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Abstract 

Mechanisms of HIV Pathogenesis, Persistence and Control in SIV-infected Rhesus 
Macaques  

By Zachary Strongin 

With over 37 million people infected, HIV remains one of the largest public health burdens 
worldwide, with a unique ability to continually evade the immune response and persist in a latent 
viral reservoir despite effective antiretroviral therapy. The ultimate goal of current HIV research 
is the development of a therapeutic intervention that induces HIV remission in the absence of 
antiretroviral therapy.  In order to further understand mechanisms of HIV pathogenesis, 
persistence and viral control, we utilized the non-human primate model of HIV infection to 
investigate target cell populations contributing to pathogenesis and viral persistence, and 
mechanisms promoting post-treatment and CD8-mediated control of infection. 

We identified 7 SIV-infected rhesus macaques that mirrored the human post-treatment controller 
phenotype and performed immunologic and virologic analysis of blood, lymph node, and 
colorectal biopsy samples to further understand the characteristics that distinguish them from 
non-controllers. Overall, lower plasma viremia, reduced cell-associated SIV-DNA, and 
preserved Th17 homeostasis, including at pre-ART, are the main features associated with 
sustained viral control after ATI in SIV-infected RMs. 

There is a great interest in identifying surface markers on cells that play a role in pathogenesis 
and persistence to elucidate potential therapeutic targets. We describe CD101-expressing CD4 T 
cells as an immunosuppressive population that is preferentially depleted following SIV/HIV 
infection and find that this loss is associated with higher viral burden and increased inflammatory 
cytokine levels. Furthermore, during long-term antiretroviral therapy, these cells display a 
phenotypical and functional profile consistent with cells that may critically contribute to 
reservoir persistence. 

HIV cure efforts are increasingly focused on harnessing CD8 T cell functions and better 
understanding the profile of CD8 T cells promoting HIV control can critically inform novel 
therapeutic approaches. We explored dynamics of TOX and TCF1 expression in CD8 T cells 
after SIV infection in lymphoid tissue. CD8 T cells upregulated TOX and differentiated into 
distinct subsets, including a novel TCF1+CD39+ subset expressing high levels of TOX and 
inhibitory receptors, but not expressing cytotoxic molecules despite responsiveness to antigen 
stimulation. Transcriptional analysis of SIV-specific CD8 revealed TCF1+CD39+ cells as an 
intermediate effector population retaining stem-like features. TOX+TCF1+CD39+ CD8 T cells 
express higher levels of CXCR5 than terminally-differentiated cells and were found at higher 
frequency in follicular micro-environments. Importantly, their levels were strongly associated 
with viral control and lower reservoir size. Collectively, these data describe a unique population 
of lymphoid CD8 T cells possessing both stem-like and effector properties that contribute to 
limiting SIV persistence. 

Taken together, these studies highlight potential pathways to target in the design of future 
therapeutic interventions to achieve an HIV cure. 
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Chapter One: Introduction 

The HIV Pandemic 

In the summer of 1981, acquired immune deficiency syndrome (AIDS) was first 

described in young, previously healthy men showing symptoms of opportunistic infections and 

rare cancers 1. The rapid and widespread reporting of cases across the united states led to a flurry 

of research, resulting in the initial finding that AIDS was an infectious disease transferred by 

bodily fluids and exposure to blood and blood products 2. Shortly thereafter, the causative agent 

of AIDS was discovered to be a retrovirus, Human Immunodeficiency Virus (HIV), by Francoise 

Barre-Sinoussi and Luc Montagnier 3. According to World Health Organization estimates, as of 

2021 there were 38.4 million people living with HIV, with 1.5 million new annual infections and 

650,000 deaths from HIV-related causes.  

HIV Infection, Transmission and Life Cycle 

HIV infection and transmission occurs through contact with bodily fluids, including 

blood, semen, vaginal fluid and breastmilk 4. Despite very low risk of transmission following an 

exposure event (1 transmission per 200-2000 exposures in heterosexual transmission), an 

estimated 70% of HIV infections occur via heterosexual transmission, with the remainder of 

infections occurring primarily via male-male sexual transmission, injection drug use and 

maternal-infant infection 4. Clinical presentation of HIV infection in the majority of the patients 

occurs as acute retroviral syndrome (ARS), which involves symptoms such as fever, headache, 

malaise, cough and lymphadenopathy 5, 6. These initial symptoms are self-limited and will often 

resolve within a few weeks, despite continued progression of HIV infection. 
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HIV is a single-stranded, enveloped RNA retrovirus as a part of the lentivirus group. The 

genome of HIV is 9.2 kilobases (kb) long and encodes nine open reading frames (ORFs). The 

three major proteins Gag, Pol and Env, are produced as polyproteins and subsequently 

proteolyzed into individual proteins 7. The Gag proteins include MA (matrix), CA (capsid) NC 

(nucleocapsid) and p6 and cooperate with the two Env proteins (gp120 and gp41) to serve as the 

structural components of the virion and envelope. The Pol proteins (protease, reverse 

transcriptase (RT) and integrase) are responsible for carrying out enzymatic activities required 

for HIV infection replication. The genome also includes 6 accessory or regulatory proteins (Vif, 

Vpr, Vpu, Tat, Rev and Nef) that serve roles in gene regulation, virion assembly and host 

immune evasion.   

The target cells for HIV infection are cells in the human immune system (primarily CD4 

T cells and macrophages) expressing the surface receptor CD4, the main receptor for the HIV 

envelope 8. In order to enter a cell, gp120 initially interacts with CD4 and this induces 

conformational change of the gp120 protein, exposing the binding site for a second surface 

molecule, or co-receptor, CCR5 or CXCR4 9, 10. This engagement allows gp41 to initiate fusion 

of the viral envelope with the cell’s plasma membrane utilizing a six-helix hairpin structure, 

resulting in viral entry 11, 12. Following viral entry, the viral nucleoprotein complex is exposed via 

uncoating of the virion core and subsequently transported to the nucleus. Once in the nucleus, 

RT is responsible for converting the RNA genome into double-stranded DNA followed by the 

integration of this DNA into the host chromosome by the integrase enzyme 13. Integration into 

the host genome allows for HIV to persist for the lifetime of the infected cell and utilized host 

machinery to replicate and disseminate to other cells.  
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HIV Pathogenesis 

During the initial stages of HIV infection, the virus replicates rapidly at the site of 

infection and then spreads quickly to draining lymph nodes and subsequently systemically to 

distal lymph nodes and tissue sites 14-16. HIV RNA levels in plasma typically peak at this time of 

primary, acute infection, and the presenting symptoms during initial diagnosis are strongly 

associated with the peak viral load 17. The Fiebig staging system, developed in 2003 using 

samples from donors across stages of HIV infection, is used to classify the early stages of 

infection 18. The “eclipse phase” defines the initial period in which local tissue dissemination is 

occurring but the virus is not yet detectable in blood. The remaining 6 stages are defined by the 

varying levels of RNA, protein and immune responsiveness detected. Fiebig I (days 13-28 post-

infection) are the stage at which viral RNA is detectable in the blood, while progression to Fiebig 

II (days 18-34) is defined by the presence in plasma of viral p24 antigen, an HIV capsid protein. 

Soon thereafter, in Fiebig III (days 22-37), the adaptive immune response becomes detectable 

and anti-HIV antibodies are measurable by standard enzyme-linked immunosorbent assay 

(ELISA). Fiebig IV-VI and progression into chronic infection are defined by progressive 

detectability of HIV antibodies via western blot and specifically the detection of anti-p31 

antibodies.  

As the primary target cell of HIV infection, CD4 T cells are dramatically depleted during 

the acute phase of infection 19, 20. While macrophages and myeloid cells are also infected, 

infection occurs at much higher rates in CD4 T cells due to the preference for CCR5 as a 

coreceptor and the ability of some myeloid cells to provide stronger resistance to infection 21-23. 

In particular, transmitted virus and virus isolated during acute infection are overwhelmingly 

specific for the CCR5 co-receptor, rather than CXCR4, and individuals with mutations in the 
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CCR5 gene are immune to HIV infection 4, 24-27. This preference leads to a depletion of memory 

CD4 T cells in the mucosal sites, where CD4 T cells express high levels of CCR5 20, 28, 29. While 

more pronounced in the mucosa, the loss of memory CD4 T cells occurs systemically, with an 

estimated 30-60% of memory CD4 T cells infected during viremia, and the majority of these 

cells dying within days of infection 19. As target cells die off and the immune system mounts a 

response, plasma viremia decreases, CD4 T cell counts slightly recover and the disease enters a 

chronic phase, often initially asymptomatic 30, 31. Over the following years, CD4 T cell counts 

will slowly decline as infection continues and the immune system fails to control the disease, 

oftentimes reaching CD4 T cell counts less than 200 cells/uL, the defined level for AIDS, when 

opportunistic infections and cancers begin to onset more frequently 30.  

Innate Immune Response to HIV 

While HIV is often considered a disease of the adaptive immune system, the innate 

immune system is the first to respond and play a role during initial HIV infection. The initial 

response is triggered by the interaction of the single-stranded RNA virus with pattern recognition 

receptors, specifically TLR7 and TLR8 which detect this foreign material 32-34. This interaction 

results in activation of dendritic cells (DCs), including upregulation of MHC molecules and 

costimulatory molecules, and abundant production of Type 1 interferons (IFNs) and tumor 

necrosis factor a (TNFa). The triggering of these PRRs and activation of DCs has been shown to 

induce a systemic cytokine storm, with a flurried release of many pro-inflammatory cytokines 

including IFNa, IL-15 and IP-10 35. In particular, the role of IFNa in HIV infection has been 

extensively examined and IFNa has been shown to play an important protective role, as blocking 

of the IFNa receptor leads to increased viral loads and treatment with IFNa can lower HIV RNA 
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levels 36-40. However, due to its pro-inflammatory nature, increased type 1 IFN signaling is also 

associated with increased activation, recruitment and depletion of CD4 T cells 41-43. 

The pro-inflammatory signaling induced by HIV infection also leads to the upregulation 

of host restriction factors aimed at limiting viral replication. The APOBEC family of proteins, 

particularly APOBEC3G, are transcriptionally induced by type 1 IFNs and target the virus 

through DNA/RNA cytidine deaminase activity after being packaged into assembling virions 44, 

45. The hypermutation of ~10% of all HIV genomes results in faulty virus production, but the 

activity of APOBEC3G is countered by the HIV protein Vif, which serves to bind APOBEC3G 

and recruit it for ubiquitination and degradation, preventing mutational activity 46, 47. Another 

vital host restriction factor is TRIM5a, which binds directly to the HIV capsid, disrupting the 

uncoating process and preventing nuclear import and reverse transcription 48, 49. Tetherin, a third 

restriction factor, was identified in the search for the purpose of HIV accessory protein Vpu. In 

the absence of Vpu activity, tetherin keeps HIV virions trapped at the surface of infected cell, 

preventing budding and release from the plasma membrane 50, 51. Vpu works to antagonize this 

activity and allow proper release of the virion into the extracellular space.   

Adaptive Immune Response to HIV 

In addition to being a primary target, CD4 T cells do respond specifically to HIV 

infection. HIV-specific CD4 T cells have been shown to develop strong proliferative and 

cytolytic response to infection and the presence of these cells has been associated with better 

control of viremia 52, 53.  On the other hand, due to their activated state, HIV-specific CD4 T cells 

are preferentially infected and harbor more viral DNA, leading to an eventual loss of the HIV-

specific CD4 T cell response 54. Additionally, during chronic infection, responding CD4 T cells 
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typically become less functional, or exhausted, a state defined by an upregulation of inhibitory 

receptors and a loss of the ability to proliferate and produce effector cytokines 55, 56. 

Another class of CD4 T cells that play a major role in HIV infection are TH17 cells, a 

subset of T helper cells that produce IL-17 and are found predominately in the gastrointestinal 

tract, where are vitally important to mucosal health and against bacterial and fungal antigens 57. 

During chronic HIV infection, Brenchley et al. have shown that TH17 cells are preferentially lost 

in the GI tract compared to uninfected individuals 58. In contrast, using non-human primate 

models of HIV infection, it was shown that animals that do not experience depletion of these 

cells after SIV infection experience non-pathogenic effects and remain relatively healthy, while 

animals that lose their mucosal TH17 populations experience a pathogenic infection 58. This may 

be due to a phenomenon known as microbial translocation, in which damage to the gut mucosa 

leads to systemic inflammation and progression to AIDS, as this loss of IL-17 and IL-22 

producing cells likely leads to the breakdown of the gut mucosa 59. This concept is further 

supported by studies that have demonstrated that restoration of levels of TH17 CD4 T cells using 

IL-21 therapy can subsequently reduce systemic inflammation in SIV infection 60, 61.  

The antibody response to primary HIV infection is first defined by gp41-specific IgM 

antibodies, that progress to IgG antibodies but do not have a capacity to control HIV replication 

62. As the infection and B cell response progress, neutralizing antibodies targeting the HIV 

envelope are eventually generated after significant class switching and affinity maturation 

processes 63. Given the slow nature of this process and the quickly evolving nature of the virus, 

neutralizing antibodies that are developed are often quickly evaded by the virus. An additional 

factor contributing to the difficulty of the immune system to generate an effective antibody 

response is the infection and impairment of T follicular helper cells (TFH), a class of CD4 T cell 
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that plays a critical role in the maturation of a B cell response 64.A rare subset of individuals 

mount remarkable B cell responses that result in the development of broadly neutralizing 

antibodies (bnAbs) that are capable of neutralizing the a broad array of HIV envelopes despite its 

highly diverse nature. These antibodies typically target highly conserved epitopes on the HIV 

envelope that are difficult for the virus to mutate without significant loss of function, such as the 

CD4 binding site, the V1/V2 loop, and the membrane proximal external region (MPER) of gp41 

65. While provoking natural generation of these antibodies via vaccination or other methods is 

extremely difficult, treatment with bnAbs in HIV-infected individuals has shown promise for 

preventing HIV acquisition and limiting viral load, suggesting potential for bnAbs playing a role 

in HIV cure efforts 66. Non-neutralizing antibodies are also generated against HIV and can limit 

viral load via FC-dependent antiviral functions such as antibody-dependent cellular cytotoxicity 

(ADCC) and antibody-dependent cellular phagocytotosis (ADCP) 67. Indeed, studies of the 

RV144 vaccination trial, which resulted in modest efficacy in preventing HIV acquisition, have 

shown that non-neutralizing antibodies that mediate ADCC activity were shown to be a key 

correlate of protection 68.  

CD8 T cells play an important role in HIV infection at both the acute and chronic stages. 

Within 2-4 weeks of infection, cytolytic CD8 T cells directed at the transmitted/founder virus 

expand and this expansion is strongly associated with the decline of peak viremia towards a viral 

set point 31, 69-71. Additional studies in animal models in which CD8 T cells were depleted during 

both acute and chronic infection demonstrated a direct link between CD8 T cells and viral 

control 72-74. Despite this specific and strong response, CD8 T cells are unable to establish 

complete viral control in most individuals and viral replication persists as the infection moves 

into a chronic phase. This is primarily driven by two factors: immune exhaustion (discussed in 
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detail in the CD8 T cell Exhaustion section) and significant immune selection pressure and viral 

escape from CD8 T cells. Viral escape occurs when the cytolytic CD8 T cell response exerts 

selective pressure on HIV infected cells, resulting in selection and successful dissemination of 

viral sequences that have mutated away from the dominant CD8 T cell epitopes 75, 76. Studies 

show that HIV-specific CD8 T cell repertoires broaden in response to this escape, but broader 

responses do not result in more effective control of viremia 77-79. Importantly, most studies on 

CD8 T cell responses to HIV infection are focused on peripheral blood samples, while the 

overwhelming majority of HIV target cells, and therefore viral replication, reside in lymphoid 

tissue 80, 81. Recent work has highlighted the importance of specifically investigating lymphoid 

tissue HIV-specific CD8 T cells, as studies have shown these cells to reside in lymph nodes and 

be phenotypically and functionally distinct from peripheral CD8 T cells, including an ability to 

limit viremia via non-traditional cytolytic pathways 82-84.  

Antiretroviral Therapy 

Within a few years of the discovery of HIV as the retrovirus causing AIDS, 

azidothymidine (AZT) was approved as the first anti-HIV drug 85. In the mid-1990s, remarkable 

advancements in antiretroviral therapy (ART) led to the ability to completely control HIV within 

most infected individuals 86-89. A daily regimen of typical combination ART is able to suppress 

viremia, prevent new transmission and enable high quality of life with life expectancy similar to 

that of the general population.  

ART is designed to target multiple aspects of the viral lifecycle to ensure complete viral 

suppression, prevention of spreading infection to other cells, and avoid the rise of drug-resistant 

mutations. Current ART regimens target the major proteins needed for HIV replication: reverse 
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transcriptase, integrase and protease. Reverse transcription is typically targeted using nucleoside 

analogs (nucleoside reverse transcriptase inhibitors, NRTIs) such as Tenofovir disoprovil 

fumarate (TDF) or emtricitabine (FTC), which interfere with reverse transcription and result in 

termination of viral DNA synthesis. This same process can also be targeted with non-nucleoside 

reverse transcriptase inhibitors (NNRTIs), such as efavirenz (EFV), which bind directly to the 

reverse transcriptase protein and induces conformational changes and reduced polymerase 

activity, although these drugs are highly susceptible to drug-resistance mutations with low fitness 

cost for the virus 86. The second replication process, viral DNA integration, is targeted using 

integrase inhibitors, such as Dolutegravir (DTG) and Cabotegravir, which bind the catalytic 

domain of integrase and block the strand transfer reaction needed for integration 90. Protease 

inhibitors such as darunavir work by preventing the late phase of viral replication through 

interference with cleavage of precursor polyproteins, precluding the mature virion from forming, 

but these drugs are generally not used in first-line treatment regimens 91. All of these drugs are 

historically taken in combination regimens on a daily basis. However, recent advances in drug 

delivery and lack of drug resistance have unearthed the potential for long-acting formulations of 

integrase inhibitors and reverse transcriptase inhibitors given as monthly or bi-monthly 

injections, some of which have now received FDA approval 92.  

While antiretroviral therapy is remarkably effective at suppressing viral replication 

preventing transmission and lengthening the lifespan of HIV-infected individuals, it is unable to 

eradicate infected cells from the body. This results in infected CD4 T cells remaining latently 

infected and persisting for the lifetime of the infected individual 93-95. Therefore, release from 

ART adherence results in rapid viral rebound in the majority of individuals 96. To date, HIV-

infected individuals must remain on ART for the duration of their life, a burden for those 
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infected as well as the public health system. Major financial and cultural barriers exist, 

particularly in low-income areas, that result in delayed ART initiation and poor adherence. 

Additionally, despite the effectiveness of ART, residual inflammation and immune activation 

can persist during therapy and, in combination with long-term side effects of ART, lead to excess 

risk of cardiovascular, liver, kidney, bone and neurologic diseases 97, 98. These issues provide 

continued need to work towards an HIV cure.  

The HIV reservoir 

As mentioned, despite the effectiveness of ART at suppressing viral replication, it is 

unable to directly eliminate infected CD4 T cells and the interruption of ART results in rapid 

viral rebound and continued CD4 T cell loss in most individuals 99. Work performed shortly after 

the advent of effective combination ART demonstrated the persistence of a population of latenly 

infected CD4 T cells that harbor replication-competent virus, but do not actively produce 

replicating virions 93-95. These cells, termed the latent viral reservoir, have a very long half-life of 

approximately 3.5 years and therefore natural decay of the reservoir is unlikely to result in 

eradication of the infected cell population 100-102. This reservoir can be measured through 

detection of integrated viral DNA, and progressive advancement of DNA sequencing technology 

continues to provide new insights into the genetic properties of the reservoir. 

The establishment and maintenance of the viral reservoir is an important topic of 

investigation, with many factors likely contributing to its persistence. Based on studies in 

animals models of HIV, the reservoir is established within the first few days post-infection and 

exponentially expands within the first week of infection 103. Additionally, extremely early ART 

initiation in HIV-infected individuals has been shown to be unable to prevent establishment of 
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the reservoir, although early ART does significantly restrict the overall size of the reservoir 104-

106. After establishment, the reservoir likely persists through a variety of mechanisms which are 

reliant on the long-lived nature of resting CD4 T cells 107-109. Homeostatic proliferation, the 

process in which memory T cells are maintained over long periods of time, plays an important 

role in the ability of infected cells to persist. In the absence of virus reactivation or antigenic 

stimulation, latently infected cells proliferate to maintain normal T cell homeostasis 110-112. 

Support for this as a major factor of persistence comes from the presence of large clonal 

populations of infected CD4 T cells that contain the same integration site 113-118. Given the 

effectiveness of ART, the presence of cells containing the same viral sequence integrated at the 

same genetic locus provides very strong evidence that the reservoir is being maintained via a 

clonal process driven by homeostatic proliferation. Chronic antigen stimulation and antigenic 

proliferation can also contribute to this persistence, as it has been demonstrated that large clonal 

populations can expand and contract over time, and that persistent low-level viremia on ART is 

often sourced from a single T cell clone 119-122. 

The cellular composition is also an important element of understanding the dynamics of 

the HIV reservoir. HIV persists on ART in all subsets of CD4 T cells, including the memory 

subsets (effector memory, central memory, stem cell memory etc.) as well as functional helper 

subsets (T follicular helper cells, TFh; T regulatory cells, Tregs; Th17 cells). Naïve CD4 T cells 

have also been shown to contribute to viral persistence, while the contribution of non-CD4 T 

cells, primarily macrophages, remains controversial, as studies to this point have been largely 

non-conclusive and are difficult to conduct in HIV-infected individuals 123-127. It is widely 

hypothesized that cells that maintain self-renewing capacity and are in a more resting state are 

likely to be the important long-term reservoirs, including central and stem cell memory CD4 T 
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cells, whereas effector memory CD4 T cells are likely to serve as the most inducible and 

activated viral reservoirs 96, 112, 128-131. Within lymphoid tissues, higher proportions of the overall 

CD4 population are infected and additional important contributions from CD4+ TFh and Tregs 

have been demonstrated, highlighting the importance of the lymphoid environment in HIV 

persistence 132-137. 

Along with the ability to clonally expand, the capacity for continued immune evasion is a 

major barrier to natural clearance of the viral reservoir. Infected CD4 T cells are able to 

proliferate and expand without reactivation of virus, giving CD8 T cells no window of 

opportunity to recognize and target those cells. Additionally, the phenotypic profile of latently 

infected cells plays a major role in their ability to avoid immune pressure and persist. Great 

investments have been made in identifying a singular phenotype that marks the reservoir, which 

would allow for direct targeting and elimination. To date, despite impressive technological 

advancement and depth of analyses, no such marker has been identified and the phenotype of 

infected cells has been found to be profoundly heterogenous 138-141. However, this work has 

demonstrated consistent themes of HIV-infected cells. This includes the enrichment of HIV 

proviruses in cells expressing canonical markers of T cell activation including HLA-DR, CD25 

and CD69 139, 142-145. Importantly, extensive analyses have also shown that latently infected cells 

are enriched for expression of inhibitory receptors, including PD-1, CTLA-4, LAG-3, TIM-3, 

CD101 and TIGIT 134, 137, 139, 146-148. These inhibitory receptors act in a twofold manner to prevent 

immune clearance, acting to prevent the infected cell from becoming activated and expressing 

virus for detection, while also dampening CD8 T cell activity in these immunosuppressive 

environments. These cells are also found at high frequency in lymphoid follicular environments, 

where CD8 T cells have less ability to penetrate and interact with infected cells 134, 137.  
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Chronic infection and CD8 T cell exhaustion 

As mentioned previously, while CD8 T cells mount a robust and specific response to HIV 

infection, they are most often unable to completely control the virus due to significant viral 

escape and immune exhaustion. Immune exhaustion occurs when antigen-specific CD8 T cells 

mount a persistent, but functionally compromised response to a chronic antigen. This 

phenomenon was first observed in mice with chronic LCMV, where CD8 T cells continued to 

respond to the infection but were not efficiently exhibiting effector function 149, 150.  

 

In response to a standard acute infection, naïve CD8 T cells will undergo activation, proliferation 

and expansion upon interacting with their cognate antigen 151. These cells then differentiation 

into hallmark cytolytic effector CD8 T cells that are capable of killing target cells, driven by a 

complete reprogramming on the transcriptional and epigenetic levels. Typically, this 

reprogramming allows for effector CD8 T cells to produce cytokines and cytotoxic molecules 

such as GzmK, allowing for clearance of infected cells, antigen removal and resolution of 

inflammation. At this point, self-limiting mechanisms lead to the death of the majority of effector 

T cells during the ‘contraction’ phase of the response, but a small portion of them survive and 

differentiate into memory T cells. These memory cells will reduce their effector functions, 

downregulating cytokine and cytotoxic molecule production, and enact a memory phenotype 

allowing them to survive long periods of time, undergoing homeostatic proliferation with a 

dependence on IL-7 and IL-15 152. Unlike in acute infection settings, chronic viral infections and 

cancers do not result in resolution of antigen presence, and therefore the transition from the 

active effector CD8 T cell population to the quiescent memory CD8 T cell population does not 
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occur, and responding CD8 T cells progress instead to the exhausted state. CD8 T cell 

exhaustion is frequently studied using chronic LCMV infection, but it is a ubiquitous 

phenomenon across chronic disease states, including hepatitis C virus, hepatitis B virus, many 

different cancer types, and importantly HIV 153, 154.  

 A major hallmark of CD8 T cell exhaustion is the progressive loss of CD8 T cell effector 

function. This loss typically occurs in a specific order, first with the loss of IL-2 production, 

followed by TNFa and overall cytotoxicity 155, 156. Loss of the ability to produce IFNg occurs at 

more advanced stages of exhaustion, typically referred to as a state of “terminal exhaustion” 157-

159. These exhausted cells can retain ability to produce various chemokines and less 

inflammatory cytokines, and are able to continue to degranulate 153, 155, 160, 161. Additionally, 

exhausted CD8 T cells are no longer responsive to IL-7 and IL-15 and are unable to undergo 

normal homeostatic proliferation, and instead persist and proliferate in response to continued 

antigen signal encounter  162-166. These functional changes are accompanied by phenotypic 

changes and sustained expression on a number of inhibitory receptors, allowing for studies to 

frequently identify exhausted cells by cell surface markers. These receptors typically are 

upregulated in response to antigen stimulation and serve to dampen sustained T cell activation in 

a self-limiting manner, but in chronic antigen settings result in deleterious effects on sustained 

CD8 T cell effectiveness  167. One such hallmark inhibitory receptor is PD-1, which is widely 

expressed on antigen-specific T cells across chronic disease settings 153. Given its prevalence on 

exhausted cells, a fundamental study in 2006 demonstrated that utilizing an antibody to block 

PD-1 during chronic viral infection resulted in dramatic reductions in viral load and 

reinstatement of the function of previously exhausted CD8 T cells 168. This study provided a 

clear indication that exhausted T cells were in a distinct differentiation state and this was a 
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targetable pathway with therapeutic potential. Other surface markers of CD8 T cells include 

TIGIT, LAG-3, TIM-3, CD39 and CD101, all of which are highly expressed on terminally 

exhausted CD8 T cells and likely play a direct role in limiting the function of these cells 169-175.   

