AND CLINICAL DETAILS 

Eleven participants were recruited for this study. Their clinical characteristics 

are summarized in Table 4.1. In brief, all 11 participants >18 years were males who 

had been on suppressive ART for at least three years with undetectable viral load 

(<20 or <40 copies/mL). The mean duration of suppressed plasma HIV-1 RNA prior 

to study entry was 9.4 years (95% confidence interval (CI) 8.1-10.8) and mean nadir 

CD4+ T cell count was 222 cells/uL (95% CI 138-305). Ten participants consented to 

both leukapheresis and excisional biopsy of an inguinal LN under general 

anaesthetic, and one participant consented only to leukapheresis. Four of ten 

participants (40%) that underwent excisional LN biopsy developed a seroma at the 

surgical site 7-17 days after the procedure, which all fully resolved after 4-8 weeks. 

One participant developed a local infection following LN biopsy, which also fully 

resolved after treatment with antibiotics. In two participants, the excised LN tissue 

did not contain any CD3+ T-cells and could not be used for the study. We therefore 

analysed paired LN and leukapheresis samples from 8 individuals and leukapheresis 

samples only for three individuals.  

4.3.2 FLOW CYTOMETRY AND QUANTITATIVE IMAGING OF ICS 

SUBSETS IN HUMAN BLOOD AND LN 

Memory CD4+ T-cells cells were found in all four populations in blood and 

LNs, but with a higher frequency of CTLA-4 negative subsets than CTLA-4 positive 

subsets (Fig.4.1B, first and second image). When comparing the relative frequency 

of each subset across blood and LNs, we found that double negative cells were more 

frequent in blood compared to LN, whereas DP cells were more frequent in the LN 

compared to blood (Fig.4.1B, third image).  

We also employed in situ hybridization (ISH) using RNA/DNAscope (Fig. 

4.2,as pointed out in Chapter 3) with IHC to analyse the distribution of all four 

subsets in LN tissue with a method that also allowed us to assess the location of 

cellular subsets within LN tissue. With this methodology we assessed LN tissue from 

two individuals (PRADA 6 and PRADA 11) and found that double negative and SP 

PD-1neg CTLA-4+ constituted the majority of cells in both the TCZ and the BCF, 

whereas double positive PD-1+CTLA-4+ cells were found at a much lower frequency 
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(Fig. 4.1D). Next, we compared flow cytometry data (memory CD4+ T-cells) with 

IHC (total CD4+ T-cells) to assess whether these two approaches to quantifying 

cellular subsets defined by PD-1 and CTLA-4 yielded different results. We found 

that PD-1- subsets were identified at a higher frequency using IHC, whereas PD-1+ 

subsets were identified at a higher frequency using flow cytometry (Fig. 4.1E).  
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Figure 4.1. Memory CD4+ T-cells in PLWH on ART express ICs and 

harbor HIV-1 DNA. A) Sorting strategy to collect memory CD4+ T-cells expressing PD-1 

or CTLA-4.  B) The percentage showing the distribution of CD4+ T-cells expressing PD-1 

and CTLA-4 in matched blood (n=11, first figure), LNs (n=8, second figure) and comparison 

between blood and LNs (last figure) using flow cytometry. C) FFPE sections from LNs were 
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prepared from two PLWH on ART that were part of this study cohort. HIV-1 RNA+ and/ or 

DNA+ cells were stained in combination with the Opal system (Method, Section 4.2.9). 

Quantification of the HIV-1 RNA+ and/ or DNA+ cells was carried out using 

RNA/DNAscope and imaging on the HALO analysis software (Method, Section 4.2.10). 

DAPI was used for nuclear counterstain of the cells in each zone, and micrographs were 

taken at 10 and 20x magnification using the Vectra™ multispectral imaging software 

(Method, Section 4.2.10). Scale =500 µm. For each donor, two regions of interest were 

taken. Representative of multiplex IHC composite image (10x) of a participant on ART 

(PRADA011), depicting simultaneous detection of HIV-1 DNA (red) and RNA (green) in 

combination with antibodies for T-cell expression markers CD4 (cyan), Treg marker FoxP3 

(white), and ICs markers CTLA-4 (magenta) and PD-1 (orange) in dotted lines. D) Images 

were analysed with HALO to quantify the distribution of CD4+ T-cells expressing PD-1+/- 

/CTLA-4+/- (alone or in combination) on ART in either the BCF (closed circle) or the TCZ 

(closed triangle). E) The percentage of memory CD4+ T-cells subsets using PCR and 

