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Human Immunodeficiency Virus (HIV) is still among the most lethal human pathogens, 

causing 1.6 million deaths this year. Recent progress in understanding the biology of 

broadly neutralizing antibodies and mechanisms responsible for latent reservoirs has 

fueled the search for effective HIV vaccine and eradication strategies. The development 

of vaccine and eradication strategies will require efficient induction of host antiviral 

responses which  requires a better understanding of the immune response to HIV. This 

thesis elucidates the regulation of antiviral immune responses in the context of Simian 

Immunodeficiency Virus (SIV) infection of rhesus macaque. First, experimental CD8 T 

cell depletion led to significantly higher fold increase of virus in blood in controllers 

compared to progressors (chapter two). While cell-associated virus increased in all CD4 

compartments in progressors, it decreased in central memory CD4 T cells in controllers. 

These results provide strong evidence that CD8 T cells contribute heavily to the 

suppression of virus in controllers via differential mechanisms in cellular compartments.  

The next research project led to a detailed analysis of T follicular regulatory (TFR) cells 

found within germinal centers (GC) that share phenotypic markers with, but are distinct 

from, T follicular helper (TFH) and T regulatory cells (chapter three). Chronic SIV 

infection was associated with a decreased TFR to TFH ratio. These data point to the 

suppressive function of TFR cells and may be one of several mechanisms of immune 

control within GC with important consequences on the quality of antibody response and 

on the level of virus replication. Finally, this thesis describes a previously undiscovered 

aspect of interaction between GC B and T cells resulting in single-celled lymphocytes 

with surface expression of both T and B cell markers (chapter four). These lymphocytes 

likely arise as a consequence of membrane exchange following high-affinity interactions 



 

and may serve as an additional tool to study vaccine-elicited immune responses within 

lymph nodes. Taken together, these findings expand on our understanding of the complex 

CD4 and CD8 T cell responses in the context of SIV infection and may contribute to the 

development of protective and prophylactic HIV therapeutics. 
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Abstract 

Human Immunodeficiency Virus (HIV) is still among the most lethal human pathogens, 

causing 1.6 million deaths this year. Recent progress in understanding the biology of 

broadly neutralizing antibodies and mechanisms responsible for latent reservoirs has 

fueled the search for effective HIV vaccine and eradication strategies. The development 

of vaccine and eradication strategies will require efficient induction of host antiviral 

responses which  requires a better understanding of the immune response to HIV. This 

thesis elucidates the regulation of antiviral immune responses in the context of Simian 

Immunodeficiency Virus (SIV) infection of rhesus macaque. First, experimental CD8 T 

cell depletion led to significantly higher fold increase of virus in blood in controllers 

compared to progressors (chapter two). While cell-associated virus increased in all CD4 

compartments in progressors, it decreased in central memory CD4 T cells in controllers. 

These results provide strong evidence that CD8 T cells contribute heavily to the 

suppression of virus in controllers via differential mechanisms in cellular compartments.  

The next research project led to a detailed analysis of T follicular regulatory (TFR) cells 

found within germinal centers (GC) that share phenotypic markers with, but are distinct 

from, T follicular helper (TFH) and T regulatory cells (chapter three). Chronic SIV 

infection was associated with a decreased TFR to TFH ratio. These data point to the 

suppressive function of TFR cells and may be one of several mechanisms of immune 

control within GC with important consequences on the quality of antibody response and 

on the level of virus replication. Finally, this thesis describes a previously undiscovered 

aspect of interaction between GC B and T cells resulting in single-celled lymphocytes 

with surface expression of both T and B cell markers (chapter four). These lymphocytes 
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likely arise as a consequence of membrane exchange following high-affinity interactions 

and may serve as an additional tool to study vaccine-elicited immune responses within 

lymph nodes. Taken together, these findings expand on our understanding of the complex 

CD4 and CD8 T cell responses in the context of SIV infection and may contribute to the 

development of protective and prophylactic HIV therapeutics. 
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Chapter One: Introduction 

 

Epidemiology  

The CDC reported the first cases of what would later be named Acquired 

Immunodeficiency Syndrome (AIDS) in young men in the United States of America in 

1981(1, 2). In 1983 and 84, several independent reports identified Human 

Immunodeficiency Virus (HIV) as the causative agent for AIDS (3-5). In the 30 years 

since, researchers worldwide have worked to understand HIV and control the HIV/AIDS 

pandemic. In 2013, the UNAID estimated 2.1 million new HIV infections and a total of 

23 million people living with HIV (6). Since the start of the epidemic an estimated 39 

million people have died of AIDS-related diseases. Sub-Saharan Africa accounts for 

nearly 70% of the global burden of HIV infections. At its height in 1985, HIV and AIDS 

infected 130,000 new individuals in the US annually. Today, after 30 plus years of 

dedicated scientific research and public health campaigns the transmission rates have 

stabilized and people with HIV are living longer. Worldwide, the rate of new infections 

has fallen by 38% since 2001 and the rate of AIDS-related deaths has fallen by 35% since 

2005.  

 

HIV spreads through sexual, percutaneous and perinatal routes with heterosexual contact 

being the major route of transmission (7). In the US, HIV continues to disproportionately 

affect men who have sex with men (MSM), transgendered people, sex workers, and 
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injection drug users. In the US, 63% of new cases still occur among MSM while 25% 

occur through heterosexual contact. Gender-based inequality, discrimination and violence 

against females, particularly in Sub-Saharan African countries, contribute to the high 

rates of infection among women.  

 

Structure and Phylogeny of HIV 

HIV is a primate lentivirus of the Retroviridae family (8). Its genetic material consists of 

two copies of single-stranded positive sense RNA that is 9kb long and encodes 9 genes-

gag, pol, env, vpu, tat, rev, nef, vif, vpr. The viral capsid houses the ssRNA and three 

viral enzymes: integrase, protease and reverse transcriptase.  The viral capsid is covered 

in an envelope that consists of a host-derived lipid bilayer and the virally encoded gp120 

and gp41 envelope proteins. The viral envelope protein complex binds the CD4 receptor 

and a co-receptor, CCR5 or CXCR4 on the surface of target host cells(9-12). This 

binding leads to the fusion of the viral lipid envelope with the cell membrane and allows 

the virus to enter the host cell. Next, the viral reverse transcriptase transcribes the viral 

RNA into DNA which is then integrated into the host chromosomal DNA. Transcription 

of viral DNA into RNA is followed by splicing of the RNA, proteolytic cleavage of 

proteins and assembly of new virions. The extremely low fidelity of reverse transcriptase 

(3.4 x10
-5

 mutations per basepair per cycle) contributes to extremely high genetic 

variability of HIV (13).  
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There are two types of HIV that infect humans, HIV-1 and HIV-2. HIV-1 and HIV-2 

share approximately 40% nucleotide sequence homology (14). The transmissibility and 

pathogenicity of HIV-2 is lower than HIV-1 and infected individuals have better 

outcomes and longer survival (15, 16). Zhu et al. found evidence of human HIV-1 

infection as early as 1959 in the Democratic Republic of Congo (17). In 1985, researches 

isolated Simian Immunodeficiency Virus (SIV) from macaques that first pointed towards 

a link between the human and simian lentiviruses (18). Phylogenetic analyses suggest 

that HIV-1 arose as a result of cross species transmissions from chimpanzees (SIVcpz) 

while HIV-2 most likely resulted from a transmission from sooty mangabey 

(SIVsmm)(19, 20). Since it entered the human population, HIV-1 has diversified into a 

vast range of subtypes that are mainly confined by geography. HIV-1 can be subdivided 

in to 4 groups -M, N, O and P. The M group has the widest prevalence and can further be 

classified into 9 clades: A-D, F-H, J-K and other circulating recombinant forms. Clade C 

accounts for 52% of all global infections while clade B, which is most common in 

Western Europe and the Americas accounts for only 10% of all infections. Genetic 

diversity is recognized as a hallmark of HIV and is caused mainly by the low fidelity of 

reverse transcription, the occurrence of super-infection, and high rate of viral replication 

(13) This high genetic variability has important implications for diagnostic testing, 

disease progression and treatment outcomes (21).  
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HIV infection and progression to AIDS 

Mucosal transmission is followed by rapid spread of the virus to target cells in the 

mucosal tissue. Infected cells and antigen presenting cells (APCs) carry the virus to 

lymphoid organs where the virus replicates at very high levels. This stage of the infection 

results in flu-like symptoms and is associated with very high plasma viral loads, referred 

to as the acute stage. At this point, the virus is usually homogenous and CCR5-tropic 

(22). Development of virus specific immune responses reduces the viral loads and 

establishes a set point viremia after which chronic infection ensues.  Continued virus 

replication during the chronic stage, mainly in lymphoid organs, leads to genetic 

diversification and development of escape variants (23).  HIV infection leads to 

progressive damage of the immune system, ultimately leading to CD4 T cells counts 

lower that 200 cells/ml of blood, increasing viral load, and manifestation of opportunistic 

infections and tumorous growths defined as AIDS (24).  

 

Time to an AIDS diagnosis varies greatly in infected individuals ranging from 1 year to 

nearly 20 years. Based on the rate of progression to AIDS, individuals can be grouped 

into four categories: 1) rapid progressors, who progress to AIDS within 3 years of 

infection 2) intermediate progressors, within 3-10 years of infection and 3) long term 

nonprogressors who maintain low detectable plasma viremia (<5000 HIV-RNA 

copies/ml) after 10 years of infection and 4) elite or natural controllers who maintain 

plasma HIV-RNA levels below 50 copies/ml. Studies of long-term nonprogressors and 
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elite controllers have led to several important discoveries about genetic and 

immunological factors that play a role in control of HIV.  

Non-human primate models of HIV infection 

Over 40 species of African non-human primates are infected by species-specific SIV 

(25). Of these, the best-studied viruses include those that infect African green monkeys 

(SIVagm), sootey managbey monkeys (SIVsm), mandrills (SIVmnd), sykes monkeys 

(SIVsyk), and chimpanzees (SIVcpz). SIV infections in these ‘natural hosts’ do not cause 

pathological symptoms and do not lead to any AIDS-like disease (25). Experimental 

infection of rhesus macaque (RM) leads to AIDS- like disease (26, 27). Animal models 

are invaluable tools as they allow researchers to perform experiments that would be 

impossible or unethical in humans. Non-human primates, close genetic relatives of 

humans, serve as models for studying many human diseases and SIV-infection of RM 

serves as an excellent animal model to study pathogenesis and vaccine development 

strategies (26, 27).  The two most common virus strains used to experimentally infect RM 

are SIVmac239 and SIVmac251, both of which are derived from SIVsmm (26). The 

chimeric SHIV virus contains the SIVmac239 backbone along with env and other genes 

from HIV and is extremely useful for the study of neutralizing antibodies to HIV 

envelope proteins (28).  

 

Several similarities exist between natural infection of African monkeys and non-natural 

infection in RM and humans (reviewed in (25)) including 1) high-viremia throughout 

infection 2) strong innate and adaptive immune activation during acute infection 3) short 
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life span of infected cells 4) loss of CD4 T cells from mucosal sites in acute infection. 

However, comparative studies have been able to identify key factors that seem to protect 

natural-hosts from progressing to AIDS like immunopathology. These key strategies 

include: 1) resolution of acute immune activation 2) restriction of infection to non-central 

memory T cell subsets and 3) prevention of mother to infant transmission (25). These 

mechanisms of control provide key insights into how best to elicit protection against HIV 

infection and control HIV replication. 

 

HIV Pathogenesis  

HIV and SIV primarily infect activated CD4 memory T cells expressing the main virus 

co-receptor CCR5 (29). During pathogenic infection, these CD4 T cells are progressively 

depleted in both blood and mucosal tissues (30).  A series of studies have led to the 

formulation of a pathogenic model in which the pattern of infected CD4 T cells is the key 

determinant of H/SIV pathogenesis (31-35). In this view, infection of central memory 

CD4
+
 T cells (TCM) is a strong correlate of pathogenesis, while infections in which TCM 

are relatively spared (i.e., SIV-infected SMs or HIV-infected "non-progressors") are 

typically non-pathogenic (36-38).  

 

While the direct role of HIV in infecting and killing CD4
+
 T cells is clearly central to 

HIV/AIDS pathogenesis, several "indirect" mechanisms of immune deficiency have been 

described, including chronic immune activation and inflammation, bystander death of 



9 

 

uninfected cells, and ineffective T cell regeneration (reviewed in (39)). The pathogenic 

role of immune activation is confirmed by the observations that HIV-infected individuals 

with undetectable viremia but significant immune activation can progress to AIDS (40) 

and that individuals with preserved CD4
+
 T cell counts despite persistently high viremia 

(i.e., viremic non-progressors) show limited immune activation (41). Even prior to 

infection, systemic immune activation is a possible determinant of viral acquisition (42-

45). 

 

A hallmark of HIV/AIDS pathogenesis is the loss of mucosal immune integrity with 

consequent translocation of microbial products from the intestinal lumen to the portal and 

systemic circulation, where they cause persistent innate immune activation (46). Recent 

advances in this area include the observations that pathogenic SIV infection is associated 

with major changes in the intestinal virome (47) and that probiotic/prebiotic 

supplementation of antiretroviral treatment improves the gastrointestinal immunity in 

SIV-infected macaques (48).  

 

An additional important feature of pathogenic H/SIV infections is the functional and 

structural impairment of lymph nodes due to (i) virus trapping in follicular dendritic cells 

and virus replication in CD4
+
 follicular T helper cells (35, 49, 50), (ii) disruption of the 

fibroblastic reticular network with increased collagen deposition (51), and (iii) failure of 

CD4
+
 T cell homeostasis (51). In SIV-infected macaques, the structural impairment of 

lymph nodes can be partially restored by the administration of TNF-a antagonists during 

the acute phase of infection (52).  
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HIV treatment and cure 

The advent of antiretroviral therapy (ART) has greatly reduced the mortality and 

morbidity associated with HIV infection due to its ability to dramatically suppress HIV 

viral replication and prevent progression to AIDS. Typical ART comprises of a 

combination of two or more drugs of the following classes: nucleoside or non-nucleoside 

reverse transcriptase inhibitors, integrase inhibitors, protease inhibitors and entry 

inhibitors (53). A growing body of evidence suggests that early initiation of ART 

regardless of CD4 counts can prevent transmission of HIV and leads to better immune 

outcomes (54, 55). Recently, antiretrovirals have been used as tools to prevent acquisition 

of infection in the form of post-exposure prophylaxis (PEP) and pre-exposure 

prophylaxis (PrEP) (56-59).  

 

While ART results in dramatically reduced active viral replication, the currently available 

treatments do not achieve a full recovery from the immune dysfunction induced by the 

virus (60, 61). Even under ART, persistent virus in blood and tissues positively correlate 

with markers of immune and low CD4 T cell counts (62). Many studies have shown that 

residual immune activation and/or incomplete immune reconstitution occur, at various 

levels of severity, in ART-treated HIV-infected individuals, and are involved in the 

development of the so-called "end-organ disease" which includes cardiovascular disease, 

HIV-associated neurocognitive dysfunction, metabolic and kidney abnormalities, bone 

disease, and others (reviewed in (63)). Moreover, ART does not lead to the eradication of 

virus and soon after ART interruption there is a rapid rebound of virus (64). This is due to 
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the establishment of latently infected cells that are long-lived, invisible to the immune 

system and unaffected by ART (65, 66).  Studies in macaque have demonstrated that the 

latent reservoir is established just days after infection (67). Several studies show that 

long-lived resting memory CD4 T are the main contributors to this reservoir (reviewed in 

(68)). Recent studies have also suggested that T memory stem cells (Tscm) may be another 

subset that when infected serve as a long-term virus reservoir (69, 70). For these reasons 

ART treatment, as it is available now, does not represent a cure. 

 

Several innovative approaches have been proposed for the eradication of virus fuelled by 

some instances of success under special conditions (71).  Chief among these are inducing 

the reactivation of latent virus by administering reacting agents such as histone de-

actylase (HDAC) inhibitors.  Following the reversal of latency cytotoxic cells are 

required to recognize and kill these infected cells. This will undoubtedly require boosting 

of cellular antiviral immune responses as most viruses in latent cells are resistant to 

preexisting antiviral responses (72). Further studies that lead to an improved 

understanding of latent reservoirs and CD8 responses capable of eradicating virus from 

such latently infected cells are critical for the development of a cure.  

 

HIV vaccine development 

Vaccine development represents the best long-term hope in combating the HIV pandemic 

(6). Unfortunately, all classical strategies to develop a vaccine have failed. HIV presents 

several unique challenges for the development of an effective vaccine (73). These 
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include: high genetic variability of the virus, no reliable correlates of immune protection, 

the ability of the virus to establish a latent reservoir and the creation of preferential 

targets for infection upon activation of the immune system. Unlike other vaccines, the 

requirements for an HIV vaccine are also vastly different. An ideal HIV vaccine must 

elicit sterilizing immunity in order to prevent establishment of a latent viral reservoir. 

Alternatively, a strong vaccine-induced cellular response is also highly desirable and may 

effectively suppress viral replication to very low levels.  

 

Several recent studies have demonstrated the ability of immunization to elicit strong 

suppressive cellular immunity in macaque. Live-attenuated SIV vaccines elicit activated 

effector memory CD8
+
 T cells in lymph nodes that can suppress or even completely 

contain early SIV replication at these sites (74).  Further, rhesus cytomegalovirus 

(rCMV)-based vectors expressing SIV antigens confer strong protection from highly 

pathogenic challenge through the persistent induction of effector CD8
+
 T cells in mucosal 

tissues (75). In another vaccine study, macaques expressing "protective" MHC class I 

alleles (a model for HIV elite controllers) that were immunized against the appropriately 

MHC-restricted Nef and Vif epitopes potently suppressed virus replication after 

pathogenic SIV challenge (76). Collectively, these elegant studies directly demonstrate 

the potential of vaccine-elicited antiviral CD8
+
 T cell responses. These findings can also 

be applied to the development of therapeutic vaccines that boost CD8 T cell responses to 

uncommon, subdominant epitopes and effectively eliminate latently infected cells 

following reversal of latency (72).  
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Perhaps the most striking recent advances in our understanding of HIV-specific immune 

responses are in the area of HIV-specific neutralizing antibodies. A series of 

breakthrough studies conducted independently in several laboratories have shown that a 

10-30% of HIV-infected individuals produce very potent and broadly reactive 

neutralizing antibodies (bnAbs) (77-83). The naturally occurring bnAbs, in most cases, 

are produced several years after the initial infection and in the context of chronic virus 

replication, which they are incapable of suppressing likely due to escape mechanisms 

(84-86).  

 

Structural studies have revealed the key targets for neutralization in the HIV Envelope 

protein i.e., CD4 binding sites, the so-called membrane-proximal external region or 

MPER, and the N-linked glycans in positions N160 and N332 (77-83). These studies 

have also elucidated some previously unrecognized structural and genetic features of 

these bnAbs i.e., long complementary determining region-H3 with ~30 aminoacids, high 

rate of somatic mutation, and the presence of genetic insertions or deletions (77-83). 

Intriguingly, the "germline" versions of a subset of these bnABs (i.e., those directed 

against the CD4 binding site) do not seem to recognize HIV Envelope proteins (87), 

therefore suggesting that a complex, multi-step process of sequential antigenic 

stimulation of the relevant B cell clones is required.  

 

Viral and antibody evolution studies provide valuable insight into the interplay between 

antibody lineage development and viral evolution (88). As described by Liao et al., 

CH103 CD4-binding site antibody develops relatively early in infection and more 
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significantly- the unmutated common ancestor of CH103 avidly binds the 

transmitted/founder virus. However, increased neutralizing breadth occurs after 

significant diversification of viral variants and the induction of further mutations in 

CH103 lineage antibodies. In contrast, Moore et al. elucidate the case of two HIV-

individuals wherein the transmitted/founder virus develop an escape mutation resulting in 

a glycan-shift from Asn 334 to Asn 332 on the viral envelope; this in turn presents the 

epitope to stimulate PGT128-like glycan-dependent bnAb in these individuals (89). 