As advances were made in the understanding of markers and functional programs 

defining T cell exhaustion, it became clear that not all exhausted CD8 T cells were the same 153, 

176. Recent work has revealed the existence of two distinct subsets of stem-like and terminally 

exhausted T cells, with a spectrum of intermediate subsets in the middle, that can be defined by 

their phenotypic, transcriptional, epigenetic and functional programs 169, 177, 178. The stem-like 

exhausted CD8 T cells are defined by their sustained expression of TCF-1, as well as other 

markers such as SLAMF6 and CXCR5, decreased expression of TIM3 and other terminal 

exhaustion markers, and their ability to self-renew, proliferate and differentiate into the 

intermediate and terminal populations 169, 178-183. Critically, these cells are responsible for 

providing the proliferative burst and responsiveness to PD-1 blockade 169, 178, 181, 182, 184-187. These 

stem-like cells go through the intermediate subsets and eventually reach a state of a terminally 

differentiated exhausted CD8 T cell, defined by the highest expression of PD-1, TIM-3, CD101 

and CD39, faulty expression of effector proteins such as IFNg and GzmB, and an inability to 

proliferate or self-renew with a lack of TCF1 expression and impaired cell cycling 182, 185.  

The programming that drives exhaustion is critical to understand, given its repercussions 

for therapeutic design in chronic viral infections and cancers. While defining exhausted cells is 

now widely described and understood, the cellular driver of T cell exhaustion was not well 

known until 2019. Understanding chronic antigen stimulation as the external driver of T cell 

exhaustion, studies published in 2019 revealed the transcriptional driver of the CD8 exhaustion 

program to be the high-mobility group box transcription factor TOX 188-192. These papers 
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described TOX as the critical transcription factor for the differentiation and maintenance of the 

initial TCF1+ PD-1+ stem-like exhausted CD8 T cell population 188-192. The core mechanism at 

work was demonstrated to operate via chronic TCR signaling, which results in calcium signaling 

via NFAT and eventual activation of the Tox gene locus 193. In turn, TOX is responsible for a 

wide array of epigenetic and transcriptional changes that drives the exhaustion program 

described above, including the expression of TCF1, effector molecules and inhibitory receptors 

such as PD-1 and LAG-3. Importantly, in a chronic antigen setting, the absence of TOX results 

in the loss of the stem-like TCF1+ CD8 population and development of an extreme effector 

program similar to acute infection, leading to heavy immunopathology before eventual collapse 

of the antigen-specific CD8 population 189-191. This demonstrates the importance of TOX in 

maintaining persistent CD8 responses to chronic antigen, as well as the usefulness of the overall 

T cell exhaustion program in preventing severe immunopathology and damage in chronic 

diseases, as TOX was found to drive exhaustion across a plethora of chronic viral infections and 

cancers 194-202.  

CD8 T cell Exhaustion in HIV infection 

 While the exact kinetics and cellular dynamics vary, similar principles of CD8 T cell 

exhaustion apply across nearly all chronic viral infections, including HIV. Early investigations 

into T cell responses to HIV demonstrated that the persistently high antigen levels in chronic 

infection are accompanied a decreased functional capacity of HIV-specific T cells 54, 203. Despite 

effective responses in acute infection, during chronic infection HIV-specific T cells have 

decreased cytolytic potential, reduced proliferative capacity and limited Il-2 and IFNg production 

204-208. 
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During chronic HIV infection, studies demonstrated that PD-1 is expressed on virus-

specific CD8 T cells and that this expression correlated with loss of CD8 T cell function, 

increased viral load and lower CD4 T cell counts 206, 207, 209. Similar to chronic LCMV models, it 

was demonstrated that PD-1 blockade could enhance HIV-specific CD8 T cell survival, 

proliferation and effector capacity 206, 209-211. Additional inhibitory receptors and exhaustion 

markers including TIGIT, Lag-3 and CD39 expressed on HIV-specific T cells have been linked 

directly to disease progression in chronic HIV infection 175, 212-215. Additional factors contributing 

to CD8 exhaustion during HIV include the lack of CD4 help due to depletion and impairment of 

CD4 T cells and the upregulation of immunosuppressive cytokines such as IL-10, which has 

been shown to increase after HIV infection and has been implicated in exhausted CD8 T cell 

responses 154, 216, 217. The dynamics of exhaustion progression and stem-like exhausted CD8 T 

cells have not been explored to the same degree in HIV infection as in other LCMV and cancer 

models. Studies have shown that TCF1 is expressed on HIV-specific CD8 T cells and that this 

expression is linked to HIV control, but the dynamics of stem-like, intermediate and terminally 

exhausted populations have not been explored 218, 219. Additionally, TOX has been demonstrated 

to be upregulated on HIV-specific CD8 T cells, although these analyses have been limited to the 

periphery 213, 218. Overall, there is a broad understanding that HIV-specific CD8 T cells progress 

to an exhausted state and appear similar phenotypically and functionally to those found in other 

diseases, but additional work on the kinetics and dynamics of this exhaustion can continue to 

inform therapeutic approaches towards CD8-mediated HIV cure.  
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HIV Cure 

 Given the persistence of the viral reservoir, an inability to start ART without viral 

rebound and the burden of lifelong medication and disease, there is immense interest in 

developing a cure for HIV. The ideal result of any curative intervention would be a complete 

eradication of the disease from the body, a sterilizing cure, but this is likely unachievable given 

the difficulties of eliminating the entire viral reservoir from all organs in the body 220. There have 

been multiple documented cases in which the virus was completely undetectable in an individual, 

but those individuals eventually exhibited viral rebound after months of ART 104, 105, 221, 222. 

Researchers have shifted their focus to achieving a “functional cure”, a state in which the virus 

may still be present in an individual, but is maintained at such a low level that it does not cause 

disease and cannot be transmitted 220. 

 There have been three reported cases of individuals completely cured of HIV, with two 

additional individuals currently exhibiting long term remission 223-227. In all of these cases, an 

HIV infected individual was diagnosed with cancer and required a stem-cell transplant. They 

each underwent an allogeneic hematopoietic stem cell transplant from a donor homozygous for 

the CCR5D32/D32 mutation. This mutation protects cells from HIV infection by an CCR5-tropic 

virus, meaning the newly engrafted cells in the HIV infected individuals would not be infected. 

In each of these cases, these individuals were able to withdraw from ART and remain aviremic 

223-227. This approach is not foolproof, as cells are still susceptible to infection with CXCR4-

tropic HIV variants and individuals receiving CCR5D32/D32 transplants are not immune to 

spread of those viruses that may be present prior to the transplant 228. Most importantly, despite 
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its remarkable success for the wellbeing of those individuals, this is not a scalable approach 

towards HIV cure given its high-risk and resource-heavy nature. 

 Natural control of HIV, in which individuals undetectable or low levels of viremia in the 

absence of ART, is a rare but well-documented phenomenon that can provide insight into 

potential approaches towards concepts of a functional HIV cure. Elite controllers (ECs) are 

defined by varying criteria, but typically are individuals who have never been treated with ART, 

exhibit stable CD4 T cell counts, and undetectable viral loads 229. This natural control has been 

widely demonstrated to be due to the unique capacities of CD8 T cells in these individuals. One 

component shown to strongly to be strongly associated with HIV control is the presence of major 

genetic polymorphisms, primarily within HLA-B genetic loci, that likely influence the viral 

peptides presented to CD8 T cells 230-234. Additionally, ECs demonstrate highly functional HIV-

specific CD8 T cell responses compared to non-controllers, including increased proliferation 

upon stimulation and greater cytolytic potential 235-240. Interestingly, investigations into CD8 T 

cells from lymphoid tissue of ECs has demonstrated unique transcriptional and functional 

characteristics of lymphoid CD8 T cells, including suppression of viral replication in the absence 

of traditional cytotoxic mechanisms 84.  

These characteristics demonstrate significant potential for functional CD8 T cells to play 

a role in HIV cure efforts. Indeed, a number of therapeutic approaches have been developed in an 

attempt to reinvigorate exhausted HIV-specific CD8 T cells to enable viral control. One such 

approach is the use of therapeutic vaccination to elicit CD8 responses toward preferred viral 

epitopes, as control is mediated by targeting of specific epitopes 241.  The use of dendritic cell-

based vaccines (or antigen-pulsed dendritic cells) has shown promise in enhancing immune 

responses and inducing modest reductions in viral load 242-246. Additional vaccine approaches 
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dedicating to improving the breadth of T cell responses via “mosaic” vaccines have shown 

promise 247-249. The use of combined recombinant adenovirus serotype 26 and modified vaccinia 

Ankara vaccines have shown promise in animal models to boost CD8 T cell responses, decrease 

levels of viral DNA and delay viral rebound, but these same effects were not replicated in a 

clinical trial of ART-treated HIV infected individuals 250, 251. 

 Given the exhausted nature of HIV-specific CD8 T cells, redirection of targeting to 

preferred viral epitopes is likely insufficient to induce sustained viral control, particularly given 

the mutability and viral escape capacity of HIV. Given this, ongoing studies are focused on 

utilizing translating the immunotherapy approaches that have shown remarkable success in 

cancer to the HIV field. The first study testing PD-1 blockade in chronic infection demonstrated 

significant expansion of antigen-specific CD8 T cells and reduction in plasma viral load 210. 

Additional attempts have been made to treat with PD-1 blockade during long-term ART in 

animal models and HIV-infected individuals. While these studies have had varying impact on the 

viral reservoir, they fail to improve CD8 T cell capacity to the same extent and have not 

demonstrated significant potential for viral control 252-256. Continued explorations of 

immunotherapeutic approaches involving combination inhibitor receptor blockade and the timing 

of blockade with viremia or ART initiation are required. Another strategy to restore CD8 T cell 

function is through the use of cytokine therapy, with a particular focus on IL-15 257. 

Administration of IL-15 agonists has been shown to boost the levels of effector CD8 T cells and 

increase CD8 T cell migration into follicular lymph node environments 258, 259.  

 Additional hints at contributions to HIV cure come from a group of individuals termed 

post-treatment controllers (PTCs). PTCs are a small subset of HIV-infected individuals that are 

able to maintain viral suppression and avoid disease progression after interruption of ART. To 
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date, PTCs have been identified and characterized across a number of cohorts and the observed 

frequency ranges between 2-15% of indivudals undergoing ART interruption 260-265. Unlike elite 

controllers, PTCs do not exhibit viral control prior to ART initiation and do not demonstrate 

evidence of protective HLA alleles or significantly enhanced CD8 T cell responses 266. Of note, 

PTCs demonstrate significantly lower levels of intact HIV DNA compared to non-controllers 47. 

Additionally, post-treatment control is more likely to occur in individuals who initiate ART early 

after HIV infection compared to in the chronic phase of infection 260. Studies have demonstrated 

that earlier initiation of ART limits the size of the reservoir and preserves immune function 106, 

267, 268. Collectively, these findings suggest that cure strategies targeting reduced reservoir size 

may be best suited to induce viral control.  

 Given its complex nature and the potential value of size reduction, the majority of recent 

HIV cure efforts have been directed at the latent viral reservoir 220, 257. Largely, these approaches 

attempt to reactivate latent cells through use of latency reversing agents (LRAs), leading to 

expression of the viral reservoir and subsequent clearance by the immune system or another 

therapeutic compound. Histone deacetylase inhibitors (HDACi’s) constitute the one of the 

earliest LRA’s developed, in which the drugs target the chromatin structure to increase histone 

acetylation of the HIV promoter region, leading to increased viral expression 269. Clinical trials 

of HDAC inhibitors have demonstrated potential to increase HIV RNA levels, but have not 

shown any reduction in the overall reservoir size and are associated with significant off-target 

side effects 270-272. Another strategy involves targeting TLR7, a pattern recognition receptor that 

induces immune activation. While this approach demonstrated potential in animal models, 

clinical trial results have indicated that a TLR-7 agonist does not significantly impact HIV RNA 

levels on ART and does not result in reservoir reduction 273, 274. Recent work has elucidated the 
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potential for CD8 T cell depletion, in combination with IL-15 antagonism, to result in significant 

viral rebound during ART, although CD8 depletion is not a feasible clinically translational 

approach and these studies did not result in reduction of the latent reservoir 275, 276. Another 

molecule with demonstrated LRA potential in animal models is SMAC mimetic, which activates 

the noncanonical NF-kB pathway and has been shown to induce viremia during ART 277, 278. 

Immunotherapy approaches targeting the inhibitory receptors highly expressed on many 

reservoir cells have been utilized, with varying degrees of success at inducing latency reversal 

and a consistent inability to result in delayed viral rebound or viral control 253, 254, 279-281. 

Summarily, approaches to targeting the latent reservoir have shown incremental improvement, 

but the development of a therapeutic intervention that successfully reduces the viral reservoir and 

prevents viral rebound following ART interruption will likely require a combinatorial approach 

that has not yet been identified.  

Animal models of HIV infection 

The use of animal models to study disease is a consistent theme across all immunology 

disciplines and have allowed for critical discoveries in the field of HIV research, with the ability 

to control infection dynamics, perform experiments and access tissues that would not be possible 

in human subjects. While initial studies focused on chimpanzees as an animal model, these 

animals are natural hosts (SIVcpz was the origin virus of HIV-1) and therefore these animals did 

not develop disease at a high rate, while ethical concerns also limited the potential for 

chimpanzees to serve as a sustainable model system 282-284. In order to establish a strong model to 

study pathogenesis and persistence of HIV and AIDS, researchers turned to non-natural host 

Asian macaque species including rhesus (Macaca mulatta; RMs), pig-tailed (Macaca 

nemestrina; PMs) and cynomolgus (Macaca fascicularis; CMs) macaques 285, 286.  
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Rhesus macaques are the most widely used animal model in current HIV research. They 

are easily infected with SIV via multiple clinically relevant routes, experience significant CD4 T 

cell loss similar to humans, and eventually progress to AIDS. The most common virus, 

SIVmac239, replicates with viral dynamics similar to those seen in HIV-infected individuals and 

is well suppressed using modern ART to allow for investigations of viral reservoirs during long-

term ART 60, 103, 253, 276, 287. Other experimental strains of SIV have been developed, including 

viruses with various envelope tropisms, genetic diversity and engineered barcodes, to allow for 

specific investigations into specific cell targets, neurological disease outcomes and viral clonality 

and rebound 288, 289. Additionally, SIV/HIV hybrid strains, termed SHIVs, are chimeric 

constructs utilizing an HIV-1 enveloped genetically engineered into an SIV backbone to allow 

for replication in non-human primate hosts with human envelopes to enable testing of HIV-based 

vaccines or antibodies targeting the HIV envelope 285, 290, 291.  

 

Comparison of non-natural hosts such as macaques with natural host species such as 

sooty mangabeys (SMs) has given significant insights into mechanisms of SIV pathogenesis, 

which can be extrapolated to target mechanisms by which HIV causes disease. SMs infected 

with SIV exhibit high levels of plasma viremia similar to RMs, but do not experience a 

progressive depletion of peripheral CD4 T cells or destruction of lymphoid tissues. Some of the 

major findings in non-pathogenic hosts include: the maintenance of healthy frequencies of Th17 

in SIV-infected SMs, revealing the importance of the breakdown of the mucosal barrier in HIV 

infection; a strong but limited interferon response in SIV-infected SMs and African green 
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monkeys, demonstrating a mechanism of limiting persistent inflammation; and an increased 

migration of NK cell activities into follicular environments of SIV-infected African green 

monkeys, suggesting potential for NK cell-mediated viral control mechanisms 58, 292-294. 

 

Use of these non-human primate (NHP) models provides significant experimental 

advantages to further our understanding of HIV. The route, dose and timing of infection can all 

be tightly controlled and altered given the question of interest. Animals can be compared across 

multiple studies and institutions used well characterized SIV strains and consistent inoculating 

strategies. The initiation of ART can be specifically timed and adherence to the regimen is of no 

doubt to the researcher, while ART can also be stopped at any necessary time within a specific 

study with none of the health concerns that come with human analytical treatment interruption 

trials. NHP studies allow researchers to administer novel therapeutic interventions and 

simultaneously evaluate the safety and efficacy of that treatment while benefitting from access to 

frequent blood and tissue collections not possible in human clinical trials. However, NHP studies 

do require trained veterinary staff, significant institutional oversight, long time periods and 

significant expense to operate. The development of humanized mouse models of HIV has 

provided an additional animal model to experiment in a pre-clinical setting, although these 

systems also have significant limitations 295. Overall, animal models of HIV infection continue to 

be an invaluable resource to further our understanding of the disease and make progress in 

therapeutic development.  
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Chapter One Summary 

Since its emergence in the 1980’s, HIV has continually been one of the largest threats to 

public health worldwide. The virus’s capacity for immune evasion and chronic disease has led to 

the death of approximately 40 million individuals 296. Antiretroviral therapy (ART) has been 

extremely effective at reducing viral transmission, preventing new infections and reducing HIV-

related morbidity and mortality. However, the inability of ART to clear the viral reservoir leaves 

individuals burdened with lifelong HIV infection. Ultimately, a greater understanding of the 

mechanisms of viral pathogenesis, persistence and control are needed to better design future 

therapeutics aimed at achieving an HIV cure.  

 Herein, we evaluate multiple mechanisms of HIV pathogenesis, persistence and control 

utilizing SIV-infected rhesus macaques as a model for HIV infection.  We explore the virologic 

and immunologic parameters associated with post-treatment control in SIV-infected macaques, a 

phenomenon mirroring PTC occurrence in HIV-infected individuals. We evaluated key cellular 

targets of HIV infection and persistence, discovering a role for CD101-expressing CD4 T cells in 

HIV infection. Finally, we explore the dynamics of a unique subset of lymphoid tissue CD8 T 

cells that are strongly associated with viral control and reduced reservoir size. In all, these 

findings continue to further our understandings of the most valuable mechanisms and pathways 

to target in future therapeutic design.  
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Abstract  
 
Antiretroviral therapy (ART) cannot eradicate HIV and a rapid rebound of virus replication 

follows analytical treatment interruption (ATI) in the vast majority of HIV-infected individuals. 

Sustained control of HIV replication without ART has been documented in a subset of 

individuals, defined as post-treatment controllers (PTCs). The key determinants of post-ART 

viral control remain largely unclear. Here, we identified seven SIVmac239-infected rhesus 

macaques (RMs), defined as PTCs, who started ART 8 weeks post-infection, continued ART for 

>7 months, and controlled plasma viremia at <104 copies/mL for up to 8 months after ATI and 

<200 copies/mL at the latest timepoint. We characterized immunologic and virologic features 

associated with post-ART SIV control in blood, lymph node (LN), and colorectal (RB) biopsies 

as compared to 15 non-controllers (NCs) RMs. Before ART initiation, PTCs had higher CD4 T-

cell counts, lower plasma viremia and SIV-DNA content in blood and LN compared to NCs, but 

had similar CD8 T-cell function. While levels of intestinal CD4 T-cells were similar, PTCs had 

higher frequencies of Th17 cells. On-ART, PTCs had significantly lower levels of residual 

plasma viremia and SIV-DNA content in blood and tissues. After ATI, SIV-DNA content rapidly 

increased in NCs while it remained stable, or even decreased in PTCs. Finally, PTCs showed 

immunologic benefits of viral control after ATI, including higher CD4 T-cell levels and reduced 

immune activation. Overall, lower plasma viremia, reduced cell-associated SIV-DNA, and 

preserved Th17 homeostasis, including at pre-ART, are main features associated with sustained 

viral control after ATI in SIV-infected RMs. 
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Importance 

While effective, antiretroviral therapy is not a cure of HIV infection. Therefore, there is great 

interest in achieving viral remission in the absence of antiretroviral therapy. Post-treatment 

controllers represent a small subset of individuals who are able to control HIV after cessation of 

antiretroviral therapy, but characteristics associated with these individuals have been largely 

limited to peripheral blood analysis. Here, we identified 7 SIV-infected rhesus macaques who 

mirrored the human post-treatment controller phenotype and performed immunologic and 

virologic analysis of blood, lymph node and colorectal biopsies to further understand the 

characteristics that distinguish them from non-controllers. Lower viral burden and preservation of 

immune homeostasis, including intestinal Th17 cells, both before and after ART, were shown to 

be two major factors associated with the ability to achieve post-treatment control. Overall, these 

results move the field further in the understanding of important characteristics of viral control in 

the absence of antiretroviral therapy.  

 

Introduction 
 
The advent of modern antiretroviral therapy (ART) has allowed for suppression of HIV-1 

replication in HIV-1 infected individuals and has dramatically reduced HIV morbidity and 

mortality 297, 298. Unfortunately, due to the establishment of a pool of quiescent, infected CD4 T 

cells that harbor replication-competent virus, discontinuation of daily ART leads to rapid viral 

rebound and continued disease progression in most individuals 93, 94. Therefore, there is great 

interest in understanding the mechanisms regulating HIV persistence, the virologic and 

immunologic correlates of viral rebound, and the approaches that may lead to maintenance of 

viremic control after treatment interruption.   
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One model of such control is seen in a subset of patients referred to as Post-Treatment Controllers 

(PTCs). These individuals, best characterized by the VISCONTI and CHAMP studies, display an 

ability to maintain viral suppression after undergoing analytic treatment interruption (ATI) 260, 264. 

While definitions vary by study, PTCs are typically characterized as maintaining plasma viral 

loads less than 400 copies/mL for at least 6 months following ATI  260, 262-264, 299-302. Importantly, 

they seem to represent a distinct group from the more widely characterized Elite Controller (ECs) 

population. While ECs have been shown to have an overrepresentation of protective HLA alleles 

(B*27 and B*57), PTCs do not appear to be enriched in these alleles and so far have been shown 

to have inferior CD8 activity as compared to traditional ECs 264, 303. In fact, these individuals may 

be more likely to carry HLA alleles previously characterized as “risk” alleles 264. Furthermore, 

post-treatment control is more widely observed than spontaneous control, with the occurrence 

estimated to range between 5-15% of individuals undergoing ATI, compared to the estimated EC 

frequency <0.5% 265, 304. As most approaches targeted at achieving a functional HIV cure utilize 

HIV control after ATI as a primary readout, it is important to understand the dynamics of HIV 

control in order to target interventions toward this outcome, as well as be able to distinguish 

intervention-based control from naturally occurring post-treatment control. 

Current studies have been unable to identify the driving mechanisms of PTCs, but control has been 

associated with earlier initiation of ART, lower prevalence of infected long-lived CD4 T cells 

(central memory), and an overall smaller reservoir size prior to cessation of treatment 47, 260, 264, 265, 

305. Importantly, early initiation of ART may function to both limit the size of the reservoir as well 

as preserve immune function, allowing for robust immune control of the virus after treatment. 

Unfortunately, as with many HIV studies, characterization of PTCs has been largely limited to 

analyses of peripheral blood samples and limited analyses have been performed in early infection, 



   

 

30    
 

 

before initiation of ART. Further challenging to broadly understanding the dynamics of post-

treatment control are the limitations of differing infection kinetics and demographics within and 

across cohorts of human PTCs.  

The established SIV model of HIV infection using rhesus macaques (RMs) allows for longitudinal 

investigations into dynamics of immunologic and virologic parameters of HIV infection, including 

in tissues. In this study, we identified 7 SIV-infected RMs that exhibit post-treatment control, 

allowing us to characterize features of virologic control that further the understanding of the PTC 

phenomenon. Despite identical viral infection and treatment timelines as non-controller RMs, 

these animals showed robust control of viremia post-ATI, with viral loads less than 104 copies/mL 

for the entire post ATI follow up and less than 200 copies/mL at the latest experimental point, 

similar to previously described human PTCs. We have identified important factors that seem to be 

associated with this control, including reduced SIV “exposure” prior to ART-initiation, better 

preservation of blood and LN CD4 T cells as well as of intestinal Th17 cells, lower levels of 

immune activation, and smaller reservoir size. Although limited in its size, this study enhances and 

expands to tissues the understanding of post-treatment control and suggests that non-human 

primate models of HIV can serve as an important tool in understanding and targeting critical 

mechanisms of viral control in absence of ART.   

 

Results 
 
Identification of post-treatment controllers among SIV-infected rhesus macaques.  

Among different studies performed at the Yerkes National Primate Research Center in which 

rhesus macaques (RMs) were experimentally infected with SIV, initiated on ART and underwent 

analytic treatment interruption (ATI), we identified 7 RMs with superior ability to control viral 



   

 

31    
 

 

rebound after ATI as compared to what is normally seen in SIVmac239-infected RMs. Specifically, 

these 7 RMs, defined as post-treatment controllers (PTCs), maintained plasma viremia <104 

copies/mL up to 8 months post-interruption and all had viral loads <200 copies/mL at the final 

experimental time point (Figure 1A). To investigate the main features associated with post-

treatment control, multiple virologic and immunologic parameters were assessed and compared 

with those of 15 RMs (non controllers, NCs) that did not control viral rebound after ATI, with 

plasma viremia >104 copies/mL for the majority of post-treatment follow up (Figure 1B). Among 

the very large number of SIVmac239-infected RMs that do not control viral rebound after ATI, 

these 15 animals were selected because they match the experimental conditions used for the 7 

PTCs, including (i) being infected with the same route and virus (intravenously; SIVmac239); (ii) 

started ART 8 weeks post-infection (p.i.); (iii) being on ART for a period between 7 to 14 months; 

and (iv) having multiple viral load measures following ATI, with many of those overlapping in 

term of time post ATI with the PTC. Characteristics of each animal are described in 

Supplementary Table 1. All 22 animals were negative for B*08 and B*17, MHC class I alleles 

associated with the control of SIV replication 306, 307. Five out of 7 PTCs were MamuA01+, as 

compared to 4 out of 15 NCs. As indicated in Supplementary Table 1, two different ART regimens 

were used, with a similar PTC and NC distribution among the two regimens: tenofovir (PMPA), 

emtricitabine (FTC), raltegravir, and ritonavir-boosted darunavir (5 PTC and 9 NC) or tenofovir 

(TDF), FTC, and dolutegravir (DTG) (2 PTC and 6 NC). Furthermore, at ATI, all PTCs and NCs 

reached plasma viremia below the limit of detection (<60 copies/mL) of our standard assay, 

confirming a comparable efficacy of the two treatments. Control of plasma viremia after ATI in 

PTCs was partial, with detectable plasma viremia (>60 copies/mL) in 6 out of 7 RMs (Figure 1A). 