RNA/DNAscope with multiplex IHC. Data from subsets with fewer than (10.000) sorted 

cells were excluded when undetectable. Sample averages are indicated by the horizontal bar 

on each graph, and Wilcoxon matched pairs signed-rank test were used to compare the 

distribution between blood, LNs and two methods; sorted subsets (full circles) and 

RNA/DNAscope with IHC (closed circles) between samples from the same individuals. The 

data showed as log10. Each participant is shown by a different colour (n=2 subjects). *p < 

0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Samples are colour coded for each memory 

CD4+ T-cell subset. LN: lymph node; FC: flow cytometry; IHC: immunohistochemistry; 

ISH: in situ hybridization. 
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4.3.3 CD4+ T-CELLS IN BLOOD THAT EXPRESS CTLA-4 ARE ENRICHED 

FOR HIV-1 

DNA and RNA were extracted from memory CD4+ T-cells that were derived 

from LN tissue and sorted according to their expression of PD-1 and CTLA-4. We 

then quantified the frequency of cells containing HIV-1 DNA across all four subsets. 

To address whether the frequency of infected cells might differ between blood 

and LN memory CD4+ T-cell PD-1/CTLA-4 subsets, we directly compared the level 

of HIV-1 DNA within each subset across LN and blood. We found that the level of 

HIV-1 DNA was significantly higher in memory CD4+ T-cells expressing CTLA-4 

compared to double negative and SP PD-1+ cells in blood, this trend was also 

demonstrated in LN but did not reach statistical significance (Fig. 4.2A-B). 

Furthermore, when we compared blood and LN cells within each PD-1/CTLA-4 

subset, we found that the frequency of cells containing HIV-1 DNA was not 

significantly different across the tissue types (Fig. 4.2C).  

Next, we investigated whether in situ hybridization (ISH) RNA/DNAscope 

combined with multiplex immunohistochemistry (mIHC) would provide a similar 

estimate of the frequency cells containing HIV-1 as compared to PCR performed on 

sorted PD-1/CTLA-4 subsets. This comparison indicated that the ISH approach 

generally found HIV-1+ cells at a lower frequency, except for the PD-1neg CTLA-4+ 

subset in one participant (Fig. 4.2 D).  

We then examined the frequency of HIV-1 infection (HIV-1 RNA+ and HIV-1 

DNA+ cells combined)  using both RNA+ and/ or DNA+ cells expressing PD-1 and/or 

CTLA-4. Cells in the LN tissue were divided into Tregs, nonTregs and CD4neg T-

cells in both the BCF and/or TCZ. We found HIV-1 in CTLA-4+ cells in both 

nonTregs, Tregs and CD4neg cells in BCF and/or TCZ in one out of the two 

participants (Fig. 4.2E, i). In the total PD-1+ cells from the same participant, infected 

cells were rarely found and only seen in total cells or in CD4neg cells in the BCF 

(Fig. 4.2E, ii).  

Lastly, we compared nonTregs and Tregs across all four subsets of PD-

1/CTLA-4 cells (Fig. 4.2 F). This showed that for both Tregs and nonTregs, HIV-1+ 

infection was primarily seen in CTLA-4+ SP cells in and was identified both in the 

BCF and the TCZ although not consistently across both donors (Fig. 4.3F, i).    
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Altogether these data demonstrate that HIV-1 can be preferentially found in 

FoxP3+ CTLA-4+ expressing cells, although these cells make up only a small part of 

the reservoir, and HIV-1 was found less frequently in PD-1+ cells which were found 

in the BCFs. These findings are aligned with previous observations that cells 

expressing PD-1+ and CTLA-4+ contribute to the HIV-1 reservoir 155,199,459,555. 
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Figure 4.2. The frequency of CD4+ T-cell subsets producing HIV-1 RNA 

and DNA in HIV-1 infected individuals on ART using. A-C) Representative total 

HIV-1 DNA quantities from PD-1 and/or CTLA-4 sorted subsets (alone or in combination) 
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in blood and/or LNs from participants on ART. D) Data shows total HIV-1 DNA and/or 

RNA in sorted subsets using flow cytometry (closed circles) or subsets quantified using 

RNA/DNAscope in combination with ISH and IHC  (empty circles) in LNs from individuals 

on ART. E) Frequency of HIV-1 RNA+ and/ or DNA+ in PD-1+ subsets (i) and CTLA-4+ 

subsets (ii). F) Frequency of HIV-1 RNA+ and/ or DNA+ in nonTregs (i) and Tregs (ii) 

across CD4+ T-cell subsets expressing PD-1/CTLA-4 in LNs using the IHC/ISH method. 

Data from subsets with fewer than (10.000) sorted cells were excluded when undetectable. 