These reports provide evidence that viral evolution within the infected host facilitates 

development of bnAbs. Moore et al. also found that while the conserved viral epitope for 

glycan-dependent bnAB arises quite frequently in infected individuals, this does not 

guarantee the development of the bnAb in that individual.  

 

Passive transfer experiments in macaques have convincingly demonstrated that HIV-

specific bnAbs can provide complete protection against transmission of chimeric SHIVs 

expressing the HIV envelope glycoprotein (90, 91). These experiments strongly suggest 

that a vaccine designed to elicit and to maintain such antibodies would protect against 

HIV. Most recently, Moldt et al. demonstrated that PGT121, one of the most highly 

potent bnAbs identified so far, is able to provide sterilizing immunity to macaques 

against high-dose mucosal SHIV challenge after passive administration of only 1 mg/kg 

concentrations of the Ab (92). This work provides direct evidence that vaccines may only 

be required to elicit and maintain single digit mg/ml concentrations of serum antibody in 

order to be effective.  
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An improved understanding of the structural details and antibody evolution of bnAbs 

highlight the challenge associated with the design of immunogens capable of specifically 

and robustly inducing potent bnAbs.  Jardine et al. have designed gp120 outer domain 

immunogens that are able to activate both germline and mature VRC01-class B cells thus 

providing a viable immunogen that can be tested as a vaccine prime (93). Further 

elucidation of the genetic, structural, and functional properties of these naturally 

occurring bnAbs provides essential information to be used for the rational design of novel 

and more effective immunogens (94). Eliciting bnAbs is also likely to require sequential 

immunization with engineered immunogens that first activate naïve B cells and then 

focus evolution of antibodies to conserved epitopes (95). 

 

Immune Responses to HIV  

Several components of the host immune system can suppress virus replication in vivo, 

including host-restriction factors, cellular immunity, neutralizing antibodies, and possibly 

other mechanisms as well. Even CD4 T cells, despite being the main target of infection, 

mount a significant response to HIV and may contribute to control of the infection to 

some extent (96, 97).  Here I will provide an overview of aspects of the host immune 

responses that are most relevant to the development of a prophylactic and therapeutic 

vaccines.  
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CD8 T cell responses  

Cytotoxic CD8 T cells recognize infected cells by the binding of their T cell receptor 

(TCR) with cognate peptide MHC-I complex on the infected cell (98). The principal 

mechanism of killing is through the release of cytotoxic granules carrying perforin and 

granzymes into the target cell that leads to target cell lysis. Another mechanism includes 

the binding of FAS Ligand (FASL) to FAS expressed on the target cell that results in the 

activation of caspases and apoptosis.  

 

CD8 T cells inhibit viral replication in HIV infected individuals as evidenced by several 

findings (99-101). CD8 T cells play an essential role in establishing and maintaining viral 

set point, at 2-3 logs lower than the peak viremia during acute infection (102). Further, 

analysis of the viral sequence indicates that HIV is constantly under pressure from CD8 T 

cells resulting in escape mutants (103, 104). On a population level, genetic analyses of 

both humans and rhesus macaque have provided evidence that individuals with particular 

HLA types have predictably worse or better disease outcomes. Humans with HLA-B27 

and B57 alleles have delayed progression to AIDS while individuals with HLA-B35 and 

B7 progress rapidly (105). Polyfunctional CD8 T cell responses are also positively 

correlated with slower diseases progression (106).  

 

A powerful tool in analyzing the function and mechanism of CD8 T cells in H/SIV 

infection is the in vivo depletion of CD8 T cells by infusion of depleting antibody (107). 

Previous depletion studies have shown that CD8 depletion is associated with a marked 

increase in viral load and does not affect, the increase if viral load occurred before 
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detectable increase in CD4 T cells activation and the life span of productively infected 

cells during SIV infection of RM (108). Findings from previous CD8 depletion studies 

suggest that CD8 T cells exert a significant control of viral load by non-cytolytic function 

either blocking infection of new cells or decreasing production of virus from infected 

cells (109, 110). Further experiments using the CD8 depletion model can provide a better 

understanding of the exact mechanisms by which CD8 T cells contribute to suppression 

of viral replication that can then be used to develop therapeutic interventions to eradicate 

virus. 

 

Germinal center response 

Germinal centers are specialized structures within secondary lymphoid organs that are the 

site of the T cell-dependent humoral response known as the germinal center (GC) 

reaction (111). Within GCs, B cells undergo the process of somatic hypermutation 

(SHM), class switch recombination (CSR) and affinity maturation as they differentiate 

into high-affinity plasma cells and memory cells (112). The resulting plasma cells and 

memory B cells produce class-switched, high affinity antibodies specific for the infecting 

pathogen (113).  

 

Secondary lymphoid structures are broadly divided into T cell zones and B cell zones. 

Follicular dendritic cells (FDCs) reside within B cell zones and express several 

complement receptors that allow antigen capture and display (114). Naïve B cells 

recognize cognate antigen captured by FDCs and migrate towards the inter-follicullar 

zone where they interact with antigen-specific T cells (115). Following this, some B cells 
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move towards the medullary chords and differentiate into short-lived plasmablasts (116). 

Other fully activated B cells upregulate Bcl6, a day later, and migrate back towards the 

center of the B cell follicle (117). Seven days after infection, the GC is fully established 

and organized into a dark zone and a light zone. The dark zone is densely packed with 

rapidly proliferating B cells called centroblasts (118). This proliferation is accompanied 

with the diversification of the BCRs by rearrangement of Ig genes. Centroblasts can be 

identified by their high level of expression of CXCR4, the chemokine receptor for 

CXCL12 produced by reticular cells (119). The production of CXCL12 drives the 

polarization of GCs and is critical for an efficient GC response(119). The light zone 

consists of centrocytes (CXCR4
lo

), FDCs, macrophages and most importantly, T 

follicular helper (TFH) cells. The light zone is the site for selection of high-affinity B cells 

(120). Re-circulation between the dark and light zone results in several rounds of SHM 

and affinity maturation (121).  Most GC B cells are programmed to die and depend on 

survival signals from T cells to bypass the apoptosis pathway. The B cell receptor (BCR) 

allows B cells to bind and internalize antigen which are then processed and presented on 

the cell surface as peptide:MHC complexes. The higher affinity BCRs are able to capture 

more antigen which results in higher density of peptide:MHC complexes being presented 

on their surface. TFH cells within GCs move rapidly within the light zone and form 

several contacts with GC B cells. The longest engagements occur with B cells that 

present the highest density of antigen (121-123). B cells that receive the most help from 

TFH cells survive. These B cells are able to proliferate more upon re-entry to the dark 

zone, which begins a new cycle of SHM and affinity maturation. GCs are thought to be 
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oligoclonal (111, 124), however TFH cells are able to migrate to and from different GC 

resulting in maximal diversification of antigen specificity (122).  

 

 

T Follicular Helper cell response 

In 1986, T cell were first identified within GCs by Velardi et al and by 2000, they were 

understood to be a distinct CD4 T cell subset crucial to the development of T-dependent 

antibody response. Today, T follicular helper (TFH) cells are recognized as critical for the 

development and maintenance of an optimal GC response (125). Bcl6 is the master 

regulator of TFH cells and as a transcriptional repressor blocks Blimp-1 driven 

transcription and differentiation (126, 127). Bcl6 is also highly expressed in GC B cells 

and antagonizes Blimp-1 that drives B cell differentiation to plasma cells thus 

maintaining the GC B cell state. Dendritic cell mediated priming of T cells begins the 

activation and differentiation of CD4 T cells into TFH cells (128). Engagement with 

activated B cells of the same antigen-specificity reinforces Bcl6 upregulation and the TFH 

differentiation program. In addition, ICOS ligation on the TFH cell surface and IL-6 

stimulation are both critical to the differentiation of TFH cells (129). TFH cells and GC B 

cells have and intimate relationship depending on each other for optimal functioning and 

maintenance (125, 130).  After continued interaction with cognate GC B cells, TFH cells 

upregulate ICOS, PD1 and the transcriptional factor c-maf all of which define a fully 

differentiated GC TFH cells (131). Interactions between TFH and GC B cells are mediated 

via numerous cell-surface molecules: ICOS and ICOSL, SAP and SLAM, CD40L and 

CD40, and PD1 and PDL1 (132).  The ligation of CD40 on the B cell surface drives 
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activation of activation induced cytidine deaminase (AID), which in turn drives SHM and 

CSR (133). Finally, IL-21 the key cytokine secreted by TFH cells is also an essential 

survival signal for GC B cells (134).  

 

A series of important recent studies in both HIV-infected humans and SIV-infected 

macaques have independently shown that while TFH are a preferential target for direct 

virus infection they are not depleted as compared to other memory CD4
+
 T cell subsets 

(35, 50, 135-137). PD-1, a cell-surface marker often associated with decreased 

functionality and directly co-related with increased periods of antigen exposure, is a key 

phenotypic marker of TFH cells. Recent in vitro analysis of human TFH cells demonstrates 

that the ligation of PD1 on TFH cells reduces IL-21 production and ICOS expression 

suggesting an impaired ability of TFH cells to provide helper function to GC B cells in 

chronic stages of HIV infection (138). The full extent to which TFH contribute to the 

generation of HIV-specific bnAbs- in the context of either natural infection of 

immunization of uninfected individuals- is the object of intense investigation.  

 

GC TFH are the limiting factor for optimal B cell responses (139). Adoptive transfer 

experiments in mice have shown that transfer of antigen specific T cells leads to the 

proliferation of GC B cells and spontaneous formation of GCs. Several studies in mice 

and humans have suggested that excessive TFH cells are associated with auto immunity. 

The sanroque mice model has aberrant mRNA regulation that leads to the accumulation 

of ICOS, IFN-g, TNF-a and OX-40 molecules in the cells (140, 141). This in turn leads to 

accumulation of TFH cells and the occurrence of an SLE like phenotype in the mice. In 
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humans, studies have found positive correlations between circulating frequencies of 

CD4
+
CXCR5

+
 T cells and titers of auto antibodies in patients with SLE, rheumatoid 

arthritis and myasnthia gravis further pointing to a connection between TFH cell numbers 

and aberrant of regulation of B cell responses (142-145).  

  

The consequences of dysregulated or dysfunctional TFH cells in HIV infection are 

manifold (133, 146). Firstly, in combination with high antigen availability, the high 

frequency of TFH cells could lower the threshold for selection among competing B cells 

in the GC resulting in low quality antibodies. A loss of function of TFH cells post 

infection could also lead to poor survival or differentiation signals to B cells. Secondly, 

as the preferred site of infection and replication, a high frequency and high-activated 

status of TFH cells leads to higher production of virus further driving overall immune 

activation. Consequently, the regulation of TFH cell number and function in natural 

infection or in response to immunization is of special interest to the field.  

 

T Regulatory Cells  

T regulatory cells  (TREG) regulate several aspects of the immune system including 

activation, proliferation and effector functions and ultimately contribute to the 

maintenance of self-tolerance and immune homeostasis (147, 148). Forkhead box p3 

(FoxP3) is the master regulator of TREG and in humans, lack of FoxP3 is associated with a 

severe autoimmune disease called immunodysregulation polyendocrinopathy enteropathy 

X-linked syndrome (IPEX) (149, 150). Natural TREG cells differentiate in the thymus but 

peripheral or induced TREG can develop in the periphery at the site of inflammation in a 
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TGF-b dependent manner (151, 152). TREG cells can mediate their suppressive effects 

through several contact based or antigen specific and contact independent or antigen non-

specific methods (153-155). CTLA-4 mediated suppression is contact specific and it is 

constitutively expressed on TREG cells. CTLA4 deficient mice have a severe autoimmune 

phenotype (156-160). TREG cells also express PDL1 and suppress effector T cells function 

by ligating PD1 (161, 162). The various immunosuppressive cytokines IL-10, TGF-b and 

IL-35 mediate contact independent suppression (163).  TREG cells express high levels of 

the high affinity IL-2 receptor alpha (CD25) and can also compete for IL-2 binding with 

other T cells and mediate suppressive effects in an antigen non-specific manner (164, 

165). 

 

Overall, TREG cells can have two broad effects on HIV infection (166). As a suppressive 

cell type, TREG can suppress antigen specific CD4 and CD8 T cells responses thus 

inhibiting the immune system’s ability to control the virus (167). Alternatively, TREG cells 

may also play a beneficial role by decreasing the level of immune activation that is one of 

the key drivers of HIV immunopathology (168). Further by controlling the level of 

proliferation, TREG cells may also suppress viral replication. The role of TREG merits 

further investigation as TREG could potentially suppress vaccine induced cellular and 

antibody responses (169).  

 

A population of lymph node resident regulatory T cells called T follicular regulatory  

(TFR) cells has been recently described in various mouse studies (170, 171). FoxP3
+
 cells 

with suppressive function have previously been found in human tonsils (172, 173).  
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Congenically marked thymic derived CD45.2 FoxP3
+
 CD4 cells when transferred into 

CD45.1 mice gave rise to TFR cells but transfer of thymic derived FOXP3
- 
CD4 cells did 

not, thus showing that TFR cells differentiate from natural TREG (171). Further, much like 

TFH cells, the development of TFR cells was found to require interaction with B cells and 

upregulation of Bcl6, CXCR5, ICOS and PD1 (174). SAP deficient Sh2d1a
-/-

 mice did 

not develop TFH or TFR cells indicating that like TFH cells, TFR cells also require SAP 

(Sh2d1a) (171). Further mixed bone-marrow chimera and adoptive transfer studies in 

mice showed that TFR cells suppress TFH cell proliferation in vitro and also control the 

numbers of GC B cells in vivo(175, 176). Wollenberg et al. co-transferred CD4 T cells 

with FoxP3
+ 

TREG cells into TCRa
-/-

 mice and noticed decreased antigen specific antibody 

titers following immunization (175).  The exact mechanisms by which TFR cells mediate 

suppression is not yet understood although several mechanisms similar to those used by 

TREG cells have been proposed. These include i) secretion of immunmodulatory cytokines 

including IL-10 and TGF-b, ii) direct inhibitory signaling through PDL1, iii) 

competitively disrupting TFH and GC B cell interaction via CTLA4 binding of B7-2 and 

iv) downregulation of co-stimulatory molecules on TFH and B cells. Further study of this 

newly discovered population, especially in the context of chronic infection, could lead to 

vital information about how to fine tune germinal center response to achieve the desired 

quality of antibodies following immunization.  
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Immunological Synapse 

T cells activation is initiated by the recognition of cognate antigen in association with the 

MHC complex by the T cell receptor (TCR) at the immunological synapse (177, 178). 

Antigen recognition is followed by actin reorganization, clustering of TCR and 

peptide:MHC molecules, co-stimulatory molecules, and various adhesion molecules in a 

concentric formation knows as the supramolecular activation complex (SMAC) (179-

181). The SMAC can further be divided into the central, c- and peripheral, p- SMAC. 

While the c-SMAC and p-SMAC are organized quickly, the distal or d-SMAC takes 

several minutes to form (181). Phosphatase CD45, CD43 and CD4 involved in 

downstream signaling all localize to the d-SMAC (182). This clustering allows intra-

cellular signaling molecules to be in close proximity and interact with each other for 

longer duration (182). The formation of the immunological synapse stabilizes binding 

between interacting cells and allows for directed release of cytotoxic granules or effector 

molecules (183). Imaging studies have also found that the immunological synapse and 

associated cytoskeletal restructuring slows down rapidly migrating T cells allowing 

cognate cells to interact for longer (181, 184). Interestingly, in the context of HIV 

infection, immune synapse formation enhances spread of virus via enhanced cell-cell 

transfer or formation of a virological synapse (185).  

 

Trogocytosis 

Trogocytosis is the rapid exchange of membrane and membrane-associated molecules 

between two cells. Studies have described trogocytosis occurring between T cells and 

antigen presenting cells (APCs), B cells, NK cells and dendritic cells. Trogocytosis in T 
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cells is antigen-dependent and requires TCR:pMHC interaction and immunological 

synapse formation (186). In B cells however, trogocytosis appears to be less antigen 

specific. Several molecules including TCR, p:MHC, co-stimulatory molecules such as 

CD80, CD86, OX40 and adhesion molecules such as ICAM-1 and LFA-1 are exchanged 

during trogocytosis. Blocking either actin polymerization or src kinase activity inhibits 

trogocytosis again indicating the need for immunological synapse formation (187). 

Further, trogocytosis occurs more frequently in activated cells than in naïve cells, perhaps 

as a consequence of higher levels of adhesion molecule expression on activated cells 

(188). A proposed mechanism of trogocytosis is through the downmodulation and 

internalization of the TCR that follows its engagement (189). This downmodulation can 

be coincident with phagocytosis of cell membrane and membrane associated molecules. 

While the integration of acquired molecules can be visualized by flow cytometry, it is not 

evident how stable the expression of such acquired molecules is.  

 

The functional consequence of trogocytosis is not well defined (190). In APCs, the 

acquisition of molecules from the cell surface of T cells may lead to sustained signaling 

promoting survival and activation. For T cells, the same sustained signaling has been 

described by Osbourne et al. and can lead to activation and proliferation of the T cell 

(191). Alternatively, acquisition of the pMHC molecule can allow the T cell to present 

antigen like an APC and perhaps receive further co-stimulatory signals from other T 

cells. Another possibility is that these acquired molecules are not stably expressed on the 

cell surface. In this case, trogocytosis will effectively sequester costimulatory molecules 

or p:MHC and TCR molecules from cells. Further study of lymphocytes that have 
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undergone trogocytosis, especially in the context of H/SIV infection may reveal 

additional means to identify antigen specific and activated cells at the site of immune 

activation or inflammation.  
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Abstract  

 

Numerous studies have demonstrated that CD8
+
 T lymphocytes suppress virus replication 

during HIV/SIV infection. However, the mechanisms underlying this activity of T cells 

remain incompletely understood. Here we conducted CD8
+
 T lymphocyte depletion in 15 

rhesus macaques (RMs) infected i.v. with SIVmac239. At day 70 post-infection the animals 

(10 progressors with high viremia and 5 controllers with low viremia) were CD8-depleted 

by i.v. administration of the antibody M-T807R1. As expected, CD8 depletion resulted in 

increased virus replication, more prominently in controllers as compared to progressors, 

which correlated inversely with pre-depletion viremia. Of note, the feature of CD8
+
 T 

cells pre-depletion that correlated best with the increase in viremia post-depletion was the 

level of CD8
+
T-bet

+
 cells. We next found that CD8 depletion resulted in a homogenous 

increase of SIV-RNA in superficial and mesenteric lymph nodes, spleen, and the gastro-

intestinal tract of both controllers and progressors. Interestingly, the level of SIV-DNA 

increased post-depletion in both central-memory (TCM) and effector-memory (TEM) CD4
+
 

T cells in progressor RMs, but decreased in the CD4
+
 TCM of 4 out of 5 controllers. 

Finally, we found that CD8 depletion is associated with a greater increase in CD4
+
 T cell 

activation (measured by Ki-67 expression) in controllers as compared to progressors. 