However, viral control was clearly superior as compared to NC, with more than a 3-log difference 
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in the average plasma viremia among the two groups of RMs up to 8 months post-ATI (mean: 2.1 

vs. 5.9 log10 copies/mL; Figure 1C). 

 

RM PTCs had reduced SIV loads, but similar CD8 T cell responses, prior to ART initiation.  

Taking advantage of the availability of specimens collected at multiple phases of infection, we 

first investigated if animals that became PTCs had a reduced pathogenic SIV infection before 

initiation of ART as compared to NCs. The levels of plasma viremia were significantly lower in 

PTC than NC both at peak (mean: 6.4 vs. 7.0 log10 copies/mL, P=0.02) and at chronic phase (mean: 

5.1 vs. 6.6 log10 copies/mL, P=0.0008) of infection (Figure 2A). Due to sample availability and 

timing of analyses, only 5 of the 7 identified PTCs and 9 of 15 NCs (PTC 1-5 and NC 1-9) were 

included in subsequent analysis. Prior to ART initiation at week 8 post-infection, levels of total 

SIV DNA in peripheral blood CD4 T cells (mean: 10,991 vs. 41,405 SIV DNA copies per 106 CD4 

T cells, P=0.007; Figure 2B) and  cell-associated SIV RNA in the colorectal tissue (mean: 38,445 

vs. 168,556 SIV RNA copies per 106 total cells, P=0.04; Figure 2C) were lower in PTCs as 

compared to NCs, while levels of SIV DNA in colorectal tissue only showed a non-significant 

trend towards lower levels in PTCs (mean: 1,036 vs. 2,171 SIV DNA copies per 106 CD4 T cells, 

P=0.09; Figure 2C). To further investigate if the PTC status is associated with reduced infection 

of a specific CD4 T cell subset, we then purified naïve (CD28+ CD95- CCR7+), central memory 

(Tcm; CD95+ CCR7+), effector memory (TEM; CD95+CCR7-) and T follicular helper (TFH; PD-1+ 

CD200hi) CD4 T cell subsets from blood and LN. A representative staining with the detailed gating 

strategy for LN is shown in Figure 2D. Of note, we previously showed that PD-1+ CD200hi and 

PD-1+ CXCR5+ identify the same frequency of Tfh cells in the LN of SIV-infected RMs 308. In 

both peripheral blood (Figure 2E) and LN (Figure 2F), levels of total SIV DNA were significantly 
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lower in PTCs as compared to NCs for all measured CD4 T cell subsets (P<0.05 for all 

comparisons). Thus, reduced levels of SIV replication and lower frequencies of infected cells in 

all CD4 T cell subsets prior to ART is a general feature distinguishing RM PTCs from NCs. 

 

To address potential differences in CD8 responses between NCs and PTCs, we assessed cytolytic 

capacity and proliferation of total CD8 T cells prior to ART initiation in both peripheral blood and 

LN. Specifically, we analyzed ex-vivo (without stimulation) levels of granzyme B, perforin, T-bet 

and Ki-67 by flow cytometry on total CD8 T cells. Our analysis revealed no biologically important 

differences between NCs and PTCs in expression of these markers, indicating similar CD8 

cytolytic potential and proliferative response within these animals despite different viral burdens 

pre-ART (P>0.05 for all comparisons; Figure 2G,H).  

 

RM PTCs had reduced SIV-induced immunopathogenesis prior to ART initiation.  

We then investigated the main immunologic differences between RM PTCs and NCs before ART 

initiation. Consistent with reduced levels of SIV infection, and despite similar baseline (pre-

infection) levels, PTCs displayed significantly higher CD4 T cell counts (mean: 684 vs. 451 CD4 

T cells per uL blood, P=0.02; Figure 3A) and lower frequency of activated (HLA-DR+CD38+) 

memory CD4 T cells (mean: 4.6% vs. 8.4%, P=0.03; Figure 3B; Supplemental Figure 1A) than 

NCs in blood prior to starting ART. Consistently, the pre-infection to pre-ART change for blood 

CD4 T cell counts (mean change = -42 for PTC, P=0.55; and mean change = -253 for NC, P<0.001) 

and %HLA-DR+CD38+ of memory CD4 T cells (mean change = -0.9% for PTC, P=0.56; and 

mean change = 4.2% for NC, P =0.004) followed different patterns between the PTC and NC 
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groups. A trend towards better maintenance of CD4 T cells, as assessed by frequency of CD4+ 

cells in total CD3+ cells, was also observed in LN (mean: 56% vs. 44%, P=0.15; Figure 3C).   

 

Recently, multiple studies highlighted the loss of intestinal CD4 T cells, particularly those 

belonging to the Th17 subset, as a main cause of compromised mucosal integrity and systemic 

immune activation during HIV and SIV infection 58, 61, 309-312. Interestingly, our comparative 

analyses showed that the frequency of bulk intestinal CD4 T cells at pre-infection and at initiation 

of ART were very similar between NCs and PTCs (Figure 3D). We also found equivalent levels 

of memory CD4 T cell activation in mucosal tissue (Supplemental Figure 1B). Th17 cells, 

defined as intestinal memory CD4 T cells expressing IL-17 after brief in vitro stimulation, were 

also present at comparable frequencies pre-infection (Figure 3E). However, after SIV infection, 

NCs experienced a considerably larger loss of Th17 cells than PTCs (P=0.007; Figure 3E), with 

reduction to 74% and 25% of their baseline level, respectively (P=0.001; Figure 3F). 

Representative staining before infection and before ART initiation is shown in Figure 3G. 

Significantly higher maintenance of Th17 cells despite equivalent loss of total CD4 T cells in the 

gut is remarkably similar to the phenomenon observed when comparing non-pathogenic SIV 

infection of sooty mangabeys with pathogenic models of SIV infection in RMs 58. Of note, 

although limited to 5 PTCs and 9 NCs, receiver operating characteristic curve (ROC) analysis 

suggests that total SIV DNA content in peripheral blood CD4 T cells and frequency of Th17 cells 

in the gut were the two pre-ART markers most strongly associated with increased likelihood of 

developing a PTC status (Supplementary Figure 2a), with an area under the curve (AUC) of 0.93 

for both predictors. The estimated AUC indicates a 93% probability that a PTC animal had a higher 
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(or lower) predicted probability of PTC status than a NC animal for a random pair of animals with 

and without the outcome. 

 

Viral reservoir and immune dynamics of PTCs differ from NCs during ART 

We then assessed the viral and immunological status of NCs and PTCs during ART, prior to ATI. 

First, we assessed the presence of residual viremia by using an ultrasensitive viral load assay with 

a limit of detection of 3 copies of SIVmac239/mL of plasma 313. Consistent with their lower viral 

loads before ART, PTCs were significantly faster to suppress residual viremia while on ART as 

compared to NCs, with 4 out of 5 animals (80%) at 75 days and 5 out of 5 (100%) at 200 days 

after ART initiation achieving plasma viral load <3 copies/mL, as compared to 0 out of 9 (0%) 

and 3 out of 9 (33%) for NC, respectively (day 75: P=0.002, day 200: P=0.04; Figure 4A). While 

SIV DNA content declined in both PTCs and NCs during ART, PTCs continued to harbor lower 

levels of SIV DNA in CD4 T cells from peripheral blood both at a mid (mean: 2,608 vs 7,402 SIV 

DNA copies per 106 CD4 T cells, P = 0.04) and late ART (mean: 367 vs 1,596 SIV DNA copies 

per 106 CD4 T cells, P = 0.004) time point (Figure 4B). The total SIV DNA content in peripheral 

blood CD4 T cells before ART interruption was the parameter with the strongest association with 

the development of a PTC status (AUC of 0.96; Supplementary Figure 2B). We further assessed 

levels of replication competent, inducible SIV in LN CD4 T cells during ART using quantitative 

viral outgrowth assay. PTCs harbored a significantly lower frequency of latently infected CD4 T 

cells compared to NCs (mean: 0.16 vs 4.46 infectious units per million; Figure 4C). Since LN 

CD4 T cells expressing high level of PD-1 have been identified as one of the main cellular targets 

for HIV/SIV infection and persistence, we then measured their frequency among our animals 137. 

Consistent with the lower level of replication competent reservoir in LN, and despite similar levels 
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at pre-ART, PTCs showed a trend toward lower levels of PD-1+ CD4+ T cells in LN throughout 

ART (Figure 4D), providing further support for distinct reservoir environments within NCs and 

PTCs. However, as seen prior to ART, there was no difference in cytolytic capacity or proliferation 

of CD8 T cells between PTCs and NCs on ART in both peripheral blood and LN (Figure 4E, F).  

 

RM PTCs show preservation of immunological homeostasis during 8 months of ATI 

Along with marked differences in viral rebound, we assessed immunological characteristics that 

distinguished the PTCs and NCs after ATI. After treatment interruption, RM PTCs maintained 

stable CD4 T cell levels in peripheral blood, while NCs experienced significant loss of CD4 T 

cells as expected during normal disease progression (Figure 5a). Notably, this immune 

preservation extended to mucosal tissues. Despite similar levels of total mucosal CD4 T cells prior 

to and throughout the duration of ART, PTCs had a significantly higher frequency of CD4 T cells 

after treatment interruption (mean: 27.5% vs. 14.7% CD4+ of CD3+, P=0.03; Figure 5B). 

Furthermore, similar to the environment observed prior to ART, there was a continued 

maintenance of Th17 cells in PTCs but not NCs (mean: 11.2% vs. 5.1% IL-17+ of CD4+, P=0.03; 

Figure 5C). Finally, we observed significantly lower levels of intestinal CD4 T cell proliferation 

in PTCs as compared to NCs when using Ki-67, a marker for which expression has been associated 

with loss of function of mucosal T cells in SIV infection (mean: 3.4% vs 10.5% Ki-67+ of CD4+, 

P=0.004; Figure 5D) (24) 

 

To follow up on the lower viral burden observed prior to and on ART, we assessed levels of cell-

associated virus in peripheral blood CD4 T cells and in colorectal biopsies also following ATI. We 

found significantly lower levels of total SIV DNA in blood CD4 T cells in PTCs as compared to 
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NCs at multiple timepoints during the ATI (mid: 213 vs. 29,976 copies SIV DNA per 106 CD4 T 

cells, P=0.002; late: 95 vs. 26,706 copies SIV DNA per 106 CD4 T cells, P=0.001; Figure 5E). 

Similarly, in colorectal tissue samples, despite having equivalent levels of SIV DNA at the time 

of ART interruption, PTCs had lower levels of total SIV DNA at a late ATI timepoint (mean: 52 

vs 499 copies SIV DNA per 106 total cells, P=0.002; Figure 5F). Remarkably, in both PBMC and 

mucosal tissue, despite the absence of ART for more than 6 months and persistent plasma viremia 

in the majority of animals, PTCs experience stable or even decreasing levels of SIV DNA. All 

together, these data highlight the ability of PTCs to maintain both immune homeostasis and viral 

control in the absence of ART, while NCs experience continued disease progression. 

 

 

Discussion 
 
Achieving sustained control of HIV replication in the absence of ART is a critical goal for people 

living with HIV and the most important readout for currently tested HIV cure strategies. 

Unfortunately, no interventions have shown efficacy in achieving HIV remission after treatment 

interruption in humans. The identification of human PTCs, generally characterized by their ability 

to maintain plasma viral loads at less than 400 copies/mL for at least 6 months following ATI (5–

12), offers an important opportunity to identify key mechanisms contributing to HIV remission 

and provide targets for future interventions. This study identifies 7 SIV-infected RM PTCs that 

exhibit robust control of viremia for an extended period after ATI and adds to the growing 

knowledge of the immunologic and virologic characteristics of individuals who maintain low viral 

load in the absence of ART. 
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The RM PTCs described in this study mirror much of what has been seen in cohorts of HIV-

infected human PTCs. For up to 8 months post-ATI, at which point the study was terminated, RM 

PTCs maintained viral loads remarkably lower than the NCs and experienced decreased 

pathogenesis, with significantly higher CD4 counts and lower immune activation in blood. Thus, 

virologic control did result in clinically relevant immunologic benefits for the RM PTCs. This is 

important, since a functional cure needs not only to control viral replication but also to reconstitute 

and maintain a functional immune system. In addition, RM PTCs harbor lower levels of SIV DNA 

than NCs at all timepoints of infection. In particular, as observed in multiple human PTC cohorts, 

total SIV DNA content at the time of ART interruption is lower in RM PTCs than NCs 47, 262, 300, 

314. While this assay largely measures defective viral DNA, it has been shown that human PTCs 

do not harbor a significantly different ratio of defective to intact HIV genomes compared to NCs 

47. The lower levels of total SIV DNA pre-ATI in RM PTCs fits with what was seen in the 

SPARTAC study of acutely treated HIV-infected individuals, in which it was found that HIV DNA 

levels at ART cessation predicted time to viral rebound 315. Importantly, taking advantage of the 

RM model, we were able to extend our analysis to lymphoid tissue. In addition to the periphery, 

using a quantitative viral outgrowth assay we found lower levels of replication competent virus in 

CD4 T cells of lymph nodes from RM PTCs compared to NCs, in agreement with our measures 

of total DNA content. Furthermore, in both LN and PBMC, we found lower levels of SIV DNA in 

naïve, central memory, effector memory and T follicular helper subsets of CD4 T cells, suggesting 

that RM PTCs have an overall lower viral burden that is not limited to a particular anatomic 

location or differentiation subset. In lymphoid tissues, PD-1+ CD4 T cells have been previously 

described as a main contributor to HIV/SIV persistence due to their enrichment for HIV content 

and the ability of PD-1, once engaged, to inhibit HIV production and limit HIV reactivation 137, 
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147, 280. RM PTCs showed lower levels of PD-1+ CD4 T cells in LN throughout ART, which may 

be indicative of an environment less favorable to viral persistence. Interestingly, during ATI, the 

low levels of SIV DNA remained stable in both peripheral blood and colorectal tissues, with some 

animals showing a decrease after ART interruption, despite the presence of detectable viremia in 

most animals. This suggests that, after ART withdrawal, PTCs are capable of clearing virally 

infected cells at a rate at least equivalent to the rate of new cell infection in the presence of viremia.   

 

Identification of a PTC population within an SIV model allowed for tissue access and assessment 

of populations previously undescribed in human PTCs. Importantly, we found that the continued 

maintenance of CD4 T cells during ATI described in peripheral blood of human PTCs extends to 

both lymphoid and mucosal sites in RM PTCs. Furthermore, we were able to assess mucosal Th17 

cells throughout primary infection, ART suppression, and treatment interruption. Th17 cells are 

among the first cells to be infected after HIV transmission, harbor high levels of HIV DNA (34–

36), and are preferentially depleted following HIV and SIV infection, and this loss is known to be 

a main driver of mucosal barrier breakdown, systemic immune activation, and disease progression  

58, 61, 309-312, 316-320. Before initiation of ART, mucosal CD4 T cells were similarly depleted in RM 

PTCs and NCs; however, PTCs selectively maintained higher frequencies of Th17 cells than NCs. 

This phenotype is remarkably similar to what is observed in the non-pathogenic SIV infection in 

the natural host sooty mangabey (SM), which following SIV infection have a significant depletion 

of CD4+ T cells from mucosal sites but maintain normal levels of Th17 cells and do not experience 

systemic immune activation equivalent to the pathogenic infection of RMs  321. Our findings in 

RM PTCs, which experienced significantly less Th17 loss and peripheral immune activation as 

compared to NCs, continue to support these described relationships between Th17 preservation, 
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chronic immune activation, and disease outcome. Early ART initiation in HIV-infected individuals 

has also been shown to preserve Th17 cells and mucosal integrity, and is also associated with 

higher occurrence of post-treatment control 265, 322, 323. Synthesis of these findings in humans in 

conjunction with our findings in RMs suggests a model in which the early initiation of ART limits 

viral exposure and preserves mucosal immune integrity, both of which are likely contributors to 

the development of post-treatment control in a subset of individuals. Furthermore, the 

demonstrated maintenance of CD4 T cell populations in both lymph node and mucosal tissue in 

RM PTCs in absence of ART strongly suggests that even partial control of viremia can prevent 

immune dysfunction.   

 

There are several caveats associated with this study. First, analyses were performed post-hoc on 

RMs selected from studies not directly intended to assess post-treatment control. Animals in those 

studies initiated ART 8 weeks after SIV infection thus, although very unlikely based on many 

studies of SIVmac239 infection in RMs, we cannot fully rule out the possibility that these PTCs 

may have progressed to spontaneous control of plasma viremia in the absence of ART 262. 

Furthermore, since some animals received immune-based interventions in addition to ART, for 

those we cannot discriminate between the relative contribution of ART or immune-based 

intervention in inducing the PTC phenotype. However, it is important to note that those 

interventions were shown to have no significant impact on viral rebound, that PTC incidence was 

not increased in treated animals, and that our NCs also include animals receiving the same 

immune-based interventions (Supplementary Table 1) 60, 324. While RM PTCs did have a lower 

viral burden at ART initiation compared to controls, this alone is not enough to indicate future 

control without ART. Cases of spontaneous controller RM infected with SIVmac239 have been 
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reported, but are typically associated with favorable MHC class I alleles Mamu-B*08 and B*17, 

similar to human elite controllers with HLA-B*57 and HLA-B*27 alleles 306, 307.  In analyses of 

Mamu-B*08 and B*17 negative RMs infected with the same SIVmac239 virus and who never 

initiate ART, natural control is rarely observed by our group or others, even in animals with low 

set point viral loads (Data not shown). We did observe a higher frequency of Mamu-A*01 in the 

PTC group compared to NC, raising the possibility that Mamu-A*01 may predispose a subset of 

RMs to post-treatment control but may not be strong enough to induce spontaneous control. 

Importantly, while we were unable to assess SIV-specific CD8 T cells, we did not find differences 

between RM PTCs and NCs with regards to cytolytic capacity or proliferative response of total 

CD8 T cells, neither prior to nor after ART. This is in agreement with reports that HIV-specific 

CD8 responses are generally weak in human PTCs compared to spontaneous controllers and 

viremic individuals 264, 325. It is likely, however, that the decreased systemic presence of SIV in the 

PTC animals prior to starting ART critically contributed to their capacity to control viremia at 

ATI. Data in human PTCs varies by cohort, with most showing equivalent set point viral loads to 

NCs but some showing decreased viral load at ART initiation in PTCs 260, 262, 264. It has also been 

demonstrated in humans that HIV DNA content at the time of starting ART is lower in PTCs than 

NCs 262. Our data in RM PTCs supports the notion that lower HIV levels in both tissue and blood 

contributes to control of viremia after ATI. Unfortunately, the retroactive nature of our analysis 

prevents any further mechanistic characterization of the PTC phenomenon described here. Further 

studies in RM could be designed to specifically address outstanding mechanistic questions of post-

treatment control, particularly with regards to the importance of the timing of ART initiation and 

the role of CD8 T cells in this control.   

 



   

 

42    
 

 

In summary, our data identifies 7 SIV-infected RMs characterized as PTCs due to their ability to 

maintain viral control after cessation of ART. Our RM PTCs exhibit virologic and immunologic 

characteristics largely similar to those previously reported in cohorts of HIV-infected PTCs, and 

we extend this analysis into previously unexplored periods of infection and anatomical sites.  

Importantly, our data highlights the benefits of limiting immune activation, immune damage, and 

the size of the reservoir early in HIV/SIV infection, all most achievable by early ART initiation, 

to promote potential viral control. It may be valuable to tailor early stages of intervention trials 

towards individuals who initiated ART early or who harbor small reservoirs, as they are likely best 

positioned to experience a positive outcome. Lastly, this report highlights the importance of 

including non-intervention control arms in all studies in both the SIV and HIV fields, to allow for 

best analysis of intervention-specific impact on viral control in the absence of ART.  
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Materials and Methods 
 
Animals, SIV-infection and antiretroviral therapy 
 
22 Indian rhesus macaques (RMs) all housed at the Yerkes National Primate Research Center 

(YNPRC) in Atlanta, GA, were selected for this study. All RMs were Mamu-B*08- and Mamu-

B*17-; A*01 status for all animals is listed in Supplementary Table 1. All RMs were infected 

intravenously with SIVmac239 (provided by Koen Van Rompay, U.C. Davis) at the dose designated 

in Supplementary Table 1. Approximately 8 weeks post-infection, all RMs initiated daily 

antiretroviral therapy. 14 animals were on a regimen composed of tenofovir (PMPA; 20–25 

mg/kg/d, s.c.), emtricitabine (FTC; 30–50 mg/kg/d, s.c.), raltegravir (100–150 mg/bid, oral), 

darunavir (400–700 mg/bid, oral), and ritonavir (50 mg/bid, oral). 8 animals were on a regimen 

composed of dolutegravir (DTG; 2.5 mg/kg/d, subcutaneous; s.c.), tenofovir disoproxil fumarate 

(TDF; 5.1 mg/kg/d, s.c.), and emtricitabine (FTC; 40 mg/kg/d, s.c.). Animals received daily ART 

for up to 60 weeks. All animals reached viral loads below the limit of detection (60 copies/mL) for 

multiple timepoints before undergoing analytic treatment interruption (ATI), at which point 

animals were followed for up to 8 months until necropsy.  

 

In addition to ART, RM designated as “IL-21 Treated” in Supplemental Table 1 were treated 

with recombinant IL-21–IgFc at the beginning and at the end of ART and at the beginning of ATI 

60.  Animals designated as “aCTLA-4/aPD-1 Treated” in Supplemental Table 1 received bi-

specific αCTLA-4/αPD-1 IgG1 over 4 weeks starting 6 weeks prior to ATI 253.  

 

Study Approval 
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All animal experimentation was conducted following guidelines set forth by the Animal Welfare 

Act and by the NIH’s Guide for the Care and Use of Laboratory Animals, 8th edition. All studies 

were reviewed and approved by Emory’s Institutional Animal Care and Use Committee (IACUC; 

permit numbers 3000065, 2003297, 2003470, 201700665, 2001973) and animal care facilities at 

YNPRC are accredited by the U.S. Department of Agriculture (USDA) and the Association for 

Assessment and Accreditation of Laboratory Animal Care (AAALAC) International. Proper steps 

were taken to minimize animal suffering and all procedures were conducted under anesthesia with 

follow up pain management as needed. 

 

Experimental timepoints  

For consistency across groups, timepoints were defined as the following: Pre-infection (15-21 days 

pre-infection); peak infection (D14 p.i.); early infection (D28-42 p.i.); Pre-ART/ART initiation 

(D56-60 p.i.); Early ART (D84-102 p.i.); Mid ART (D110-140 p.i); Late ART (D197-256 p.i.); 

Pre-ATI (13-15 days pre-ATI); Early ATI (D27-28 post-ATI); Mid ATI (D59-60 post-ATI) and 

Late ATI (D180-240 post-ATI).  

 

Sample collection and processing 

Peripheral blood, lymph node and rectal biopsy collections were conducted throughout the study 

and were processed as previously described 134.  

 

Flow Cytometry 

Fourteen parameter flow cytometry was performed on collected tissues according to previously 

optimized standard procedures using anti-human antibodies that have been shown to be cross-
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reactive with RMs. The following antibodies were used: (from BD Biosciences) anti-CD3–APC–

Cy7 (clone SP34-2), anti-CD95–PE–Cy5 (clone DX2), anti-CD28–PE–594 (clone CD28.2), anti–

Ki-67–Alexa Fluor 700 (clone B56), anti-CD8–PE–CF–594 (clone RPA-T8), anti-CCR7–PE–Cy7 

(clone 3D12), anti-HLA–DR–PerCp–Cy5.5 (clone G46-6) (all from BD Pharmingen); anti–IL-

17–Alexa Fluor 488 (clone eBio64DEC17, eBioscience); (from Biolegend) anti-CD4–BV421 

(clone OKT4), anti-CD4–BV605 (clone OKT4), anti-PD1–PE (clone EH12.2H7), anti-PD1–

BV421 (clone EH12.2H7), anti-T-Bet-PE (clone eBio4B10), anti-CD200-PE (clone OX104) ; 

(From Invitrogen) anti-CD8–Qdot705 (clone 3B5), anti-GzmB-PE-TR (clone GB11), Aqua 

LIVE/DEAD amine dye AmCyan; anti-CD38–FITC (clone AT-1; STEMCELL Technologies); 

and anti-Perforin-FITC (clone-Pf344; MABTECH). Flow cytometric acquisition was performed 

on at least 100,000 CD3+ T cells on a BD LSR II Flow Cytometer driven by BD FACSDiva 

software and analysis of the acquired data was performed using FlowJo software. 

 

Th17 analysis 

Th17 cells in rectal biopsy samples were determined as previously described 61. Briefly, isolated 

cells were stimulated for 4 hours with PMA and A23187 in the presence of BD GolgiStop, stained 

for surface markers, permeabilized and stained intracellularly for cytokines. Th17 levels were 

determined as the percent of memory CD4 T cells that produced IL-17.  

 

Plasma viral load  

Levels of SIV RNA copies in plasma were determined by qRT-PCR as previously described with 

a limit of detection (LOD) of 60 copies/mL, with values below the LOD imputed as half of the 
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LOD 326. Ultrasensitive measurements were performed by ultracentrifugation at the described 

timepoints on ART as previously described 313.  

 

Cell-associated SIV DNA and RNA measurements 

SIV DNA and RNA in rectal biopsy samples as well as SIV DNA in peripheral CD4 T cells were 

assessed quantitatively by qRT-PCR assays as previously described 60. For analysis of SIV DNA 

content in CD4 T cell subsets, isolated cells from peripheral blood and lymph node were sorted on 

a FACS AriaII (BD Biosciences) into the following CD4 T cell subsets: naïve (CD28+ CD95- 

CCR7+), central memory (Tcm; CD95+ CCR7+), effector memory (TEM; CD95+CCR7-) and T 

follicular helper (TFH; PD-1+ CD200hi) cells. Sorting strategy is shown in Figure 2D. SIV DNA 

levels were then assessed on sorted populations as previously described 60. 