Wilcoxon matched pairs signed-rank test were used to compare the distribution between 

blood, LNs and two methods; sorted subsets (full circles) and RNA/DNAscope with IHC 

(closed circles) between samples from the same participants. The data showed as log10. All 

study participant are shown in a uniform colour (orange), except for the two participants 

which were further used to compare PCR with ISH/IHC (n=2 subjects, grey or purple). *p < 

0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. LN: lymph node; FC: flow cytometry; IHC: 

immunohistochemistry; ISH: in situ hybridization. 
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4.3.4 CD4+ T-CELLS IN BLOOD THAT CO-EXPRESS PD-1 AND CTLA-4 

ARE ENRICHED FOR CA US AND MS HIV-1 RNA 

Cell associated HIV-1 RNA in PLWH on ART is frequently used as an 

important marker of the the transcriptional activity of the reservoir 602,603.  CA-US 

HIV-1 RNA has also been shown to predict the time to viral rebound following 

cessation of ART in another study 604.  In comparison, multiply-spliced HIV-1 RNA 

(MS HIV-1 RNA) transcripts are usually absent in latently infected cells but are 

produced upon viral reactivation, emphasising that cells containing MS RNA are 

enriched for functional virus 605.  

We quantified the level of CA-US HIV-1 RNA in all PD-1/CTLA-4 subsets in 

blood and LN from PLWH on ART to investigate whether any cellular subset was 

enriched for HIV-1measurable RNA levels (Fig. 4.3).  We found moderately higher 

levels of CA-US HIV-1 RNA within PD-1negCTLA-4+ cells in blood, however we 

did not see any statistically significant differences between blood and LN tissue in 

any of the four subsets (Fig.4.3A). We next measured MS HIV-1 RNA but found that 

these transcripts were rarely detectable in blood and LN samples from all ART 

treated PLWH (Fig. 3B).  

In summary, these data identify subsets of memory CD4+ T-cells which 

express CA-US but cells containing MS HIV-1 RNA were very infrequent. Also, 

there were no significant differences in the transcriptional activity between blood and 

LN across all four subsets. Of note, we could only assess LN samples obtained for 

MS HIV-1 RNA for no more than three individuals compared to cells obtained from 

the blood.   
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Figure 4.3. The frequency of CD4+ T-cell subsets producing HIV-1 RNA 

and DNA in HIV-1 infected individuals on ART. A) CA-US HIV-1 DNA was 

quantified by qPCR from memory CD4+ T-cell sorted subsets in blood and LN and presented 

as copy number per million 18S RNA. B) Frequency of memory CD4+ T-cells expressing 

MS HIV-1 RNA per million in sorted ICs subsets unstimulated in blood and LN. Data from 

subsets with fewer than (10.000) sorted cells were excluded when undetectable. Wilcoxon 

matched pairs signed-rank test were used to compare the distribution between blood, LNs 

between samples from the same individuals. The data showed CA-US HIV-1 RNA and MS 

HIV-1 RNA as log10. All study participants are shown in a uniform colour (orange), except 

for the two participants (n=2 subjects, grey or purple). *p < 0.05; **p < 0.01; ***p < 0.001; 

****p < 0.0001. Samples are colour coded for each memory CD4+ T-cell subset.  LN: lymph 

node; CA-US HIV-1 RNA: cell-associated unspliced HIV-1 RNA; MS HIV-1 RNA: 

multiply-spliced HIV-1 RNA. 
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4.4 DISCUSSION 

We aimed to determine the contribution of cells expressing PD-1 and/or 

CTLA-4 to the HIV-1 reservoir in blood and LN tissue in PLWH on ART, using 

both PCR quantification of HIV-1 DNA and RNA as well as IHC. We demonstrate 

that in PLWH on ART; 1.  a significant enrichment of HIV-1 DNA in CD4+ memory 

T-cells expressing CTLA-4+ cells in blood compared to single positive PD-1+ and DN 

cells and a modest increase of HIV-1 DNA in CTLA-4+ cells compared to SP 

PD-1+, double positive and double negative cells; 2. we did not identify any 

differences between blood and LNs in levels of HIV-1 DNA, cell-associated 

HIV-1 DNA, US HIV-1 RNA or MS HIV-1 RNA; 3. using ISH/IHC we 

demonstrated that CTLA-4+ infected cells were found in both the TCZ and BCF of 

the LN and included both Tregs and non Tregs. Virus was also detected in PD-1+ 

cells but at a lower frequency than CTLA-4+ cells. 