Overall, these data reveal a differential impact of CD8
+
 T lymphocyte depletion between 

controller and progressor SIV-infected RMs, thus emphasizing the complexity of the in 

vivo antiviral role of CD8
+
 T cells. 
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Introduction 

 

Several lines of evidence indicate that CD8
+
 T lymphocytes mediate control of virus 

replication during both HIV infection of humans and SIV infection of rhesus macaques 

(RMs). First, the post-peak decline of viremia in acute HIV infection is coincident with 

the expansion of HIV-specific T cells (192, 193). Second, during both acute and chronic 

HIV/SIV infection, immune pressure mediated by HIV/SIV-specific CD8
+
 T cells is 

manifested by viral escape mutations (194). Third, there is a clear association between 

the presence of certain MHC class I alleles and disease progression during both HIV 

infection of humans and SIV infection of RMs (195, 196). Fourth, HIV-1-infected 

individuals with polyfunctional HIV-1-specific T cells appear to progress less rapidly 

compared to those whose T cells have more limited functionality (106). While 

compelling, all these studies are correlative in nature and fail to establish a direct cause-

effect relationship. In this context, the most convincing evidence for a direct effect of 

CD8
+
 T lymphocytes in suppressing virus replication came from a series of studies in 

which these cells were depleted in vivo in SIV-infected RMs (107, 108, 197, 198). These 

studies clearly demonstrated that antibody-mediated in vivo depletion of CD8
+
 T 

lymphocytes is consistently associated with increased virus replication and faster disease 

progression (199). Despite this strong evidence indicating that CD8
+
 T lymphocytes 

suppress virus replication during HIV/SIV infections, these cells ultimately fail to prevent 

disease progression in the vast majority of HIV-infected individuals and SIV-infected 

RMs.  
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The mechanisms by which CD8
+
 T lymphocytes exert an anti-viral effect in vivo are still 

incompletely understood. Conceivably, these mechanisms can be summarized by two 

major categories:  (i) CD8
+
 T cells may reduce production of virions on a per cell basis 

by either direct killing of infected cells or by decreasing the rate of virus production via 

non-cytolytic mechanisms, and/or (ii) CD8
+
 T cells may reduce the number of 

productively infected cells by either inhibiting the spread of infection (i.e., via production 

of β-chemokines or other cytokines) or by limiting the number of targets (i.e., activated 

CD4
+
 T cells) available for infection. While the exact in vivo contribution of these non-

mutually exclusive antiviral effects by CD8
+
 T lymphocytes has not yet been defined, 

there is preliminary evidence that they all may be involved (101, 110, 200, 201). Further, 

there are several basic aspects of how depletion of CD8
+
 T lymphocytes affects SIV 

replication that have not yet been fully elucidated. These aspects include (i) the kinetics 

of virus replication post-CD8 depletion in progressor (i.e., high viremia) vs. controller 

(i.e., low viremia) animals; (ii) the anatomic location of productively infected cells that 

support increased viremia post CD8 depletion; (iii) how CD8 depletion impacts the 

frequency of infected cells within the main memory CD4
+
 T cell subsets; (iv) the features 

of the SIV-specific CD8
+
 T cell response prior to depletion that correlate best with the 

increase of virus replication post-depletion; and (v) the impact of CD8
+
 T lymphocyte 

depletion on CD4
+
 T cell activation. 

 

In this study, we set out to investigate these aspects of the antiviral effect of CD8
+
 T 

lymphocytes in 15 SIV-infected RMs (10 progressors and 5 controllers) that underwent 
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CD8
+
 T lymphocyte depletion at day 70 post-infection. The main results of this study are 

that (i) CD8
+
 T lymphocyte depletion is followed by an increase in virus replication that 

was more prominent in SIV-infected controllers as compared to progressors, and that this 

increase in virus replication was relatively homogenous in various lymphoid organs and 

tissues, (ii) the levels of T-bet in CD8
+
 T cells prior to depletion predicted the increase in 

virus replication post-depletion, (iii) the levels of SIV-DNA in central-memory (TCM) 

CD4
+
 T cells increased post-depletion in progressor RMs, but decreased in controllers, 

and (iv) CD8
+
 T lymphocyte depletion was associated with a greater increase in CD4

+
 T 

cell activation in controllers as compared to progressors. We concluded that these data 

reveal a complex role of CD8
+
 T lymphocytes in controlling virus replication in SIV-

infected RMs that includes significant differences between controllers and progressors.  
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Materials and Methods 

 

Animals. Eighteen female adult rhesus macaques were infected i.v. with 3,000 TCID50 of 

SIVmac239.  All RMs were Mamu-B*08 and -B*17 negative; three Mamu-A*01 positive 

RMs were assigned to each experimental group and two Mamu-A*01 RMs were assigned 

to the control group. Five animals each were sacrificed at day 3, day 7, and day 14 post 

CD8 depletion. Mock depleted RMs were sacrificed 7 days post-depletion.  Blood and 

tissues were collected throughout the study period, and plasma viral loads were monitored 

on a weekly basis.  All animals were housed at the Yerkes National Primate Research 

Center and maintained in accordance with NIH guidelines. Studies were approved by the 

Emory University Institutional Animal Care and Use Committee. 

 

CD8
+
 T lymphocyte depletion. Ten weeks after SIV infection, 15 RMs were depleted of 

CD8
+
 T lymphocytes by i.v. treatment with 50 mg/kg of the rhesus recombinant mAb M-

T807R1 (National Institutes of Health Nonhuman Primate Reagent Resource).  Three 

non-depleted control animals were mock depleted with a primatized control IgG1 OKT3 

antibody reactive against the human CD3 molecule (NIH Nonhuman Primate Resource 

Reagent).  The efficacy of the depletion in blood was determined by flow cytometric 

analysis and complete blood cell counts at multiple time points after administration of the 

depleting reagent. Depletion efficiency in tissues was determined by flow cytometric 

analysis as a fraction of CD8
+
 T cells from samples obtained pre-depletion. 
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Sample collection and processing. Peripheral blood mononuclear cells (PBMC) were 

isolated from blood by gradient density centrifugation (Ficoll). Lymphocytes were isolated 

from freshly obtained lymph node and rectal biopsies by passing them through a 70 µm cell 

strainer and lysing red blood cells with ACK lysis buffer (Life Technologies).  

 

Immunophenotyping, cytokine responses and flow cytometry. Multicolor flow cytometric 

analysis was performed on lymphocytes isolated from peripheral blood and tissues according 

to standard procedures. The Abs used were as follows: anti-CD4 APC-Cy7 (clone OKT4; 

BioLegend), anti-CD4 Pacific Blue (clone OKT4; BioLegend), anti-CD8 QDot 705 (clone 

3B5; Invitrogen), anti-CD8 Brilliant Violet 711 (clone RPA-T8; BioLegend), Ki-67 FITC 

(clone B56; BD Biosciences), anti-CD3 Pacific Blue (clone SP34-2; BD Biosciences), anti-

CD3 APC-Cy7 (clone SP34-2; BD Biosciences), anti-CD95 PE-Cy5 (clone DX2; 

BioLegend), anti-CCR7 (clone 3D12; BD Biosciences), anti-CCR5 (clone 3A9; BD 

Biosciences), anti-CD28 ECD (clone 28.2; Beckman Coulter), anti-CD28 PE-Cy7 (clone 

28.2; eBioscience) anti-CD16 Alexa 700 (clone 3G8; Biolegend) anti-CD56 QDot 605 

(clone MEM-188; Invitrogen), anti-CD20 eFluor 650 (clone 2H7; eBioscience), anti-CD62L 

PE (clone Sk11; BD Biosciences), anti-IL2 (clone RAT; Life technologies), anti-MIP1a PE 

(clone D21; Fisher), anti-MIP-1b PE (clone 11A3; Fisher), IFNg APC (clone B27, BD 

Pharmingen), TNF-a Alexa 700 (clone mab 11, BD Pharmingen). Samples assessed for Ki-

67 expression were surface stained first with the appropriate Abs, then fixed and 

permeabilized using BD Perm 2 (BD Pharmingen), and stained intra-cellularly with Ki-67. 

Cytokine staining was performed on frozen PBMCs after stimulation with pools of 15-mer 

peptides spanning the sequences of three major antigenic proteins of SIVmac239 (gag, pol, 
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env) as described previously (202). Flow cytometric acquisition and analysis of samples 

were performed on an LSRII flow cytometer driven by the BD FACSDiva software package 

(version 6.1.3; BD Biosciences). Analysis of the acquired data was performed using FlowJo 

software (version 9.6.3; Tree Star). Further statistical analyses were performed using PRISM 

(GraphPad) and Excel (Microsoft Office 2011) software.  

 

Plasma viral loads. Quantitative real-time reverse-transcriptase (RT)-PCR assay to determine 

SIVmac239 plasma viral load was performed as previously described (203). 

 

Sorting of CD4
+
 T cell subsets. Freshly isolated PBMC were stained with anti-CD4 Pacific 

Blue (clone OKT4; BioLegend), anti-CD3 APC-Cy7 (clone SP34-2; BD Biosciences), anti-

CD95 PE-Cy5 (clone DX2; BioLegend), anti-CD28 PE-Cy7 (clone 28.2; eBioscience), anti-

CD62L PE (clone Sk11; BD Biosciences).  CD3
+
CD4

+
 T cells were characterized as either 

naive (CD28
+
CD95

–
CD62L

+
), central memory (CD28

+/–
CD95

+
CD62L

+
), or effector memory 

(CD28
+
/
–
CD95

+
CD62L

–
) and sorted on a FACS Aria III Cell Sorter (BD Biosciences).  

   

Quantitative PCR for SIV gag DNA. Quantification of SIVmac gag DNA from sorted naïve, 

central memory, and effector memory CD4
+
 T cells was performed as previously described 

(204) Simultaneous PCR was performed for monkey albumin gene copy number and used to 

determine cell number quantifications. Samples with undetectable SIV DNA were assigned a 

level of half of the lower limit of detection for graphical purposes and statistical analysis. 
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SIV in situ hybridization and quantitative image analysis. SIV in situ hybridization was 

perfomed on 5-μm tissue sections with SIV-digoxigenin-labeled anti-sense riboprobes as 

previously described (205). Quantification of SIV-RNA positive cells was performed by 

counting positive cells detected by NBT/BICP (purple-black color) in ten randomly selected 

fields totaling a minimum of 120 mm
2
.  

 

Statistical Analyses. Statistical analyses were conducted using GraphPad Prism 5.0. Kruskal-

Wallis one-way analysis of variance tests were performed to determine differences between 

groups in all the tissues (Figure 2). Mann-Whitney U tests were used to perform analyses 

between pre- and post-depletion frequencies (Figure 2, 4, 5). Spearman rank correlation tests 

were used to analyze all correlations (Figure 2, 3, 4). All p values less than 0.05 were defined 

as significant. 
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Results 

 

Experimental design. To investigate the in vivo role of CD8
+
 T lymphocytes as mediators of 

antiviral immune responses during SIVmac239 infection of RMs, we depleted these cells from a 

cohort of 15 adult Indian RMs. All animals were infected intravenously with 3,000 TCID50 of 

SIVmac239 and CD8
+
 T lymphocytes were depleted by s.c. administration of the primatized 

monoclonal antibody M-T807R1 at day 70 post-infection. Ten RMs were defined as 

“progressors” with high viremia at the time of CD8 depletion and 5 RMs were defined as 

“controllers” due to low viral loads pre-depletion. The study also included three control SIV 

infected, mock-depleted animals. In all animals, several tissues, including blood, bone marrow 

(BM), lymph nodes (LN), and rectal mucosa via rectal biopsy (RB) were sampled at multiple 

time points throughout the study (see Figure 1A for details). The SIV-infected CD8-depleted 

RMs then underwent elective necropsy at day 3-14 after depletion to extensively investigate 

the effect of this procedure in various lymphoid tissues and cell subsets. As shown in Figures 

1B and 1C for two representative RMs and for the whole group of animals, respectively, 

treatment with M-T807R1 resulted in depletion of > 99% of circulating CD8
+
 T cells. As 

expected based on previous studies, the level of depletion was lower in tissues than in 

peripheral blood, and ranged between 50-70% in lymph nodes, and between 86-96% in the 

rectal mucosa (data not shown).  

 

CD8
+
 T lymphocyte depletion results in a greater increase in SIV viremia in controllers 

as compared to progressors. The 15 SIV-infected RMs that were part of this study 
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included ten normal progressors, with viral loads prior to CD8
+
 T lymphocyte depletion 

ranging between 22,200 and 17,200,000 SIV-RNA copies/ml of plasma, and five 

controllers, with viral loads prior to CD8
+
 T lymphocyte depletion ranging between 50-

1,300 SIV-RNA copies/ml of plasma (Figure 2A). Consistent with previous studies, 

treatment with the CD8 depleting antibody resulted in an increase in viral loads in both 

groups of animals, while, as expected, no change in the level of viremia was observed in 

the three animals that were mock-depleted. Interestingly, the increase in viral load was 

more pronounced in the group of controllers than in the progressor RMs, with an average 

fold increase of 154 in progressors and 5,018 in controllers. In addition, as shown in 

Figure 2B, we found a significant inverse correlation between baseline viremia and the 

fold change in viremia post-CD8 depletion (p=0.0004). Overall, these data are consistent 

with the established hypothesis that CD8
+
 T lymphocytes exhibit better suppression of 

virus replication in controller SIV-infected RMs as compared to progressors. 

 

CD8
+
 T lymphocyte depletion results in a homogenous increase in virus production 

within lymphoid tissues. While several studies have shown that CD8
+
 T lymphocyte 

depletion in SIV-infected RMs results in increased virus replication (6-9), very little data 

are available with respect to the specific effect of this treatment in different anatomic 

sites. In this study, we examined the levels of SIV-RNA in five different tissues at 

necropsy, including mesenteric LNs, superficial LNs, lamina propria of the rectum, 

lymphoid aggregates in the rectum, and the spleen. As these tissues could not be collected 

longitudinally in the animals, we used the three mock-depleted animals as controls. As 

shown in Fig. 2C, the levels of SIV-RNA were consistently higher in CD8 depleted 
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progressor RMs compared to mock-depleted animals, and this effect was most 

pronounced in the spleen, mesenteric LN, and lymphoid aggregates of the rectum. 

Controller RMs also exhibited a trend towards higher levels of virus replication compared 

to mock-depleted animals, but this difference was only significant in the spleen. 

Interestingly, the levels of SIV-RNA post-CD8 depletion were similar between controller 

and progressor RMs in lamina propria of the rectum, while higher levels of virus 

replication was seen at all other sites examined in progressors compared to controllers. Of 

note, SIV-RNA was found in both follicles and paracortex (i.e., T cell area) in the lymph 

nodes of CD8
+
 T lymphocyte depleted controllers RMs (data not shown), thus consistent 

with two recent studies linking the controller status with a compartmentalization of SIV 

in the lymph node follicles (206, 207). Overall, these histological data suggest that CD8
+
 

T lymphocyte depletion is followed by a diffuse increase of SIV replication in several 

lymphoid organs and tissues. 

 

T-bet expression in CD8
+
 T cells is the best correlate of the level of viral load increase 

post depletion. Relatively little is known regarding the specific feature(s) of total and/or 

SIV-specific CD8
+
 T cell responses that best correlate with the level of viral rebound 

after CD8 depletion. To address this issue we examined a large number of CD8
+
 T cell 

features in our cohort of SIV-infected progressor and controller RMs and investigated 

any potential correlation with the observed changes in viremia post-depletion in blood 

and tissues Specifically, we measured the level of Gag-specific cells by tetramers staining 

in blood, lymph nodes, and rectum; levels of cells producing IFNg, TNF, IL-2, or MIP1b 

after Gag-peptide stimulation; and the level of CD8
+
 T cells expressing Ki-67, T-bet or 
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Eomesodermin). As shown in Figure 3, the only significant correlation that we observed 

was between the levels of T-bet expression in CD8
+
 T cells isolated from both lymph 

nodes and rectal biopsies before CD8
+
 T lymphocyte depletion and the level of plasma 

viremia after depletion (Figure 3A,B). The list of CD8
+
 T cell features examined before 

CD8
+
 T lymphocyte depletion that did not correlate with the level of viremia post-

depletion is shown in Figure 3E. Taken together, these data suggest a role for the 

expression of the transcription factor T-bet in CD8
+
 T cells of SIV-infected RMs as a 

predictor of the increase in viremia that follows CD8
+
 T lymphocyte depletion in these 

animals. Since the CD8-depleting antibody also leads to depletion of NK cells, we 

assessed expression of various immunological markers on CD3
-
CD8

+
 NK cells.We found 

that both T-bet expression on NK cells in lymph nodes and Ki-67 expression on NK cells 

derived from whole blood correlated with postdepletion viral load (Fig. 3C and D). No 

other correlations between markers of NK cell activation/differentiation and 

postdepletion viral load were found (Fig. 3F). 

 

SIV-DNA in CD4
+
 TN, TCM, and TEM increases post-depletion in progressor RMs, but not 

in controllers. HIV/SIV replication occurs at different levels in specific CD4
+
 T cell 

subsets (34, 35). Relatively little is known, however, about the role played by CD8
+
 T 

lymphocytes in controlling virus replication in the subsets of naïve (TN), central memory 

(TCM), and effector memory (TEM) CD4
+
 T cells. To address this question we sorted 

CD4
+
 TN, TCM, and TEM, as determined based on the expression of CD28, CD95, and 

CD62L, before and after CD8
+
 T lymphocyte depletion in the 15 SIV-infected RMs 

included in this study, and measured the level of cell-associated SIV-DNA by RT-PCR. 
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As shown in Figure 4A, we found that the levels of SIV-DNA increased almost 

uniformly in CD4
+
 TN, (9/10 animals), TCM (10/10), and TEM (10/10) sorted from 

progressors, while in controllers the levels of SIV-DNA increased in CD4
+
,TEM of 4/5 

RMs, but only 2/5 and 1/5 RMs for the TN and TCM subsets, respectively. Of note, we 

found a significant correlation between SIV plasma viremia and the levels of SIV-DNA 

in CD4
+
 TEM before and after CD8

+
 T lymphocyte depletion (Figure 4B,C), and between 

plasma viremia and SIV-DNA in CD4
+
 TCM after CD8

+
 depletion (Figure 4E). However, 

no correlation was found between SIV viremia and SIV-DNA levels in CD4
+
 TCM before 

CD8
+
 depletion (Figure 4D). Overall, these data are consistent with the possibility that 

CD8
+
 T lymphocyte-mediated control of infection operates through different mechanisms 

in specific CD4
+
 T cell subsets. 

 

CD8
+
 lymphocyte depletion is associated with higher increase of CD4

+
 T cell activation in 

controllers than progressors. The increase in virus replication that follows CD8
+
 lymphocyte 

depletion in SIV-infected RMs may be, at least in part, the results of increased levels of CD4
+
 T 

cell activation that can be caused by factors such as the homeostatic response to CD8
+
 T cell 

depletion, increase availability of proliferative cytokines, and reactivation of latent viruses such 

as CMV (208, 209). To address the potential role of CD4
+
 T cell activation in determining the 

levels of virus replication before and after CD8
+
 lymphocyte depletion, we measured the 

expression of the proliferation marker Ki-67 in CD4
+
 TN, TCM, and TEM isolated from the blood, 

lymph nodes, and rectal biopsies of our cohort of 15 SIV-infected RMs (Fig 5). As shown in 

Figure 5, we found that Ki-67 expression remained stable overall in CD4
+
 T cells of progerssors 

(and, in fact, even decreased in LN-derived TCM), thus consistent with the fact that, in these 
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animals, the levels of CD4
+
 T activation was already very high prior to CD8 depletion. In 

contrast, the level of Ki67 expression increased in controllers, with a statistically significant 

difference for both TCM and TEM in peripheral blood, and a similar, albeit non-significant trend in 

lymph nodes and rectal biopsies. Overall, these data indicate the CD8
+
 lymphocyte depletion is 

followed by a more pronounced increase in CD4
+
 T cell activation in controllers SIV-infected 

RMs as compared to progressors.  
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Discussion 

 

There are many lines of scientific evidence supporting the role of CD8
+
 T lymphocytes in 

controlling virus replication in the setting of HIV or SIV infection. Perhaps the most 

convincing observation is that in vivo experimental depletion of CD8
+
 T cells in SIV-

infected macaques is consistently followed by a significant increase in the level of virus 

replication. While this observation has been confirmed in numerous studies (108, 200), 

there are several aspects of this phenomenon that remain relatively poorly understood. 