 

Quantification of replication-competent virus in CD4 T cells from lymph node 

CD4 T cells were purified from cryopreserved lymph node samples and assessed for levels of 

replication-competent SIV as previously described 60. Briefly, cells were cocultured with 

CEMx174 cells (NIH AIDS Reagent Program) in serial dilutions for 25 days, with analysis at days 

9, 16 and 25. Positive wells were determined based on flow cytometric analysis of SIV-Gag p27 

expression and SIV-GAG viral RNA detection by qPCR and frequencies of infected cells were 

determined by maximum likelihood method and expressed as infectious units per million CD4 T 

cells 327. 

 

Statistical Analysis 
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Statistical tests were all two-sided and p-values ≤ 0.05 were considered to be statistically 

significant for each comparison. Data plotted as longitudinal grouped analysis are displayed as 

mean ± SEM unless otherwise indicated. Comparisons of parameters between non-controllers and 

post-treatment controllers were calculated using Mann-Whitney U tests. Analyses were conducted 

using GraphPad Prism 8.3. Analysis of mean change for CD4 T cell count and %HLA-DR+ 

CD38+ of blood memory CD4 was done by repeated-measures analyses using a mixed-effects 

model via the SAS MIXED Procedure (version 9.4; SAS Institute, Cary, NC), providing separate 

estimates of the means by time on study and study group. Two approaches were used to evaluate 

PB SIV DNA and Th17 frequency as potential markers or predictors of PTC status.  First the risk 

of PTC status was modeled as a function of PB SIV DNA (and separately using Th17 frequency) 

by using logistic regression (outcome = PTC or NC).  Second, marker performance was 

summarized with classification performance measures, such as sensitivity, specificity, the receiver 

operating characteristic curves (ROC) and the area under the curve (AUC).  The AUC for each 

marker can be interpreted as the probability that a PTC animal had a higher (or lower) predicted 

probability of PTC status than a NC animal, for random pairs with and without the outcome.   
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Chapter Two Figures 
 

 

Figure 2.1.  PTCs exhibit strong viral control after ART interruption  

A-B) Plasma viral load for PTCs (A) (n=7) and NCs (B) (n=15) at multiple timepoints 

throughout infection (see methods for definition). NC1-9 are those included in all subsequent 
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analyses. C)  Average viral load for PTCs and NCs displayed as mean ±  std. dev. Shaded area 

designates period for which animals were on ART. Dotted line designates limit of detection (60 

copies/mL).  
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Figure 2.2. PTCs have reduced viral burden prior to ART initiation 

A) Plasma viral load levels at peak infection and pre-ART timepoints. B) Total SIV DNA levels 

in purified blood CD4 T cells pre-ART. C) Cell associated SIV DNA and RNA levels in total 

rectal biopsy samples pre-ART. D) Gating strategy for CD4 T cell subsets from LN. E) SIV 

DNA levels in sorted CD4 T cell subsets from peripheral blood (E) and lymph node (F) at a pre-

ART timepoint. G-H) Expression of CD8 T cell functional markers (GzmB: Granzyme B, Perf: 

Perforin) on total CD8 T cells in peripheral blood (G) and LN (H). Lines designate mean value. 
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Figure 2.3. PTCs experience reduced immunopathogenesis prior to ART initiation 

A) CD4 counts in peripheral blood at pre-infection and pre-ART timepoints. B) CD4 T cell 

activation in peripheral blood pre-infection and pre-ART as assessed by flow cytometry as HLA-

DR+ CD38+ memory CD4 T cells. C) CD4 frequency in lymph node pre-ART. D) CD4 

frequency in rectal biopsy pre-infection and pre-ART. E) Th17 frequency in rectal biopsy 

samples as assessed by flow cytometry as frequency of memory CD4 T cells expressing IL-17 

after a brief in vitro stimulation. F) Levels of Th17 cells shown as the percentage of Th17 cells 

lost from pre-infection to pre-ART timepoint. Lines represent mean values. G) Representative 

staining showing the identification of Th17 cells at pre-infection and pre-ART timepoints.  
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Figure 2.4. Reservoir and immune characteristics of PTCs and NCs on ART 
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A) Viral load as determined by ultrasensitive assay (LOD=3 copies/mL, dotted line) at mid-ART 

and late-ART. B) SIV DNA levels in purified CD4 T cells from peripheral blood at mid-ART 

and late-ART. C) Frequency of latently infected LN cells at late-ART, expressed as infectious 

units per million CD4 T cells, assessed by quantitative viral outgrowth assay. D) Levels of PD-1 

expression on CD4 T cells in LN at pre-ART, mid-ART and late-ART. E-F) Expression of CD8 

T cell functional markers on total CD8 T cells in peripheral blood (E) and LN (F). Lines 

designate mean value.  
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Figure 2.5. PTCs maintain viral control and preserve immune homeostasis during ATI 

A) Longitudinal CD4 counts in peripheral blood. B-D) Longitudinal frequency of total CD4 T 

cells (B), Th17 cells (C) and proliferating CD4 T cells (D) in rectal biopsy. E-F) Longitudinal 

SIV DNA levels in PBMC (E) and rectal biopsy (F). Data shown as mean ± S.E.M. PTC 1-5 and 

NC 1-9 were included in this analysis. See methods for timepoint definitions. Shaded area 

designates period for which animals were on ART. *p<0.05, **p<0.005, ***p<0.0005. 
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Table S.2.1. Animal and infection characteristics. 
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Figure S.2.1. CD4 T cell activation 

A) Gating strategy for CD4 T cell activation on memory CD4 T cells as determined by HLA-

DR+ CD38+ cells. B) CD4 T cell activation in rectal biopsy samples pre-infection and pre-ART. 
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Figure S.2.2. ROC analysis 

A-B) ROC curves for the most predictive parameters pre-ART initiation (A) and at a late ART 

(B) timepoint. 
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Abstract 
 

Despite the advent of effective antiretroviral therapy (ART), human immunodeficiency virus 

(HIV) continues to pose major challenges, with extensive pathogenesis during acute and chronic 

infection prior to ART initiation and continued persistence in a reservoir of infected CD4 T cells 

during long-term ART. CD101 has recently been characterized to play an important role in CD4 

Treg potency. Using the simian immunodeficiency virus (SIV) model of HIV infection in rhesus 

macaques, we characterized the role and kinetics of CD101+ CD4 T cells in longitudinal SIV 

infection. Phenotypic analyses and single-cell RNAseq profiling revealed that CD101 marked 

CD4 Tregs with high immunosuppressive potential, distinct from CD101- Tregs, and these cells 

also were ideal target cells for HIV/SIV infection, with higher expression of CCR5 and a4b7 in 

the gut mucosa. Notably, during acute SIV infection, CD101+ CD4 T cells were preferentially 

depleted across all CD4 subsets when compared with their CD101- counterpart, with a 

pronounced reduction within the Treg compartment, as well as significant depletion in mucosal 

tissue. Depletion of CD101+ CD4 was associated with increased viral burden in plasma and gut 

and elevated levels of inflammatory cytokines. While restored during long-term ART, the 

reconstituted CD101+ CD4 T cells display a phenotypic profile with high expression of 

inhibitory receptors (including PD-1 and CTLA-4), immunsuppressive cytokine production, and 

high levels of Ki-67, consistent with potential for homeostatic proliferation. Both the depletion 

of CD101+ cells and phenotypic profile of these cells found in the SIV model were confirmed in 

people with HIV on ART. Overall, these data suggest an important role for CD101-expressing 

CD4 T cells at all stages of HIV/SIV infection and a potential rationale for targeting CD101 to 

limit HIV pathogenesis and persistence, particularly at mucosal sites. 
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Author Summary 

While much progress has been made in the field of HIV persistence, there remain a number of 

outstanding mechanistic questions about cells that critically contribute to HIV pathogenesis and 

the maintenance of the viral reservoir during antiretroviral therapy. In particular, there is a great 

interest in identyfing surface markers on cells that play a role in pathogenesis and persistence to 

elucidate potential therapeutic targets. In this manuscript, we describe CD101-expressing CD4 T 

cells as an immunosuppressive population that is preferentially depleted following SIV/HIV 

infection and find that this loss is associated with higher viral burden and increased inflammatory 

cytokine levels. Furthermore, during long-term antiretroviral therapy, these cells display a 

phenotypical and functional profile consistent with cells that may critically contribute to 

reservoir persistence, including high inhibitory receptor expression and production of 

immunosuppressive cytokines. Future studies of therapies modulating CD101 expression could 

uncover additional strategies for HIV therapeutics aimed at limiting residual inflammation and 

viral persistence.  
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Introduction 
 

Modern antiretroviral therapy (ART) is a critical tool for managing HIV infection, with high 

effectiveness at suppressing HIV replication and remarkable reduction of HIV morbidity and 

mortality 298, 328. However, due to the early establishment of a latent viral reservoir, HIV persists 

and, with very few exceptions, cessation of ART in people with HIV (PWH) results in rapid viral 

rebound and continued disease progression within weeks 93, 95. Therefore, defining key cellular 

contributors to HIV persistence remains critical to help define strategies to target and eliminate 

the reservoir in hopes for a functional cure.  

 

With a recent focus in the field on the HIV reservoir, the characteristics of cells that contribute to 

this latent population have been well defined to this point. The reservoir has been shown to 

persist in a variety of CD4 T cell subsets, with critical contributions from central and effector 

memory cells, T follicular helper cells (TFh), Th17 cells and T regulatory cells (Tregs) 112, 134, 136, 

137, 143, 317, 318, 329-333. Furthermore, the persistence of cells harboring HIV DNA has been linked to 

expression of a number of inhibitory receptors, including PD-1, TIGIT, LAG-3 and CTLA-4 134, 

137, 147, 148. Cells that critically contribute to long-term HIV persistence after ART initiation are 

also known to be preferentially infected during active HIV replication 136, 310, 317, 330, 334, 335. 

Furthermore, recent investigations have confirmed that the reservoir is primarily established at 

the time of ART initiation 336, 337. Finally, early ART initiation can reduce the chronic 

inflammation associated with increased morbidity/mortality risk during treated HIV infection, 

indicative of the importance of limiting acute HIV pathogenesis for long term health 338. As a 

whole, these findings suggest that better understanding of target cell populations during early, 
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active HIV infection, as well as continued description of characteristic markers of HIV 

persistence on ART, will inform the design of targeted therapeutic interventions aiming to reduce 

residual inflammation and the size of the viral reservoir. 

 

The cellular features described above suggest an important role for negative regulators of T cell 

activation in favoring the persistence of HIV DNA in CD4+ T cells. Based on those findings, we 

investigated the potential role of CD101 in HIV pathogenesis and persistence. CD101 is a cell 

surface glycoprotein with an unknown ligand that is upregulated upon cell activation, inhibits T 

cell activation and proliferation, and critically regulates CD4 Tregs functions 339-343. CD101+ 

Tregs are more suppressive than CD101- Tregs in vitro and in vivo, and CD101 can be used to 

discriminate the functional potency of Tregs in mice 342, 344. Furthermore, CD101 has been 

described as a marker of resident-memory T cells and has been shown to be anti-inflammatory in 

gut mucosa 344-346. In addition to its suppressive role on CD4 T cells, CD101 is specifically 

induced on terminally differentiated and highly dysfunctional CD8 T cells during chronic viral 

infection 347, 348. Overall, the association of CD101 expression with Tregs, gut mucosa, and 

inhibitory receptor expression, together with its anti-inflammatory role in gut mucosa, suggests a 

potential key role for CD101+ CD4 T cells in HIV pathogenesis and persistence.  

 

In this study, we take advantage of the established SIV model of HIV infection in rhesus 

macaques (RMs), which allows for longitudinal analyses and tissue access, to investigate 

dynamics of CD101-expressing CD4 T cells in healthy, acutely-infected, and ART-suppressed 

RMs. We confirm high expression of CD101 on CD4 Tregs in healthy RMs, with distinguishing 

phenotypic and transcriptional signatures of higher suppressive capability compared with 
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CD101- Tregs. During acute SIV infection, CD101+ CD4 T cells are preferentially depleted as 

compared to their CD101- counterpart, with depletion more pronounced for CD101+ Tregs and 

CD101+ CD4 T cells in the gut mucosa. This depletion is associated with higher viral burden in 

the gut, as well as higher plasma viral load and levels of inflammatory cytokines. After long-

term ART, CD101+ CD4 T cells are restored to pre-infection levels, harbor intact SIV DNA at 

levels comparable to those found in the other memory CD4 T cells, and are enriched in 

inhibitory markers suggestive of a potential for long-term maintenance of the latent viral 

reservoir. These findings in RMs were extended and confirmed in a cohort of viremic and ART-

suppressed PWH. Overall, while CD101+ cells were not directly enriched for HIV DNA, these 

findings reveal a preferential depletion of anti-inflammatory CD101+ CD4 T cells and suggest a 

critical role for CD101+ cells in HIV/SIV inflammation and in long-term viral persistence.  

 
Results 
 
CD101 is expressed on memory CD4 T cells and highly upregulated on regulatory CD4 T 

cells 

While CD101 has been investigated in chronic viral infection on CD8 T cell populations using 

the LCMV mouse model, its role on CD4 T cells has not been investigated in the rhesus macaque 

model and there have been no studies of CD101+ CD4 T cells in acute and chronic viral infection 

348. To understand the role of CD101 across CD4 T cell subsets in healthy animals, we performed 

flow cytometric analyses of cryopreserved peripheral blood mononuclear cells (PBMC), lymph 

node mononuclear cells (LN) and rectal mucosa biopsies (RB). While CD101 was not expressed 

on naïve CD4 T cells (CD28+ CD95-), it was moderately expressed on memory CD4 T cells 

(CD95+) and significantly enriched on memory CD4 Tregs (CD95+ CD25+ CD127- FoxP3+), 

with more than 60% of Tregs expressing CD101 in both blood and LN (Fig 1a, b, c) (S1 Fig). 
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Despite the significant levels of CD101 expression on CD4 Tregs, they make up only a small 

fraction of the total CD101-expressing CD4 pool, as the overall contribution of CD101+ CD4 T 

cells largely comes from central and effector memory cells, due to their higher frequency of the 

total pool of CD4 T cells (Fig 1C). To further investigate the phenotype of CD101-expressing 

cells, we utilized Uniform Manifold Approximation and Projection (UMAP) of our flow 

cytometry analysis and focused on memory CD4 T cells. In combination with Phenograph 

analysis, this revealed distinct clusters of CD101+ memory CD4 T cells (Fig 1d, e) (S2 Fig). In 

particular, CD101 was found highly expressed in clusters (2, 6, 17) also expressing markers of T 

regulatory cells, including CD25, FoxP3, CD39 and CTLA-4 (Fig 1d, e). An additional group of 

clusters (8, 10, 15, 23) confirmed the expression of CD101 in the central memory compartment, 

with co-expression of CCR7 and CD127 (Fig 1d, e). 

 

Given the high expression of CD101 on CD4 Tregs, we performed single-cell RNA-seq (scRNA-

seq) analysis on CD4 Tregs (CD95+ CD25+ CD127-) that were sorted into CD101- and CD101+ 

populations. scRNA-seq analysis revealed clearly distinct transcriptional profiles of CD101+ 

Tregs as compared to CD101- Tregs (Fig 1f, S1 File). Specifically, we found an expression 

profile suggesting CD101+ Tregs were more differentiated, with lower levels of TCF7, and 

showed higher potential for suppressive activity with lower levels of SATB1 (a chromatin 

modulator that represses FoxP3 expression) and higher levels of TNFRSF18 (which encodes for 

GITR), both of which have been strongly linked to the ability of Tregs to exert suppressive 

activity in vivo 349-351. Additionally, CD101+ Tregs were highly enriched in expression of 

LGALS3 (which encodes for Galectin-3), which has been shown to increase N-glycan branching 

on CD8 T cells, increasing the antigenic threshold for activation of these cells and contributing to 
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long-term viral persistence in  chronic LCMV model by limiting CD8 T cell antiviral functions 

352.  

 

To confirm that CD101+ cells represent a functionally distinct population, we performed 

PMA/ionomycin stimulation of PBMC from healthy individuals. After a 3hr stimulation, 

CD101+ CD4 T cells produced similar levels of traditional effector cytokines IL-2, IFNy, IL-17a 

and TNFa as compared to CD101- cells (Fig 1H, S3 Fig). However, CD101+ CD4 T cells 

produced significantly more LAP (Latency Associated Peptide; mean 11.7 fold-difference) than 

CD101- cells in response to stimulation. LAP is part of the latent TGF-b complex and is 

produced by Tregs that release TGF-b, suggesting that cells producing LAP are likely to be 

immunosuppressive 353-355. Collectively, these observations suggest CD101-expressing cells 

represent a functionally distinct population of CD4 T cells that can play a key role in regulating 

inflammatory environments, such as those after a viral infection.  

 

CD101+ CD4 T cells are selectively depleted during SIV infection 

To determine the role of CD101-expressing CD4 T cells in SIV infection, we assessed the 

dynamics of CD101+ CD4 T cell populations in SIVmac239-infected RMs. CD101+ CD4 T cells 

are severely depleted during acute SIV infection (14 days post-infection), with a mean 2.6-fold 

reduction in the frequency of blood memory CD4 T cells expressing CD101 (Fig 2a, b). 

Absolute counts of CD101+ and CD101- CD4 subsets in the periphery were evaluated to 

determine and compare the absolute loss of these populations during acute infection. CD101+ 

populations were significantly more depleted across all CD4 subsets as compared to CD101- 

cells (Fig 2c). This preferential depletion was most severe for Tregs, as 80% of CD101+ Tregs 
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were lost compared to only 44% of CD101- Tregs, and for CM, with 84% of CD101+ cells lost 

compared to 64% of CD101- (Fig 2c). Notably, CD4 Tregs shift from being a primarily CD101+ 

population (accounting for 66% of total Treg) to being majority CD101- after SIV infection (only 

32% of total Treg being CD101+), representing a shift during acute infection toward a population 

of Tregs with a reduced suppressive potential (Fig 2d, e). While depletion of CD101+ memory 

CD4+ T cells, or CD101+ Tregs, was not associated with viral load (copies HIV RNA/mL of 

plasma) or T cell activation at D14 p.i., there was a significant association between the loss of 

CD101+ cells and higher plasma viral load at D42 p.i. (Table 1). Additionally, lower levels of 

CD101+ cells at D42 p.i. was associated with increased plasma levels of the inflammatory 

cytokines IP-10 and MIP-1a (Table 1). These findings suggest a direct relationship between the 

depletion of CD101+ cells, an increased inflammatory environment and higher viral burden. 

Interestingly, increased CD8 T cell activation as assessed by levels of HLA-DR/CD38 was 

associated with better preservation of CD101+ CD4 T cell, suggestive of a potential for CD8 

antiviral responses to limit the depletion of this population (Table 1).To expand this observation 

from SIV-infected RMs to humans, we assessed these populations in PBMCs from PWH and 

confirmed that CD101 expression on CD4 Tregs is significantly lower in individuals with active 

viremia compared to ART-suppressed individuals, despite equivalent overall frequencies of CD4 

Tregs (Fig 2F, S4 Fig). To examine whether this depletion represented preferential susceptibility 

of CD101+ cells to HIV infection, we sorted CD101- and CD101+ memory CD4 T cells from 

healthy human PBMC and performed an in vitro HIV infection. After 7 days in culture with 

ART, we harvested the cells and measured integrated HIV DNA, and found comparable levels of 

integrated HIV DNA between CD101- and CD101+ cell cultures (S5a Fig).  
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To understand if the preferential depletion of CD101+ cells was limited to peripheral blood or 

represented a migration of CD101+ CD4 to tissues, we evaluated these populations in rectal 

biopsy samples (RB) before and following SIV infection. Similar to PBMC, there was a marked, 

rapid (already present at d14 p.i.), depletion of CD101-expressing CD4 T cells in the gut after 

SIV infection (Fig 2g, h). This depletion was preferential, with 97% loss of CD101+ CD4 T cells 

compared to only 83% loss of CD101- CD4 T cells (calculated from baseline to acute infection 

as % of live lymphocytes) (S6a Fig). Gut depletion of CD4 T cells is well described to be one of 

the main drivers of systemic inflammation and disease progression in viremic individuals during 

SIV/HIV infection, and the loss of highly suppressive CD101+ CD4 T cells could strongly 

contribute to this inflammation 322, 356, 357. To investigate potential mechanisms for preferential 

depletion of CD101+ cells in the gut, we assessed levels of a4b7 and CCR5 on CD101+ and 

CD101- memory CD4 T cells. These well-described surface receptors are known to drive T cell 

migration to the gut and to favor SIV/HIV cell entry. In uninfected macaques, CD101+ CD4 T 

cells in the gut express significantly more a4b7 and CCR5 than CD101- cells (Fig 2i). This 

finding suggests CD101+ CD4 T cells have a high potential to migrate and reside in the gut 

tissues and is consistent with their propensity to be more depleted in the gut during acute SIV 

infection, especially given the role of a4b7-high cells as early targets for HIV/SIV infection and 

of CCR5 as a co-receptor for direct HIV/SIV infection 358. To understand potential links between 

this depletion and viral burden in gut mucosa, we assessed SIV DNA and RNA levels in rectal 

biopsy samples from day 14 post-infection. We found a significant association between loss of 

CD101+ CD4 T cells (calculated from baseline to acute infection as % of live lymphocytes) and 

higher SIV DNA levels during acute infection (Fig 2J), while there was no association of SIV 

DNA/RNA levels with depletion of CD101- CD4 T cells (S1 Table). This finding establishes a 
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specific link between depletion of CD101+ cells in the mucosa and disease progression. Finally, 

we evaluated levels of circulating biomarkers of microbial translocation and mucosal barrier 

breakdown (sCD14, IFABp, zonulin) pre- and post-SIV infection. Notably, we found that lower 

levels of CD101+ cells in RB 14 days post-infection was significantly associated with a higher 

fold-change of zonulin from pre-infection to day 42 post-infection (S6B Fig) (S2 Table). Zonulin 

is a key regulator of intestinal permeability, with higher circulating levels of zonulin being 

indicative of intestinal epithelial damage, and has been previously shown to be predictive of 

HIV-related mortality 359.  

 

To assess whether CD101 is being downregulated on CD4 T cells after infection rather than 

these cells being directly depleted, we evaluated CD101 surface levels after in vitro HIV 

infection of sorted CD101- and CD101+ CD4 T cell cultures. Sorted CD101+ cells remained 

almost entirely CD101+ (median 92% CD101+) after 7 days in culture and remained clearly 

distinct from the CD101- cultures, which remained CD101- (S5B,C Fig). To confirm CD101 is 

not downregulated by T cell activation, we performed aCD3/CD28 stimulation of PBMC from 

healthy individuals. After 5 days of stimulation, CD101 levels on the total CD4 population had 

significantly increased (mean 2.5-fold increase) (S5D Fig). 

 

Considering the potential inflammatory implications of a rapid and permanent depletion of 

highly suppressive Tregs, it is important to understand whether the depleted populations of 

CD101+ memory CD4 and Tregs are restored during antiretroviral therapy. To this aim, we 

quantified the frequency of blood CD4 T cell subsets expressing CD101 at an early (6 weeks), 

mid (24 weeks), and late (33-60 weeks) on ART time points. Within PBMC, the proportion of 
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cells expressing CD101 within each CD4 subset was restored starting from early ART, and fully 

to pre-infection levels after long-term ART in RMs that initiated ART during the early chronic 

phase of infection (Fig 2k), thus suggesting direct viral infection or inflammation, both reduced 

by ART, as mechanisms for the loss of CD101-expressing cells. This restoration occurred very 

rapidly in the Treg compartment, suggesting the administration of ART prevents further 

depletion of CD101+ cells and allows a restoration of this suppressive population in response to 

the highly inflammatory environment. In fact, CD101+ cells begin to slowly recover prior to the 

initiation of ART, which is likely reflective of the tendency of Tregs to expand during the 

chronic phase of HIV/SIV infection and the emergence of SIV-specific CD8 T cells that are able 

to partially limit viremia during early chronic infection. The contribution of CD101+ cells within 

each subset to the overall pool of CD4 T cells was also fully restored to pre-infection levels (Fig 

2l).  

 

During long-term ART, CD101+ cells display a phenotype consistent with quiescence and 

potential for reservoir persistence 

We then investigated whether CD101+ cells may contribute to viral persistence during long-term 

ART following reconstitution. Expression of numerous inhibitory receptors on CD4 T cells have 

previously been described to potentially delineate subsets enriched for HIV/SIV provirus and 

contribute significantly to the persistent, latent reservoir 134, 137, 147, 148, 280. Given the more 

differentiated state of CD101+ Tregs and associations of CD101 with inhibitory receptor 

expression on CD8 T cells during chronic LCMV infection, we hypothesized that CD101+ cells 

may be enriched for these markers during long-term ART 348. We evaluated expression of PD-1 

and CTLA-4 within the CD101- and CD101+ memory CD4 populations in LN samples from 
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SIV-infected RMs after >1 year of ART. While CD101- cells primarily lie in the PD-1- CTLA-4- 

quadrant, CD101+ cells are significantly enriched in the PD-1- CTLA-4+ and PD-1+ CTLA-4+ 

compartments (Fig 3a, b). Of note, we and others have previously reported that these populations 

of PD-1- CTLA-4+ and PD-1+ CTLA-4+ cells harbor high levels of replication competent SIV 

DNA and include a high frequency of Tregs and Tfh, respectively 134, 137, 147. Directly probing the 

expression of CD101 on the PD-1 and CTLA-4 quadrants of LN CD4 T cells revealed 

significantly elevated expression of CD101 in cells expressing any combination of PD-1 and 

CTLA-4 (Fig 3c, d). We confirmed similar results of CD101 expression on these cell populations 

in PBMC from PWH on ART (Fig 3e). We further investigated additional immunosuppressive 

receptors CD39 and TIGIT that are known to be expressed on functional Tregs and have been 

associated with the HIV reservoir 147, 360-362. CD101+ cells express significantly more CD39 and 

TIGIT as compared to CD101- cells and Boolean gating on the 4 receptors of interest reveals a 

clear enrichment of immunosuppressive receptors on CD101+ cells, with 84% of CD101+ cells 

expressing at least one of these receptors compared to only 49% of CD101- cells, and 63% of 

CD101+ cells expressing two or more receptors as compared to only 23% of CD101- (Fig 3f, g, 

h). Additionally, we found that CD101+ cells express significantly higher levels of Ki-67 in both 

ART-suppressed SIV and HIV infection, suggestive of recent cell cycling of CD101+ cells (Fig 

3i, j). This is notable considering the potential for cycling CD4 T cells to maintain the reservoir 

via clonal expansion 112, 363.  Finally, to assess the functional capacity of CD101+ CD4 T cells to 

contribute to reservoir persistence, we performed PMA/ionomycin stimulation of PBMC from 

ART-suppressed PWH. Similar to the profile observed in cells from healthy individuals, CD101+ 

CD4 T cells expressed significantly more LAP (TGF-b) as compared to CD101- cells, while 

producing similar levels of other effector cytokines (Fig 3K). This is particularly interesting, as 
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TGF-b levels are known to be significantly elevated after HIV infection and remain elevated 

during suppressive ART and TGF-b has been demonstrated to play a role in potentiating T cell 

latency 129, 364-367.  