Previous studies have done similar analyses but there are important differences 

worth highlighting; 1. limited in sorted subsets in LNs, 2. were only performed in 

SIV-rhesus macaques other than humans, 3. did not sort for PD-1 alone 131 or 4. did 

not further characterize CTLA-4+ cells found in the follicles 155.  

We observed a significant enrichment of HIV-1 DNA in memory CD4+ T-cells 

expressing CTLA-4+ cells compared to single positive PD-1+ and double negative 

cells in blood. There was no enrichment of HIV-1 in single positive CTLA-4+ cells 

in LN compared to double negative, double positive and single positive PD-1 

subsets. In addition, IHC result suggests that CTLA-4+ cells are distributed between 

the TCZ and the BCFs of the LN in PLWH on ART, highlighting the importance 

between both regions. Infected Tregs identified in the BCF, share a similar 

phenotype as follicular Tregs (FoxP3+ CTLA-4+) which are located in the mantel 

zone region of the follicles 606. The persistence of HIV-1 in PLWH on ART in Tregs 

and nonTregs within the TCZ and BCFs could be explained by the anatomical 

location of the BCF, which has shown to be an immune-privileged site, restricting 

entry of HIV-1-specific cytotoxic T-cells 607 and potentially also due to impaired 

ART penetration into LN tissue compared to blood 596.  

Although we only examined two participants with IHC, our findings are 

consistent with a previous study which identified preferential viral persistence in a 

subset of memory CD4+ T-cells expressing CTLA-4+ cells in SIV-infected NHPs on 

suppressive ART 155. Notably, HIV-1 infected single positive PD-1+ cells 

from the same 
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participant were only seen in total cells or in CD4neg cells. We speculate that these 

CD4neg cells are in fact a subset of CD4+ T-cells, i.e., Tfh cells which have lost their 

surface expression and are mainly found in the BCF. A previous study demonstrated 

that PD-1-expressing memory CD4+ T-cells contained high levels of HIV-1 DNA 

and that the majority of replication-competent and infectious HIV-1 were found in 

LN PD-1+ cells, many of which are Tfh cells131. However, this study did not look at 

PD-1 solely, instead this was performed on total double positive PD-1+ CTLA-4+ 

CXCR5 CD4+ T-cell populations in blood and LN 131.  

4.4.1 LIMITATIONS 

There are some limitations of our study that require consideration. First, of the 

11 participants enrolled, we were only able to acquire LN memory CD4+ T-cells 

from 8 individuals, which limited our ability to detect minor differences in HIV-1 

persistence between PD-1/CTLA-4 subsets in LN tissue. Second, as memory CD4+ 

T-cells expressing CTLA-4 were relatively rare and due to the limited number of

memory CD4+ T-cells that were collected in a single LN, we were not able to analyse 

as many CTLA-4+ as CTLA-4- cells in tissue. Thirdly, due to reports demonstrating 

that the majority of proviruses are defective 608, it is important to address whether 

persistent HIV-1 on ART is inducible across the PD-1/CTLA-4 subsets, but this was 

not possible in this study due to limited cell numbers of sorted LNs. Fourthly, we 

were only able to perform IHC/ISH in two individuals, as LNs were first frozen in 

OCT and then FFPE allowing for water in LNs to turn into ice crystals during snap-

freezing, as a result affecting the tissue structure and limiting us in analysing more 

regions of interest. Finally, when comparing sorted cells with IHC/ISH methods 

across all four subsets, CD4+CD45RA- was used to characterize memory CD4+ T-

cells for the sorted cells, however, only CD4 antibody was used for IHC/ISH.  

4.4.2 CONCLUSION 

These observations demonstrate direct quantification of measures of HIV-1 

persistence within purified subsets of memory CD4+ T-cells defined by their 

expression of PD-1 and CTLA-4 in a human cohort. The ability to perform these 

analyses in both blood and LN tissue furthermore enabled investigations of the 

anatomical location of infected cellular subsets within LN tissue.  
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In conclusion, our results suggest that the frequency of infected cells is higher 

in memory CD4+ T-cells that express SP CTLA-4 in blood and LNs. When we used 

IHC/ISH for characterising the reservoir, we demonstrated that infected single 

positive CTLA-4+ infected cells can be found in the BCF and the TCZ. Most 

importantly, nonTregs and Tregs enriched for HIV-1 were in PD-1- CTLA-4+ 

subsets found in both the BCFs and TCZs. Therefore, these findings provide the 

rationale to develop safe strategies to target PD-1/CTLA-4 to eliminate the 

reservoir and/or potentially targeting infected cells in the BCFs using antiviral 

chimeric antigen receptors (CAR) T-cells engineered with homing receptors that 

will enhance migration into the BCFs.  
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Discussion 

5.1 SUMMARY 

         In summary, this thesis demonstrated the successful establishment of a 

microscopic multiplex IHC method that is based on the combination of ISH and IHC 

with the possibility of whole-slide analysis of HIV-1 RNA, DNA, and immune cells. 