For example, there is a lack of evidence regarding (i) the cellular and anatomic origin of 

the increased virus replication, (ii) the contribution of cytolytic vs. non–cytolytic 

mechanisms of virus control (101, 110) (iii) the role played by CD8
+
 T cells vs. CD8

+
 

NK cells, which are also depleted by this treatment, and (iv) the contribution of the 

enhanced activation of CD4
+
 T cells that follows CD8

+
 T lymphocyte depletion in 

promoting higher levels of virus replication (199, 210). The current study was aimed at 

providing some insights into these poorly understood aspects of the antiviral role of CD8
+
 

T lymphocytes during HIV/SIV infections. 

 

The main findings of this study are that (i) CD8
+
 T lymphocyte depletion was followed 

by an increase in virus replication that was more prominent in SIV-infected controller as 

compared to progressor RMs, and was relatively homogenous in various lymphoid organs 

and tissues, (ii) the levels of T-bet expression in CD8
+
 T cells prior to depletion was the 

best predictor of the magnitude of the increase of virus replication post-depletion, (iii) the 
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levels of SIV-DNA after CD8
+
 T lymphocyte depletion increased in all CD4

+
 T cell 

subsets (i.e., TN, TCM, and TEM) in progressors, but only in TEM in controllers, with a 

decline of SIV-DNA in TCM of 4 out of 5 animals, and (iv) CD8
+
 T lymphocyte depletion 

was associated with a greater increase in CD4
+
 T cell activation in controllers as 

compared to progressors. While some of these results are overall confirmatory of 

previously published work by us and others, several of the above described findings are 

novel and deserve particular attention, especially regarding the differential role of CD8
+
 

T lymphocytes in controller vs. progressor SIV-infected RMs. 

 

The observation that the increase in viral load following CD8
+
 T lymphocyte depletion is 

more pronounced when virus replication is lower prior to depletion is consistent with 

what was observed in two previous studies (108, 198). In this study, however, we report 

for the first time a strong inverse correlation between pre-depletion viremia and fold-

change in viremia post-depletion. Overall these data are quite consistent with the 

hypothesis that CD8
+
 T cells are key contributors to the suppression of virus replication 

that is observed in HIV/SIV-infected “elite controllers” (both humans and rhesus 

macaques) and is associated with specific MHC class I alleles (195, 211). Interestingly, a 

detailed histological analysis of several lymphoid tissues and organs revealed that the 

frequency of virus-producing cells (i.e., SIV-RNA positive by in situ hybridization) 

increases after CD8
+
 T lymphocyte depletion in a relatively uniform fashion in all 

examined tissues, with virus found in both B- and T cell areas of lymph nodes in the 

CD8-depleted controllers. This latter observation is consistent with two recent studies 

showing a specific virus compartmentalization within lymph nodes of controller vs 
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progressor SIV-infected RMs (206, 207). 

 

While numerous studies have linked CD8
+
 T lymphocyte depletion with increased virus 

replication (107, 108, 197-200), it is not clear what particular function or phenotypic 

marker of CD8
+
 T cells is best correlated with this effect. In this study we investigated 

potential correlations between a number of specific aspects of the CD8
+
 T cells—both 

SIV-specific and as “bulk” population—prior to CD8
+
 T lymphocyte depletion and the 

observed changes in viral load following depletion. We found that expression of the 

transcription factor T-bet was the only predictor of the levels of viral load after CD8
+
 T 

cell depletion. This is a novel finding that is consistent with a possible role of T-bet as a 

transcription factor that promotes effector CD8
+
 T cell functions, including cytotoxic 

activity and production of multiple cytokines (212, 213), represses the expression of the 

inhibitory receptor PD-1 which suppresses many CD8
+
 T cell functions (214), and has 

been associated with in vivo control of virus replication in HIV-infected humans (215, 

216). Further studies involving in vivo blockade of T-bet-expressing CD8
+
 T 

lymphocytes would be needed to further delineate the role of T-bet in controlling virus 

replication in SIV-infected RMs, particularly with respect to whether the levels of T-bet 

expression in CD8
+
 T cells represent a cause or a consequence of prevailing levels of 

virus replication. 

 

An intriguing novel finding of this study is that the impact of CD8
+
 T lymphocyte 

depletion on the relative proportion of SIV-DNA-positive cells within the memory 

subsets of CD4
+
 T cells (TCM and TEM) appears to be different in SIV-infected progressor 
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versus controller RMs. As expected, CD8-depletion resulted in increased levels of viral 

DNA in all CD4
+
 T cell compartments of progressors. However, in CD8-depleted 

controllers, the level of SIV-DNA increased only in TEM, and in fact decreased in TCM of 

4 out of 5 animals. Remarkably, this decline of the frequency of SIV-infected CD4
+
 TCM 

occurred concomitantly with an average increase in plasma viremia ranging between 1 

and 4 .5 logs. Importantly, this decline in SIV-DNA in CD4
+
 TCM does not appear to be 

due to trafficking of this cell subset into lymph nodes or the GI tract as the same decline 

was seen at these sites as well as peripheral blood. At this time we have not identified a 

mechanism for this surprising finding, but it is tempting to speculate that, in CD8-

depleted SIV-infected controllers, a substantial proportion of SIV-infected TCM 

differentiated to become TEM, perhaps as a result of the increased CD4
+
 T cell activation, 

or was killed by the reactivated virus in absence of CD8
+
 T lymphocytes. This latter 

possibility would be consistent with the proposed hypothesis that CD8
+
 T cells may 

suppress HIV/SIV replication through non-cytolytic mechanisms that act at the level of 

provirus transcription (217).   

 

Several studies have shown that CD8
+
 T lymphocyte depletion is followed by an 

increased fraction of activated/proliferating CD4
+
 T cells (199, 210). While the relative 

contribution of this phenomenon to the observed increase in viremia after CD8
+
 depletion 

remains unclear, two findings suggest that its role may in fact be minor. First, the 

increased level of CD4
+
 T cell activation is observed for the most part at a time when the 

increase in virus replication has already occurred (200). Second, when the increase of 

CD4
+
 T cell activation following CD8

+
 T lymphocyte depletion is abrogated through 
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blockade of IL-15 signaling, the increase in SIV replication is still present (199). In the 

current study, we found that the increase of CD4
+
 T cell activation, as measured by the 

proliferation marker Ki-67, was more pronounced in CD8-depleted controllers as 

compared to progressors, perhaps indicating that, in SIV-infected RMs with high virus 

replication prior to CD8
+
 T lymphocyte depletion a maximal level of CD4

+
 T cell 

activation was already present in the immune system of these animals.    

 

Overall, the current set of results indicates that experimental depletion of CD8
+
 T 

lymphocytes during SIV infection of macaques remains a valuable research tool to 

investigate the mechanisms by which these cells suppress virus replication in vivo. 

Specifically, we have identified a series of differences between SIV-infected progressor 

and controller RMs with respect to the impact of CD8 depletion on the virology and 

immunology of SIV infection that provides novel insights into the in vivo function of 

these cells. Ultimately, a better understanding of the mechanisms responsible for the 

CD8
+
 T cell-mediated protection from HIV/SIV replication may result in interventions 

that most effectively harness these antiviral functions in the setting of prophylactic and 

therapeutic vaccines for HIV/AIDS. 
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Figures 

 

Figure 1. Experimental design and effective depletion of CD8
+
 T lymphocytes. (A) 

Study design depicting timeline of SIV infection, antibody-mediated CD8 depletion and 

necropsy. Eighteen female rhesus macaque were intravenously infected with 3,000 
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TCID50 of SIVmac239. CD8 depleting antibody (M-T807R1) was administered at 70 days 

post infection to 15 RMs. Five CD8-deplet 
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ed animals each were necropsied 3, 7, and 14 days post depletion. Three RMs were mock 

depleted using primatized control IgG1 antibody at 70 days post infection and necropsied 

7 days post mock-depletion.  

(B) Representative flow cytometry plots of live CD3
+
 T lymphocytes isolated from 

peripheral blood depicting CD8
+
 T lymphocyte levels pre-depletion (5 days before 

depletion) and post-depletion (6 days after depletion).  

(C) Longitudinal assessment of CD8
+
 T cell frequencies (as a percentage of CD3

+
 T 

cells) in peripheral blood for all experimentally depleted (black, n=15) and mock 

depleted (purple, n=3) animals at pre- and post-depleted (shaded grey) time points. 

Dotted black line indicates administration of depleting antibody. 
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Figure 2. Plasma and tissue viral loads following CD8 T cell depletion. Plasma viral 

load measured longitudinally for each animal (green, controllers; red, progressors; purple, 

mock depleted). Dotted black line indicates administration of depleting antibody. Shaded 

grey area indicates post-depletion time points. (B) Correlation between fold change in 

viral load (viral load post-depletion / viral load pre-depletion) with pre-depletion viral 

load for all experimentally depleted animals. (C) Number of SIV-RNA
+
 cells within 

tissues of CD8-depleted controllers (green, n=5), progressors (red, n=10) and mock 

depleted (purple, n=3). Statistical analyses performed using Spearman rank correlation 

tests, Kruskal-Wallis one-way analysis of variance and Mann-Whitney U tests.  
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Figure 3. T-bet expression in CD8
+
 T cells is the best correlate of the level of viral 

load after CD8 depletion. Correlations between T-bet expressing CD8
+
 T cells isolated 

pre-depletion from lymph nodes (A) and rectal biopsies (B) with plasma viral load at 

necropsy. (C) Levels of expression of several markers on CD8
+
 T cells were assessed 

within peripheral blood, lymph node and rectal mucosa. None were found to correlate 

with plasma viral loads after CD8
+
 T cell depletion. Controllers are shown in green, 

progressors in red. Spearman rank correlation tests were used to analyze all correlations. 
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Figure on previous page.  

Figure 4. SIV-DNA in CD4
+
 TN, TCM and TEM increases post-depletion in progressor 

but not controller RMs. (A) Comparison of cell-associated SIV-DNA levels in naïve, 

central memory (TCM) and effector memory (TEM) CD4
+
 T cells of controllers (green, 

n=5) and progressors (red, n=10) pre- and post-depletion. (B) Correlations between 

plasma viral load and cell-associated DNA within TEM (B, C) and TCM (D,E) at pre- 

depletion and post-depletion time points. Statistical analyses were performed using 

Mann-Whitney U tests and Spearman rank correlation tests were used to analyze all 

correlations. 
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Figure 5. CD8
+
 T lymphocyte depletion is associated with greater increase in CD4

+
 

T cell activation in controllers than in progressors. Comparative frequency of Ki-67
+
 

CD4
+
 T cells within naïve, central memory and effector memory CD4

+
 T cells pre- and 

post-depletion isolated from peripheral blood (A), rectal mucosa (B) and lymph nodes 

Figure 5. CD8+ T-lymphocyte depletion is associated with greater

increase in CD4+ T-clymphocyte activation in controllers 

compared to progressors.
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(C) of progressors (red, n=10) and controllers (green, n=5). Statistical analyses were 

performed using Mann-Whitney U tests.  
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Abstract 

 

T follicular helper cells (TFH) are critical for the development and maintenance of 

germinal centers (GC) and humoral immune responses. During chronic HIV/SIV 

infection TFH accumulate, possibly as a result of antigen persistence. The HIV/SIV-

associated TFH expansion may also reflect lack of regulation by suppressive follicular 

regulatory CD4
+
 T cells (TFR). TFR are natural regulatory T cells (TREG) that migrate into 

the follicle and, similarly to TFH, up-regulate CXCR5, Bcl-6, and PD1. Here we identified 

TFR as CD4
+
CD25

+
FoxP3

+
CXCR5

+
PD1

hi
Bcl-6

+
 within lymph nodes of rhesus macaques 

(RM) and confirmed their localization within the GC by immunohistochemistry. RNA 

sequencing showed that TFR exhibit a distinct transcriptional profile with shared features 

of both TFH and TREG, including intermediate expression of FoxP3, Bcl-6, PRDM1, IL-

10, and IL-21. In healthy, SIV-uninfected RM, we observed a negative correlation 

between frequencies of TFR and both TFH and GC B-cells as well as levels of CD4
+
 T cell 

proliferation. Following SIV infection, the TFR/TFH ratio was reduced with no change in 

the frequency of TREG or TFR within the total CD4
+
 T cell pool. Finally, we examined 

whether higher levels of direct virus infection of TFR were responsible for their relative 

depletion post-SIV infection. We found that TFH, TFR and TREG sorted from SIV- infected 

RM harbor comparable levels of cell-associated viral DNA. Our data suggests that 

TFR may contribute to the regulation and proliferation of TFH and GC B-cells in vivo and 

that a decreased TFR/TFH ratio in chronic SIV infection may lead to unchecked expansion 

of both TFH and GC B-cells. 
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Introduction 

 

Several key findings over the past few years have energized efforts towards the 

development of an effective HIV vaccine, including the discovery and characterization of 

a number of broadly neutralizing antibodies (bnAbs) that develop in a subset of HIV-

infected individuals. However, the mechanisms involved in shaping antibody responses 

to immunization with HIV antigens or natural HIV infection, including the generation of 

bnAbs remain incompletely understood (133). Importantly, HIV-Env-specific bnAbs 

develop at relatively late stages of HIV infection, and show peculiar genetic and 

molecular features, including a high level of divergence from germ line predecessors, 

which indicates that they are the products of extensive somatic hyper-mutation within 

germinal centers (GCs), as well as the presence of unusually long CDR3 regions (218). 

Perplexingly, there appear to be no direct or predictable routes to the development of 

these bnAbs from the germ line predecessors, and it remains unclear whether this process 

is driven by antigenic mutations and/or escape as opposed to specific intrinsic aspects of 

the B-cell or T-helper cell response (219). A better understanding of the mechanisms 

responsible for the development of bnAbs is crucial to harness this type of immunity for 

HIV prevention and therapy in humans. 

 

T follicular helper cells (TFH) are critical for the development and maintenance of GCs 

and competition for survival signals from TFH via molecules such as CD40L and IL-21 is 
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thought to be a key mechanism of selection of high affinity B-cells (125). The regulation 

of TFH frequency and function, is vital to the quality of the humoral immune response 

(139). While the presence of too few TFH may lead to abortive GC formation and 

defective B-cell responses, an over-expansion is associated with the prevalence of 

autoantibodies (220, 221). It is possible that an expansion of TFH also lowers the selection 

pressure on GC B-cells and leads to the emergence of low-affinity B-cells (222).  

 

Several studies have shown that TFH accumulate during the chronic stages of HIV/SIV 

infection. This accumulation occurs even though these cells support high levels of viral 

replication and represent an important component of the persistent virus reservoir under 

anti-retroviral therapy (136). The chronic expansion of TFH in the case of HIV/SIV 

infection with persistent virus replication may be a direct result of antigenic persistence. 

As expected, HIV/SIV-associated expansion of TFH is associated with dysregulation of B-

cell responses with ineffective memory cell formation and hyper-gammaglobulinemia 

(137),(223). Whether and to what extent this TFH expansion is also related to a deficit in 

the physiologic regulation of specific TFH immune response within the lymph nodes 

remains unknown. However, this possibility would be consistent with the well-known 

observation that the chronic phase of pathogenic HIV/SIV infections is associated with a 

state of generalized immune activation that is resistant to the normal mechanisms of 

immune regulation. 

 

Under normal circumstances, regulation of TFH function is mediated at least in part by a 

recently described subset of CD4
+
 T cells termed T follicular regulatory (TFR) cells. 
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TFR are thought to develop from  thymic derived regulatory T cells (TREG) that express 

lineage-associated markers such as FoxP3, CD25, as well as low levels of CD127. These 

TFR migrate into the follicles of lymph nodes by virtue of their expression of CXCR5 

(and down-modulation of CCR7) and, similarly to TFH, express high levels of Bcl-6 and 

PD1 (224) (171). Of note, the role of TFR in the immuno-pathogenesis of HIV/SIV 

infections is currently unknown, both in terms of ability to negatively regulate HIV-

specific B-cell responses (including, potentially, the production of bnAbs) and to 

suppress local virus-induced immune activation. Indeed, none of the previous reports on 

TFH dynamics in the context of SIV or HIV infection have distinguished between cells 

that either do or do not co-express TREG-associated markers. Thus the TFR subset within 

the broader CXCR5
+
Bcl-6

+
PD1

+ 
is not fully characterized in the setting of HIV/SIV 

infection.  

 

In this study, we described and characterized phenotypically, histologically, and 

genomically the TFR population that is found within the GCs of rhesus macaques (RM) 

and express markers associated with both TFH and TREG cells. The hypothesis that TFR 

play a suppressive role in vivo is supported by the observation that their frequency is 

inversely correlated with both the levels of TFH and GC B-cells and the percentage of 

proliferating CD4
+
 T cells. In the setting of SIV infection, we found that TFR show a slow 

in vivo proliferative response after the initial infection and exhibit only a small increase in 

their frequency within the total CD4
+
 T cell pool during the chronic phase. In conjunction 

with the large expansion of TFH observed following SIV infection, this phenomenon leads 

to a significantly decreased TFR/TFH ratio in the lymph nodes of chronically SIV-infected 
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RM.  These data suggest that, during SIV infection, a lack of TFR expansion may allow 

for a progressive accumulation of TFH cells in the lymph nodes of chronically infected 

RM, thus indirectly contributing to the aberrant immune activation that characterizes this 

pathogenic infection. 
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Materials and Methods 

 

Animals. The study involved a total of 40 Indian origin female rhesus macaques (RM) 

divided as follows: (i) Ten healthy, unvaccinated and SIV-uninfected RM; (ii) Ten 

healthy, SIV-immunized but SIV-uninfected RM; (iii) Eleven unvaccinated SIV-infected 

animals; and (iv) Nine vaccinated and SIV-infected RM. Animals were vaccinated with a 

SIVmac239 Gag-, Pol-, and Env-expressing DNA vaccine with inactivating mutations in 

proteases, half of which also co-expressed GM-CSF. These were followed by two boosts 

of a SIVmac239 Gag-, Pol-, and Env-expressing MVA vaccine as described previously 

(225). All infections were a result of SIVsmE660 intra-vaginal challenge at 2.06X10
4
 

TCID50 grown in RM peripheral blood mononuclear cells (PBMC). Lymph node biopsies 

were collected for measurement of a number of immunological parameters at day -35 

prior to infection and days 14 and 168 after infection (i.e., acute and chronic phase, 

respectively). Spleen and lymph nodes were collected at necropsies performed at six 

months post infection.  All animals were housed at Yerkes National Primate Center at 

Emory University and were cared for in accordance with National Institute of Health 

guidelines and following protocols approved by the Institutional Animal Care and Use 

Committee. 

 

Tissue processing.  Lymphocytes were isolated from freshly obtained lymph node and 

spleens by passing homogenized tissue through a 70-µm cell strainer and lysing blood 

cells with ACK Lysis buffer. Tissue collection was performed as previously described 
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(226). Cells to be later used for sorting were cryopreserved at -80 degrees C for a short 

term in FBS media containing 10% DMSO.  