 

To assess the potential contribution of CD101+ CD4 T cells to the latent HIV reservoir, we 

measured HIV DNA levels in sorted CD101- and CD101+ memory CD4 T cells derived from 

PBMC from PWH on suppressive ART (Fig 4a). CD101+ CD4 harbored similar levels of total 

proviruses, defective HIV DNA, and intact HIV DNA as compared to CD101- cells when 

assessed by the intact proviral DNA assay, suggesting that CD101+ cells are contributing to the 

overall pool of latently infected cells during long-term ART at levels comparable to the CD101- 

counterpart (Fig 4b, c, d) 368. Due to their high levels of intact DNA and a phenotype consistent 

with cell quiescence and survival, CD101+ CD4 cells have the potential to critically contribute to 

the long-term maintenance of the SIV/HIV reservoir. 

 

Discussion 
 
Development of a functional cure for HIV continues to be the ultimate goal in HIV research, but 

these efforts are hampered by the difficult nature of HIV persistence. Many recent interventions 

have been aimed at reducing the size of the HIV reservoir, but the limited success to date 

suggests a need for further investigation into mechanisms maintaining the reservoir to help 

design targeted therapeutics. In this study, we characterize, for the first time, the phenotype and 

transcriptional profile of CD101+ CD4 T cells in NHPs, as well as their role in HIV/SIV 

pathogenesis and persistence. Our investigations reveal that CD101+ CD4 T cells are 

preferentially depleted during HIV/SIV infection in both blood and tissues, and this depletion is 
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associated with increased viral burden in blood and gut and with elevated levels of inflammatory 

cytokines. While these cells are restored during long-term ART, they exhibit an 

immunosuppressive profile consistent with cells that critically contribute to the persistence of the 

latent viral reservoir. 

 

In healthy RMs, we found that CD4 T cells expressing CD101 display a phenotypic and 

transcriptional profile suggestive of their role as highly functional Tregs, consistent with 

investigations of CD101+ CD4 T cells in other model systems and diseases. CD101+ Tregs 

express a transcriptional signature clearly differentiating them from CD101- Tregs, with lower 

levels of TCF7 and SATB1, indicative a more terminally differentiated Treg state, and higher 

levels of TNFRSF18 and LGALS3, both of which have been shown to mark highly suppressive 

Treg populations 349-352. Additionally, CD101+ CD4 T cells are more functionally suppressive, 

producing more LAP (TGF-b) in response to stimulation. Given the important role a highly 

suppressive CD4 population could play in both HIV pathogenesis during acute infection and 

HIV persistence during long-term ART, we performed the first longitudinal characterization of 

CD101+ CD4 T cells in both SIV and HIV infection. We found CD101+ CD4 T cells are 

preferentially depleted during acute SIV infection, with significantly larger reduction of CD101+ 

cells as compared to CD101- cells across all CD4 subsets. Importantly, this depletion was 

associated with higher viral load and increased levels of inflammatory cytokines, suggesting that 

depletion of CD101+ cells is directly linked to a more inflammatory environment. The depletion 

of CD101+ CD4 T cells was most pronounced within the Treg compartment. While the 

frequency of Tregs has been shown to increase during chronic HIV infection, few studies have 

been able to address the role and dynamics of CD4 Tregs during acute infection, and conclusions 
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from these studies vary on whether Tregs are increased or decreased during acute infection 369-375 

. Our findings that CD101+ immunosuppressive Tregs are depleted during acute infection 

suggest an additional mechanism for increased immune activation during primary HIV infection. 

Additionally, the confirmation of persistently lower levels of CD101 on Tregs, despite equivalent 

frequencies of Tregs, in viremic PWH as compared to ART-suppressed individuals implies the 

persistent inflammatory environment in this setting may be partially due to the lack of highly 

functional Tregs. The depletion of immunosuppressive CD101+ cells may be most impactful in 

the gut mucosa, where loss of CD4 T cells is known to drive systemic mucosal barrier 

breakdown and systemic inflammation 20, 59, 357, 376-378. We show that CD101+ cells express higher 

levels of CCR5 and a4b7 than CD101- cells, providing rationale for their homing and selective 

depletion in gut tissue, as both are known to mark cells preferentially infected with HIV/SIV 358, 

379, 380. Furthermore, depletion of a4b7+ CD4 T cells during acute HIV/SIV infection is 

associated with increases in microbial translocation, a key mechanism for SIV/HIV 

pathogenesis, suggestive of more extensive gut damage 358. Indeed, we found that decreased 

levels of CD101+ cells in the gut during acute infection was associated with higher fold-change 

of zonulin, a marker of intestinal epithelial integrity, during early chronic infection. Additionally, 

depletion of these cells was associated with increased viral burden (SIV DNA) in the mucosa 

during acute infection, suggesting that loss of CD101+ CD4 T cells in the gut mucosa may play 

an important role in increased activation, infection and mucosal breakdown as HIV/SIV infection 

progresses. 

 

While the preferential loss of highly immunosuppressive CD101+ CD4 T cells is likely 

contributing to pathogenesis during primary HIV/SIV infection, cells of this nature also likely 
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contribute to reservoir persistence during long-term ART. Investigations over recent years have 

yielded strong evidence that expression of inhibitory receptors, including PD-1, CTLA-4 and 

TIGIT, contribute to HIV persistence 134, 137, 147, 148. As suggested by the differentiation state of 

these cells and previous reports of CD101 expression on CD8 in viral infection, we demonstrate 

that CD101+ CD4 T cells are highly enriched for expression of immunosuppressive receptors in 

lymphoid tissue during ART. Interestingly, there is a significant enrichment for CD101+ CD4 T 

cells within CTLA-4+ PD-1- cells, which our group has previously shown to be an important 

contributor to viral persistence within the lymphoid tissue 134. Additionally, CD101+ cells 

express higher levels of Ki-67, indicative of their ability to proliferate and persist over time on 

ART and potentially maintain the reservoir through clonal expansion. While CD101+ cells did 

not show enrichment for HIV DNA as compared to CD101- cells in blood, they harbor 

significant levels of intact HIV DNA and we believe their contribution to viral persistence may 

still be critical. First, expression of inhibitory receptors is one way in which HIV-infected CD4 T 

cells maintain latency, and blockade of these receptors can potentiate latency reversal 253, 280, 381. 

Second, CD101+ CD4 T cells, due to their highly functional regulatory potential, likely create an 

immunosuppressive environment that prevents HIV expression and CD8-mediated clearance of 

infected cells. The enriched production of LAP (TGFb) by CD101+ CD4 T cells compared to 

CD101- cells in samples from PWH is likely to promote latency of these cells, as recent work 

has highlighted the important role of TGFb in promoting reservoir persistence 129, 365-367, 382, 383. 

Additionally, the observation that CD101+ Tregs have higher expression of LGALS3 is 

particularly interesting in the context of previous findings that galectin-3 participates in N-glycan 

branching on CD8 T cells during chronic infection that increases the antigenic threshold for CD8 

T cell activation and function 352. This suggests that CD101+ CD4 T cells during long-term ART 
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could inhibit CD8-mediated clearance of HIV-infected cells in reservoir clearance attempts 

utilizing a shock and kill strategy.  

 

It is difficult to assess direct cell death in vivo, and therefore we cannot say for certain that 

CD101 cells are preferentially depleted due to increased infection and cell death. However, it is 

unlikely that the loss of CD101+ cells is due to a redistribution of these cells throughout tissues, 

as we assessed these populations in both blood and mucosal tissue and found depletion in both. 

Furthermore, it seems unlikely CD101 is downregulated on cells given the terminally 

differentiated status of these cells, the upregulation of CD101 on TCR-stimulated CD4 T cells, 

and the lack of downregulation observed in sorted CD101+ cells after 7 days in our in vitro HIV 

infection system. Additionally, although our in vitro infection model does not show increased 

infection levels of CD101+ CD4 T cells, this model may not fully replicate the phenotypic 

environment of these cells during in vivo infection, particularly given the role of CD101+ cells in 

the gut. Unfortunately, given the very low levels of CD101+ CD4 T cells after infection, we are 

unable to sort these cells and directly assess whether they harbor more virus at this time. The 

idea that CD101 expression is associated with preferential infection and depletion is additionally 

supported by two independent studies in which genetic variants in the CD101 locus are 

associated with altered immune activation and increased risk of sexually acquired HIV infection 

384, 385. While we did not find significant enrichment of HIV DNA in CD101+ cells from PBMC, 

we were unable to assess either LN and rectal biopsy samples for these measures, where we 

believe the impact of both preferential depletion of CD101+ CD4 T cells and the 

immunosuppressive environment created by them on ART may be most significant.  
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Continued exploration of markers and mechanisms of cells contributing to HIV pathogenesis and 

persistence is vital to designing more effective interventions focused on HIV cure. Herein, we 

report the first comprehensive assessment of the role of CD101+ CD4 T cells in HIV/SIV 

infection, in which we define CD101+ cells as a marker of highly suppressive CD4 Tregs, a 

population that is preferentially and severely depleted during acute infection and restored during 

long-term ART, with the potential to contribute to and promote the persistence of the HIV 

reservoir. Additional studies assessing how modulation of CD101 expression on CD4 T cells can 

impact viral pathogenesis and reservoir persistence may reveal additional strategies for HIV 

therapeutics.  

 

Materials and Methods 
 
Ethics Statement 

All animal experimentation was conducted following guidelines set forth by the Animal Welfare 

Act and by the NIH’s Guide for the Care and Use of Laboratory Animals, 8th edition. All studies 

were reviewed and approved by Emory’s Institutional Animal Care and Use Committee 

(IACUC; permit numbers 201700655, 201800047, 201700665) and animal care facilities at 

Yerkes National Primate Research Center are accredited by the U.S. Department of Agriculture 

(USDA) and the Association for Assessment and Accreditation of Laboratory Animal Care 

(AAALAC) International. Proper steps were taken to minimize animal suffering and all 

procedures were conducted under anesthesia with follow-up pain management as needed. 

Individuals with HIV infection were consented for a study approved by the Emory University 

Institutional Review Board and written consent for research was obtained from the individuals. 
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Animals, SIV infection, antiretroviral therapy and sample collection 

53 Indian rhesus macaques (RMs), housed at the Yerkes National Primate Research Center, were 

included in this study. All RMs were screened to ensure Mamu-B*08- and Mamu-B*17- status. 

Animals were infected intravenously with 300 TCID50 SIVmac239. Animals initiated a daily 

subcutaneous antiretroviral therapy regimen of FTC (40 mg/kg), TDF (5.1 mg/kg) and DTG (2.5 

mg/kg) during the early chronic phase of infection (week 6-8 post-infection) and were 

maintained on ART up to 66 weeks post-infection (S3 Table). Peripheral blood, lymph node and 

rectal biopsy sample collections were conducted at critical timepoints during the study and 

processed as previously described 134. Infection timepoints were defined as follows: acute (days 

14-18 post-infection), early chronic (days 42-56 post-infection), early ART (6 weeks post-ART 

initiation), mid ART (24 weeks post-ART initiation), late ART (33-60 weeks post-ART 

initiation). 

 

Samples from participants with HIV infection 

For analysis of depletion of CD101-expressing CD4 T cells during viremia, PBMC were 

obtained prior to initiation of antiretroviral therapy in individuals with a confirmed HIV 

diagnosis. For analysis of CD101 expression during long-term antiretroviral therapy, PBMC 

were obtained from individuals with undetectable viremia for at least 1 year prior to sample 

collection. Individuals were on a variety of combination ART regimens containing a protease 

inhibitor, integrase inhibitor and/or nucleoside reverse-transcriptase inhibitors. Cryopreserved 

cells were used for all analyses. 
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Plasma viral load 

Levels of SIV RNA in plasma were measured by RT-qPCR as previously described (limit of 

detection 60 copies/mL) 386. 

 

scRNA-seq analysis 

Single cells were sorted directly into 96 well plates with lysis buffer. Single cell lysates were then 

converted to cDNA following capture with Agencourt RNA Clean beads using the SmartSeq2 

protocol as previously described 387. The cDNA was amplified using 20–24 PCR enrichment 

cycles prior to quantification and dual-index barcoding with the Illumina Nextera XT kit. The 

libraries were enriched with 12 cycles of PCR, then combined in equal volumes prior to final bead 

cleanup and sequencing. All libraries were sequenced on an Illumina HiSeq 3500 by either single-

end 150 bp reads or short paired-end reads. Alignment was performed using STAR version 2.5.2b 

and transcripts were annotated using MacaM Rhesus genome assembly and annotation (v7.8.2: 

https//:www.unmc.edu/rhesusgenechip/index.htm#NewRhesusGenome) 388. Transcript 

abundance estimates were calculated internal to the STAR aligner using the algorithm of htseq-

count 389. 

 

Flow Cytometry 

Flow cytometric analyses for this study were performed on peripheral blood, LN and gut-derived 

cells according to previously optimized and standardized procedures with anti-human antibodies 

with confirmed cross-reactivity with RMs. For T cell phenotyping analyses, the following 

antibodies were used at pre-optimized staining concentrations: anti-Ki-67-Alexa700 (clone B56), 

anti-CD3-BUV395 (clone SP34-2), anti-CD8-BUV496 (clone RPA-T8), anti-CD45-BUV563 
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(clone D058-1283),anti-CD28-BUV737 (clone CD28.2), anti-CD45RA-BUV737 (clone HI100), 

anti-CTLA-4-BV421 (clone BNI3), anti-Ki-67-BV480 (clone B56), anti-CD27-BV605 (clone 

L128), anti-CCR5-APC (clone 3A9), anti-CCR7-BB700 (clone 3D12), Fixable Viability Stain 

700 (all from BD Biosciences); anti-FoxP3-AF647 (clone 150D), anti-CD4-APC/Cy7 (clone 

OKT4), anti-CD95-BV605 (clone DX2), anti-HLA-DR-BV650 (clone L243), anti-CD25-BV711 

(clone BC96), anti-CD39-BV711 (clone A1), anti-PD-1-BV786 (clone EH12.2H7), anti-CD39-

PE/Dazzle594 (clone A1), anti-CD4-PE/Cy5 (clone OKT4), anti-CD101-PE/Cy7 (clone BB27) 

(all from Biolegend); anti-CXCR5-PE (clone MU5UBEE), anti-CD127-Pe/Cy5 (clone 

ebioRDR5), anti-TIGIT-PerCP-eF710 (clone MBSA43), LIVE/DEAD fixable aqua (all from 

ThermoFisher); anti-CD38-FITC (clone AT-1) (StemCell); anti-a4b7-PE (clone A4B7R1) (NHP 

reagent resource). To detect intracellular expression of FoxP3, cells were fixed and 

permeabilized with FoxP3 Fix/Perm solution (Tonbo) and subsequently stained for intracellular 

markers of interest. Acquisition of stained cells was performed on a minimum of 100,000 live 

CD3+ T cells for LN and PBMC samples on an LSRFortessa or FACSymphony (BD 

biosciences) driven by FACSDiva software and analyzed using FlowJo software (version 10.8, 

Treestar). FCS files were imported into FlowJo, compensated electronically, gated on memory 

CD4 T cells (CD3+ CD4+ CD8- CD95+) and equivalent numbers of cells were input into UMAP 

analysis (Uniform Manifold Approximation and Projection for Dimension Reduction) was for 

unbiased evaluation of the distribution of the key markers. Projection of the density of cells 

expressing markers of interest were visualized/plotted on a 2-dimensional UMAP 

(https://arxiv.org/abs/1802.03426, https://github.com/lmcinnes/umap). We used the Phenograph 

clustering approach (https://github.com/jacoblevine/PhenoGraph). 
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Flow Cytometry cell sorting 

In order to perform scRNA-seq on sorted CD101+ and CD101- Tregs, cryopreserved PBMC 

were thawed and stained with the following antibodies: anti-CD95-BV421 (clone DX2), anti-

CD28-PE/CF594 (clone 28.2) (from BD Biosciences); anti-CD4-BV650 (clone OKT4), anti-

CD101-PE/Cy7 (clone BB27) (from Biolegend); anti-CD8-FITC  (clone MHCD08014), anti-

CXCR5-PE (clone MU5UBEE), anti-CD127-PE/Cy5 (clone ebioRDR5), LIVE/DEAD fixable 

aqua (from ThermoFisher). Cells were gated as live, CD3+, CD4+, CD8- and were then sorted as 

Naïve (CD28+ CD95-), CD101- Tregs (CD95+, CXCR5-, CD127-, CD25+, CD101-) and 

CD101+ Tregs (CD95+, CXCR5-, CD127-, CD25+, CD101+).  

 

For HIV DNA measurements in CD101+ and CD101- CD4 T cells, cryopreserved PBMC were 

thawed and stained with the following antibodies: anti-CCR7-BB700 (clone 3D12), anti-

CD45RA-APC (clone HI100), anti-CD3-APC-Cy7 (clone SP34-2), anti-CD8-FITC (clone RPA-

T8) (from BD biosciences); anti-CD4-APC/Cy7 (clone OKT4), anti-CD101-PE/Cy7 (clone 

BB27) (from Biolegend). Cells were sorted as memory CD101+ or CD101- CD4 (gating strategy 

shown in Fig 4a) and DNA was extracted using a QIAmp DNA minikit (Qiagen) and intact 

proviral DNA was measured as previously published, with sample processing and IPDA analysis 

performed by Accelevir Diagnostics in a blinded fashion 368.   

 

In vitro infection 

In vitro infection of PBMC was performed as previously described 129. Briefly, PBMC were 

isolated from buffy coats from HIV-negative healthy donors and enriched for memory CD4 T 

cells by negative selection using the EasySep human CD4 memory T cell enrichment kit 
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(StemCell). Cells were rested overnight and then sorted as CD101+ or CD101- using a FACS 

Aria II system (BD Biosciences). After another overnight rest, cells were spinoculated with 89.6, 

a clinical isolate of HIV, at 100ng/mL p24/million cells. Viral supernatant was removed and 

infected cells were cultured in RPMI supplemented with 30 U/mL IL-2 (R&D Systems) and 5uM 

saquinavir (NIH AIDS Reagent Program) to prevent viral spread and preintegration latency. On 

day 4, cells were directed into latency with addition of 40ng/mL recombinant human IL-7 (R&D 

Systems), 20 ng/mL recombinant human TGF-B1 (PeproTech) and an ART cocktail of 5uM 

saquinavir, 100nM efavirenz and 200nM raltegravir (NIH AIDS Reagent Program). Cells were 

harvested on day 7 for flow cytometric analysis and measurements of integrated HIV DNA 

levels. The following antibodies were used for analysis: anti-CD3-BUV395 (clone SP34-2), anti-

CD8-BUV496 (clone RPA-T8), anti-CD45RA-BUV737 (clone HI100), anti-CD27-BV605 

(clone L128), anti-CCR7-BB700 (clone 3D12), anti-CD45RA-APC (clone HI100), anti-CD3-

BV421 (clone SP34-2), anti-CD8-PE/CF594 (clone RPA-T8), (from BD biosciences); anti-CD4-

APC/Cy7 (clone OKT4), anti-CD101-PE/Cy7 (clone BB27) (from Biolegend). Acquisition of 

stained cells was performed on an LSRFortessa or FACSymphony (BD biosciences) driven by 

FACSDiva software and analyzed using FlowJo software (version 10.8, Treestar). Measurements 

of integrated HIV DNA on cells from day 7 was performed as previously described 390. 

 

Measurement of intestinal epithelial damage biomarkers 

Levels of circulating biomarkers of mucosal damage in plasma were measured by enzyme-linked 

immunosorbent assay (ELISA) using a commercially available kit as per the manufacturer’s 

instructions (sCD14: R&D Systems, Cat #DC140l; IFABP: My Biosource, Cat#MBS740424; 

zonulin: Alpco, Cat #30-ZONSHU-E01). 
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In vitro stimulations 

In vitro stimulations were performed on total PBMC from both healthy donors and ART-

suppressed PLWH. For PMA/ionomycin stimulations, cells were stimulated at 37°C with 80 

ng/mL PMA and 500 ng/mL ionomycin in the presence of 10ug/mL of BFA and 0.7uL of 

GolgiStop (BD biosciences). Cells were harvested and stained at 0hr and 3hr post-stimulation, 

with the 0hr timepoint serving as a negative control.  For aCD3/aCD28 stimulations, cells were 

cultured in RPMI supplemented with 10% heat-inactivated FBS, 100U/mL penicillin, 100ug/mL 

streptomycin and 20U/mL recombinant human IL-2 (Gemini Bio-products), 5ug/mL anti-CD28-

BUV737 (clone CD28.2, BD biosciences), 5ug/mL anti-CD2-purified (clone RPA-2.10, 

Biolegend), and 5ug/mL anti-CD3-purified (clone SP34-2, BD Biosciences). Fresh IL-2 at 

20U/mL was supplemented every 2 days and cells were harvested and stained at days 0, 3 and 5 

post-stimulation. For downstream flow cytometry analysis, the following antibodies were used: 

anti-CD4-APC/Cy7 (clone OKT4), anti-PD-1-BV786 (clone EH12.2H7), anti-CD101-PE/Cy7 

(clone BB27), anti-IFNg-PE/Dazzle594 (clone B27), anti-TNFa-APC (clone MAb11), anti-IL-2-

BV650 (clone MQ1-17H12), anti-LAP-BV421 (clone TW4-2F8) (From Biolegend); anti-Ki-67-

Alexa700 (clone B56), anti-CD3-BUV395 (clone SP34-2), anti-CD8-BUV496 (clone RPA-T8), 

anti-CD45RA-BUV737 (clone HI100), ), anti-CD27-BV605 (clone L128), anti-CCR7-BB700 

(clone 3D12) (from BD biosciences); anti-IL-17a-AF488 (clone eBio64DEC17) from 

eBioscience; LIVE/DEAD fixable aqua from ThermoFisher.  

 

Plasma Cytokine Levels 
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Plasma cytokines were measured using the MSD platform as per manufacturer’s instruction with 

NHP-specific U-PLEX for IL-6 (K156TXK), IP-10 (K156UFK), MIP-1a (K156UJK), TNF-a 

(K156UCK) from plasma samples from day 42 post-infection. Values below limit of detection 

were imputed at half of the limit of detection.  

 

SIV DNA/RNA measurements 

Levels of SIV DNA and RNA in rectal mucosa were measured as previously described 19, 391. 

Briefly, rectal biopsy tissue was homogenized, RNA and DNA were extracted and SIV DNA and 

RNA levels were measured by qRT-PCR and normalized to cell counts using concurrent rhesus 

albumin measurements. 

 

Statistical Analyses 

Analyses were performed using R studio or GraphPad Prism 9. P values £ 0.05 were considered 

statistically significant with the following definitions: *P < 0.05, **P < 0.01, ***P < 0.001, 

****P < 0.0001. Differences in unmatched data were evaluated using Mann-Whitney U test and 

matched data were evaluated using Wilcoxon matched-pairs signed rank test. For samples with 

multiple comparisons, values were adjusted for multiple comparisons using Dunn’s test, false-

discovery rate or Sidak correction. Longitudinal analyses were evaluated using mixed-effects 

model with Tukey correction. Correlations were calculated using nonparametric Spearman 

analysis. 
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Chapter Three Figures 
 
 

 
Figure 3.1. Phenotype of CD101-expressing CD4 T cells in healthy rhesus macaques A) 

Representative staining of CD101 on CD4 subsets in healthy RM PBMC. B) Representative 

histograms of CD101 on detailed CD4 subsets in healthy RM PBMC. C) Expression of CD101 

within detailed CD4 subsets in PBMC and LN from healthy RM (top); total contribution of 
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CD101+ cells to the overall CD4 pool from each CD4 subset in PBMC and LN. D) UMAP plot 

of flow cytometry data showing overall Phenograph cluster location and expression intensity of 

markers of interest. E) Hierarchical clustering of expression (z-score) for selected markers from 

flow cytometry data in each Phenograph cluster. F) Heatmap of the top 50 differentially 

expressed genes between CD101+ and CD101- Tregs (CD95+ CD25+ CD127-) by scRNA-seq 

analysis of healthy RM PBMC. G) Violin plots showing RNA expression levels of 4 genes of 

interest. H) Cytokine expression levels in CD101- and CD101+ memory CD4 after 3hr 

PMA/ionomycin stimulation of total PBMC from healthy individuals.  
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Figure  3.2 Dynamics of CD101-expressing CD4 T cells after SIV infection A) 

Representative staining of CD101 on PBMC memory CD4 pre- and post-SIV infection. B) 

Expression levels of CD101 on PBMC memory CD4 pre- and post-SIV infection. C) Total loss 

of CD101+ and CD101- cells within CD4 subsets calculated based on absolute counts in blood 

pre- and post-SIV infection (mean+SEM). D) Representative staining of CD101 on PBMC CD4 

Tregs pre- and post-SIV infection. E) Expression levels of CD101 on PBMC CD4 Tregs pre- and 

post-SIV infection. F) Expression levels of CD101 on PBMC CD4 Tregs from HIV-infected 

individuals during active viremia and during suppressive antiretroviral therapy (ART). G) 

Representative staining of CD101 on rectal biopsy (RB) memory CD4 pre- and post-SIV 
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infection. H) Expression levels of CD101 on RB memory CD4 pre- and post-SIV infection. I) 

Expression levels of a4b7 and CCR5 on RB memory CD4 CD101- and CD101+ cells from 

healthy RM. J) Association between depletion of CD101+ CD4 T cells in rectal biopsies at day 

14 p.i. (calculated from baseline to acute infection as % of live lymphocytes) and SIV DNA 

levels in rectal biopsies at day 14 p.i. (spearman correlation, n=9). K) CD101 expression within 

PBMC CD4 subsets during longitudinal SIV infection (mean±SEM). L) Overall contribution of 

CD101+ cells to the overall CD4 pool from each PBMC CD4 subset during longitudinal SIV 

infection (mean±SEM). Lines designate mean values.  
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Figure 3.3 Phenotypic profile of CD101+ CD4 during long-term antiretroviral therapy A) 

Representative staining of PD-1 and CTLA-4 within naïve, memory CD101- and CD101+ CD4 T 

cells in lymph node (LN) from ART-suppressed SIV-infected RM. B) Quadrant distribution of 

PD-1 and CTLA-4 expression within CD101- and CD101+ LN memory CD4 from ART-

suppressed SIV-infected RM. C) Representative histogram of CD101 expression across PD-1 

and CTLA-4 expression quadrants in LN memory CD4 from ART-suppressed SIV-infected RM. 