In addition, ISH/IHC could be applied to cell lines, in vitro models of latency and LN 

tissue from PLWH to study HIV-1 persistence with colocalization of HIV-1 DNA 

and RNA in the same tissue section. Also, using this method, we were able to 

distinguish cells based on their IC expression or Treg phenotype and showed that 

Tregs were infected with HIV-1 more frequently than nonTregs. However, further 

studies are needed to confirm these observations, as the overall contribution of 

infected Tregs to the overall reservoir remains small. This makes studying Tregs very 

challenging when comparing the size of the reservoir to other subsets, as most 

quantitative analysis, such as the qVOA, TILDA and the intact proviral DNA assay 

(IPDA) require at least one million CD4+ T-cells and preferably much more (Section 

1.7).  

        We extended this study by comparing the contribution of cells expressing 

programmed cell death protein-1 (PD-1) and/or cytotoxic T-lymphocyte-associated 

protein 4 (CTLA-4) to the HIV-1 reservoir in LN and blood from PLWH on ART. 

Using both PCR quantification and ISH/IHC, we demonstate that memory CD4+ T-

cells that express single positive (SP) CTLA-4 had a higher frequency of infected 

cells in blood and LNs and were distributed in the BCF and the TCZ in LNs. Most 

importantly, nonTregs and Tregs enriched for HIV-1 were in PD-1-CTLA-4+ subsets 

found in both the BCFs and TCZs. 

5.2 ESTABLISHING A MULTIPARAMETER IHC ANALYSIS 

PLATFORM TO DEFINE THE HIV-1 RESERVOIR IN LN 

While several advances have been made towards understanding the tissue 

reservoir using multi-color flow cytometric analysis, application of this method has 
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been hampered by technical limitations such as measuring multiple parameters due to 

spectral overlap and the ability to provide contextual information of cells that are 

infected and their anatomical location. Although in situ immunofluorescence 

overcome these limitations, they have been restricted by the number of markers to 

characterize the reservoir by confocal microscopy 155. We have addressed these 

limitations and modified the already established RNAscope and DNAscope method 

by incorporating the tyramide signal amplification (TSA) system with multiplex IHC 

(mIHC). This allowed us to detect vDNA+ and vRNA+ cells in latent cell lines 

(ACH2 and J-Lats), in an in vitro model established in our lab, and in LN from 

PLWH on and off ART that were formalin-fixed paraffin embedded (FFPE) (Section 

2.3).  

Using the TSA system, we were able to successfully distinguish between HIV-

1 infected cells (vDNA+) cells that are transcriptionally silent (vRNA-) and cells that 

are actively transcribing viral RNA (vRNA+), as well as determine number of copies 

of proviruses in each cell (Section 2.3). Surprisingly, when we used J-Lat cells to 

determine if the imaging software Halo (Section 3.2.5) could accurately quantify the 

number of proviruses in each cell, we found limitations because of the probes used. 

First, there were multiple copies detected per cell. The sense HIV-1 DNA probes 

used in this study (Section 2.4) only targets half the viral genome (4.5kb) 297. Second, 

another possible limitation of the probes used is that cells will be represented in 

multiple sections (3-5μm) and targets under-represented. The analysis could miss 

information whether molecules are expressed in the same cell due to section 

thickness in the z-axis 609. Therefore, further research is needed to overcome this. Z-

stack image analysis, which gives a greater depth of field, can be used for proximal 

location to determine whether molecules are expressed in the same cell or the 

location of the cell 610.  

We have successfully developed a 7-plex platform using the TSA fluorescent 

system to detect cellular phenotype allowing us to characterize the HIV-1 reservoir 

in LN from PLWH on and off ART. Using this method, we simultaneously detected 

seven markers including HIV-1 DNA and RNA in a single FFPE tissue slide using 

multispectral Vectra imaging, while providing important contextual information. 

This important new method may provide a better understanding of the reservoir 

phenotype and predominate location, which has been limited in a previous study 155. 
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Although this platform allows us to distinguish vRNA+ cells from vDNA+ cells, one 

of the limitations is that this method does not detect ongoing viral replication and 

reactivation of latent cells. However, a new approach, termed Basescope promises to 

address these limitation in FFPE tissue, by identifying exon splice junctions298. 