 

Immunophenotyping and flow cytometry. Multi-color flow cytometric analysis was 

performed on mononuclear cells isolated from blood and lymph nodes according to 

standard procedures using monoclonal antibodies directed against RM markers and 

human markers that also cross-react with the same markers in RM. For optimum staining 

of intra-cellular markers, permeabilization of cells using the eBioscience FoxP3-

permeabalization buffer was performed as recommended by the manufacturers. Pre-

determined optimal concentrations of the following antibodies and reagents were used: 

CD3-Alexa700 (clone SP34-2), CD4-Allophycocyanin-Cy7 (clone OKT-4), Bcl-6-

PeTexasRed (clone K112-91), Ki67- FITC (clone B56), CCR5-PE (clone 3A9), CTLA4- 

BV421 (clone BNI3) from BD, CXCR5-PerCP eFlour 710 (clone MU5BEE), PD1-

PeCy7 (clone J105), CD127-PeCy5 (clone eBio-RDR5) from eBioscience and CD20-

BV650 or PE-CF594 (clone 2H7), CD25-BV711 (clone BC96), Helios-FITC (clone 

22F6) and FoxP3-Allophycocyanin (clone 150D) from Biolegend, and Live/Dead Fixable 

Aqua from Invitrogen. Flow cytometric data were acquired using LSRII flow cytometer 

using BD’s FACS DiVA software. Acquired data were analyzed using Flow Jo 

version9.3.2 following the gating strategy described in Figure1. Further analyses were 

performed using PRISM (GraphPad) and Excel (Microsoft Office 2011) software. 

 

Cell Sorting. Cryopreserved cells were thawed in a 37 degree C water bath and rested 

overnight for 8-10 hours and then stained for sorting. Splenocytes from 5 SIV-uninfected 
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and unvaccinated RM as well as 5 unvaccinated SIV-infected animals were used for 

sorting of TFH, TFR, and TREG. Cell populations were sorted using FACS Aria II flow 

cytometer. Cells were first gated based on light scatter followed by positive gating on 

cells negative for Live/Dead Fixable Aqua and positive for CD3 and CD4. After 

collecting bulk CD4
+
 cells the following three populations were collected: TFR 

(CXCR5
+
PD1

hi
CD127-CD25

+
), TFH (CXCR5

+
PD1

hi
CD127

+/
-CD25-) and TREG 

(CXCR5
+/

-PD1
lo/int

CD127-CD25
+
).  

 

Immunohistochemistry and Confocal Microscopy. Immunohistochemstry was performed 

on 5-mm tissue sections mounted on glass-slides, which were deparaffinized and 

rehydrated with double-distilled H2O. Antigen retrieval was performed in 1xDako Target 

Retrieval Solution (pH 6.0) in a pressure cooker heating slides to 122 degrees C for 30s. 

Slides were then rinsed in ddH2O and incubated for 10 minutes using Dako Protein block.  

Slides were then incubated with rabbit anti-CD4(1:200), mouse anti-FoxP3 (1:100) and 

goat anti-PD1 (1:500) for 1 hour at room temperature. Next, slides were washed in TBS 

with 0.05% Tween-20. Slides were then incubated for an hour in the dark with secondary 

antibody cocktail containing donkey anti-rabbit Alexa 488 (1:500), donkey anti-mouse 

Alexa-594 (1:500) and donkey anti-goat Alexa 647 (1:500). After washing in TBS with 

0.05% Tween-20, Prolong Gold with DAPI was applied to all the slides. Confocal 

microscope images were obtained using Olympus FV10i® Confocal Microscope with 

CellSens® 1.9 Digital Imaging software.  
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Quantitative PCR for SIV gag DNA. Cell-associated viral DNA was measured in sorted 

cell populations from RM lymph nodes by RT-PCR as previously described(200, 227, 

228).  

 

RNA-Seq Library Preparation. Total RNA was prepared using the QIAGEN RNEasy 

Micro Kit. Libraries were generated using the CLONTECH SMARTer HV kit, barcoding 

and sequencing primers were added using NexteraXT DNA kit.  Libraries were validated 

by microelectrophoresis, quantified, pooled and clustered on Illumina TruSeq v3 

flowcell.  Clustered flowcell was sequenced on an Illumina HiSeq 1000 in 100-base 

single-read reactions. 

 

RNA-Seq Data Analysis. RNA-Seq data were submitted to the GEO repository at the 

National Center for Biotechnology Information (NCBI).  RNA-Seq data were aligned to a 

provisional assembly of Indian Macaca mulatta  (MaSuRCA rhesus assembly 

v.7_20130927) using STAR version 2.3.0e (229) (230). Transcripts were annotated using 

the provisional UNMC annotation v7.6. Transcript assembly, abundance estimates, and 

differential expression analysis was performed using Cufflinks v2.1.1 and Cuffdiff (231).  

All samples had read counts > 12000000 and unique mapping percentages in the range of 

63 – 76 %; no samples were excluded from the analysis for technical issues. 

Differentially expressed genes were defined by pair-wise comparison of each phenotype. 

Differential gene lists were uploaded to Ingenuity Pathway Analysis software (v1.0 

Ingenuity Systems, http://www.ingenuity.com/) and pathways with significant 

enrichment by Fisher’s Exact test and the Benjamini-Hochberg multiple testing 

http://www.ingenuity.com/
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correction. Heat maps and other visualization were generated using Partek Genomics 

Suite v6.6. RNA-seq data is publically available at the GEO repositories (accession 

number: GSE69756, URL: 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE69756).  

 

RT-PCR validation of RNA sequencing data. Total RNA was prepared using the 

QIAGEN RNEasy Micro Kit from sorted TFR, TFH and TREG cells. RNA quantity was 

measured using Nanodrop analysis and reverse transcribed as previously described for 

RNA sequencing. Finally, 0.1 µl of cDNA was used for real time SYBR green PCR 

analysis using an ABI 7900 HT Real-time PCR instrument (Applied Biosystems). Primer 

sequences for PCR were GAPDH: Fwd5′- GCACCACCAACTGCTTAGCAC-3′, Rev 5′- 

TCTTCTGGGTGGCAGTGATG-3′. IL2RA: Fwd5′- GGCTTCATTTTCCCACGGT-3′, 

Rev 5′- GCAGCTGGCGGACCAA-3′. IL6R: Fwd5′- TTCGGCCGGACTGTTCTG-3′, 

Rev 5′- GCACCCCATCTCCGACG-3′. SLAMF6: Fwd5′- TGG AAC ATC TCT TGC 

CTT CAT AG-3′, Rev 5′- GTT GCT GAG TTT CAG GGA GTA G-3′. SAP/SH2D1A: 

Fwd5′- CTC TGC AGT ATC CAG TTG AGA AG-3′, Rev 5′- GGC TTT CAG GCA 

GAC ATC A-3′. XIAP: Fwd 5′- GAG GAA CCC TGC CAT GTA TAG-3′, Rev 5′- GTG 

TAG TAG AGT CCA GCA CTT G-3′; PRDM1: Fwd 5′- TGT GGT ATT GTC GGG 

ACT TTG-3′, Rev 5′- GCT TGA GAT TGC TCT GTG TTT G-3′; CCL20: Fwd 5′- GCA 

ACT TTG ACT GCT GTC TTC-3′, Rev 5′- CAG CAT TGA TGT CAC AGG TTT C-3′; 

PD1: Fwd 5′- TCCTTGGCCACTGGTGTTC-3′, Rev 5′- 

CTTCTCCTGAGGGAAGGAGC-3′; IL10: Fwd 5′- AAGACCCTCAGGCTGAGGCT-

3′, Rev 5′- TCCACGGCCTTGCTCTTG-3′; IL21: Fwd 5′- 
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TGTGAATGACTTGGACCCTGAA-3′, 

Rev 5′AAACAGGAAATAGCTGACCACTCA-3′. Relative RNA transcript levels were 

calculated normalized to primer efficiency and housekeeping gene RNA (GAPDH). 

 

Statistical Analyses. Except for RNA sequencing data, all statistical analyses were 

conducted using GraphPad Prism 5.0. Comparisons of mean fluorescence intensity 

between cell populations in uninfected RM were made using Wilcoxon signed rank tests 

(Fig 2). Man-Whitney U tests were used to compare frequencies of populations in 

uninfected, acutely infected and chronically infected RM (Figure 4, 5). Spearman rank 

correlation tests were used to analyze all correlations (Figure 6). All p values less than 

0.05 were defined as significant.  
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Results 

 

TFR are distinct from TFH and TREG and can be found within lymph node GCs in RM.  

Recent studies of GC TFH have defined these cells based on their surface expression of 

the chemokine receptor CXCR5 and very high levels of the co-inhibitory receptor PD1 

(137). However, a fraction of these canonically defined TFH also express the lineage-

specific TREG marker FoxP3 and have been therefore defined as TFR as proposed in (232-

234). Here we identified CD4
+
 TFR by flow cytometry by their co-expression of CXCR5, 

PD1, FoxP3 and CD25 within lymph nodes of uninfected RM. The gating strategy used 

to define TFH, TFR, and TREG throughout this study is shown in Figure 1A.  Of note, the 

gating strategy for TREG cells includes both CXCR5
+
 and CXCR5- cells. To confirm the 

presence of TFR within GCs we conducted an immuno-histochemistry (IHC) analysis. As 

shown in Figure 1B, single cells with nuclear expression for FoxP3 and surface 

expression of and PD1 were identified with GCs of uninfected RM. These TFR can also 

be readily identified within GCs of SIV-infected RM (Fig 1C). Interestingly, several 

bonafide TREG, identified by their expression of FoxP3 and but not PD1, are visible in the 

T cell zone just outside the GC (Fig 1C). Presumably, some of these TREG migrate into 

the GC and up-regulate TFH-like markers along their differentiation pathway to TFR. 

Figure 1C also shows that, as expected, non-FoxP3 expressing "true" TFH are also seen 

within GCs of the same animals.  
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TFR express markers of both TFH and TREG differentiation. We next performed a 

comprehensive examination of the TFR phenotype in healthy, SIV-uninfected RM. As 

shown in Figure 2, our analysis of relative mean fluorescence intensities (MFI) for TFR 

markers confirmed that TFR express FoxP3 and CD25 at comparable levels to TREG 

(Figure 2A) and both CXCR5 and PD1 at comparable levels to TFH (Figure 2B). We next 

examined in TFR the expression patterns of a series of markers (i.e., CD127, CTLA4, Bcl-

6, and Helios) that have been linked to either TFH or TREG phenotype and function (133, 

235). CD127, the IL-7 receptor a-chain, is expressed at low levels on TREG in humans 

(236), (237) (238). As expected, we find that TFR express CD127 at lower levels than the 

bulk of CD4
+
 T cells, and similar or even lower levels than those observed in TREG and 

TFH (Figure 2C). CTLA4 is a key negative T cell regulator that is constitutively expressed 

on TREG and, upon ligation, induces down-modulation of cytokine production and 

inhibition of cell-cycle progression (235). Consistent with previous reports in murine 

models (224), we observed that TFR express CTLA4 at a higher frequency and MFI than 

both TREG and TFH cell populations (Figure 2D). This is consistent with a putative role of 

TFR as negative regulators of GC responses. Helios is a transcription factor expressed in 

thymus-derived natural TREG cells (239). As shown in Figure 2F, TFR express Helios at 

levels that are even higher than those observed in TREG in terms of both frequency of 

positive cells and MFI, thus suggesting that TFR originate from natural TREG in RM as 

well as in mice.  

 

Transcriptome analysis of TFR reveals a distinct but overlapping transcriptional profile 

compared to TFH and TREG. To further define the functional features of TFR in RM, we 
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next examined the transcriptional profiles of TFH, TFR and TREG using RNA-Seq by 

Illumina technology. Splenocytes from five healthy, SIV-uninfected and unvaccinated 

RM were sorted into "bulk" CD3
+
CD4

+
 T cells, TREG, TFH and TFR based on the following 

phenotypic markers: TFR (CXCR5
+
PD1

hi
CD127

-
CD25

+
), TFH (CXCR5

+
PD1

hi
CD127

+/-

CD25
-
) and TREG (CXCR5

+/-
PD1

lo/int
CD127

-
CD25

+
). In mice, TFR are derived from 

thymic TREG precursors and acquire homing markers that allow them to traffic to GCs, 

while maintaining a transcriptome and suppressive function that most closely resembles 

TREG (171, 224). To examine the transcriptional profile of TFR relative to TREG and TFH in 

healthy, SIV-uninfected RM, we first performed principal component analysis (PCA) on 

a subset of the most highly expressed transcripts detected in TFH, TREG and TFR (Figure 

3A). The transcriptomes of each subset were clearly distinct and grouped by subset, with 

TREG displaying the highest degree of intra-subset variability, and TFH and TFR subsets 

being more tightly distributed. We next compared the expression of several canonical TFH 

and TREG transcripts between the three subsets. As shown in Figure 3B-D, TFH- and TREG-

related genes showed expression patterns that behaved as predicted with genes such as 

IL-10 expressed in TFR and TREG but absent in TFH. Importantly, RNA sequencing data 

confirmed that TFR share expression of TREG signature transcripts such as FoxP3, GZMB, 

PRDM1 and IL2RA (Figure 3). However, we found that several other TREG-specific 

transcripts were expressed at lower levels in TFR than in TREG, including TRAF6, CD74, 

CCL20 and IL1R1. Similar to previous studies in mice, TFR also showed elevated 

expression of the prototypical TFH genes CXCR5, PD1/PDCD1, BCL-6, CXCL13, and 

ICOS. In fact, TFR demonstrated a peculiarly high expression of the TFH and TREG-

specific genes Bcl-6 and FoxP3, respectively. Interestingly, for several genes 
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(SH2D1A/SAP, IL-21, CXCR5, IL-10) gene expression was higher in TFR than either 

TREG or TFH, thus suggesting that the CD25
+
CXR5

+
PD1

hi
 phenotype may represent a 

more transcriptionally active population than classical TREG or TFH. This latter set of 

RNA-sequencing data provides strong evidence that TFR are indeed a distinct cell subset 

and that the somewhat hybrid transcriptional profile of TFR is not simply due to the 

sample being a mixture of TREG and TFH. Of note, elevated expression of IL-10 in TFR 

compared to TREG has been previously reported in murine studies (171).  

 

To then compare the profile of gene expression between TFR with TREG and TFH subsets 

without using any a priori information, we defined TFH and TREG expression signatures by 

statistically contrasting RNA-sequencing data from TFH and TREG with bulk CD4
+
 T cells. 

After exclusion of transcripts that had zero expression in any of the populations, a total of 

88 genes made up the combined TFH and TREG signature of which 12 genes were TREG 

related. Many, but not all, canonical TREG and TFH genes were also identified as 

significantly upregulated compared to bulk CD4
+
 T cells. The lack of statistical 

significance for some prototypical transcripts is likely due to the presence TREG and TFH 

subsets within the bulk CD4
+
 population used as a comparator sample. Nevertheless, we 

found that TFR cells show similar levels of expression of TFH signature genes such as Bcl-

6, TIGIT, CD200, LAT and BATF (Figure 3C). TFR cells also express mRNA for key 

TFH-related genes that are important for B-cell help, including IL-21, SH2D1A, CD40L 

and CD84. One notable difference between our data in RM and previously published 

mouse studies is that we observed high expression of IL-21 in TFR, suggesting that these 

cells have differential genomic and functional features in primates. As shown in 
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Supplementary Figure 2A-C, the expression patterns of IL-21, SH2D1A, SLAMF6, PD1, 

IL6R, CCL20, IL2RA, IL10, PRDM1, and XIAP were confirmed by RT-PCR 

quantification. In addiction, levels of protein expression of IL-21 by TFR , TFH, and TREG 

were also measured by flow cytometry and further confirmed the pattern observed by 

RNA sequencing and RT-PCR (Supplementary Figure 2D).  

 

SIV infection is associated with a decrease in the TFR/TFH ratio.  The dynamics of TFR in 

the setting of HIV or SIV infection have not been previously investigated, and in fact all 

published studies of TFH dynamics during HIV/SIV infection used a definition of these 

cells that included TFR as well. To study the kinetics of TFR, TFH, and TREG following SIV 

infection of RM we measured the frequency of these cells within the lymph nodes prior 

to infection, 2 weeks post infection and 6 months post infection with SIVsmE660. The 

RM included in these kinetics analyses included both unvaccinated as well as animals 

that were challenged following immunization with a SIVmac239 Gag-, Pol-, and Env-

expressing DNA vaccine (with or without GM-CSF) followed by two boosts of a SIV239 

Gag-, Pol-, and Env-expressing MVA vaccine. As previously reported, we found a 

significant increase (p<0.0001) in frequency of TFH at 24 weeks post infection (Figure 

4A). Interestingly, the frequency of TFR measured as percent of total CD4
+
 T cells also 

showed a significant (p=0.0001) increase during chronic SIV infection (Figure 4A). 

However, when the frequency of TFR is measured as percentage of total TFH, we found 

that the TFR decrease significantly at both the acute (p=0.0385) and chronic (p=0.0016) 

stages of SIV infection (Figure 4B). Accordingly, the overall ratio of TFR to TFH cells also 

decreased significantly (p=0.0018) at the week 24 post-infection time point as compared 
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to baseline (Figure 4C). The increase of both TFH and TFR as a percent of CD4
+
 T cells 

after infection is likely the result of proliferation driven by antigen-persistence as well as 

virus-mediated depletion of other CD4
+
 T cell subsets. However, the relative decrease in 

the frequency of TFR when measured as percentage of TFH suggests that the low 

frequency of these regulatory cells might contribute to the expansion and accumulation of 

TFH in chronically SIV-infected RM. Of note, we found no significant changes in TREG 

frequencies after SIV infection within the lymph nodes. To better define the kinetics of 

TFH and TFR during SIV infection we next measured the level of cell proliferation using 

the well-established marker Ki67. We observed that TFH show a significant increase in 

proliferating cells during the acute (p<0.0001) phase and chronic (p=0.0001) phase of 

infection (Figure 4D). TFR have a similar pattern of proliferation, with a significant 

increase in proliferating cells during the acute (p<0.0001) phase and chronic (p=0.0376) 

phase of infection (Figure 4D).  In contrast, the level of Ki67 expression in TREG remains 

relatively low throughout our analysis with a small significant increase (p=0.0141) during 

the chronic phase of infection (Figure 4D).  

 

Similar levels of SIV infection of TFR as compared to TFH and TREG despite higher CCR5 

expression. Several studies have shown that, during HIV and SIV infection, TFH are 

highly infected with the virus despite their relative increase within the total CD4
+
 T cell 

pool (136). While the actual in vivo lifespan of TFH, either infected or uninfected, remains 

unknown in the setting of HIV/SIV infection, the presence of a notable fraction of these 

cells expressing the proliferation marker Ki67 suggests that their number could be 

maintained through continual replenishing from precursors located outside the GC. To 



77 

 

measure the level of direct SIV infection of TFR, TFH, and TREG we sorted these 

subpopulations from the lymph nodes of a subset of our studied animals and quantified 

the levels of total cell-associated SIV-DNA by RT-PCR.   This analysis revealed that 

TFH, TFR and TREG derived from chronically SIV-infected RM all harbor comparably high 

levels of cell-associated viral DNA (Figure 5A). Interestingly, the levels of SIV infection 

were similarly high between TFR and TFH even though the surface expression levels of the 

main SIV co-receptor CCR5 were significantly higher in TFR as compared to TFH (Figure 

5B).  

 

 The frequency of TFR is negatively correlated with the number and proliferation of both 

TFH and GC B-cells. To further examine the relationship between TFR and TFH and GC B-

cells we next performed a set of correlation analyses in the RM included in this study. In 

healthy uninfected RM, the frequency of TFR (as fraction of the total TFH pool) is 

negatively correlated with the percentages of TFH (as fraction of total CD4
+
 T cells) and 

GC B-cells (as fraction of total B-cells) (Figure 6A). In addition, we found that, in the 

same animals, the frequency of TFR (as fraction of TFH) is negatively correlated with the 

level of CD4
+
 T cell proliferation as measured by Ki67 expression (Figure 6A).  