D) CD101 expression across PD-1 and CTLA-4 quadrants in LN memory CD4 from ART-

suppressed SIV-infected RM. E) CD101 expression across PD-1 and CTLA-4 quadrants in 

PBMC memory CD4 from ART-suppressed HIV-infected individuals. F,G) Expression levels of 
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CD39 (F) and TIGIT (G) within CD101- and CD101+ LN memory CD4. H) Pie chart 

representing the frequency of cells expressing PD-1 and/or CTLA-4 and/or CD39 and/or TIGIT 

within CD101- and CD101+ LN memory CD4. I,J) Expression levels of Ki-67 within CD101- 

and CD101+ memory CD4 from LN from ART-suppressed SIV-infected RM (I) and PBMC 

from ART-suppressed HIV-infected individuals (J). K) Cytokine expression levels in CD101- 

and CD101+ memory CD4 after 3hr PMA/ionomycin stimulation of total PBMC from ART-

suppressed PLWH. Lines designate mean values. 
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Figure 3.4. HIV DNA levels in sorted memory CD4 T cells A) Sorting strategy for memory 

CD101- and CD101+ memory CD4 T cells. B-D) Total HIV proviruses (B), defective HIV DNA 

copies (C) and intact HIV DNA copies (D) measured by IPDA in sorted CD101- and CD101+ 

memory CD4 T cells from PBMC from ART-suppressed individuals.  
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Table 3.1. Correlations of CD101 dynamics with plasma viral load, immune activation and 

plasma cytokine levels. Analyses were done as Spearman correlations with r and p value 

displayed. All values are from the D14 p.i. or D42 p.i for 28 SIV-infected RMs. CD4 loss was 

calculated based on absolute counts of CD101+ CD4 pre- and post-infection. Statistically 

significant findings are highlighted in yellow (n=28). 

  

Spearman 
values

Plasma Viral 
Load

Memory CD4 
HLA-DR+ 

CD38+ 
Memory CD8 

HLA-DR+ CD38+
Plasma Viral 

Load

Memory CD4 
HLA-DR+ 

CD38+ 

Memory CD8 
HLA-DR+ 

CD38+ IL-6 IP-10 MIP-1a TNF-a

r 0.04 0.07 -0.01 -0.22 -0.02 0.04 0.05 -0.22 0.07 -0.16

p 0.83 0.71 0.95 0.27 0.92 0.83 0.79 0.27 0.74 0.42

r 0.20 0.24 0.22 -0.16 0.24 0.33 0.05 -0.19 0.25 -0.2

p 0.30 0.23 0.26 0.41 0.22 0.09 0.79 0.34 0.21 0.32

r -0.05 -0.13 -0.13 0.01 0.03 0.14 0.29 0.02 -0.25 0

p 0.79 0.52 0.51 0.95 0.1 0.48 0.89 0.92 0.21 0.99

r -0.04 0.02 0.05 -0.08 -0.12 -0.09 0.03 -0.2 0.13 -0.19

p 0.85 0.91 0.79 0.68 0.53 0.64 0.9 0.32 0.53 0.35

r -0.01 0.03 -0.1 -0.72 0.12 0.34 -0.05 -0.42 -0.38 -0.27

p 0.97 0.9 0.61 0.0001 0.53 0.08 0.79 0.03 0.056 0.17

r 0.03 0.21 0.13 -0.78 0.36 0.52 -0.09 -0.4 -0.27 -0.17

p 0.87 0.29 0.51 0.0001 0.06 0.004 0.67 0.04 0.19 0.42

r 0.03 -0.13 -0.002 0.79 -0.14 -0.41 0.25 0.23 0.43 0.02

p 0.9 0.52 0.99 0.0001 0.48 0.03 0.23 0.27 0.03 0.92

r -0.06 0.05 -0.04 -0.7 0.11 0.3 -0.22 -0.35 -0.39 -0.27

p 0.75 0.81 0.84 0.0001 0.59 0.12 0.27 0.08 0.051 0.18

Parameter

Plasma Cytokine Levels (D42 p.i.)

%CD101+ Memory CD4 

%CD101+ on CD4 Treg 

%CD101+ Memory CD4 

CD101+ Memory CD4 Counts 

CD101+ Memory CD4 Loss 

CD101+ Memory CD4 Counts 

CD101+ Memory CD4 Loss 

%CD101+ on CD4 Treg 

Disease Progression (D14 p.i) Disease Progression (D42 p.i)

D14 p.i.

D42 p.i.
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Table 3.S1. Association of CD101 gut depletion and mucosal viral burden. Analyses were 

done as Spearman correlations with r and p value displayed. %Remaining (amount of depletion) 

was calculated from baseline to d14 p.i. as % of live lymphocytes. Statistically significant 

findings are highlighted in yellow (n=9). 

  

SIV DNA 
RB D14 

p.i.
SIV RNA 

RB D14 p.i.
%CD101+ Memory 

CD4 RB D14 p.i.
r -0.13 0.32

p 0.74 0.41

%Depletion of CD101+ 
CD4 RB D14 p.i.

r -0.75 0.55

p 0.03 0.13

%Depletion of CD101-
CD4 RB D14 p.i.

r 0.52 0.53

p 0.16 0.15
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Table 3.S2. Intestinal epithelial damage biomarker correlations. Analyses were done as 

Spearman correlations with r and p value displayed. Fold-change of biomarkers was assessed as 

change from pre-infection baseline to either d14 or d42 post-infection. Statistically significant 

findings are highlighted in yellow (n=13). 

  

D14 p.i. D42 p.i.
FC Zonulin FC sCD14 FC IFABp FC Zonulin FC sCD14 FC IFABp

%CD101+ Memory CD4 
RB D14 p.i.

r -0.2527 0.1758 0.2582 -0.5874 0.2198 0.3626
p 0.4043 0.5659 0.3939 0.0489 0.4703 0.224

%CD101+ Memory CD4 
RB D42 p.i.

r -0.5385 0.01099 -0.3132 -0.5804 0.3297 0.2747

p 0.0611 0.9782 0.2975 0.0521 0.2715 0.3633
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Table 3.S3. Animal characteristics. 

  

Virus Sex
Age at Infection 

(Months) Mamu A*01 
Acute Plasma Viral 
Load (copies/mL)

Pre-ART Plasma 
Viral Load 

(copies/mL)

ART Initiation 
(week post-
infection)

Time on ART 
(weeks) Figures

RFl17 SIVmac239 M 44 + 1.23E+07 8.87E+05 6 60 1 D-E, 2 A-E, 3A-D, 3F-I

RYk17 SIVmac239 M 45 + 7.92E+06 8.02E+03 6 60 1 D-E, 2 A-E, 3A-D, 3F-I

RVz16 SIVmac239 M 47 + 6.02E+06 4.04E+05 6 60 1 D-E, 2 A-E, 3A-D, 3F-I

RYm17 SIVmac239 M 44 + 1.16E+07 1.28E+06 6 60 1 D-E, 2 A-E, 3A-D, 3F-I

RHm17 SIVmac239 M 44 - 9.68E+06 9.10E+06 6 60 1 D-E, 2 A-E, 3A-D, 3F-I

RNy16 SIVmac239 M 48 + 1.45E+07 2.33E+05 6 60 1 D-E, 2 A-E, 3A-D, 3F-I

RTd17 SIVmac239 M 46 + 2.16E+07 1.33E+06 6 60 1 D-E, 2 A-E, 3A-D, 3F-I

34897 SIVmac239 M 45 - 8.23E+06 1.15E+06 6 60 1 D-E, 2 A-E, 3A-D, 3F-I

RRh17 SIVmac239 M 45 - 8.98E+06 7.97E+04 6 60 1 D-E, 2 A-E, 3A-D, 3F-I

RFn17 SIVmac239 M 44 - 1.66E+07 4.11E+06 6 60 1 D-E, 2 A-E, 3A-D, 3F-I

RVm17 SIVmac239 M 44 - 5.81E+06 2.68E+05 6 60 1 D-E, 2 A-E, 3A-D, 3F-I

RBe17 SIVmac239 M 46 - 1.13E+07 6.92E+05 6 60 1 D-E, 2 A-E, 3A-D, 3F-I

RMl17 SIVmac239 M 44 + 1.90E+07 4.67E+06 6 60 1 D-E, 2 A-E, 3A-D, 3F-I

RIb17 SIVmac239 M 47 - 4.26E+07 1.39E+07 6 60 1 D-E, 2 A-E, 3A-D, 3F-I

34918 SIVmac239 F 48 - 2.00E+07 1.25E+06 6 60 2G-H, 2J, 3A-D, 3F-I

RBf17 SIVmac239 M 50 - 2.88E+07 5.32E+06 6 60 2G-H, 2J, 3A-D, 3F-I

RBv17 SIVmac239 M 38 - 2.88E+07 2.28E+05 6 60 2G-H, 3A-D, 3F-I

REu17 SIVmac239 F 38 - 1.70E+07 2.32E+05 6 60 2G-H, 2J, 3A-D, 3F-I

RKq17 SIVmac239 M 39 - 3.04E+07 1.11E+06 6 60 2G-H, 3A-D, 3F-I

RVc17 SIVmac239 M 50 - 2.90E+07 6.11E+05 6 60 2G-H, 2J, 3A-D, 3F-I

RZg17 SIVmac239 M 49 - 1.92E+07 2.06E+05 6 60 2G-H, 3A-D, 3F-I

34920 SIVmac239 F 48 - 6.74E+07 4.68E+06 6 60 2G-H, 2J, 3A-D, 3F-I

34930 SIVmac239 M 48 - 3.50E+07 2.36E+06 6 60 2G-H, 3A-D, 3F-I

REq17 SIVmac239 M 39 - 2.92E+07 2.79E+05 6 60 2G-H, 2J, 3A-D, 3F-I

RGr17 SIVmac239 M 39 - 1.10E+07 1.05E+07 6 60 2G-H, 3A-D, 3F-I

RVi17 SIVmac239 M 49 + 2.42E+07 2.50E+07 6 60 2G-H, 2J, 3A-D, 3F-I

RWs17 SIVmac239 M 38 - 1.07E+07 5.60E+05 6 60 2G-H, 2J, 3A-D, 3F-I

RZp17 SIVmac239 M 39 - 4.73E+06 5.10E+04 6 60 2G-H, 2J, 3A-D, 3F-I

RAg16 SIVmac239 M 41 - 6.70E+07 3.60E+07 8 44 2K-L

RGt16 SIVmac239 M 28 - 3.60E+07 2.60E+06 8 50 2K-L

RHk16 SIVmac239 M 30 - 1.50E+07 3.20E+04 8 33 2K-L

RIs16 SIVmac239 M 29 + 2.00E+07 1.70E+06 8 34 2K-L

RLw16 SIVmac239 M 29 - 1.60E+07 1.20E+07 8 41 2K-L

RNi16 SIVmac239 M 32 - 5.80E+07 3.10E+07 8 44 2K-L

RQj16 SIVmac239 M 31 - 2.20E+08 2.40E+07 8 46 2K-L

RWn16 SIVmac239 M 30 + 3.20E+07 3.50E+06 8 37 2K-L

Rla17 Uninfected N/A N/A N/A N/A 2I

RSd17 Uninfected N/A N/A N/A N/A 2I

RSk17 Uninfected N/A N/A N/A N/A 2I

RTb17 Uninfected N/A N/A N/A N/A 2I

RZe17 Uninfected N/A N/A N/A N/A 2I

RZn17 Uninfected N/A N/A N/A N/A 2I

93-11R Uninfected N/A N/A N/A N/A 1A-C

97-11R Uninfected N/A N/A N/A N/A 1A-C

103-11R Uninfected N/A N/A N/A N/A 1A-C

112-11R Uninfected N/A N/A N/A N/A 1A-C

131-11R Uninfected N/A N/A N/A N/A 1A-C

131-11R Uninfected N/A N/A N/A N/A 1A-C

176-11R Uninfected N/A N/A N/A N/A 1A-C

187-11R Uninfected N/A N/A N/A N/A 1A-C

189-11R Uninfected N/A N/A N/A N/A 1A-C

202-11R Uninfected N/A N/A N/A N/A 1A-C

315-11R Uninfected N/A N/A N/A N/A 1A-C
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Figure 3.S1. CD101 in healthy RM. A) Representative gating strategy for CD4 subsets within 

LN samples from healthy rhesus macaques. B) CD101 expression on CD4 subsets in rectal 

biopsy samples from healthy rhesus macaques. Lines designate means.  
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Figure 3.S2. UMAP with phenograph cluster locations 
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Figure 3.S3. Representative gating for cytokine expression after stimulation. Representative 

gates for cytokine levels within memory CD4 at 0hr post-stimulation and within CD101- and 

CD101+ memory CD4 at 3hr post-stimulation with PMA/ionomycin. 
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Figure 3.S4. Frequency of CD4 Tregs in HIV-infected individuals. The frequency of Tregs 

(CD25+ CD127- FoxP3+) within the memory pool of CD4 Tregs evaluated in PBMC from 

viremic and ART-suppressed individuals. Lines designate means. 
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Figure 3.S5. In vitro infection of sorted CD4 T cells and exclusion of CD101 

downregulation. A) Levels of integrated HIV DNA from CD101- or CD101-positive cell 

cultures 7 days after in vitro infection of sorted cells. B) Overlayed flow plot of expression of 

CD101 on CD4 T cells from CD101- (maroon) and CD101+ (blue) cultures 7 days after in vitro 



   

 

102    
 

 

infection of sorted cells. C) Gated expression levels of CD101 on CD4 T cells from CD101- and 

CD101+ cultures. D) CD101 expression levels on total CD4 T cells after aCD3/aCD28 

stimulation of PBMC from healthy individuals.  
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Figure 3.S6. Preferential depletion of CD101+ CD4 T cells in the gut. A) Loss of CD101- and 

CD101+ CD4  T cells in the gut during acute infection, calculated as %loss from baseline using 

the frequency of CD101- and CD101+ cells of total live lymphocytes. B) Association between 

levels of CD101-expressing CD4 T cells in the gut during acute infection and fold change of 

circulating zonulin in plasma at day 42 p.i. compared with pre-infection (spearman correlation 

with linear regression and 95% confidence interval). 
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Abstract 
 
HIV cure efforts are increasingly focused on harnessing CD8 T-cell functions and better 

understanding the profile of CD8 T-cells promoting HIV control can critically inform novel 

therapeutic approaches. Here, we explored dynamics of TOX and TCF1 expression in CD8 T-

cells after SIV infection in lymphoid tissue. CD8 T-cells upregulated TOX and differentiated 

into distinct subsets, including a novel TCF1+CD39+ subset expressing high levels of TOX and 

inhibitory receptors, but not expressing cytotoxic molecules despite responsiveness to antigen 

stimulation. Transcriptional analysis of SIV-specific CD8 revealed TCF1+CD39+ cells as an 

intermediate effector population retaining stem-like features. TOX+TCF1+CD39+ CD8 T-cells 

express higher levels of CXCR5 than terminally-differentiated cells and were found at higher 

frequency in follicular micro-environments. Importantly, their levels were strongly associated 

with viral control and lower reservoir size. Collectively, these data describe a unique population 

of lymphoid CD8 T-cells possessing both stem-like and effector properties that contribute to 

limiting SIV persistence. 
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Introduction 
 
The persistence of an antigen, such as in cancer and chronic viral infections, is associated with a 

state of persistent activation of the immune system, which is unable to completely overcome the 

antigen load. Oftentimes, this failure is defined, at least in part, by CD8 T cell exhaustion, a state 

in which CD8 T cells have significantly reduced effector functions and increased expression of 

inhibitory receptors driven by large-scale transcriptional and epigenetic reprogramming 392.  

 

While CD8 T cell exhaustion can be defined by a combination of markers and functional 

assessments, a distinct identifier of exhausted CD8 T cells is the recently described transcription 

factor thymocyte selection-associated high mobility group box protein (TOX) 189-191. TOX was 

shown to be the transcriptional driver of exhausted CD8 T cell differentiation and was 

responsible for the downstream phenotype and functional profile of these cells in both chronic 

LCMV and cancer models 188-192. Concurrently, TOX was also shown to be vital for the 

persistence and dampening of the CD8 response to chronic antigen, as loss of TOX leads to the 

collapse of stem-like CD8 T cell populations, driving responding cells towards a damaging 

effector state causing immunopathology 189-192. Additional work has demonstrated that Tox is not 

uniquely expressed in exhausted CD8 T cells, but also in polyfunctional effector memory CD8 T 

cells and can be expressed in conjunction with TCF1, a transcription factor expressed by stem-

like CD8 T cells 218, 393, 394. TCF1+ stem-like CD8 T cells are responsible for maintaining the 

CD8 response to chronic antigen, providing the effective response to anti-PD-1 blockade and 

fueling the development of terminally differentiated effector/exhausted CD8 T cells, typically 

defined by expression of effector molecules and surface markers such as TIM-3, CD101 and 

CD39 169, 348. 
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These dynamics of CD8 T cell biology are highly relevant to current HIV research. CD8 T cells 

are vital for limiting viremia in HIV infection, and in rare individuals are capable of inducing 

complete viral control in absence of antiretroviral therapy (ART)229. However, in most 

individuals, CD8 T cells reach a state of exhaustion and markers of exhaustion have traditionally 

been linked to higher viral loads and worse disease progression 206, 207, 209, 212-215, 229. HIV cure 

efforts in recent years include a major focus on immunotherapies designed to restore functional 

CD8 T cell responses; as such, a better understanding of the stem-like, effector and exhausted 

CD8 T cell populations that emerge after HIV infection will substantially improve the ability to 

design targeted therapeutic strategies 257, 395. Recent work has indeed demonstrated that Tox 

expression is increased on CD8 T cells after HIV infection and that Tox and TCF-1 can be co-

expressed in a fraction of HIV-specific CD8 T cells 218. These important findings were limited to 

the periphery, where HIV-specific CD8 T cells are primarily cytotoxic, and these mechanisms 

have not yet been investigated in lymphoid tissue. This is vital as CD8 T cells in lymphoid 

tissue, a primary site of viral replication, have been shown to be phenotypically and functionally 

distinct from peripheral CD8, including having the potential for limiting viremia through non-

traditional cytolytic pathways 82-84.  

 

Given the unique nature of lymphoid CD8 T cells, we took advantage of the longitudinal tissue 

access afforded by the SIV model of HIV infection to investigate the dynamics of TOX and 

TCF-1 expressing CD8 T cells in lymph nodes after SIV infection. We found that TOX is 

upregulated on CD8 T cells after early chronic SIV infection and is highly expressed in SIV-

specific CD8 T cells. Furthermore, we identified a unique subset of TCF1+ CD39+, distinct from 
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traditionally described stem-like and terminally differentiated CD8 T cell populations, that 

emerges after infection and is characterized by high expression of TOX, inhibitory receptors and 

Ki-67, but very low levels of granzyme B while maintaining functional responsiveness to SIV 

peptides. Transcriptional analysis confirms an intermediate profile of TCF1+ CD39+ CD8 T 

cells as a preliminary effector cell that maintains stem-like properties. Increased presence of both 

TOX+ and TCF1+ CD39+ CD8 T cells is strongly associated with viral control during early 

chronic infection and lower size of the intact reservoir on ART, potentially due to a higher 

frequency of these cells within lymph node B cell follicles. Together, our findings reveal a 

previously unrecognized subset of SIV-specific CD8 T cells that display phenotypic and 

transcriptional hallmarks of effector cells while still maintaining stem-like properties and 

contribute to the ability of lymphoid CD8 T cells to limit viremia without traditional cytolytic 

molecules. 

 

Results 
 
TOX is upregulated on LN CD8 T cells after SIV infection and associated with high 

inhibitory receptor expression 

To assess the dynamics of LN CD8 T cells, we performed a cross-sectional phenotypic analysis 

of LN from uninfected Rhesus Macaques (RMs) at early chronic infection (D42 post-infection 

(p.i)) and RMs at late chronic infection (all >6 months p.i.; average 17 months p.i.) (Supp Table 

1). Flow cytometry plots for Tox expression are shown in Fig 1A for a representative uninfected, 

early chronic, and late chronic RMs.  TOX is significantly upregulated in total CD8 T cells 

following SIV infection and is further upregulated during the late chronic stage of infection (Fig 

1B). In order to confirm this upregulation is directly in response to SIV infection, we evaluated 
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the frequency of memory and SIV-specific (CM9+) CD8 T cells expressing TOX at d42 p.i. in a 

subset of A*01+ animals (Fig 1C). While memory cells express TOX at levels significantly 

higher than naïve (mean 47% vs. 2%; p=0.02; Fig 1D), SIV-specific cells express significantly 

more (mean 61%; p=0.02; Fig 1D), indicating the upregulation of this transcription factor is 

occurring directly in response to antigen stimulation.  

 

TOX is well described to be co-expressed with inhibitory receptors on CD8 T cells during 

LCMV infection and cancer. We found the same to be true following SIV infection of RMs, with 

significantly higher levels of PD-1, CD39, CD101 and TIGIT in TOX+ memory CD8 T cells as 

compared to TOX- cells at early chronic infection (Fig S1A). To understand the broad 

phenotypic profile of LN CD8 during early chronic infection, we utilized Uniform Manifold 

Approximation and Projection (UMAP) of our flow cytometry data and, in combination with 

Phenograph analysis, identified distinct clusters of LN memory CD8 T cells (Fig 1E, S1B-DD). 

Cells in clusters 7, 11, 6 and 15 comprised the population of traditional effector CD8 T cells, 

defined by high expression of granzyme B, low expression of TCF1 and high expression of 

CD39, and primarily expressing high levels of inhibitory receptors (Fig 1E-F). Notably, our 

analysis identified a group of cells, comprising clusters 2 and 9, expressing high levels of 

inhibitory/exhaustion markers, including TOX and CD39, while simultaneously maintaining 

high levels of TCF1. In contrast to the traditional effector population, these cells expressed low 

levels of granzyme B. CD39, often co-expressed with Tim-3, has been primarily described as a 

terminal differentiation marker, and its co-expression with TCF1 in CD8 T cells during chronic 

viral infection has not been shown to this point 175, 212, 396, 397. In all, we find that following SIV 

infection, TOX expression is increased on responding LN memory CD8 T cells and is expressed 
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in cells with high inhibitory receptor expression with a phenotypic profile resembling traditional 

effector cells, but is also expressed in a unique subset of TCF1+ CD39+ granzyme B- cells.    

 

Unique population of TCF1+ CD39+ CD8 T cells expand in LN after infection 

Given the undescribed nature of this subset of TCF1+ CD39+ CD8 T cells, we explored our 

cross-sectional flow cytometry data to understand the emergence of these cells after SIV 

infection in LN. Flow cytometry plots for TCF1 vs CD39 staining are shown in Fig 2A for a 

representative uninfected, early chronic and late chronic RM. In uninfected RMs, the large 

majority (mean 87%) of LN memory CD8 T cells are TCF1+ CD39-, indicative of large pool of 

non-differentiated, resting CD8 T cell (Fig 2B). However, during early chronic SIV infection, the 

pool of TCF1+ CD39- cells contracts significantly down to 60% of memory CD8 T cells, 

concurrent with a large expansion of the TCF1+ CD39+ cell subset (27% compared to 6% in 

uninfected; Fig 2B). In addition, TCF1- CD39+ cells, the traditional effector population, also 

significantly expand during early chronic infection to an average of 8% of the memory CD8 T 

cell population. During late chronic infection, there is a further significant differentiation out of 

the TCF1+ CD39- pool, with the majority of these cells shifting to the terminally differentiated 

effector pool (TCF1+ CD39-; Fig 2B).  

To further understand the profile of these cells, we focused specifically on LN from early chronic 

infection and found that phenotypically, these 3 TCF1/CD39 LN CD8 T cell subsets are distinct 

populations. TCF1+ CD39+ cells are significantly higher in TOX expression than the other two 

subsets, and only slightly, but significantly, lower in expression of other inhibitory receptors 

compared to TCF1- CD39+ cells (Fig 2C). Stem-like TCF1+ CD39- cells are consistently low in 

inhibitory/exhaustion markers (Fig 2C). Ki-67, indicative of recent proliferation and cell 
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division, was highest in TCF1- CD39+ cells, but was also expressed by 61% of the TCF1+ 

CD39+ cells (Fig 2D). This same phenotypic profile was observed in cells from late chronic 

infection (Fig S2).  

The most striking difference between the TCF1/CD39 subsets was found in granzyme B 

expression, as TCF1- CD39+ cells are the only subset expressing high levels of granzyme B (Fig 

2E). While granzyme B is a well described CD8 T cell effector molecule that is known to be 

expressed by traditional cytolytic CD8 T cells, granzyme K has been shown to be expressed 

earlier in CD8 T cell differentiation and can mark distinct CD8 populations with different 

functional properties than GzmB+ cells 398, 399. In assessing GzmB and GzmK expression, we 

found that the majority of TCF1+ CD39+ cells are GzmB- GzmK+, significantly more so than 

both TCF1+ CD39- and TCF1- CD39+ cells, while TCF1- CD39+ cells are primarily GzmB+ 

GzmK+ (Fig 2F-G). Finally, to assess the functional capacity of these CD8 subsets, we 

performed SIV-peptide stimulation of total LN cells from early chronic infection. While TCF1+ 

CD39+ and TCF1- CD39+ CD8 T cells degranulated at similar rates in response to antigen, 

TCF1- CD39+ cells produced significantly more IFNy, potentially indicative of a more 

differentiated effector profile (Fig 2H). Collectively, these data suggest that an intermediate 

effector CD8 T cell population emerges in LN after SIV infection that is responsive to antigen 

despite lacking expression of traditional cytolytic molecules. 