5.3 LN AS A SANCTUARY SITE FOR HIV-1 REPLICATION 

Increasing evidence has shown the importance of lymphoid tissue including 

GALT and LN as important sites for persistence of the latent reservoir 219,265. A more 

in depth analysis using in situ (ISH) imaging approaches revealed that infected cells 

can be found distributed in different anatomical locations, including the B-cell 

follicle (BCFs) in PLWH 131,297 and the T-cell zones (TCZs) in SIV-infected 

macaque155. Although a more recent study has looked at LNs during HIV-1 

persistence, cells were isolated as single cells which loses important spatial details 

such as their location 285. We used our ISH/IHC method to simultaneously look at 

both the BCF and the TCZ in PLWH, to compare the distribution of the viral 

reservoir in these sites. Our data is consistent with what has been reported, which is 

that HIV-1 can be detected in both BCF and the TCZ. However, these studies have 

only looked at tissue regions from SIV-infected macaques and not humans 131,155. 

Although our numbers were too small to allow for formal statistical comparison, we 

found a higher frequency of HIV-1-infected cells in the BCF compared to the TCZ 

(Fig. 3.1E), confirming the BCF as the primary site of HIV-1 persistence in PLWH 

on ART. Early studies have pointed out the persistence of HIV-1 in lymphoid tissue, 

where the BCFs 131,155,297 may be functioning as an immune-privileged site with 

restricted access of HIV-1-specific cytotoxic CD8+ T-cells 212,588. In this model, only 

CD8+ T-cells that express chemokine receptor CXCR5 on their surface can 

selectively enter the BCF and eliminate infected cells 212,611.  

One potential explanation for continuous detection of both HIV-1 DNA and 

RNA in LN tissue, is the low penetration of ART into LN tissue compared to blood 

612. In addition, drug penetration is dependent on the size of the lymphoid lobule

(cortex and paracortex region) due to immune activation 596. New strategies that 

specifically deliver ART to LNs should be explored in the future. One approach is to 

use nanoformulations. Nanoformulations can enhance drug penetration and function 

as a nanodrug by taking nanoparticles up into cells via endocytosis613, releasing 

drugs to LNs and clearing infected cells 614. Despite the increasing interest, there are 
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still significant gaps in knowledge of the underlying mechanisms, i.e., drug release. 

Additionally, chimeric antigen receptors (CAR) T-cells  that target the 

HIV-1 envelope could also play a role by enhancing their localisation to the BCFs 

615,616.  A recent study further explored this novel approach by developing an ex 

vivo BCF migration assay and showed that CAR-T/CXCR5 selectively migrated 

into the BCF and lead to in vitro viral suppression 617. Although this study 

design has shown promising results in an animal model, there are still some 

challenges to take into consideration. One of the main challenges is the 

potential risk of CAR-T-cells becoming infected as the CD4 receptors are 

genetically modified to construct anti-HIV-1 CARs responses and the need for 

antigenic stimulation of latent cells in the BCFs.  

5.4 TREGS AS A RESERVOIR DURING HIV-1 PERSISTENCE 

There are ongoing studies investigating other T-cell subsets, i.e., Tregs and 

their potential contribution to the HIV-1 reservoir. To date, only a few studies have 

shown that Tregs are infected by HIV-1 in vivo, thereby potentially contributing to 

the HIV-1 reservoir 437,438,618. Although there has been evidence of Tregs containing 

HIV-1 in lymphoid tissue, little is known about their distribution during HIV-1 

persistence in tissue. Using our ISH/IHC method, we found that Tregs are indeed a 

reservoir for HIV-1 infection and are more frequently infected compared to nonTregs 

(Section 3.3). Our approach using TSA and RNA/DNA scope demonstrated the 

distribution of infected cells in LN and that infected Tregs were found in both TCZ 

and BCF, however, they were found predominantly in the BCF in PLWH on and off 

ART (Section 3.3). Due to a restricted panel, we were unable to further investigate 

the phenotype of infected Tregs found in the BCFs, however, we speculate that these 

cells could potentially be follicular regulatory T-cells (Tfr) cells, a unique subset of 

Tregs 401. A previous study, which also looked at HIV-1 persistence in LNs, showed 

infection of a CD4+ T-cell subset that was suggested to be Tfr cells, however Tregs 

were sorted based on immune checkpoints (ICs) expression and not FoxP3 or 

CXCR5 to confirm these cells were indeed Tregs 155. Another study demonstrated 

that Tfr cells in the BCFs were expanded in PLWH compared to non-infected 

participants. Tfr cells are able to impair the function of follicular helper (Tfh) cells 

619 as binding of HIV-1 to the CD4 receptor enhances their suppressive functions 620.  
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There has been conflicting results concerning the frequency of Tregs in HIV-1-

infected participants on and off ART 425,427,429,621–624, which may be related to the 

lack of consistent phenotypic markers used to characterize Tregs. In our study we did 

not observe any significant differences in Tregs frequency between PLWH on or off 

ART (Fig. 3.2).  