We next performed the same correlation analyses in our cohort of SIV-infected RM. The 

SIV-infected RM included in these regression analyses included both unvaccinated as 

well as animals that were challenged following immunization.  In the SIV- infected RM, 

similar to what was observed in uninfected animals, the frequency of TFR (as fraction of 

TFH) is negatively correlated with the percentages of both TFH and GC B-cells (Figure 

6B). However, the negative correlation between frequency of TFR (as fraction of TFH) and 
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the level of CD4
+
 T cell proliferation as measured by Ki67 expression is not seen in SIV-

infected RM (Figure 6B).  The negative correlation between TFR cells (as a frequency of 

TFH cells) and both TFH and GC B-cell frequencies is consistent with the hypothesis that 

TFR cells play a role in regulating TFH and GC responses under normal circumstances and 

in the setting of chronic SIV infection.  

 

Comparative analysis of the TFR transcriptome in SIV-infected and uninfected RM. 

To further define the effect of SIV infection on TFR, we next compared the transcription 

profiles of TFR that were isolated from unvaccinated chronically SIV-infected and 

uninfected RM (Fig. 7). We performed RNA-Seq analysis and transcripts that were 

significantly differentially expressed in TFR sorted from SIV infected vs. uninfected RM 

were analyzed by Ingenuity Pathway Analysis. Unsurprisingly, a large proportion of 

genes induced during SIV infection in TFR (CD3G, FOS, CD4, ZAP70, PIK3CD, 

STAT3) were components of T cell proliferation, activation of T cell effector function, 

and co-stimulatory activation (data not shown). The enhanced T cell activation was 

consistent with our observation that TFR cells express higher levels of the proliferation 

marker Ki67 compared to TREG (Figure 4D). We also observed that several genes 

implicated in pathways regulating apoptosis or cell cycle control were perturbed in SIV-

infected RMs. Of particular interest was the observation that the pro-apoptotic gene 

FASLG was >100-fold induced, while the anti-apoptotic regulator XIAP was 

significantly down-regulated. This latter finding was again validated by RT-PCR 

(Supplementary Figure 2B). Thus, while we observed a significant increase of the 

proliferation marker Ki67 in TFR after SIV infection (Figure 4D), a pro-apoptotic shift of 
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gene expression may explain why only a modest increase in TFR frequency was observed 

(Figure 4A).  

 

TFH require IL-6 signaling and STAT3 expression for differentiation and, once mature, 

produce several factors that support B-cell activation. Conversely, IL-2 receptor signaling 

drives STAT5 to activate Blimp1/PRDM1, which ultimately blocks TFH differentiation 

(240). However, TFR express both Blimp/PRDM1 and Bcl-6. Here we find that both IL-6 

and IL-2 signaling genes are enriched in TFR after SIV infection. However, several of 

these genes, such as MAPK1, are common to different cytokine signaling pathways, thus 

making it difficult to establish if SIV infection causes a shift in the TFR/TFH 

differentiation pressure. Interestingly, downstream signaling for IL-10, a regulatory 

cytokine produced by both TFR and TREG, is also enriched in TFR post infection. 

Additionally, ICOS-ICOSL signaling was also enriched in TFR post infection. These data 

suggest that TFR may be engaged in similar TFH-like cell-surface receptor-ligand 

interactions with B-cells. In addition to genes that were identified with differential 

expression without any a priori knowledge, we also examined genes with known 

function in TFR and TREG. After infection, TFR cells show a significant increase in the 

expression of PD1, IL6R, SLAMF6 and CD84, i.e., all markers associated with 

TFH differentiation and function (Figure 7B). We also found a significant decrease in 

STAT3 and IL2RA in TFR after SIV infection and a non-significant decrease in Bcl-6 

expression. Finally, as expected, we also observed several other changes in expression 

patterns of the TFH and TFR signature gene sets as we had previously determined 
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(Supplementary Figure 1). Overall, these data indicate a complex remodeling of gene 

expression in TFR following SIV infection of RM. 
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Discussion 

 

TFH cells are critical to the development of the humoral response to infections, and their 

role in the setting of HIV and SIV infection (and vaccination) is the subject of intense 

investigation. However, some aspects of the complex TFH response to HIV/SIV infection 

remain poorly understood, including (i) their role in promoting the development of 

broadly neutralizing HIV/SIV-specific antibodies, and (ii) their role in the 

immunopathogenesis of the infection. In particular, the mechanisms by which TFH 

accumulate during the chronic stage of infection despite high levels of direct virus 

infection are unclear. Importantly, a series of recent studies have shown that TFH include 

a subset of cells that are derived from thymic TREG precursors, express the classical TREG 

markers (i.e., FoxP3 and CD25 as well as low levels of CD127), and acquire TFH markers 

(i.e., PD1, CXCR5, and Bcl-6) while migrating into the GC of lymph nodes, where they 

are thought to act as regulators of the host humoral immune response. To the best of our 

knowledge this study-- together with the independently generated set of data that are 

included in the accompanying manuscript by the group of Dr. Franchini and Dr. Vaccari -

- represents the first description of the main features of TFR in a non-human primate 

species. In this work we also investigated the dynamics of this cell subset during SIV 

infection of rhesus macaques (RM). 

 

The main findings of the current study are the following: (i) TFR show distinct yet 

overlapping phenotype as compared to TFH and TREG based on a combination of flow 

cytometric, histological, and transcriptional analyses; (ii) in healthy, SIV-uninfected RM, 
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the frequencies of TFR are negatively correlated with the levels of both TFH and GC B-

cells; (iii) following SIV infection, the TFR/TFH ratio is reduced; and (iv) TFR sorted from 

SIV-infected RM harbor comparable levels of cell-associated viral DNA as compared to 

TFH and TREG. Collectively, these data indicate that while TFR closely resemble TFH in 

several biological aspects, they are also clearly distinguishable from this cell subset in 

terms of both their immunophenotype and transcriptional profile. It is therefore important 

that, in future studies of TFH, a distinction be made between TFR and true, “non-TFR” TFH 

to fully take into account the complexity of the different CD4
+
 T cell subsets that are 

present in the GC of lymph nodes.  

 

The observation that TFR express proteins typically expressed by TFH, such as CD40L, as 

well as proteins typically expressed by TREG, like IL-10 and CTLA4, is consistent with 

studies in mice showing that TFR are thymic-derived T regulatory (nTREG) cells that 

migrate into the follicle and, in a manner similar to TFH, up-regulate CXCR5, Bcl-6 and 

PD1 in a B-cell dependent manner (234). The production of IL-21 by TFR cells is an 

intriguing new finding and suggests that TFR play a more complex role in RMs than has 

been described in mice. In addition, PCA suggests that the transcriptional profile of TFR 

tend to be more similar to TFH than TREG.  Further studies are required to fully investigate 

the functional role played by TFR in RMs and, specifically, in the context of SIV 

infection. The finding that over 90% of TFR express Helios as measured by flow 

cytometry is also consistent with the nTREG origin of these cells. Importantly, these 

immunophenotypic and RNA sequencing data were complemented by histological 

analyses showing that TFR are found within GCs of both uninfected and infected RM. 
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While CD4
+
FoxP3

+
 TREG were found in abundance outside the GC, CD4

+
PD1

+
 TFH and 

CD4
+
PD1

+
FoxP3

+
 TFR were both only seen within the GC. The hypothesis that TFR play 

an immune regulatory role in vivo is supported by the observation that their frequency is 

inversely correlated with both the levels of TFH and GC B-cells. These data are consistent 

with mouse studies indicating that (i) TFR suppress TFH in vitro and prevent the outgrowth 

of non-antigen specific B-cells (171), and that (ii) TFR may inhibit antibody production 

without an effect on T cell activation, thus indicating an ability to directly regulate B-

cells(241).  

 

In the setting of in vivo SIV infection, we found that TFR exhibited only a small increase 

in their frequency within the total CD4
+ 

T cell pool. In conjunction with the large 

expansion of TFH that is consistently observed following SIV infection, the minor 

expansion of TFR leads to a significantly decreased TFR/TFH ratio in the lymph nodes of 

chronically SIV-infected RM. We confirmed this trend in the ratio of TFR/TFH cells after 

SIV infection by quantifying the number of TFH and TFR cells by immunohistochemistry 

(Supplementary Table 1). While the current set of results does not allow us to determine 

whether and to what extent the kinetics of TFH and TFR during SIV infection are 

mechanistically linked, it is conceivable that the limited TFR expansion facilitates 

progressive accumulation of TFH in chronically SIV-infected RM, thus indirectly 

contributing to the aberrant immune activation that characterizes this pathogenic 

infection. On the other hand, it is also possible that the strong proliferation of TFH and 

associated increase in PD1 expression following SIV infection hampers the development 

or differentiation of TFR as suggested (241). 
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Comparison of the transcriptional profiles of TFR cells pre and post-SIV infection showed 

a significant up-regulation of transcripts typically expressed by activated TREG including 

FOSB, FABP5, USP2 and USP13 (data not shown) (242), thus suggesting that TFR may 

be involved in the generalized immune activation associated with pathogenic SIV 

infection. Interestingly, we also observed a down regulation of several TFH and TREG 

signature genes as established by our own algorithm. This somewhat unexpected 

observation indicates that SIV infection has a complex effect on the in vivo phenotype 

and function of TFR. A better understanding of the overall contribution of TFR to the 

immunopathogenesis of AIDS, in terms of causing either the virus-associated B-cell 

dysfunction or the changes in the lymph node architecture and function, will require 

further in vitro and in vivo investigation of the suppressive effect by these TFR on the 

function of either TFH or GC B-cells. 

 

While CD4
+
 T cells are the main target for HIV and SIV infection, substantial difference 

exist between various CD4
+
 T cell subsets in terms of their relative levels of direct virus 

infection in vivo (35, 243, 244). In this study we tested the possibility that the decrease in 

the TFR/TFH ratio observed during SIV infection of RM was associated with higher level 

of virus infection in TFR as compared to TFH. However, our comparative analysis of the 

cell-associated viral burdens in sorted TFR, TFH, and TREG revealed similar levels of SIV-

DNA in the three CD4
+
 T cell subsets, even though TFR exhibited higher levels of the SIV 

co-receptor CCR5 as compared to the other two subsets. 
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In summary, the presented data provide the first comprehensive description of TFR in 

healthy, uninfected RM, as well as the first examination of the kinetics of these cells in 

the setting of pathogenic SIV infection. These results support the hypothesis that these 

cells play an important immune regulatory role in vivo, and that a relative decline of the 

TFR/TFH ratio may be involved in establishing a state of chronic immune activation in 

lymph nodes during pathogenic HIV and SIV infection.   
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Figure 1. TFR can be defined by flow cytometry and identified by confocal 

microscopy within the germinal centers of RM.  (A) Representative flow cytometry 

plot of lymphocytes from lymph nodes of untreated uninfected RM showing the gating 

strategy used to define TFR, TFH and TREG cell populations. (B) Representative confocal 

microscope image showing a single TFR within the lymph node of an uninfected RM. The 

first image shows staining for DAPI (green) and FoxP3 (red). The second image shows 

the same section with CD4 (green) and FoxP3 (red), the third PD1 (blue) and FoxP3 (red) 

and the last image CD4 (green), PD1 (blue) and FoxP3 (red). (C) Representative images 

of lymph node biopsies from SIV uninfected and acutely infected RM showing cells 

stained with CD4 (green), FoxP3 (red) and PD1 (blue) within the GC regions.  
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Figure 2. TFR share immunophenotypical features of both TFH and TREG populations.  

Mean fluorescence intensity, percent positive, representative flow cytometry plots and 

histograms (Panels A, B, C, D, E, F) for expression of various immunophenotypical 

markers (i.e., FoxP3, CD25, CXCR5, PD-1, CD127, CTLA4, Bcl-6 and Helios) among 

TREG, non- TREG, TFR and TFH populations from LN of healthy, unvaccinated and 
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uninfected RM. Non-TREG here are defined as all CD4
+
CD25-FoxP3- T 

cells.  Significance was determined by Wilcoxon signed rank tests. 
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Figure 3. RNA expression patterns confirm that TFR share TFH and TREG like 

phenotype. (A) Principal components analysis of RNA transcripts from five healthy, 

SIV-uninfected RM. Each circle represents the transcriptome of a sorted population of 
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TFH (blue), TREG (green), or TFR (red) from a single animal. (B) Expression in FPKM of 

select TFH and TREG genes in sorted populations from uninfected RM.  (C) Heat map of 

log 2 transformed gene expression of transcripts in FPKM. Transcripts represent TFH and 

TREG signature genes. The TFH gene signature was defined as transcripts that were 

significantly differentially expressed in sorted TFH compared to bulk CD4
+
 T cells. TREG 

gene signature was defined as genes that were significantly differentially expressed in 

sorted TREG compared to bulk CD4
+
 T cells. (D) Expression pattern of key TFH and TREG 

genes in sorted bulk CD4
+
 T cell, TFH, TFR and TREG populations. 
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Figure 4. Kinetics of TFR, TFH and TREG after SIV infection. (A) Frequency of TFH, 

TFR and TREG as percentage of the total CD4
+ 

T cell population within lymph nodes of 

uninfected, acutely (week 2) SIV-infected and chronically (week 24) SIV-infected RM. 

(B) Frequency of TFR as a percent of TFH within the lymph nodes of the same animals. 

(C) Ratio of frequencies of TFR to the frequency of TFH (both calculated as a percent of 

the total CD4
+
 T cell population). (D) Percent of proliferating, Ki67

+
, TFH, TFR and TREG 

within the lymph nodes of uninfected, acutely SIV-infected and chronically SIV-infected 

RM. Statistical analyses were performed using Mann-Whitney U tests.  
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Figure 5. Comparable levels of SIV infection in TFH, TFR and TREG isolated from the 

spleen of chronically SIV-infected RM. (A) Viral DNA copies per million sorted TFH, 

TFR and TREG from spleens of unvaccinated chronically SIV-infected RM. (B) Percent of 

CCR5-expressing cells among TFH, TFR and TREG in unvaccinated SIV-infected RM. 

Statistical analyses were performed using Mann-Whitney U tests. 
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Figure 6. TFR frequencies negatively correlate with TFH and GC B-cell frequencies in 

the lymph nodes of RM. Correlations between the frequencies of TFR (calculated as 

frequency of TFH) and the frequencies of TFH calculated as percent of total CD4
+
 T cells 

(left) and GC B-cells calculated as percent of total B-cells (center) and proliferating (i.e., 

Ki67
+
) CD4

+
 T cells (right) within the lymph nodes of SIV-uninfected (A) and 

chronically SIV-infected (B) RM. Statistical analyses were performed using Spearman 

rank correlation tests.  
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Figure 7. RNA expression within TFR cells in uninfected and infected RM.  

 (A) Enrichment of gene pathways in TFR derived from the lymph nodes of unvaccinated 
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SIV infected RM as compared to TFR from SIV-uninfected animals as determined by 

Ingenuity Pathway Analysis. (B) Log 2 fold change of expression of TFH and TREG related 

gene transcripts in TFR sorted from unvaccinated SIV-infected RM and SIV-uninfected 

RM. Significantly upregulated genes are in red and significantly down-regulated genes 

are in blue. 
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Supplementary Figure 1. RNA expression within T
FR

 in uninfected and SIV infected RM.

(A) Heat map of log 2 transformed gene expression of transcripts in FPKM between T
FR

 cells 

from SIV uninfected and infected RM.



99 

 



100 

 

 

 

 

 

 

 

 

Supplementary Table 1. Quantification of T
FH

 and T
FR

 cells by immunohistochemistry. 

Supplementary Table 1. Quantification of T
FH

 and T
FR

 cells by immunohistochemistry. 

Number of T
FH

 and T
FR

 cells counted per unit area within individual representative germinal centers of RM. T
FH

 cells 

were identified as CD4 +PD1+ cell and T
FR

 cells were identified as CD4 +PD1+Foxp3+ cells. 

43 4 0.093

72 6 0.083

57 6 0.105

38 2 0.052

67 6 0.089

47 5 0.106

139 4 0.028

95 4 0.042

66 3 0.045

89 5 0.056

78 9 0.115

60 7 0.116
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Abstract 

 

CD4
+
 T follicular helper cells (TFH) play a critical role in the development of class-

switched and affinity-matured antibodies by supporting germinal center (GC) B-cell 

responses. Studies of passive antibody transfer in macaques demonstrated that virus-

specific neutralizing antibodies prevent Simian-Human Immunodeficiency Virus (SHIV) 

acquisition. However, these antibodies are only rarely produced during natural infection. 

Defining novel aspects of the interaction between TFH and GC B-cells may improve our 

understanding of HIV immunology and pathogenesis. 

 

This study describes a novel lymphocyte CD3
+
CD20

+
 ‘double positive’ population in 

lymph nodes and spleen of healthy macaques. Image stream and immunohistochemistry 

experiments confirmed co-expression of these two molecules on the same cell, and flow 

cytometric and microarray analysis demonstrated that a significant subset of these 

“double positive” cells have a TFH phenotype (i.e., CD4
+
PD1

bright
CXCR5

+
ICOS

+
Bcl-6

+
), 

function (IL-21
+
IL-17-IL-2

+
/
-
IFN-g

-
), and profile of gene expression. In addition to 

CD20, DP cells also express B-cell markers such as CD79, CD21, and surface 

immunoglobulins. Importantly, expression of CD40L upon brief in vitro stimulation 

identifies DP cells that are TFH in origin vs. those of B-cell lineage. We propose that (i) 

CD3
+
CD20

+
 cells arise as a result of membrane exchange in active germinal centers after 

high-affinity contact between TFH and GC B-cells, in a process defined as trogocytosis, 

and (ii) the CD3
+
CD20

+
 phenotype may identify TFH and GC B-cells that have recently 

undergone high affinity interactions during acute HIV and SIV infections.  
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Introduction 

Vaccine design efforts in the field of HIV are currently focused on the design of 

immunogens that can elicit broadly neutralizing antibodies (94, 245, 246). While the 

appearance of bnAbs is rare and individuals that develop bnAbs do not have reduced viral 

loads, there is clear evidence that passive administration of bnAbs can prevent acquisition 

as well control replication of SHIV in rhesus macaque (RM) suggesting that pre-

existence of bnAbs in immunized individuals may be able to protect individuals from 

infection (90, 247-251). 

 

Analysis of their sequence and crystal structures has shown that bnAbs are highly 

divergent from their germline ancestors and have conserved targets of neutralization (i.e. 

CD4 binding-site, membrane-proximal region, N-linked glycans)(78, 252, 253). All 

class-switched and high-affinity antibodies are a result of the germinal center (GC) 

reaction (254). T follicular helper (TFH) cells, a key cell-type found within GCs, play and 

important role in B cell selection and survival (125, 255). Several studies have shown that 

interaction between GC B and TFH cells through numerous surface receptors such as 

ICOSL-ICOS, CD40-CD40L, SLAM-SAP are essential for the optimal development and 

survival of both these cell types (125, 132). 

 

The selection mechanisms involved in the GC are poorly understood though it has been 

suggested that competition for T cell help is the main selection mechanism (120, 123, 

256). Studies in mice have shown that B cells within a single GC are clonally restricted 



104 

 

whereas TFH cells within a single GC are not (122). TFH cells of varied specificities are 

equally distributed amongst GCs and appear to move freely between these GCs. On the 

other hand, while GC B cells are known to cycle between the light and dark zones of the 

GC they rarely leave the GC until they are fully differentiated as plasma cells or memory 

B cells. Two-photon imaging studies have shown that TFH cells are motile and make 

several contacts with various B cells in order to survey antigens displayed by the B cells 

(121-123). These points of contact between the GC B cells and GC TFH cells are 

presumably of vital importance to the selection mechanisms of the GC. 