 

Transcriptional profile of SIV-specific LN CD8 T cells identifies intermediate effector cells 

maintaining stem-like properties 

In order to further explore unique LN CD8 populations during SIV infection, we expanded our 

analyses to understand the transcriptional profile of SIV-specific CD8 T cells. We sorted Gag-
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specific (CM9+) CD8 T cells from LN biopsies of 5 RMs during early chronic (D42 p.i.) SIV 

infection and performed single-cell RNAseq (Fig 3A, S3). SIV-specific LN CD8 T cells were 

distributed across 5 transcriptionally distinct clusters (Fig 3B, S4A, Supp File 1). Cluster 1 was 

characterized by high expression of traditional effector molecules including GZMA, GZMB, 

GZMK, PRF1 and IFNG (FIG 3C). Additionally, while most of the SIV-specific cells expressed 

moderate levels of inhibitory receptors and traditional exhaustion markers, they were highest in 

cluster 1, including PDCD1, TIGIT, LAG3, and CTLA4. Cluster 2 was primarily characterized by 

high expression of TCF7 and a number of other genes typically associated with stem-like CD8 T 

cell populations including SELL, JUN, FOS and IL7R. Clusters 3 and 4 were defined primarily 

by genes involved in cell cycling (MKI67, BRCA1 etc.) and type 1 interferon signaling (IRF7, 

MX1 etc.) respectively, while cluster 5 was differentiated primarily by non-annotated genes with 

little discernible pattern. Neither TOX nor ENTPD1 were significantly enriched in any of the 

defined clusters. Given the gene expression patterns in these clusters, we used gene signature 

analyses to compare our single-cell data to previously defined CD8 T cell signatures from human 

cancer studies (S4B, Supp File 1) 400. We found clear overlap with our defined clusters and 

human signatures of cell cycling, type 1 interferon signaling, stem-like CD8 and terminally 

differentiated CD8 T cell, reinforcing a definition of cluster 1 as effector cells and cluster 2 as 

stem-like cells. Overall, the effector cluster made up approximately 50% of the total SIV-specific 

LN CD8 T cell population, while the stem cluster accounted for 13% of these cells (Fig 3D). 

This distribution was consistent across all 5 animals, with the exception of RHm17, in which 

there was a major enrichment of cells in the proliferating cluster. 

To specifically identify and characterize our TCF1+ CD39+ subset of interest within our scRNA-

seq data, we defined expression thresholds for TCF7 and ENTPD1 and identified all SIV-specific 
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cells that were above these thresholds as TCF7+ ENTPD1+ (S4C). TCF7+ ENTPD1+ cells 

were distributed across all 5 clusters but were largely enriched in the stem cluster compared to 

the total SIV-specific CD8 T cell population (Fig 3E). To understand how these cells were 

transcriptionally unique, we examined differentially expressed genes between the TCF7+ 

ENTPD1+ cells and the stem and effector clusters. Compared to the stem cluster, TCF7+ 

ENTPD1+ cells displayed a more effector-like transcriptional profile, with higher expression of 

effector molecules and differentiation markers compared to higher traditional stem-like gene 

expression in the stem cluster (Fig 3F). However, compared to the effector cluster, TCF7+ 

ENTPD1+ cells were significantly more stem-like, with higher expression of stem-like genes 

such as SELL and FOS, while there was an enrichment of the effector genes within the effector 

cluster (Fig 3G). Overall, the transcriptional profile of TCF7+ ENTPD1+ cells is consistent with 

the phenotypic profile of an intermediate effector cell that maintains some stem-like properties.   

 

TOX+ and TCF1+ CD39+ CD8 T cells strongly associate with viral control 

Given the expansion of a previously unrecognized CD8 T cell population in response to SIV 

infection, and previous reports of relationships between inhibitory receptor expression on CD8 T 

cells and disease progression, we evaluated potential relationships between the LN CD8 T cell 

populations identified by flow cytometry and viral burden during early chronic infection. 

Notably, we found that RMs with higher frequency of TOX+ LN CD8 T cells had lower plasma 

viral loads at day 42 p.i. (r=-0.78, p<0.0001) and this relationship held true when evaluating 

TOX expression only in SIV-specific LN CD8 T cells (r=-0.76, p=0.04) (Fig 4A-B).  

In evaluating TCF1/CD39 memory CD8 subsets, we similarly found that animals with higher 

frequencies of TCF1+ CD39+ LN CD8 T cells had lower plasma viral loads during early chronic 
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infection (r=-0.64, p=0.0003) (Fig 4C). Conversely, animals with higher frequencies of TCF1+ 

CD39- cells had higher viral loads at this time point, potentially indicative of a failure of CD8 T 

cells to progress into the precursor effector state (Fig 4D). Surprisingly, despite being the most 

differentiated effector population and having high cytolytic potential, there was no relationship 

between frequencies of TCF1- CD39+ cells and plasma viral load (Fig 4E). 

To understand whether the strong association of TOX+ and TCF1+/CD39+ LN CD8 T cells with 

better viral control was limited only to plasma viremia or extended to tissue viral burden, we 

evaluated levels of total SIV DNA and cell-associated RNA in memory CD4 T cells from the 

same LN biopsies from which we performed flow cytometry. In concordance with the plasma 

viral load relationship, we found that a higher frequency of both TOX+ and TCF1+ CD39+ cells 

was strongly associated with lower levels of both SIV DNA (Fig 4F-G) and CA-RNA (Fig S5A-

B) in LN memory CD4 during early chronic infection. These data indicate that these cells are 

associated with immune responses limiting the overall viral burden and not simply reducing viral 

production from infected cells. Finally, this reduction of viral burden also resulted in limited 

overall disease progression, as RMs with higher frequencies of TOX+ LN CD8 T cells 

maintained higher memory CD4 T cell counts during early chronic infection, and a similar trend 

was observed with TCF1+ CD39+ CD8 T cells (Fig 4H-I). Together, these data demonstrate that 

the emergence of TOX+ and TCF1+ CD39+ LN CD8 T cells is associated with better viral 

control and limited disease progression. 

 

TOX+ and TCF1+ CD39+ cells express higher levels of CXCR5 and are present at higher 

frequency within B cell follicles 
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Given the significant relationship between TOX+ and TCF1+ CD39+ CD8 T cells in LN with 

viral burden, it is important to understand the positioning of these cells within the LN 

environment, as cells with higher migratory potential or positioned in viral hotbeds may have a 

better chance to interact with infected cells. In particular, CXCR5, a chemokine receptor 

involved in lymphoid microenvironment migration, is upregulated on lymphoid CD8 T cells 

upon HIV infection and has been previously associated with lower viral burden 82, 84, 133, 401, 402. 

During early chronic infection, we did not find a significant association between expression of 

CXCR5 within total memory CD8 T cells and viral burden (S6A-C). Within the TCF1/CD39 

subsets, we found that both TCF1+ CD39- and TCF1+ CD39+ cells expressed significantly 

higher levels of CXCR5 as compared to TCF1- CD39+ cells (Fig 5A-B). Notably,  higher 

expression of CXCR5 within both the TCF1+ CD39+ subset and TCF1- CD39+ subset was 

strongly associated with better control of plasma viremia, while this relationship did not exist for 

CXCR5 expression within the TCF1+ CD39- subset (Fig 5C-E). The expression of CXCR5 

within these subsets was also significantly associated with lower cell-associated SIV DNA and 

SIV RNA levels in LN memory CD4 T cells (Fig 5F-H, S6 C-E). Additionally, we find that the 

highest level of CXCR5 is found in GzmK+ GzmB- CD8, with significantly lower expression of 

CXCR5 in GzmB+ cells (S6G). Given the significant expression of CXCR5 on TCF1+ CD39+, 

we utilized immunofluorescence imaging to directly investigate the presence of these cells within 

the B cell follicle during early chronic infection. Due to high expression of CD39 by a myriad of 

cell types within LN, it is difficult to distinctly identify CD39+ CD8 T cells in conjunction with 

other markers (S7A). Therefore, we focused on TCF1+ TOX+ CD8 T cells in our IHC analysis, 

as more than 75% of TCF1+ CD39+ cells are TOX+ (Fig 2B). Importantly, TOX+ CD8 T cells 

also have significantly higher levels of CXCR5 expression than TOX- cells (S7B). TCF1+ 
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TOX+ CD8 T cells were found in both the T cell zone (TCZ) and B cell follicles (BCF) of LN at 

D42 post-infection (Fig 5F). Furthermore, TOX+ TCF1+ cells make up a larger proportion of the 

total CD8 T cell population in the B cell follicle than the T cell zone, while TOX+ TCF1- and 

TOX- TCF1+ CD8 populations do not differ significantly between the TCZ and BCF (Fig 5G). 

Overall, these data suggest that the intermediate effector population of TOX+ TCF1+ CD39+ 

CD8 T cells have increased presence within B cell follicles where there is high potential to have 

a major impact on viral burden. 

 

TOX+ and TCF1+ CD39+ CD8 T cell populations are associated with reduced size of the 

intact SIV reservoir in lymphoid tissues during ART 

To understand the dynamics of TOX expression and TCF1/CD39 subsets in LN memory CD8 T 

cells in the absence of antigen, we analyzed LN samples collected after more than 1 year of 

antiretroviral therapy (ART) from the same animals assessed during early chronic infection 

(ART was initiated at day 42 post-infection). We found a limited but significant decrease in TOX 

expression on memory CD8 T cells after long-term ART (Fig 6A-B). The lack of reduction in 

TOX expression despite over a year without antigen is consistent with previous reports of TOX 

as a major epigenetic regulator and a recent study showing the TOX gene locus remains open and 

active in CD8 T cells from HCV-infected individuals even after DAA therapy and clearance of 

chronic antigen 189-191, 194.  

 

In contrast to TOX expression, the large majority (87%) of LN memory CD8 T cells return to the 

TCF1+ CD39- subset during long-term ART, identical to the proportion observed in uninfected 

RM (Fig 6C-D). Simultaneously, there is a significant contraction of both the TCF1+ CD39+ and 
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TCF1- CD39+ subset. While the frequencies of these subsets is reduced, they maintain a similar 

phenotype to that seen during early chronic infection (S8A). Considering there remained 

substantial heterogeneity across animals in the frequency of TCF1+ CD39+ within LN memory 

CD8 T cells (range 4.3%-13.5%), we performed the intact proviral DNA assay (IPDA) on the 

same LN biopsies from which the flow cytometry data was generated to assess whether the 

presence of these cells is associated with lower size of the viral reservoir during long-term ART 

368. Notably, we found that having higher frequencies of TCF1+ CD39+ CD8 T cells was 

associated with lower levels of intact SIV DNA in LN (Fig 6E). Collectively, these data suggest 

that despite an expected contraction of active, functional T cells in the absence of antigen during 

long-term ART, TCF1+ CD39+ CD8 T cell are consistently associated with reduced viral 

burden, including the size of the intact SIV reservoir in lymphoid tissues. 

 

Discussion 
 
In this study, we investigated the dynamics of TOX and TCF1 expressing CD8 T cells in 

lymphoid tissue in SIV-infected nonhuman primates. We found that following SIV infection, 

TOX is upregulated on SIV-specific CD8 T cells and is co-expressed with numerous inhibitory 

receptors. Importantly, we identified a unique subset of TOX+ CD8 T cells that are defined by 

co-expression of TCF1 and CD39. These cells are additionally high in inhibitory receptor 

expression and are responsive to SIV peptide stimulation, but do not express significant levels of 

granzyme B. Transciptional analysis of LN SIV-specific CD8 T cells revealed distinct clusters of 

stem-like and terminally differentiated effector cells, with TCF1+ CD39+ cells being enriched in 

stem-like features while also showing evidence of preliminary effector differentiation. 

Remarkably, during early chronic infection, increased presence of both TOX+ and TCF1+ 
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CD39+ CD8 T cells in LN was strongly associated with better viral control, including lower 

plasma viremia and cell-associated SIV-DNA and RNA in lymphoid tissues. Furthermore, the 

levels of both TOX+ and TCF1+ CD39+ LN CD8 T cells was also strongly associated with the 

size of the intact SIV-reservoir in LN after one year of ART, as determined by IPDA. 

Mechanistically, these cells are found at higher frequencies within B cell follicles, which are 

known sites of high viral replication and persistence 403. 

 

In chronic antigen settings, TCF1 is the critical transcription factor in stem-like and precursor 

exhausted CD8 T cells responsible for maintaining CD8 T cell responses by feeding the pool of 

terminally differentiated effector/exhausted CD8 T cells 169, 178, 183, 393, 400. The transcription factor 

TOX is known to be a distinct driver of the exhaustion program 188-192. Terminally differentiated 

effector/exhausted cells are typically identifiable by lack of TCF1, expression of TOX, 

expression of effector molecules and of various surface markers such as TIM-3, CD101 and 

CD39 169, 348. CD39 has been previously identified as a marker of terminal differentiation in 

LCMV, cancer and HIV 175, 396, 397. While it has been demonstrated that TCF1 and TOX can be 

coexpressed in functional cells, there remains a clear distinction between cells expressing TCF1 

and cells expressing CD39 or other markers of terminal differentiation 218, 393, 394. In contrast, our 

data in chronic SIV infection and lymphoid tissues indicate that CD39 is not uniquely expressed 

on terminally differentiated cells, but is also expressed on TCF1+ cells that have maintained 

several stem-like properties. Notably, these TCF1+ and CD39+ cells are responsive to antigen 

stimulation and express granzyme K but not granzyme B, suggestive of a unique effector 

phenotype. Indeed, granzyme K expression has been shown to mark distinct functional subsets of 

antigen-specific cells in both AML and rheumatoid arthritis and granzyme K+ CD8 T cells have 
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been found in mucosal tissue from HIV infected individuals, despite lower levels of granzyme B 

398, 399, 404. Given the strong association with viral control in plasma and tissues, TCF1+ CD39+ 

cells may serve as a preliminary effector population that fuels the SIV-specific response and 

assists in viral clearance. Previous reports have reported that increased TCF1 expression on 

peripheral CD8 T cells of SIV and HIV controllers is associated with better viral control, while 

acknowledging this may substantially differ in tissue 219, 405. Additionally, the authors 

acknowledge that promoting stem-like TCF1+ cells alone may not be sufficient for viral control, 

as these cells are not directly posied with effector capacity 219. Indeed, we show that having more 

TCF1+ CD39- cells in the canonical stem-like state is associated with worse viral control, 

potentially representaing a failure of the SIV-specific CD8 T cells to differentiate to an effective 

state to limit antigen load. This highlights the notion that particular subsets of TCF1+ CD8 T 

cells, while all maintaining stem-like properties, likely serve differing roles in the CD8 response.  

 

The unique nature and importance of TCF1+ CD39+ CD8 T cells may be directly linked to its 

existence within lymphoid tissue. Previous studies have demonstrated substantial differences in 

the effector profile of HIV-specific CD8 T cells in both lymphoid and mucosal tissue sites when 

compared to those in peripheral blood, specifically with lower cytotoxicity in tissue-derived CD8 

T cells 82-84, 404, 406, 407. Additionally, elite controllers of HIV, individuals able to naturally (i.e. in 

absence of ART) control viral replication, have higher levels of lymphoid CD8 T cells with a 

unique profile and these cells exhibit increased ability to penetrate into the follicular 

environment 84. Our data highlight the emergence of TCF1+ CD39+ CD8 T cells in lymph node 

during early chronic SIV infection and expands on these findings to demonstrate a transcriptional 

profile consistent with a preliminary effector maintaining stem-like properties. Furthermore, our 
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finding that animals with higher expression of CXCR5 on TCF1+ CD39+ CD8 T cells have 

better control of viremia is consistent with previous findings that the frequency of CXCR5+ CD8 

T cells is inversely associated with viral load, independent of cytolytic activity. However, we 

also found that increased CXCR5 expression on terminally differentiated effector TCF1- CD39+ 

CD8 T cells was also associated with better viral control, despite much lower levels of CXCR5 

on these cells. This suggests that, regardless of the cytolytic profile, follicular penetrance is a 

critical feature for SIV-specific CD8 T cells to limit viremia, but TCF1+ CD39+ cells are armed 

with a preferential ability to penetrate the B cell follicle and a stem-like profile that likely favors 

sustained responsiveness as compared to the terminally differentiated effector cells. 

 

Due to their strong association with lower viral burden and their ability to penetrate the follicle, 

our findings support the conclusion that TCF1+ CD39+ CD8 T cells play a key role in promoting 

viral control in lymphoid tissue during early chronic SIV infection. Unfotunately, we are unable 

to demonstrate a direct mechanism by which these cells are acting on virally infected cells. 

Given the dependence on TCF1 for identifying stem-like CD8 T cells and the inability to sort 

live cells on transcription factors, including TOX, work in mice and humans often relies on 

sorting strategies involving GFP-tagged TCF1 or using CXCR5 as a surrogate for TCF1 

expression 169, 178, 400. Unfortunately, CXCR5 does not serve as a good surrogate marker for 

TCF1 in non-human primates, and therefore sorts of TCF1/CD39 populations for functional 

assessements, differentiation assays and direct measurements of SIV-specific killing capacity 

were not possible. Although we cannot establish a direct causal link between increased presence 

of these cells and lower viral burden, it would be counterintuitive that lower viral loads would 

drive increased differentiation of CD8 T cells. The association of lower viral burden and the 
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presence of TCF1+ CD39+ cells expressing high levels of PD-1, TIGIT and CD101, traditional 

markers of CD8 T cell exhaustion, is in contrast to previous research demonstrating a link 

between CD8 T cell exhaustion and higher viral loads during chronic HIV infection 206, 207, 209, 212-

215. Importantly, we are primarily focused on a time point 6 weeks post-infection, which is 

traditionally considered early chronic in the SIV infection model, but is likely not representative 

of CD8 T cell responses after months of antigen exposure. Studying how this population may 

change over time as CD8 control of viremia becomes less effective may give further insight into 

the dynamics of stem-like, effector and exhausted CD8 T cells in HIV infection and treatment. 

 

Our investigations into the dynamics of lymphoid tissue CD8 T cells during early chronic SIV 

infection reveal the emergence of a unique subset of SIV-specific CD8 T cells that 

simultaneously exhibit stem-like and effector phenotypic and transcriptional profiles, penetrate B 

cell follicles and are associated with better viral control and reduced size of the intact reservoir in 

the absence of a traditional cytolytic profile. This data advances our understanding of the 

differentiation and function of stem-like and effector CD8 T cell populations in HIV infection 

and provide rationale for investigating immunotherapeutic strategies promoting the expansion of 

TOX+, TCF1+ and CD39+ CD8 T cells to potentially promote viral control and HIV cure. 
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Materials and Methods 
 
Animals, SIV infection, antiretroviral therapy and sample collection 

48 total Indian rhesus macaques (RMs) were included in this study and animal details and 

infection information are listed in Supp Table 1. All animals that initiated ART started a daily 

subcutaneous antiretroviral therapy regimen of FTC (40 mg/kg), TDF (5.1 mg/kg) and DTG (2.5 

mg/kg) during the early chronic phase of infection (D42 post-infection), reached levels of 

undetectable plasma viremia and were maintained on ART for 64 weeks prior to the late ART 

collection timepoint. Lymph node biopsy sample collections were performed and processed as 

previously described 134.  

 

Ethics Statement 

All animal experimentation was conducted following guidelines set forth by the Animal Welfare 

Act and by the NIH’s Guide for the Care and Use of Laboratory Animals, 8th edition. All studies 

were reviewed and approved by Emory’s Institutional Animal Care and Use Committee 

(IACUC; permit number 201800047) and animal care facilities at Emory National Primate 

Research Center are accredited by the U.S. Department of Agriculture (USDA) and the 

Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) 

International. Proper steps were taken to minimize animal suffering and all procedures were 

conducted under anesthesia with follow-up pain management as needed. The National Institute 

of Allergy and Infectious Diseases (NIAID) animal care and use committee, as part of the 

National Institute of Health (NIH) intramural research program, approved all experimental 

procedures pertaining to the animals (protocol LVD 26E). 
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SIV plasma viral load and DNA measurements 

SIV plasma viral loads were measured as previously described with a limit of detection of 15 

copies/mL 408. Total SIV DNA levels were measured in memory CD4 T cells sorted from total 

LN samples. Cells were sorted on live CD3+ CD4+ CD95+ cells. Levels of SIV DNA were then 

measured as previously described 391. For intact proviral DNA measurements, total 

cryopreserved LN samples were processed and analyzed by Accelevir Diagnostics as previously 

described 368.  

 

Flow Cytometry 

Flow cytometric analyses for this study were performed on peripheral blood and LN cells 

according to previously optimized and standardized procedures with anti-human antibodies with 

confirmed cross-reactivity with RMs. The following antibodies were used at pre-optimized 

staining concentrations: anti-CD95-BV605 (clone DX2), anti-CD39-BV711 (clone A1), anti-PD-

1-BV785 (clone EH12.2H7), anti-CD4-PE/Cy5 (clone OKT4), anti-CD101-PE/Cy7 (clone 

BB27) (all from Biolegend); anti-CTLA-4-BV421 (clone BNI3), anti-Ki-67-BV480 (clone B56), 

anti-CCR7-BV650 (clone 3D12), anti-CD3-BUV395 (clone SP34-2), anti-CD8-BUV496 (clone 

RPA-T8), anti-CD28-BUV737 (clone CD28.2), anti-GzmK-AF647 (clone G3H69), Fixable 

Viability Stain 700 (all from BD Biosciences); anti-TIGIT-PerCP-eFluor710 (clone MBSA43), 

anti-TOX-PE (clone TXRX10), anti-GzmB-PETR (clone GB11), anti-CXCR5-PE-Cy7 (clone 

MU5UBEE), anti-EOMES-APC-eF780 (clone WD1928) (all from Thermofisher Scientific); 

anti-TCF1-AF488 (clone C63D9) (from Cell Signaling Technology); anti-Gag-APC (CM9 

tetramer) (from the NIH Tetramer Facility at Emory University). To detect intracellular 

expression of TCF1, cells were fixed and permeabilized with FoxP3/Transcription Factor 
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Staining Buffer Kit Fix/Perm (Tonbo) and subsequently stained for intracellular markers of 

interest. Acquisition of stained cells was performed on minimum of 100,000 live CD3+ cells on 

a FACSymphony (BD Biosciences) driven by FACSDiva software and analyzed using FlowJo 

software (version 10.8, Treestar). For early chronic samples, FCS files were imported into 

FlowJo, compensated electronically, gated on memory CD8 T cells (CD3+ CD8+ CD95+) and 

equivalent numbers of cells from each animal were input into UMAP analysis (Uniform 

Manifold Approximation and Projection for Dimension Reduction) for unbiased evaluation of 

the distribution of markers of interest and projection was visualized/plotted on a 2 dimensional 

UMAP (https://arxiv.org/abs/1802.03426, https://github.com/lmcinnes/umap) and clusters were 

identified using the Phenograph clustering approach 

(https://github.com/jacoblevine/PhenoGraph). 

 

Peptide Stimulation 

Cryopreserved LN samples from D42 post-infection were thawed, rested and resuspended in 

RPMI supplemented with 10% FBS in the presence of BFA and Monensin (BD Biosciences), 

anti-CD107a-BV711 (clone H4A3, Biolegend), anti-CD49D-pure (clone 9F10, BD Biosciences), 

and anti-CD28-BUV737 (clone CD28.2, BD Biosciences). PBMCs were left unstimulated or 

stimulated for 6 hours at 37°C with SIVmac239 Gag peptide pool (ARP-12364, NIH HIV Reagent 

Program) at a concentration 2ug/mL. After stimulation, cells were washed and stained with the 

following antibodies: anti-CD95-BV605 (clone DX2), anti-CD39-APC/Cy7 (clone A1), anti-PD-

1-BV785 (clone EH12.2H7), anti-CD4-PE/Cy5 (clone OKT4), anti-CD101-PE/Cy7 (clone 

BB27) (all from Biolegend); anti-Ki-67-BV480 (clone B56), anti-CD3-BUV395 (clone SP34-2), 

anti-CD8-BUV496 (clone RPA-T8), anti-IFNg-BB700 (clone B27), Fixable Viability Stain 700 
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(all from BD Biosciences); anti-TOX-PE (clone TXRX10), anti-GzmB-PETR (clone GB11) (all 

from Thermofisher Scientific); anti-TCF1-AF488 (clone C63D9) (from Cell Signaling 

Technology). To detect intracellular expression of cytokines and TCF1, cells were fixed and 

permeabilized with FoxP3/Transcription Factor Staining Buffer Kit Fix/Perm (Tonbo) and 

subsequently stained for intracellular markers of interest. The frequency of SIV-specific memory 

CD8 responding to stimulation was determined after background subtraction of matching 

unstimulated controls.  

 

SIV-specific CD8 T cell single-cell RNA sequencing 

Cryopreserved LN samples from 5 A*01+ animals at day 42 post-infection were thawed and 

stained with the following antibodies: anti-CD8-FITC (clone RPA-T8, BD Biosciences), anti-

CD4-BV650 (clone OKT4, Biolegend), anti-Gag-PE (CM9 tetramer, NIH Tetramer Facility at 

Emory University, anti-CD95-PE/Cy7 (clone DX2, BD Biosciences), anti-CD28-APC (clone 

CD28.2, BD Biosciences), anti-CD3-APC/Cy7 (clone SP34-2, BD Biosciences). A minimum of 

10,000 SIV-specific CD8 from each animal was sorted using a FACS Aria II system (BD 

Biosciences) as shown in the gating strategy in S4A-B.  

For single-cell RNA-Seq, single-cell suspensions of lymph node peripheral mononuclear cells 

targeting 10,000 cells were loaded onto 10X Chromium Controller. Single cells were partitioned 

into droplets (Gel Beads in Emulsion: GEMs) using Chromium NextGEM Single Cell 5’ Library 

& Gel Bead kits on the 10X Chromium Controller. The resulting cDNA was amplified and 

libraries were prepared for transcriptomic analysis as described previously409. Gene expression 

libraries were sequenced as paired-end 26x91 reads on an Illumina NovaSeq6000 targeting a 

depth of 50,000 reads per cell in the Yerkes Genomics Core 
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Laboratory(http://www.yerkes.emory.edu/nhp_genomics_core/). Cell Ranger software was used 

to perform demultiplexing of cellular transcript data, and mapping and annotation of UMIs and 

transcripts for downstream data analysis. 