When combined with the before mentioned human studies, which 

clearly demonstrate replication-competent HIV-1- in peripheral blood Tregs, there is 

strong evidence that Tregs can contribute to the HIV-1- reservoir. In the future, it 

will be important to determine whether strategies that specifically target Tregs 

could be used. One such approach could be using Ontak which targets human CD25

+ cells by binding to IL-2 fused with diphtheria toxin, subsequently leading to cell 

death 514.  

5.5 OVERALL CONTRIBUTION OF TREGS TO THE HIV-1 RESERVOIR 

There have been a few studies demonstrating the quantitative contribution 

of Tregs to the HIV-1 reservoir 435,437,438. We have shown that the frequency 

of infection was higher in PLWH off ART compared to those on ART. However, 

the frequency of Tregs was small, so the contribution of infected Tregs to the 

overall reservoir size is small (Fig. 3.2 and Fig 4.3). Therefore, it is worth 

improving methods that will deliver a high Treg yield during Treg isolation 

processing. Another potential solution for studying Tregs is single-cell analysis 

which will circumvent the issue of low frequency of Tregs as this technology 

particularly characterises  rare cell populations based on their gene expression 

profiles 625.  

5.5.1 TREG PROPERTIES THAT CONTRIBUTE TO HIV-1 PERSISTENCE 

We have demonstrated that Tregs are indeed a reservoir for HIV-1 in lymphoid 

tissue and that HIV-1 is potentially higher in Tregs compared to nonTregs (Fig. 3.2). 

There are several potential mechanisms by which Tregs may be enriched for HIV-1. 

A previous study provided evidence for their susceptibility to HIV-1 

infection through high expression of CCR5 626. This study also showed that their 

survival was promoted by FoxP3-mediated inhibition of the HIV-1 long-

terminal repeat, ultimately contributing to the establishment of latency 626. 

Another potential 
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explanation is that FoxP3 expression may downregulate the apoptosis-mediating 

surface antigen, also known as Fas and Fas ligand production, increasing their 

survival as Tregs become resistant to apoptosis 627,628. Exposure of Tregs to HIV-1 

also promoted their survival in an in vitro model through a CD4-gp12 depedent 

pathaway, resulting in an increase of Tregs with active viral replication 194. Paiardini 

and colleagues also demonstatred Tregs as a potential reservoir in an ex vivo study 

using SIV-infected rhesus macaques (RM) in which they found that memory CD4+ 

T-cells expressing CTLA-4+PD-1− , which phenotypically overlap with Tregs,

contained higher levels of anti-apoptotic Bcl2, promoting their survival 155. 

Additionally, the depletion of CD4+CD25+ Tregs also provided evidence for 

their survival in which the depletion of Tregs led to an increase of cytotoxic T-cell 

granzyme-B 437 and an increase of activation markers in PLWH on ART during 

CD4+CD25+CD127- Treg depletion 438.  

5.5.2 IMMUNE CHECKPOINT (IC) CONTRIBUTION TO HIV-1 

PERSISTENCE 

Our data showed an enrichment of HIV-1 in CD4+ T-cells that express ICs in 

blood and in LNs in PLWH on and off ART (Fig. 3.3, 4.2 & 4.3). This data supports 

other observations which have demonstrated that ICs play a role for HIV-1 

persistence, likely through HIV-1-associated immune exhaustion and establishing 

and maintaining HIV-1 latent reservoirs 131,555,629. We demonstrated that cells in 

PLWH off ART frequently expressed more PD-1 and CTLA-4 than cells obtained 

from PLWH on ART (Fig. 3.3A). Tregs in PLWH express significantly higher levels 

of PD-1, T-cell immunoglobulin and mucin-domain containing-3 (TIM-3), CTLA-4, 

and lymphocyte activation gene 3 (LAG3) compared with those from PLWH on 

ART or healthy individuals 630–633. This was also demonstrated in an in vitro study in 

which the presence of HIV-1 enhanced CTLA-4 expression on Tregs 634. It was also 

found that T- cells residing within the LN compartment exhibited even greater levels 

of inhibitory receptors when compared to the peripheral blood 635.  