 

Here we describe our findings on lymphocytes found within the lymph nodes of humans 

and RM that can be identified by their surface expression of both T and B cell markers. 

Such cells were present in all surveyed secondary lymphoid organs but were absent in 

peripheral blood. Extensive efforts were made to confirm that these cells were in fact 

single cells with viable nuclei to distinguish them from doublets or conjugates of dead 

cell membranes with live cells. Our data indicate these cells are enriched for TFH markers 

and GC B cell markers particularly those associated with the MHC-TCR synapse. We 

suggest that these cells are a consequence of intimate interaction between GC B cells and 

TFH cells resulting in membrane exchange between these cells. Membrane exchange or 

trogocytosis is a well-described phenomenon that has the ability to alter regulatory, co-

stimulatory or migratory ability of the cells that participate in membrane-exchange (190, 

257). Trogocytosis between GC B and TFH cells may alter the survival of GC B cells or 

the ability of TFH cells to provide survival signals and may be a significant contributing 

factor to selection of B cell clones within GCs. Cells that have undergone trogocytosis 
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have also been used to identify antigen specific cells and may be useful to identify TFH or 

B cells that have undergone high affinity interactions (258).Therefore, these single cells 

with enriched expression of TFH cell markers and several B cell markers warrant further 

investigation. 
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Materials and Methods 

 

Ethics statement. All ethical issues related to this project were evaluated and approved by 

the Institutional Bioethics and Science Committee of the National Institute of Respiratory 

Diseases in Mexico City (code B33-10). Peripheral blood and lymphoid tissue samples 

were obtained from HIV negative and HIV positive people after written consent was 

obtained. Cervical lymph nodes from HIV negative or HIV positive people were obtained 

in the Center for Research of Infectious Diseases in México under local anesthesia. 

 

Study subjects and samples. Twenty persons that had no active opportunistic infections 

by the time of sample collection were included in this study. Paired samples (blood and 

LN biopsy) were obtained from one HIV negative donor, 2 HIV
+
 with cART, and 10 

HIV
+
 without cART. Seven lymph node biopsies (no blood sample) from 7 HIV

+
 donors 

without cART were also obtained. For LNMC characterization, we obtained samples 

from individuals that had palpable LN in the cervical area and were biopsied for 

diagnostic purposes; none of the patients included in this study had opportunistic 

infections. The day of the LN biopsy, blood samples were also collected from the same 

individual to determine pVL and CD4
+
 T cell count. Characteristics of study subjects are 

listed in Table 1.Fresh PBMCs were separated from peripheral blood by density gradient 

centrifugation using Ficoll-Hypaque (Accurate, Florida, USA). LNMC were obtained 

after biopsy processing. Briefly, biopsy samples were placed in Hanks medium (Lonza, 

Walkersville, MD) and immediately transferred to the laboratory for further processing. 
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Lymphoid tissue was cut in small pieces with a scalpel and placed into GentleMACS C 

tubes (Miltenyi Biotec, Germany) containing 5 ml of HBSS (Lonza Inc, USA). Cell 

suspension was obtained by disintegration of the tissue using a GentleMACS tissue 

dissociator (Miltenyi Biotech). After cell separation, PBMCs and LNMCs were 

cryopreserved in FBS containing 10% DMSO for posterior determinations. 

 

Animals. The study involved a total of 14 Indian origin female rhesus macaques (RM).  

Peripheral blood draws and lymph node biopsies were collected for measurement of a 

number of immunological parameters. All animals were housed at Yerkes National 

Primate Center at Emory University and were cared for in accordance with National 

Institute of Health guidelines and following protocols approved by the Institutional 

Animal Care and Use Committee. RMs were infected i.v. with 1x10
3
 TCID50 of SHIV-

Ad8.  

 

Tissue processing.  Lymphocytes were isolated from freshly obtained lymph node and 

spleens by passing homogenized tissue through a 70-µm cell strainer and lysing blood 

cells with ACK Lysis buffer. Tissue collection was performed as previously described 

(226). Cells to be later used for sorting were cryopreserved for short term at -80 degrees 

C in FBS media containing 10% DMSO. 

 

Immunophenotyping and flow cytometry. Multi-color flow cytometric analysis was 

performed on mononuclear cells isolated from blood and lymph nodes according to 

standard procedures using monoclonal antibodies directed against RM markers and 
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human markers that also cross-react with the same markers in RM. Pre-determined 

optimal concentrations of the following antibodies and reagents were used: CD3-

Alexa700 (clone SP34-2), CD4-Allophycocyanin-Cy7 (clone OKT-4), Bcl-6-

PeTexasRed (clone K112-91), Ki67- FITC (clone B56), CD21-Pac Blue (clone B ly4), 

HLADR-APC from BD, CXCR5-PerCP eFlour 710 (clone MU5BEE), PD1-PeCy7 

(clone J105), CD86- PeCy5 (clone IT2.2)  from eBioscience and CD20-BV650 or PE-

CF594 (clone 2H7), CD79B-PE (clone HM47), CD40- PerCP Cy5.5 (clone 5C3) , ICOS- 

PeCy 7 (clone C3984.A), CD40L PacBlue (clone 24-31) from Biolegend, and Live/Dead 

Fixable Aqua from Invitrogen. Flow cytometric data were acquired using LSRII flow 

cytometer using BD’s FACS DiVA software. Acquired data were analyzed using Flow Jo 

version 9.3.2 following the gating strategy described in Figure1. Further analyses were 

performed using PRISM (GraphPad) and Excel (Microsoft Office 2011) software. 

 

Cell Sorting. Lymphocytes from lymph nodes of SIV-uninfected as well as were used for 

sorting of CD3
+
CD20

+
CD40L

+
 and CD3

+
CD20

+
CD40L-. Cell populations were sorted 

using FACS Aria II flow cytometer. Cells were first gated based on light scatter followed 

by positive gating on cells negative for Live/Dead Fixable Aqua and positive for CD3 

and CD20. 

 

Immunohistochemistry and Confocal Microscopy. Immunohistochemstry was performed 

on 5-mm tissue sections mounted on glass-slides, which were deparaffinized and 

rehydrated with double-distilled H2O. Antigen retrieval was performed in 1xDako Target 

Retrieval Solution (pH 6.0) in a pressure cooker heating slides to 122 degrees C for 30s. 
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Slides were then rinsed in ddH2O and incubated for 10 minutes using Dako Protein 

block. Slides were then incubated with mouse anti-CD3 (1:500) and rabbit anti-CD20 

(1:500) for 1 hour at room temperature. Next, slides were washed in TBS with 0.05% 

Tween-20. Slides were then incubated for an hour in the dark with secondary antibody 

cocktail containing donkey anti-rabbit Alexa 488 (1:500), donkey anti-mouse Alexa-594 

and (1:500). After washing in TBS with 0.05% Tween-20, Prolong Gold with DAPI was 

applied to all the slides. Confocal microscope images were obtained using Olympus 

FV10i® Confocal Microscope with CellSens® 1.9 Digital Imaging software. 

 

Imaging flow cytometry. Lymphocytes were isolated from RM spleen, mLN, sLN, and 

whole blood. Cells were washed with flow cytometry buffer (PBS, 1% bovine serum 

albumin, 0.1% sodium azide) followed by incubation for 30 minutes with fluorphore-

conjugated antibodies diluted in 50l of flow cytometry buffer to detect surface protein 

expression. Cells were washed with flow cytometry buffer and treated with BD 

Cytofix/Cytoperm for 17 minutes. Cells were washed with BD Perm/Wash buffer and 

stained intracellularly with DAPI (4’,6-Diamidino-2-Phenylindole Dihydrochloride, Life 

Technologies) followed by fixation with 1% paraformaldehyde.  

 

Data was collected at 60x with an extended depth of field filter on an ImageStream
X
 

imaging flow cytometer equipped with INSPIRE software (Amnis, EMD Millipore). 

Image analysis was performed using IDEAS software (Amnis, EMD Millipore). 

Expression of CD3 and CD20 was assessed on focused (brightfield gradient RMS), single 

(brightfield aspect ratio vs. area), live (DAPI aspect ratio vs. intensity) cells. 
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Statistical Analyses. Except for RNA sequencing data, all statistical analyses were 

conducted using GraphPad Prism 5.0. Man-Whitney U tests were used to compare 

frequencies of lymphocyte populations in RM and humans (Figure 1 and 5). Spearman 

rank correlation tests were used to analyze all correlations (Figure 2). All p values less 

than 0.05 were defined as significant. 
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Results 

 

A distinct population of CD3
+
CD20

+
 cells can be found within secondary lymphoid 

organs of Rhesus Macaque. We identified a population of cells within secondary 

lymphoid organs of rhesus macaque that express both CD3 and CD20 on the cell surface 

(Fig 1A). These cells are found at varying frequencies within different secondary 

lymphoid compartments in uninfected RM with the highest frequencies in spleen and 

mesenteric lymph node and negligible frequency in peripheral blood (Fig 1B). In order to 

insure these ‘double positive’ CD3
+
CD20

+
 where single cells extensive and conservative 

singlet gates were drawn during flow cytometric analysis (Supplementary Fig 1). 

Additionally, EDTA dissociation was performed during processing of all lymphocytes to 

dissociate any cell-cell conjugates. To insure these CD3
+
CD20

+
 cells were viable we 

performed Annexin staining. Indeed, these cells did not have any higher levels of 

apoptosis than the CD3
+
CD20- T cells or CD20

+
CD3- B cells as indicated by the 

comparable levels of annexin staining (Supplementary Fig 1). An extensive analysis of 

lymphocytes derived from spleen of RM was performed using ImageStream technology 

to further confirm that these cells were indeed single cells with viable nuclei. The top 

panel in Figure 1C depicts cells with CD3
+
 surface membranes with some CD20 

expression while the bottom panel depicts cells that are likely B cell in origin with some 

CD3 expression on the surface. We hypothesized these ‘double positive’ cells arise as a 

consequence of intimate contact between T and B cells likely occurring within germinal 

centers (GCs) of secondary lymphoid organs. This hypothesis is supported by the 
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observation that these ‘double positive’ cells are found at significantly higher frequencies 

in lymph nodes and spleen than in peripheral blood. Immunohistochemistry analysis on 

lymph nodes of RM was used to visualize several CD3
+
CD20

+
 cells within lymph nodes 

of RM (Fig 1D). Further, T and B cells can be seen in intimate contact, which may be the 

initiation of membrane exchange. We found that inclusion of doublets, dead cells and no 

treatment with EDTA resulted in higher numbers of CD3
+
CD20

+
 cells (Supplementary 

Fig 1). Live or dying lymphocytes with fragments of membranes from other dying B cells 

attached to them are likely to account for the increased numbers of  ‘double positive’ 

cells that are found as such. 

 

 

CD3
+
CD20

+
 cells in secondary lymphoid organs have enriched expression of TFH 

associated markers. We hypothesized that these ‘double positive’ cells appear as a result 

of membrane exchange, or trogocytosis, between T and B cells. Their location within 

GCs, as demonstrated by immunohistochemistry, supports this hypothesis, as GCs are the 

site of intimate and frequent contact between T and B cells- more specifically, TFH cells 

interacting with GC B cells. TFH cells play a vital role in development of GC B cells by 

providing survival and selection signals to them (ref). We wanted to determine whether 

CD3
+
CD20

+
 cells had any TFH like qualities. TFH cells are commonly identified by their 

expression of CD4, CXCR5 and high levels of PD1. Indeed, analysis of CD3
+
CD20

+
 

revealed an enrichment of cells with a TFH phenotype (Fig 2A). There is even a 

significant positive correlation between the TFH cells within the typical CD4
+
 T cell 

population and the TFH cells within the CD3
+
CD20

+
 population (Fig 2B). In addition, TFH 
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cells express high levels of ICOS and are positive for Bcl6 and CD40L expression. A 

higher frequency of CD3
+
CD20

+
 cells expressed CXCR5, PD1 and ICOS than in non-TFH 

cells or bulk CD4
+
 T cells (Fig 2C). Similarly, BCl6, which is a key transcriptional factor 

for both TFH cells and GC B cells, is expressed on a higher frequency of CD3
+
CD20

+
 

cells than non-TFH cells or bulk CD4
+
 T cells (Fig 2C).  Upon in vitro stimulation, CD4

+
 

T cells almost universally up-regulate CD40L expression, an important co-receptor used 

to provide ‘help’ to B cells. Again, nearly half the CD3
+
CD20

+
 cells express CD40L, 

unlike CD20
+
CD3- B cells (Fig 2C). Functionally, TFH cells are defined by their 

production of IL-21. Further, unlike Th17 cells TFH cells do not produce significant 

amounts of IL-17. We found that CD3
+
CD20

+
 have an almost identical cytokine profile 

as TFH cells (Fig 2D). Following in vitro stimulation, on average, 20% of CD3
+
CD20

+
 

cells produce IL-21 but no IL-17 compared to 30% of TFH cells further demonstrating the 

enrichment of cells of TFH phenotype with the CD3
+
CD20

+
 population. Of note, typical B 

cells produce no IL-21 or IL-17. This enrichment of cells with a TFH characteristic within 

the CD3
+
CD20

+
 populations support the hypothesis that these cells arise as a 

consequence of trogocytosis within germinal centers. 

 

CD3
+
CD20

+
 cells express several B cell surface markers associated with the TCR-MHC 

synaptic complex. Trogocytosis is the exchange of fractions of membrane and therefore 

often results in the uptake of multiple surface molecules (190). Trogocytosis is also 

usually initiated at the immunological synapse and has been demonstrated in T cell, B 

cells, dendritic cells and natural killer cells (187, 259-262). We therefore hypothesized 

that CD3
+
CD20

+
 cells would express multiple B cells molecules, especially molecules 
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involved in the immunological synapse between TFH cells and GC B cells. We analyzed 

the levels of expression of B cell surface markers HLA DR, CD86, CD40, CD79, IgD 

and CD21 (Fig 3A). For each marker, a higher percentage of CD3
+
CD20

+
 cells express 

the marker than traditional CD4
+
 T cells. Notably, conventional TFH cells also have CD20 

and CD21 expression at higher MFI than non-TFH CD4
+
 T cells (Fig 3A). Interestingly, a 

majority of CD3
+
CD20

+
 cells express HLA DR on their surface. Activated antigen-

mature cells initiate trogocytosis and RM CD4
+
 T cells are known to up-regulate HLA 

DR upon activation. As an MHC molecule, HLA DR is part of the immunological 

synapse between T and B cells which further making it a likely candidate to be 

exchanged upon trogocytosis. Conversely, CD79B, a part of the B cell receptor complex 

is expressed only on about 16% of the ‘double positive’ cells, perhaps because the BCR 

complex is distal to the synaptic complex between T and B cells. Similarly, IgD, a BCR 

molecule and expressed largely on naïve B cells is exchanged infrequently- only 17% of 

CD3
+
CD20

+
 cells express IgD on their surface. 

 

CD40L surface expression identifies cells of TFH origin within CD3
+
CD20

+
 population. 

In vitro stimulation of RM lymphocytes leads to an upregulation of CD40L on CD4
+
 T 

cells, including TFH cells, but not on CD20
+
 B cells. We found that approximately 50% of 

CD3
+
CD20

+
 cells (Fig 4A) also upregulate CD40L following in vitro stimulation. We 

analyzed CD3
+
CD20

+
 cells that upregulate CD40L and found them to be more TFH-like, 

expressing higher levels of CXCR5 and IL-21 than CD3
+
CD20

+
 that did not upregulate 

CD40L (Fig 4A,B). To further confirm the CD4
+
 T cell and TFH origin of 

CD3
+
CD20

+
CD40L

+
 cells we performed a gene set enrichment experiment on 
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CD3
+
CD20

+
CD40L

+
 cells with a published TFH cell gene set and found a significant 

positive enrichment (Fig 4C). Thus, CD3
+
CD20

+
 cells are comprised of a mixture of B 

cells that have acquired T cell membrane molecules and TFH cells that have acquired B 

cell membrane markers. Finally, these data show that CD40L upregulation, following in 

vitro stimulation, can be used to identify CD3
+
CD20

+
 cells of T cell origin. 

 

CD3
+
CD20

+
 cells increase in frequency following SHIV infection. In order to more 

closely study the kinetics of CD3
+
CD20

+
 cells in acute SIV/SHIV infection, lymph node 

biopsies were taken at day 14 prior to infection and at days 7, 14 and 21 post infection 

from RMs infected i.v. with 1x10
3
 TCID50 of SHIV-Ad8. Following SHIV infection there 

is a significant increase in the frequency of CD3
+
CD20

+ 
cells at 7 and 21 days post 

infection (Figure 5). This is in agreement with the increased occurrence of trogocytosis 

by activated cells at sites of immune activation as well as the large increase in frequency 

of both TFH and GC B cell numbers after infection (188).  

 

CD3
+
CD20

+
 population can be found within human lymphoid organs and reflect 

phenotype of CD3
+
CD20

+
 population in RM. The macaque and human immune systems 

are extremely well conserved (35, 263, 264). Nevertheless, we wanted to confirm the 

presence of a CD3
+
CD20

+
 lymphocyte population in humans. Lymph nodes and PBMCs 

from HIV
+
 patients were analyzed and CD3

+
CD20

+
 cells in humans were found to reflect 

all aspects of the macaque ‘double positive’ population (Fig 6).  As in macaque, human 

peripheral blood contains negligible numbers of CD3
+
CD20

+
 cells (Fig 6A). 

Interestingly, patients undergoing combined anti-retroviral therapy (cART) and an 
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uninfected human had lower frequencies of CD3
+
CD20

+
 cells in LN compared to HIV

+
 

untreated patients (Fig 6B).  
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Discussion 

 

Germinal centers within lymph nodes are the site of proliferation and selection of high 

affinity B cells that develop into memory B cells and plasma cells (256). Within GCs, T 

and B cells are in close contact as B cells depend on survival signals from TFH cells. GC 

B cells present antigen to CD4
 
T cells that results in the formation of an immunological 

synapse. While T and B cells are conjugated, membrane fragments, including 

MHC:peptide complexes, can be exchanged between T and B cells (257, 265, 266).  

Membrane exchange or trogocytosis between T and B cells following immunological 

synapse formations has been described previously (259, 262). In this paper we have 

shown that lymphocytes that express surface markers of both T and B cells can be found 

within secondary lymphoid organs of primates. We were able to confirm the anatomical 

location of these cells by performing immunohistochemistry on lymph node biopsies of 

RMs.  Confocal microscopy images demonstrate conjugates of T and B cells inside the 

GC and several cells with marked transfer of membranes (Figure 1). We hypothesize that 

these ‘double positive’ cells arise as a consequence of the frequent contact that occurs 

between TFH and GC B cells within germinal centers. These ‘double positive’ cells are 

most likely a mix of TFH cells and B cells as indicated by their intermediate levels of 

expression of several key TFH and GC B cell markers (Fig 2 and 3). Further, ImageStream 

analysis also revealed that ‘double positive’ cells are more often T cells rather than B 

cells (Figure 1). This is agreement with the fact that GCs are sites of pronounced B cell 

apoptosis as a result of undergoing active selection in response to infectious agents (267). 

We were also able to sort CD3
+
CD20

+
 cells that upregulate CD40L following in vitro 
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stimulation and gene set enrichment analysis revealed that these cells were of T cell 

origin and were enriched for a TFH gene signature. Thus, in CD40L expression on the 

surface can be used to distinguish CD3
+
CD20

+
 cells of T cell origin from those of B cell 

origin. Finally, in both SIV infected macaques and untreated HIV infected humans we 

found a higher frequency of these CD3
+
CD20

+
 cells (Figure 5 and Figure 6B).  