 

Single-cell RNA-Seq Bioinformatic Analysis 

Sorted LN samples from five Rhesus macaques were run on 2 Nova Seq 1000 lanes and the 

resultant bcl files were converted to counts matrices using Cell Ranger v3.1 (10X Genomics). 

Alignment, filtering, barcode counting, and unique molecular identifier counting were performed 

using Cell Ranger v3.1 using the Mmul10 from Ensembl release 100 as a reference genome of 

Macaca mulatta. Data were further analyzed using Seurat v.3.0 410. Briefly, cells with a 

percentage of mitochondrial genes below 0.05% were included. Cells with more than 2500 or 

less than 500 detected genes were considered as outliers and excluded from the downstream 

analyses. Raw unique molecular identifier counts were normalized to unique molecular identifier 

count per million total counts and log-transformed. Variable genes were selected based on 

average expression and dispersion. Principal component analysis was performed using variable 

genes. Clusters and t-SNE plots were generated based on selected principal component analysis 

dimensions. Marker genes were identified by the Seurat function FindAllMarkers. Scaled 

expression data of these marker genes were used for creating the heatmaps. Normalized data are 

shown in the form of feature plots or violin plots. Gene set scoring was performed using the 

VISION R package v.1.1.0. The scoring algorithm is described here 411.  Briefly, expression of 

signature genes is weighted based on predicted dropout probability calculated from nearest 

neighbors, and the normalized expression summed for all genes in the gene set.  Gene sets were 
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derived from significantly upregulated genes of CXCR5+ stem-like CD8 versus TIM3+ CD8 T 

cells from individuals with human papillomavirus-positive head and neck cancer 400.  

 

Immunofluorescence and quantitative image analysis 

Immunofluorescent staining assay (IFA) and quantification were performed as previously 

described 134.  In brief, IFA was performed on 5-μm tissue sections, which were dewaxed and 

rehydrated. IFA multistaining of CD8 (HPA037756; SIGMA) + TCF1 (AF5596; R&D) + Tox1 

(ab237009; Abcam) was performed on two distinct tissue section 20 μm apart, to quantify the 

different subtypes of CD8T cells in all animals.  

High magnification confocal images were collected from regions of interests (T cell zone and all 

B cell follicles) using an Olympus FV10i confocal microscope using a 60x phase contrast oil-

immersion objective (NA 1.35) imaging using sequential mode to separately capture the 

fluorescence from the different fluorochromes at an image resolution of 1024x1024 pixels. Each 

subset of single, dual, or triple positive cells were quantified using Fiji/ image J2. 

 

Statistical analysis 

Analyses were performed using R studio or GraphPad Prism 9. P values ≤ 0.05 were considered 

statistically significant with the following definitions: *P < 0.05, **P < 0.01, ***P < 0.001, 

****P < 0.0001. All specific analyses are designated in the relevant figure legend. Differences in 

matched data were evaluated using Wilcoxon matched-pairs signed rank test. For analyses with 

multiple comparisons, Kruskal-Wallis one-way ANOVA or two-way ANOVA were employed 

with relevant corrections for multiple comparisons using Dunn’s, Tukey or Sidak corrections. 

Correlations were calculated using nonparametric Spearman analysis.  
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Chapter Four Figures 
 

 
 
Figure 4.1. TOX expression and CD8 phenotype during SIV infection. A) Representative 

staining of TOX in LN total CD8 T cells in animals at various infection stages. B) TOX 

expression in LN total CD8 T cells in uninfected RMs (n=10), during early chronic infection 

(n=28) (D42 p.i.) and late chronic infection (n=10) (>6 months p.i.). C) Representative staining 
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of TOX in Naïve, Memory and SIV-specific (Gag-specific) CD8 T cells. D) TOX expression 

within LN CD8 T cell subsets of A*01+ RMs (n=7) at early chronic infection. E) UMAP plot of 

flow cytometry data showing expression patterns of markers of interest. F) Heatmap of 

expression measured of markers of interest within a subset of clusters identified through 

Phenograph analysis of flow cytometry data that represent traditional effector cells and TCF1 Hi 

CD39 Hi cell clusters. P values determined using Kruskal-Wallis one way-ANOVA with Dunn’s 

multiple comparisons. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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Figure 4.2. TCF1+ CD39+ CD8 T cells expand after SIV infection and are a unique 

phenotypic population. A-B) Representative staining of TCF1 and CD39 and (B) proportion of 

LN memory CD8 T cells falling within TCF1/CD39 subsets in uninfected RMs (n=10), during 

early chronic infection (n=28) (D42 p.i.) and late chronic infection (n=10) (>6 months p.i.). C-E) 

Expression of (C) traditional inhibitory markers, (D) Ki-67 and (E) Granzyme B within 

TCF1/CD39 subsets of LN memory CD8 during early chronic infection (n=28). F-G) 

Representative staining of granzyme B and granzyme K and (G) proportion of cells within each 

TCF1/CD39 subset expressing one or both of GzmB and GzmK within LN memory CD8 T cells 

during early chronic infection (n=28). H) Proportion of cells within each TCF1/CD39 subset 

expressing CD107a and CD107a in combination with production of IFNy. Only animals 

exhibiting significant responses (>0.01% of cells responding) are shown. P values determined 

using two-way ANOVA with Tukey’s multiple comparisons test (B) and Kruskal-Wallis one 

way-ANOVA with Dunn’s multiple comparisons (C-H). *P < 0.05, **P < 0.01, ***P < 0.001, 

****P < 0.0001. 
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Figure 4.3. scRNA-seq of SIV-specific LN CD8 reveals distinct transcriptional clusters. A) 

Study schematic depicting sorting of SIV-specific LN CD8 T cells and downstream scRNA-seq. 

Representative stain of SIV-specific cells is shown. B) UMAP analyses of SIV-specific LN CD8 

T cells from 5 RMs at early chronic infection were combined to identify 5 distinct clusters. C) 

UMAP plots showing expression of genes of interest. D) Distribution of SIV-specific CD8 T 

cells across the identified clusters within the total cell population and for each animal. E) 

Projection of cells expressing both TCF7 and ENTPD1 onto UMAP plot and distribution of these 

cells across the 5 clusters. F-G) Violin plot displaying differentially expressed genes between f) 

Stem (3) cluster and TCF7+ ENTPD1+ cells and g) Effector (1) cluster and TCF7+ ENTPD1+ 

cells. Selected genes with significantly different expression are listed. *P < 0.05, **P < 0.01, 

***P < 0.001, ****P < 0.0001. 

  



   

 

136    
 

 

 



   

 

137    
 

 

Figure 4.4. Association between TOX+ and TCF1+ CD39+ LN CD8 frequencies and viral 

burden. A) Association of frequency of TOX+ cells within LN memory CD8 and plasma viral 

load (n=28). B) Association between expression of TOX by SIV-specific LN CD8 and plasma 

viral load (n=8). C-E) Association of frequency of TCF1/CD39 subsets within LN memory CD8 

and plasma viral load (n=28). F-G) Association of frequency of f) TOX+ or g) TCF1+ CD39+ 

cells within LN memory CD8 and total SIV DNA within LN memory CD4 (n=26). H-I) 

Association of frequency of f) TOX+ or g) TCF1+ CD39+ cells LN memory CD8 and memory 

CD4 T cell counts in peripheral blood (n=28). All measurements are from early chronic infection 

(D42 p.i.). All correlations determined using Spearman analysis.  
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Figure 4.5. TCF1+ CD39+ CD8 T cells penetrate follicular environment. A-B) 

Representative staining and quantification (B) of CXCR5 expression within TCF1/CD39 

memory CD8 T cell subsets in LN during early chronic infection (n=27). C-E) Association of 

CXCR5 expression within TCF1/CD39 subsets and plasma viral load during early chronic 

infection (n=27).  F-G) Association of CXCR5 expression within TCF1/CD39 subsets and SIV 

DNA levels in LN memory CD4 (n=25). I) Representative image of immunofluorescence 

analysis identifying TCF1+ and TOX+ CD8 T cells in LN. Arrows designate examples of 

TCF1+ TOX+ CD8+ cells. J) Quantification of proportion of CD8 T cells expressing TOX and 

TCF1 within B cell follicles and T cell zone during early chronic infection (n=8). Differences in 

CXCR5 expression were determined using Kruskal-Wallis one way-ANOVA with Dunn’s 

multiple comparisons. Correlations were deteremined using Spearman analysis. Differences in 

BCF and TCZ CD8 populations were deteremined by 2-way ANOVA with Sidaks multiple 

comparison test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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Figure 4.6. TCF1+ CD39+ CD8 T cells contract during long-term ART but remain 

associated with viral burden. A-B) Representative staining and quantification (B) of TOX 

expression within LN memory CD8 in 25 longitudinally matched RMs during early chronic 
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infection and long-term ART (>1 yr). C-D) Representative staining and quantification (D) of 

TCF1/CD39 subsets within LN memory CD8 in 25 longitudinally matched RMs during early 

chronic infection long-term ART. C) Association between frequency of TCF1+ CD39+ LN CD8 

T cells during ART and levels of intact SIV DNA in total LN cells during ART (Spearman 

correlation, n=24). Differences between early chronic and ART marker expression were 

determined using Wilcoxon matched-pairs signed rank test. *P < 0.05, **P < 0.01, ***P < 

0.001, ****P < 0.0001. 
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Table 4.1. Rhesus macaque characteristics. 

Animal Code Virus Infection Dose Infection Status Days Post-
Infection

Plasma Viral 
Load 

(copies/mL)
495 - - Uninfected - -

595 - - Uninfected - -

DBM6 - - Uninfected - -

769 - - Uninfected - -

485 - - Uninfected - -

DBV1 - - Uninfected - -

DGGB - - Uninfected - -

DFNJ - - Uninfected - -

DFZC - - Uninfected - -

DGMH - - Uninfected - -

34897 SIVmac239 300 TCID50 Early Chronic/ART 42 1.15E+06

RRh17 SIVmac239 300 TCID50 Early Chronic/ART 42 7.97E+04

RFn17 SIVmac239 300 TCID50 Early Chronic/ART 42 4.11E+06

RVm17 SIVmac239 300 TCID50 Early Chronic/ART 42 2.68E+05

RBe17 SIVmac239 300 TCID50 Early Chronic/ART 42 6.92E+05

RMl17 SIVmac239 300 TCID50 Early Chronic/ART 42 4.67E+06

RIb17 SIVmac239 300 TCID50 Early Chronic/ART 42 1.39E+07

34918 SIVmac239 300 TCID50 Early Chronic/ART 42 1.25E+06

RBf17 SIVmac239 300 TCID50 Early Chronic/ART 42 5.32E+06

RBv17 SIVmac239 300 TCID50 Early Chronic/ART 42 2.28E+05

REu17 SIVmac239 300 TCID50 Early Chronic/ART 42 2.32E+05

RKq17 SIVmac239 300 TCID50 Early Chronic/ART 42 1.11E+06

RVc17 SIVmac239 300 TCID50 Early Chronic/ART 42 6.11E+05

RZg17 SIVmac239 300 TCID50 Early Chronic/ART 42 2.06E+05

RFl17 SIVmac239 300 TCID50 Early Chronic/ART 42 8.87E+05

RYk17 SIVmac239 300 TCID50 Early Chronic/ART 42 8.02E+03

RVz16 SIVmac239 300 TCID50 Early Chronic/ART 42 4.04E+05

RYm17 SIVmac239 300 TCID50 Early Chronic/ART 42 1.28E+06

RHm17 SIVmac239 300 TCID50 Early Chronic/ART 42 9.10E+06

RNy16 SIVmac239 300 TCID50 Early Chronic/ART 42 2.33E+05

RTd17 SIVmac239 300 TCID50 Early Chronic/ART 42 1.33E+06

34920 SIVmac239 300 TCID50 Early Chronic/ART 42 4.68E+06

34930 SIVmac239 300 TCID50 Early Chronic/ART 42 2.36E+06

REq17 SIVmac239 300 TCID50 Early Chronic/ART 42 2.79E+05

RGr17 SIVmac239 300 TCID50 Early Chronic/ART 42 1.05E+07

RVi17 SIVmac239 300 TCID50 Early Chronic/ART 42 2.50E+07

RWs17 SIVmac239 300 TCID50 Early Chronic/ART 42 5.60E+05

RZp17 SIVmac239 300 TCID50 Early Chronic/ART 42 5.10E+04

DA8K SIVmac239 3000 TCID50 Late Chronic 370 2.30E+04

CF5T SIVmac239 3000 TCID50 Late Chronic 651 8.00E+05

A3P013 SIVmac239 3000 TCID50 Late Chronic 264 1.00E+07

DCVF SIVmac239 3000 TCID50 Late Chronic 274 1.30E+06

ZG24 SIVmac239 3000 TCID50 Late Chronic 957 5.50E+05

DCKj SIVmac239 3000 TCID50 Late Chronic 239 9.50E+05

DB17 SIVmac239 3000 TCID50 Late Chronic 683 9.20E+04

DE2W SIVmac239 3000 TCID50 Late Chronic 205 2.70E+05

ZA52 SIVmac239 3000 TCID50 Late Chronic 929 1.30E+06

DE1a SIVmac239 3000 TCID50 Late Chronic 471 4.90E+05
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Figure 4.S1. Dynamics of TOX-expressing LN CD8 T cells during early chronic SIV infection. A) 

Expression of inhibitory receptors on Tox+ and Tox- LN memory CD8 T cells during early chronic 

infection. Significance determined by Wilcoxon matched-pairs signed rank test. B) UMAP 

visualization of Phenograph clusters. C) Heatmap of expression of markers of interest across all 

Phenograph clusters. D) Proportion of total memory CD8 T cell population made up by 

individual Phenograph clusters across all 28 RMs. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 

0.0001. 
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Figure 4.S2. Phenotype of TCF1/CD39 LN CD8 subsets during late chronic SIV infection. 

Expression of markers of interest within TCF1/CD39 subsets of LN memory CD8 during late 

chronic infection (n=10). Differences within each marker determined by Kruskal-Wallis one way-

ANOVA with Dunn’s multiple comparisons. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 

  



   

 

145    
 

 

 

 



   

 

146    
 

 

Figure 4.S3. Sorting of SIV-specific LN CD8 T cells. A) Sorting strategy for SIV-specific (CM9+) 

CD8 T cells for downstream scRNA-seq. B) Plots of sorted SIV-specific CD8 T cells for all 5 RMs. 
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Figure 4.S4. scRNA-seq of SIV-specific LN CD8 T cells. A) Heatmap of top 20 differentially 

expressed genes across the 5 identified clusters. B) UMAP projection of cells expressing defined 

human CD8 T cell signatures. C) Expression thresholds chosen for identified TCF7+ ENTPD1+ 

cells.  
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Figure 4.S5. Association of LN CD8 T cells with cell-associated SIV RNA. A-B) Association of 

frequency of (a) Tox+ and (b) TCF1+ CD39+ cells with levels of cell-associated SIV RNA in LN 

memory CD4 T cells during early chronic infection (Spearman correlation, n=26). 
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Figure 4.S6. CXCR5 within LN CD8 T cells during early chronic SIV infection. A-C) Association of 

CXCR5 expression within memory CD8 with measurements of viral burden (A n=27, B-C n=25). 

D-F) Association of CXCR5 expression within TCF1/CD39 subsets of memory CD8 with cell-

associated SIV RNA levels in sorted LN memory CD4 T cells (n=25). G) Expression of CXCR5 

across granzyme K/granzyme B-expressing memory CD8 T cells (n=27). Correlations represent 
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Spearman analysis. Differences across granzyme subsets were determined using Friedman test 

with Dunn’s multiple comparison test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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Figure 4.S7. Imaging and dynamics of LN CD8 T cells. A) Representative image of 

immunofluorescence staining of CD39 (green) TCF1 (blue) and TOX (red) showing the difficulty 

of imaging with high CD39 background signal on non-CD8 T cells. B) Expression of CXCR5 on 

TOX- and TOX+ memory CD8 T cells during early chronic infection. Wilcoxon matched-pairs 

ranked test; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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Figure 4.S8. Phenotype of TCF1/CD39 LN CD8 subsets during ART. Expression of markers of 

interest within TCF1/CD39 subsets of LN memory CD8 during long-term ART (n=25). Differences 

within each marker determined by Kruskal-Wallis one way-ANOVA with Dunn’s multiple 

comparisons; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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Chapter Five: Discussion 

 Since its discovery in 1984, HIV has posed one of the largest public health problems 

worldwide. HIV is immensely difficult to eradicate given persistence as a chronic infection in 

individuals, taking advantage of immense mutational capacity that allows for evasion of innate, 

humoral and cellular immune responses, as well as a distinct ability to persist latently in infected 

cells. The advent of ART has greatly reduced HIV transmission, morbidity and mortality, but is 

unable to eradicate the latent viral reservoir and lifelong therapy is required 220. Unfortunately, to 

date, there have been no successful vaccines to prevent HIV spread and no therapeutics effective 

in achieving HIV cure. Hence, there is much work to be done in our understanding of how HIV 

targets the immune system and how to best counteract this virus. In this work, we utilized the 

SIV model of HIV infection in rhesus macaques to interrogate specific mechanisms by which 

HIV induces pathogenesis and persists as the viral reservoir, as well as virology immunologic 

mechanisms that contribute to the ability to control viremia.  These findings further our 

understanding of specific pathways and cell types to be targeted in our attempts to curb HIV 

pathogenesis and induce complete viral remission.  

 Natural control of HIV occurs in a rare population of  HIV-infected individuals, defined 

by two distinct subpopulations: elite controllers (ECs), representing less than 1% of all infected 

individuals who possess unique MHC haplotypes and CD8 T cell functionality resulting in 

control of infection in the absence of ART, and post-treatment controllers (PTCs), representing 

5-10% of the infected population who initiate ART to stop disease progression and suppress viral 

loads but are able to interrupt ART without resulting viral rebound and CD4 T cell loss 266. 

Studies of the viral and immune dynamics in these individuals has yielded critical insights into 

the potential of CD8 T cells and limited reservoir size to lead to HIV remission. However, given 

limitations with human sampling, these analyses are frequently restricted to peripheral blood. 
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The HIV reservoir is largely present in lymphoid tissue and studies have demonstrated unique 

HIV-specific T cell populations in these tissues, highlighting the importance of expanding our 

understanding of peripheral viral and immune dynamics to the tissues 82-84. We identified 7 SIV-

infected rhesus macaques (RMs) that mirrored the definitions of HIV-infected PTCs and took 

advantage of the macaque model to explore the virologic and immunologic dynamics in blood, 

lymph node and mucosal tissues and determine distinguishing factors between PTCs and non-

controllers (NCs).  

 Following ART interruption, RM PTCs maintained viral loads significantly lower than 

NCs and experienced decreased pathogenesis, with higher CD4 T cell counts and lower T cell 

activation. Additionally, we found lower levels of SIV DNA in PTCs compared to NCs at all 

timepoints post-infection, including prior to ART initiation and at ART interruption. Importantly, 

levels of SIV DNA were lower in both peripheral blood and lymphoid tissue and across a variety 

of CD4 T cell subsets. This data is compatible with data in clinical studies of HIV-infected 

PTCs, where it has been shown that HIV DNA levels are lower in PTCs than NCs 47, 262, 300, 314, 

315. In addition to lower reservoir sizes, we found limited immune activation and immune 

damage in these animals. In particular, while both NCs and PTCs experienced significant 

mucosal CD4 T cell depletion prior to ART initiation, PTCs selectively maintained higher levels 

of Th17 CD4 T cells, a phenotype similar to that observed in nonpathogenic SIV infection of 

sooty mangabeys 321. Collectively, combined with our understanding of HIV-infected PTCs, 

these data reaffirm the importance of limiting immune activation and damage and restricting the 

size of the reservoir early in HIV/SIV infection. Importantly, these characteristics have been 

shown to be achievable via early ART initiation in SIV and HIV-infected individuals treated 

during the acute stages of infection 103, 105, 106, 322. Individuals with smaller reservoirs and lower 
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immune activation may be most likely to achieve viral control, and may be best suited for early 

stages of trials of new therapeutic approaches. These data also reaffirm the desire for therapeutic 

options capable of reducing the reservoir size prior to ART interruption for the greatest chance at 

remission in the absence of ART.  

 As demonstrated in controllers of HIV infection, it is critical to understand and limit the 

pathogenesis and persistence of the virus. In order to advance our knowledge of CD4 T cell 

populations that contribute to these mechanisms, we focused on the dynamics of CD4 T cells 

expressing CD101 in HIV/SIV infection. CD101 is a cell surface glycoprotein that is upregulated 

upon cell activation, acts to inhibit T cell activation and proliferation, has been shown to play a 

critical role in CD4 Treg function and is highly expressed in the gut mucosa where it acts in an 

anti-inflammatory manner 339-346. We found that CD101+ CD4 T cells are preferentially depleted 

following HIV/SIV infection, with a severe depletion within the Treg compartment and in the 

guy mucosa, and that preferential depletion is associated with increased gut viral burden, plasma 

viral load and inflammatory cytokine levels. In concordance with their increased depletion in gut 

mucosa and increased expression on a4b7 cells, we additionally found that depletion of mucosal 

CD101+ CD4 T cells was associated with increased levels of zonulin during early chronic 

infection, suggestive of destruction of intestinal epithelial integrity 358, 359.  

While these CD101+ CD4 T cells are restored during long-term ART, they demonstrate 

significant potential to contribute to the persistence of the viral reservoir. While they were not 

directly enriched for HIV compared to CD101- cells, CD101+ CD4 T cells exhibited high levels 

of expression of PD-1, CTLA-4 and TIGIT and demonstrated significant immunosuppressive 

potential with enriched production of TGFb. These features are suggestive that CD101+ CD4 T 

cells persist in an immunosuppressive environment, where reactivation of latency and CD8 T cell 
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killing are less likely to occur. Additionally, CD101+ Tregs express high levels of LGALS3, 

suggestive of a potential mechanism to restrict CD8-mediated clearance of these cells 352. 

Overall, these investigations revealed an important role of CD101+ CD4 T cells in both HIV/SIV 

pathogenesis and persistence, and additional studies assessing the modulation of CD101 to 

impact viral pathogenesis and latent reservoir dynamics could reveal additional strategies for 

HIV therapeutics.  

While the PTC population suggests promise for HIV cure in the area of reduced 

inflammation and viral persistence, ECs demonstrate significant potential for CD8 T cells to 

mediate HIV remission. As previously mentioned, studies of ECs have also elucidated that HIV-

specific CD8 T cells in lymphoid tissue are remarkably distinct from those in the periphery and 

therefore additional understanding of lymphoid tissue CD8 T cells could reveal distinct 

mechanisms by which HIV can be controlled in tissues that serve as viral hotbeds 82, 84.  

To that end, we examined lymphoid tissue CD8 T cell dynamics after SIV infection with 

a particular focus on TOX and TCF1-expressing CD8 T cells, two transcription factors that are 

vital in CD8 differentiation and function during chronic infection and exhaustion. Similar to 

reports in other chronic diseases, we find that lymphoid CD8 T cells upregulated TOX after SIV 

infection and these TOX+ cells co-express numerous inhibitory receptors. We further identified a 

novel subset of CD8 T cells defined by co-expression of TCF1 and CD39, which have been 

previously shown to be exclusively expressed in stem-like and terminally differentiated, 

exhausted cells, respectively. These unique TCF1+ CD39+ express high levels of TOX and other 

inhibitory receptors, but low levels of traditional cytotoxic molecules despite demonstrated 

ability to express effector function in response to antigen stimulation. Transcriptional analysis 

reveals these cells to be an intermediate population with properties of terminally differentiated 
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effector cells while maintaining stem-like properties. Importantly, the levels TOX+ and TCF1+ 

CD39+ CD8 T cells in lymph nodes was strongly associated with better viral control, with 

reduced plasma viremia and viral DNA/RNA in tissues in animals with more of these cells. We 

demonstrate that these cells express CXCR5 and are found at significantly higher frequencies in 

B cell follicles than other CD8 populations, suggestive of an ability to penetrate sites of high 

viral replication and persistence that could lead to increased potential for viremic control. he 

stem-like nature of TCF1+ CD39+ cells likely favors the persistence of these cells in an 

important anatomical location compared to a traditional terminally differentiated effector 

population. These data are congruent with studies showing unique effector profiles of HIV-

specific CD8 T cells in both lymphoid and mucosal tissue sites, particularly with lower 

cytotoxicity compared to peripheral CD8 T cells 82-84, 404, 406, 407. Collectively, it is clear that 

persistence of functional HIV/SIV-specific CD8 T cell responses within lymphoid tissue are an 

important element of viral control, and that follicular penetrance in particular may be a critical 

feature.  

Cumulatively, these data highlight both the hope and need for an HIV cure. In the 

majority SIV-infected animals and HIV-infected individuals, the failure to mount a sufficient 

immune response leads to immense pathogenesis and disease. However, ongoing work continues 

to reveal important mechanisms and correlates of viral control when it does occur. In our studies, 

we highlight some of the most significant dynamics of HIV persistence involving T cell 

reservoirs and responses, including the impact of the size, anatomical and cellular location of the 

viral reservoir in CD4 T cells, as well as the ability of CD8 T cells to control infection of these 

cells. We demonstrate the critical role of limiting reservoir establishment and viral pathogenesis 

in the development of post-treatment control, while also highlighting potential reservoirs of viral 
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persistence such as CD101+ CD4 T cells. Additionally, we highlight the importance of lymphoid 

CD8 T cell responses and the potential for highly functional CD8 T cells to contribute to HIV 

remission.  

Given the complexity of the HIV reservoir and the virus’s capacity for immune escape, 

any successful cure approach will likely require a combinatorial approach that reduces the size of 

the viral reservoir and promotes enhanced clearance of infected cells. Ultimately, any 

intervention should be safe, effective and scalable, as the worldwide population of HIV-infected 

individuals mostly reside in resource poor areas. Future studies also must focus on interventions 

that do not carry significant toxicities, as longer-acting ART regimens significantly alter the risk-

reward balance of an immune-based intervention that may not provide 100% effectiveness. The 

incremental progress made over the past 40 years of HIV research should provide hope to those 

infected with HIV, and continued investment should be made in our understanding of the disease 

with the goal of a safe and scalable approach to induce HIV remission.  
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