In addition to their role in HIV-1-associated immune exhaustion, several 

studies have also shown expression of PD-1 and other ICs, i.e., LAG3 and T-cell 

immunoglobulin and ITIM domain (TIGIT) play a role for HIV-1 persistence on 

ART. In samples obtained from PLWH on ART, CD4+ T-cells co-expressing these 
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markers were highly enriched for HIV-1 as demonstrated by a significant positive 

correlation between expression of ICs and the higher frequency of integrated HIV-1 

DNA and also an gradual enrichment of HIV-1 in cells expressing multiple markers 

459,636,637. It has also been shown that LN PD-1+ cells from PLWH on ART, the 

majority of which were characterized as Tfh cells, were enriched for HIV-1 DNA 131 

and that CTLA-4+ cells are enriched for SIV DNA 155.  

In addition CTLA-4 expression can lead to activation or cross linking by 

upregulating Bcl2 and as a result prevent apoptosis by limiting Fasl-FasL expression 

627. In summary, the co-expression or single expression of ICs is associated with 

HIV-1 persistence and is a key mechanism for the functional impairment of HIV-1-

specific T-cells.  

5.6 ICS IN CURE STRATEGIES 

Blockade of co-inhibitors such as PD-1 and CTLA-4 have produced clinically 

significant antitumor effects in clinical cancer trials by augmenting tumour-directed 

T-cell responses. Such therapy may also have a role in eliminating HIV-1 reservoirs 

although therapeutic efficacy remains to be demonstrated and there are concerns of 

immune-related adverse effects. Using an in vitro model of HIV-1 latency, we 

recently showed that anti-PD1 and anti-CTLA4 could reverse HIV-1 latency, but the 

antibodies had different target cells with anti-PD1 targeting non-proliferating and 

anti-CTLA4 targeting proliferating infected CD4+ T-cells 578. In SIV infected non-

human primates on suppressive ART, anti-PD1 in combination with anti-CTLA4 was 

more effective than anti-PD1 alone in reversing SIV latency and inducing plasma 

viremia leading to a reduced frequency of latent infection in blood and LN CD4+ T 

cells. We recently observed similar results in a cohort of PLWH on ART with 

cancer, where combination therapy with anti-PD1 and anti-CTLA4 significantly 

increased HIV-1 production in latently infected cells, which was not seen with anti-

PD1 alone (Rasmussen CID, in press).  

5.7 FUTURE DIRECTIONS 

Having demonstrated that HIV-1 can persist in both PD-1+ and CTLA-4+ cells 

in both the BCF and TCZ from PLWH on ART, further studies that investigate 

targeting cells expressing ICs and Tregs should be pursued. These approaches 

include; 1. the depletion of Tregs through targeting CD25 which can significantly 
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decrease Tregs, as previously shown 515; 2. targeting CCR4 receptor on Tregs which 

demonstrated a decrease in LNs 520; 3. targeting GITR, which can downregulate Treg 

function, 638 and diminish Tregs 639 in cancer models; 4. targeting ICs with anti-

CTLA-4 (ipilimumab) which has been shown to reverse latency in an HIV-infected 

individual on ART 539 and in SIV-infected non-human primates on ART 533. In 

addition, CAR T-cells are a promising approach for targeting infected cells in the 

BCFs that persists on ART, that is worth further exploration, despite the limitations 

such as adverse events and off target effects 510.  

Basescope, a recent ISH advancement to the RNAscope technique has been 

developed by ACD. Although very similar, this approach differs by its ability to 

incorporate an additional signal amplification step to increase the sensitivity without 

increasing background noise. Additionally, this assay requires only 1-6 double Z 

probe pairs to target RNA sequences as short as 50 bp 640. Although there are no 

studies using Basescope for the detection of HIV in tissue from PLWH on ART, this 

approach could be used to detect MS HIV RNAs, determining whether HIV-infected 

cells in FFPE is a surrogate for intact and/or  replication-competent virus expressed 

either constitutively or after stimulation, as we recently demonstrated using whole 

blood 641. 

5.8 CONCLUDING REMARKS 

The findings of this thesis are aligned with recent data performed in our lab, 

showing that HIV-1 is enriched in cells that express ICs 555.  

In conclusion, my work has established several new techniques to better 

understand where HIV-1 persists in tissue in PLWH on ART. We developed a 

technique to differentiate between latently and productively infected cells using both 

in vitro models and patient tissue. Furthermore, using the TSA system, we could 

further phenotype the infected cells. We demonstrated that HIV-1 can persist in both 

PD-1+ and CTLA-4+ cells in both the BCF and TCZ. Although Tregs are also 

infected, they were only a subset of total CTLA-4+ cells. New tools to characterise 

the reservoir are still needed and the work in this thesis provides further insight into 

the role of both immune checkpoints and Tregs. 
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