 

 

It is unclear what the consequence of such membrane exchange might be on these cells. It 

can be expected that the acquisition or loss of self-cell molecules may alter survival as 

well as function of these cells. Acquisition of co-stimulatory molecules may lead to 

continued activation and survival signaling (191, 268). With the acquisition of 

peptide:MHC molecules, TFH cells may act at antigen presenting cells (269). Recent 

studies using two-photon imaging of germinal centers has shown that GC B cells are 

motile and form stable GC-T cell contacts. GC T cells, likely TFH cells, were also seen to 

carry fragments of B cells on them several minutes after their interaction with GC B cells 

(122). Most contacts appeared to be of short duration with a small percentage of 

interactions lasting more than 10 minutes. GC T cells were seen picking up, carrying 

fragments from dead B cells, and continuing to interact with other B cells. TCR analysis 

would reveal whether these ‘double positive’ cells have a restricted TCR repertoire. TFH 

cells that have undergone trogocytosis can therefore potentially be used to identify 

activated, antigen-specific and even high-affinity TFH cells(122, 258). Analysis of these 

cells following immunization may facilitate SIV/SHIV immunization studies. 

 



119 

 

 

Table 1 

 

Paired samples (PBMC and LNMC) 

  GENDER AGE pVL Log 
pVL 

CD4 % CD4 CD8 % CD8 CD4:CD8 cART COMMENTS 

G-FASS M 36 NA NA 970 39 522 21 1.86 NA HIV neg 

G101 M 35 40 1.6 102 10 547 53 0.186 YES 41 months 
with ART 

G104 M 26 104 2.02 398 26 659 46 0.6 YES 1 month 
with ART 

G102 M 49 3520
55 

5.55 363 19 1208 63 0.3 NO   

G109 M 19 1244
05 

5.09 539 4.37 436 30 1.23 NO   

G110 M 25 1410
5 

4.15 606 24 1316 52 0.46 NO   

G-SES M 44 2131
73 

5.33 425 17 1407 57 0.3 No   

G115 F 33 9260
25 

5.97 351 17 884 44 0.4 NO   

G 121 M 45 1763 3.25 774 31 1392 56 0.56 NO   

G90 
JMQV 

M 48 1338
54 

5.13 415 10 3271 80 0.13 NO   

G91 
BSB 

F 18 1233
1 

4.09 566 24 1308 55 0.43 NO   

G86 
RPP 

M 21 2095
18 

5.32 462 19 1445 59 0.32 NO   

G126 
CGGM 

M 23 1336
07 

5.13 507 28 891 50 0.57 NO   

LNMC only 

  GENDER AGE pVL Log 
pVL 

CD4 % CD4 CD8  % CD8 CD4:CD8 cART COMMENTS 

G-DJQP M 29 6158
6 

4.79 406 25 876 54 0.46 NO   

G-
JGVM 

M 21 3584
7 

4.55 258 20 621 49 0.41 NO   

G-
VABD 

M 26 7162
1 

4.86 841 30 1303 46 0.65 NO   

G-
GEMD 

M 43 4481 3.65 548 18 1848 60 0.3 NO   

G-
ODMCC 

M 52 2565
9 

4.41 501 25 1042 52 0.48 NO   

G47 
JISV 

M 29 5848
1 

4.77 423 18 1379 59 0.31 NO   

G60 
OAAM 

M 25 6776
4 

4.83 721 21 1471 44 0.61 NO   
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Figures  

 

 

Figure 1. A distinct lymphocyte population identified by the expression of CD3 and 

CD20 on the cell surface is found in secondary lymphoid organs. (A) Representative 

flow cytometry plot showing live lymphocytes from rhesus macaque. CD3
+
CD20

+
 cells 

are found in lymph nodes but are absent in peripheral blood. (B) Tissue distribution of 
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CD3
+
CD20

+
 cells within various secondary lymphoid organs of RM. (C) ImageStream 

analysis of live lymphocytes derived from RM spleen. (D) Representative 

Immunohistochemistry image showing CD3 (red) and CD20 (green) cells within RM 

lymph nodes. White arrows indicate point to CD3
+
CD20

+
 cells. The top right panel 

depicts a T cell (red) in close contact with a B cell (green) and the bottom right panel 

shows a single T cell (red) with CD20 (green) on its surface.  
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Figure on previous page.  

Figure 2. CD3
+
CD20

+
 cells in secondary lymphoid organs have enriched expression 

of markers associated with TFH cells. (A) A representative contour plots depicting PD1 

and CXCR5 expression on lymph node derived lymphocytes. (B) Correlation between the 

frequency of TFH cells within the CD4
+
 T cell population and the frequency of TFH within 

the CD3
+
CD20

+
 population. (C) Cumulative dot plots show relative expression of TFH 

phenotype markers CXCR5, PD1, ICOS and BCl6 in CD4
+
 T cells, Non TFH CD4

+
 T 

cells, TFH cells, CD3
+
CD20

+
 cells, germinal center B cells and CD20

+
CD3- B cells.  (D) 

Representative flow cytometry plot (D) and cumulative dot plot (E) showing production 

of IL-21 and IL-17 by lymph node derived lymphocytes following 4 hour stimulation 

using PMA and ionomycin.  
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Figure 3. CD3
+
CD20

+
 cells express several B cell surface markers associated with 

the TCR-MHC synaptic complex. (A, B) Histogram of relative CD20 expression on 

TFH cells, Non- TFH cells, CD3
+
CD20

+
 cells and CD20

+
CD3- B cells. (C) Representative 

cumulative dot plots showing expression levels of HLA-DR, CD79b, IgD, CD21, CD86 

and CD40 on the same populations.  
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Figure 4. CD40L surface expression identifies cells of TFH origin within CD3
+
CD20

+
 

population. (A) Representative flow cytometry plot shows CD40L expression within 

CD3
+
CD20

+
 cells. (B) Representative histograms showing relative expression of TFH 

markers CXCR5, and IL-21 on CD40L
+
 and CD40L- CD3

+
CD20

+
 cells. (C) Gene 

enrichment plot of TFH genes on CD3
+
CD20

+
CD40L

+
 sorted population. 
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Figure 5. CD3
+
CD20

+
 cells increase in frequency following SHIV infection. 

Frequency of CD3+CD20+ cells as a percent of parent populations within lymph nodes 

of SHIV infected RM.  
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Figure 6. CD3
+
CD20

+
 population can be found within human lymphoid organs and 

reflect phenotype of CD3
+
CD20

+
 population in RM.  (A) Representative flow 

cytometry plot (A) and scatter plot (B) showing frequency of CD3
+
CD20

+
 in HIV 

infected human lymphocytes derived from peripheral blood and lymph node. In the 

scatter plot, orange indicates lymphocytes from ART treated humans and green indicates 

lymphocytes from an HIV uninfected human. (C, D) Representative histograms and 

cumulative dot plots depicting relative levels of expression of TFH and B cell markers on 

human lymph node derived lymphocyte populations.  
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Supplementary Figure 1. Representative flow cytometry plot showing (A) gating 

strategy used to identify CD3
+
CD20

+
 cells, (B) singlet and doublet gating, (C) gating on 

live and dead cells, (D) EDTA treated and untreated lymphocytes. (E) Annexin staining 

on live singlet gated lymphocyte populations within lymph nodes of RM.  
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Supplementary Figure 2. Representative image of (A) doublets and cell-cell conjugates 

and (B) single cells with live nuclei within RM lymph nodes identified by ImageStream 

analysis.  
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Supplementary Figure 3. Histograms showing relative expression of TFH surface 

markers CXCR5, PD1, ICOS, BCl6 and CD40L and cytokine production of IL-21 on TFH 

cells, non-TFH cells, CD3
+
CD20

+
 ‘double positive’ cells and CD20

+
CD3

-
 B cells.  
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Chapter Five: Discussion  

 

Over the last three decades a global research effort has led to remarkable advancements 

in the understanding of HIV viral pathogenesis and expanded our understanding of 

human immunology. Nonetheless, HIV, with its beguiling diversity and ability to co-opt 

the immune system, has continually mounted significant challenges to researchers. 

Today, researchers are refocusing efforts to develop an efficient, safe and easily scalable 

strategy to finally stop the spread of HIV. Several aspects of the host immune response to 

HIV/SIV still need to be fully understood before this goal can be achieved. 

 

Although, ultimately ineffective, the immune system mounts a robust response to HIV 

infection. In fact, the continued immune activation leads to much of the severe pathology 

seen in chronic infection. In my research here I have focused on studying three main 

aspects of the immune response I the context of SIV i) the contributions of CD8 mediated 

virus control, ii) regulation within germinal centers (GCs) and the cell types involved, 

and iii) a previously unknown occurrence of lymphocytes with surface expression of both 

T and B cell markers. These findings contribute to a better understanding of the complex 

immune dynamics in the context of SIV infection.  
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Using the model of antibody mediated CD8 depletion we examined the role of CD8 T 

cells in mediating viral control. Our first finding was that CD8 depletion led to a fold 

increase in viral load that was inversely correlated with pre-depletion viral load. In 

controllers we saw, on average, a 5000-fold increase in viral load while progressors only 

had an increase of around 150 fold. This data conclusively demonstrates that CD8 T cells 

play a vital role in controlling virus replication in controllers. Interestingly, after the 

initial explosion following depletion, viral loads in controllers showed a downward trend 

such that at necropsy (between 3 to 14 days after depletion) controllers once again had 

lower viral loads than progressors. This is likely due to the fact that antibody-mediated 

depletion of CD8s is only temporary and some CD8 T cells begin to reappear within a 

week after depletion. 

 

T-bet regulates differentiation of CD8 T cells into short-lived effector cells and activates 

production of IFN-G and cytotoxic molecules (212, 270-272). Further, higher expression 

of T-bet is correlated with improved control of viral infection. Previous studies have 

reported that in HIV infected elite controllers, HIV specific CD8 T cells have high T-bet 

expression (216) while in chronic HIV patients, CD8 T cells have low levels of T-bet 

expression (214). We also found that the level of T-bet expression on pre-depletion CD8 

T lymphocytes best predicts the post-CD8 depletion increase in viremia. However, we 

did not see any correlations between T-bet expression on SIV-specific cells and plasma 

viral load. It is somewhat surprising that we find controllers, with lower viral load to have 

lower CD8 T cells T-bet expression pre-depletion. It is possible that the high level of T-

bet expression seen in progressors is a result of high viremia and indicates the activation 
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as a consequence of antigenic persistence. A large number of NK cells in macaques 

express CD8 and the CD8 depleting antibody therefore depletes them (200). In NK cells, 

T-bet regulates sphingosine-1 phosphate receptor 5 (SIP5) that regulates NK cell 

differentiation in the BM (273). Just as in CD8 T cells, T-bet and Eomes also play 

reciprocal roles in NK cell development and are important for the maintenance of two 

distinct lineages (274). We found that pre-depletion T-bet expression on NK cells in 

lymph nodes was also positively correlated with viral load at necropsy.  

 

After depletion, we found an increase in viral DNA in all CD4 T cell subsets in 

progressor RMs. However, in the controllers we found a decrease in cell-associated viral 

DNA in central memory CD4 subset in 4 out of 5 controller RM. This suggests that in 

controllers, CD8 T cells extend different levels of control over different CD4 T cell 

subsets, potentially different transcriptional control. This could also suggest a change in 

the activation state or number of TCM cells in controller RM in the face of increased viral 

load. Unsurprisingly, we also found an increase in activation status as measured by Ki-67 

expression in all CD4 T cell subsets. However, the increase in Ki-67 expression was 

significantly higher in control RM than in progressor RM, concomitant with the higher 

fold increase in viral load seen in the controller RM. Presumably, progressors with higher 

levels of viremia pre-depletion already had high levels of activation and therefore only 

saw a modest increase in CD4 T cell activation post-depletion. Overall, these data are in 

agreement with previous reports suggesting CD8 T cells mediate significant control via 

non-cytolytic mechanisms.  
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In my second research project, I analyzed a subset of regulatory T cells found within GCs 

called T follicular regulatory (TFR) cells. TFR cells are a distinct population that can be 

identified within GCs of RM that in addition to expressing the key TFH surface and inter 

cellular markers also express Foxp3 the master regulator of TREG cells. Unfortunately, 

previous studies on TFH cells have failed to distinguish between the TFR and TFH cells 

within the lymph node. On the subject of TREG cells, studies often have contradictory 

results that are to a large extent due to the lack of consistency of markers used to define 

the population. In our study, we used both CD25 and Foxp3 to identify the regulatory 

populations- TREG and TFR cells. In depth flow cytometry phenotyping confirmed their 

low expression of CD127 and high expression of Helios, another transcriptional 

regulator, strengthening out identification of the populations (176). We sorted bulk CD4 

T cells, TFH, TREG and TFR populations and performed RNA sequencing to confirm their 

distinct yet overlapping phenotype of TFR cells. Although they share a large number of 

surface markers with TFH cells, studies in mice have shown that TFR cells differentiate 

from TREG cells.  

 

Following SIV infection, we find an increase in the frequency of TFH and TFR cells within 

lymph nodes of SIVmac251 infected RM. However the relative increase in the numbers 

of TFH cells is not matched by a similar increase in TFR cell frequency resulting in a 

reduced TFR to TFH ratio in chronically infected RM. This reduced ratio may, in part, 

explain the high rate of proliferation seen in TFH cells and the ultimate accumulation of 

TFH cell s. Further, studies in mice have emphasized the importance of the TFR to TFH 

ration over just the number of TFH cells in determining GC outcome (241). 
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We also looked at the level of infection within TFH, TFR and TREG populations and found 

comparable high levels of SIV DNA. While TFH cells are known to harbor high numbers 

of virus, the finding that TFR and TREG populations in lymph nodes also harbor similar 

levels of virus is surprising. Interestingly, we found that while both TFH and TREG cells 

have low surface expression of CCR5, a significantly higher frequency of TFR cells 

express CCR5. Previous studies provided little consensus on the extent to which TREG 

cells are susceptible to HIV infection and whether or not they serve as a reservoir of virus 

replication. Early in vitro studies showed that TREG are highly susceptible to infection 

although these findings were not supported in vivo. In our data, we found that in both TFR 

and TREG within lymph node harbor high levels of virus suggesting that TFH cells serve 

are not the only major reservoir of virus within lymph nodes in chronically infected RM.  

 

We found increased levels of transcripts associated with immune activation in all three 

populations following SIV infection. These data emphasize the importance of regulation 

of immune activation and the apparent inability of TREG and TFR cells to regulate immune 

activation in chronic SIV infection. Studies in mice have demonstrated that TFR cells are 

able to control the proliferation of TFH cells and suppress the outgrowth of non-antigen 

specific B cells. While we were unable to perform in vivo experiments to demonstrate the 

regulatory capability of TFR cells, we were able to find a negative correlation between the 

frequencies of TFR cells and the frequencies of GC TFH cells and GC B cells. We also 

found a negative correlation between the frequency of TFH cells and proliferating CD4 T 
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cells within lymph nodes. These findings seem to support the regulatory role played by 

TFR cells in the dynamic control of both TFH and GC B cell populations.  

 

TFR cells may play a beneficial role by controlling TFH proliferation and activation 

ultimately maintaining selective pressure on GC B cells and controlling virus replication. 

In addition to TFH cells, TFR cells may directly control proliferation and survival of GC B 

cells and may also impact the differentiation of GC B cells to plasma cells or memory B 

cells. The study of TFR cells with special attention to their relative ratio to TFH cells, in 

RM and other non-human primates is therefore essential to the through understanding of 

germinal center responses especially in the context of vaccine design and development.  

 

My third research project focused on a previously unknown population of lymphocytes 

that have dual expression of T and B cell markers. The GC is the site of intense 

proliferation and is tightly packed with activated T and B cells. Activated T and B cells 

are capable of membrane exchange resulting in the swapping of intact proteins, known as 

trogocytosis. We discovered single, viable cells within lymph nodes of both non-human 

primates and humans that express T and B cells markers on their cell surface. This 

population was only found within secondary lymphoid organs and not in the peripheral 

blood. This likely reflects the high density of T and B cells within lymph nodes and the 

high number of interactions between these cells that occur at these sites. Confocal 

microscopy images further confirmed their localization within GCs. To ensure we were 

analyzing single, viable cells, we used stringent gating techniques and treated our 

samples with EDTA to dissociate any conjugates. We were able to confirm that these 
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cells were in fact single cells by ImageStream analysis. The GC is also the site for 

abundant B cell death and correspondingly, we did find several T cells with blebs of B 

cell membrane attached to them. We were careful to exclude any such conjugates from 

our analysis.  

 

Trogocytosis is initiated at the immunological synapse (262). The immunological 

synapse between T and B cells consists of the TCR molecule, cognate peptide:MHC II 

complex and several accompanying co-stimulatory and adhesion molecules. Accordingly, 

we found CD3
+
CD20

+
 cells to express several B cell surface markers associated with the 

TCR-MHC synaptic complex. Interestingly, molecules distal from the synapse such as 

BCR and CD79 were rarely found on CD3
+
CD20

+
 cells. We also found that a large share 

of ‘double positive’ cells within lymph nodes is enriched for TFH associated markers. In 

fact, TFH cells are the ideal candidates to undergo trogocytosis. Intravital two-photon 

imaging has shown than TFH cells are extremely motile and quickly sample several B 

cells before forming longer interactions with a few cognate B cells (121). It is possible 

that following such sustained, high affinity contacts, TFH cells acquire some of the B cell 

membrane along with key B cell markers via membrane exchange. Both flow cytometry 

and ImageStream analysis revealed that CD3
+
CD20

+
 cells were in fact a mixed 

population with some cells of T cell origin and some of B cell origin. We sorted in vitro 

stimulated CD3
+
CD20

+
 cells based on CD40L expression and found that 

CD3
+
CD20

+
CD40L

+
 cells were enriched for a TFH gene signature. CD40L surface 

expression can therefore be used to differentiate cells of TFH cell origin from those of B 



140 

 

cell origin. Similar CD3
+
CD20

+
 population can also be found within human lymphoid 

organs and reflect phenotype of CD3
+
CD20

+
 population in RM.  

 

While it is clear that these single cells do capture and then present molecules from other 

cells, the stability and functional significance of this is as yet unknown. Further, we were 

unable to maintain these cells in vitro although this may be a result of our inability to 

replicate the lymph node environment and architecture in vitro. Lymphocytes that have 

undergone trogocytosis within GCs such as the ones we have identified may be an 

effective way to identify T and B cells that have recently undergone sustained 

interactions. By isolating or tracking these cells we may be able to learn more about the 

specificity and fate of B cells that have likely received survival signals from cognate TFH 

cells. Further study of lymphocytes that have undergone trogocytosis, especially in the 

context of HIV/SIV infection may reveal additional means to identify antigen specific 

and activated cells at the site of immune activation or inflammation. 

 

Conclusion 

 

The research findings presented here provide strong evidence for the protective role 

played by CD8 T cells in efficiently suppressing virus. Recent efforts to understand the 

complex dynamics within germinal centers following infection or immunization have 

paid significant attention to T follicular helper cells. Here, I have provided a detailed 

analysis of T follicular regulatory cells within germinal centers and found evidence that 

supports their regulatory function. It is important that future studies on germinal center 
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responses distinguish between T follicular helper cells and T follicular regulatory cells. 

Finally, I have provided evidence of a lymphocyte population within lymph nodes of both 

humans and rhesus macaque that have surface expression of T and B cell markers. This 

population of cells may provide a simple technique to identify activated and strongly 

interacting cells following immunizations. In all, these finding contribute to the further 

understanding of the complex immune response to S/HIV.  
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