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ABSTRACT 
 

 
INFLUENCE OF REGULATORY AND IL-17-SECRETING T CELLS IN THE 

PATHOGENESIS OF SIV INFECTION 
 

 
PRAGATI NIGAM 

 
 
 
 Pathogenic HIV/SIV infections are characterized by severe CD4+ T cell 
depletion, hyperimmune activation and damage to gastrointestinal tract resulting in 
immune dysregulation. Understanding the early events at the site of virus exposure are 
critical to determine immune correlates for virus control and disease progression. CD4+ 
regulatory cells (Tregs) may influence viral control and disease progression by 
suppressing anti-viral immunity. However, these cells are infected and killed very early 
following SIV infection. Here, we demonstrate that pathogenic SIV infections utilize a 
novel immunosuppressive mechanism wherein they induce rapid expansion of CD8+ 
Tregs with suppressive capacity in colorectal tissue, one of the preferential sites of virus 
replication. The expansion of CD8 Tregs was not seen in non-pathogenic SIV infection of 
sooty mangabeys suggesting that these cells may be deleterious to the host and contribute 
to faster disease progression. 
 
 
 IL-17 is a pro-inflammatory cytokine that is important for protection against 
extracellular bacteria in the gut and maintenance of gut permeability. IL-17 producing 
CD4 T cells (Th17) have been well characterized and are depleted very early following 
SIV infection. !"#$%#$&'()*%$&+,-#.)'/0$&+#',)*(#"1*"#*#%2.%)"#/3#456#7#'),,%#$&#120*&%#
*&8#0$')#%)'()")#!9:;<#(7';<=>#*&8#the role of "1)%)#'),,%#$%#-)"#"/#.)#'1*(*'")($?)8#
3/(#*&- infectious disease including HIV/SIV. Here we 8)0/&%"(*")#"1*">#$&#'/&"(*%"#"/#
71;<#'),,%>#"1)#7';<#'),,%#*()#&/"#8)@,)")8#82($&+#"1)#*'2")#@1*%)#/3#$&3)'"$/&>#
1/A)B)(#*()#8)@,)")8#82($&+#"1)#)&8#%"*+)#8$%)*%)C#We#*,%/#8)0/&%"(*")#"1*"#7';<#
'),,%#*()#&/"#8)@,)")8#$&#D!E:$&3)'")8#%//"-#0*&+*.)-%C#71)%)#()%2,"%#%2++)%"#"1*"#
7';<#'),,%#0*-#'/0@)&%*")#3/(#"1)#,/%%#/3#71;<#'),,%#82($&+#"1)#*'2")#*&8#)*(,-#
'1(/&$'#@1*%)%#/3#@*"1/+)&$'#D!E#$&3)'"$/&#*&8#0*-#@,*-#*#(/,)#$&#prolonging#8$%)*%)#
@(/+()%%$/&C#
 
 
 In conclusion, our findings reveal important roles for gut resident CD8 Tregs and 
Tc17 cells in regulating SIV disease progression. Whereas CD8+ Tregs help the virus by 
constraining anti-viral immunity, Tc17 cells delay onset of disease by contributing to the 
maintenance of intestinal epithelial barrier.  
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CHAPTER 1 

 

Introduction to HIV 

 

HIV epidemic 

 According to the UNAIDS, there were an estimated 33.4 million people living 

with Human Immunodeficiency Virus (HIV) in 2008, with 2.7 million new infections 

occurring that year. Although HIV infections were first described in populations of 

homosexual men with Kaposi’s sarcoma and Pneumocystis carinii pneumonia(1-3), 

heterosexual transmission is the main route of dissemination of HIV infection worldwide 

and accounts for nearly 80% of HIV infections (unaids.org, (4).  Despite the advances in 

understanding the viral infection and disease and the increase in antiretroviral therapy 

(ART) coverage, according to World Health Organization, there were still 2 million HIV-

related deaths in 2008. HIV/AIDS was the leading cause of death by infection in low-

income countries, and the second leading cause of death by infections worldwide. 

 HIV and Simian Immunodeficiency Virus (SIV) are positive single-stranded RNA 

viruses of the genus lentivirus, family orthoretrovirinae, order retroviridae. HIV uses the 

cell surface receptor CD4 for entry into cell (5). This induces conformational changes in 

the viral surface glycoprotein gp120 that permits binding to cell surface chemokine 

receptor type 5 (viral co-receptor CCR5) or CXC receptor 4 (CXCR4). Binding of CD4 

and co-receptor triggers further conformational changes in the transmembrane 

glycoprotein gp41 facilitating fusion of the viral envelope with the cellular plasma 

membrane. Fusion of the viral particle with the cell is followed by uncoating of the viral 
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core and reverse transcription of the viral RNA genome into a DNA copy that is 

integrated into the host cell genome via the viral enzyme integrase. Viral proteins are 

produced from the integrated viral genome and are assembled into progeny virions at the 

plasma membrane, and continue the viral life cycle. It is possible for infected cells to 

remain latent, produce no/very little viral proteins, and escape immunosurveillance.  

 

Signs and symptoms 

 HIV and SIV infections exhibit two phases of infection: acute and chronic phase. 

The virus is transmitted via exchange of bodily fluids, usually through sexual contact, but 

can also occur through sharing of needles, blood transfusion and mother-to-child 

transmission routes. The acute phase of infection may go unnoticed, but is often 

accompanied by flu-like symptoms, including fever, lymphadenopathy, pharyngitis, 

myalgia and malaise (acute retroviral syndrome). HIV and SIV establish persistent, 

systemic CD4+ T cell depleting infections within a few weeks. The viruses cross the 

mucosal barrier and establish at the point of entry by infecting target CD4+ T cells 

resident in the lamina propria. These viruses can also infect macrophages and dendritic 

cells. The virus and infected cells are disseminated first to the draining lymph nodes and 

later to other lymphoid tissue compartments through the bloodstream. During the acute 

phase, viremia levels may reach up to 107 viral copies/ml of plasma. After peak viremia, 

viral loads decline, possibly due to reduction in availability of target cells (6, 7) or 

generation of CD8+ T cell response (8, 9) that partially controls viral replication. The 

acute phase of HIV infection is accompanied by a rapid transient decrease in peripheral 

blood CD4+ T cell count and a rapid partial recovery of this loss. However, in the gut-
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associated lymphoid tissues (GALT), a massive depletion of CD4+ T cells is observed by 

day 21-post infection, but does not rebound to pre-infection levels (10-15). The GALT is 

a major source of CCR5+CD4+ T cells (early targets of infection). 

 During the chronic phase of infection, viral loads reach a set point, where these 

are maintained between 103 to 106 viral copies/ml. This phase can last up to 10 years, and 

if left untreated, the infected individual will continue to gradually and progressively lose 

CD4+ T cells leading to collapse of immune function. During the chronic phase, HIV-

infected individual will be susceptible to opportunistic infections and tumors, culminating 

in the development of Acquired Immunodeficiency Syndrome (AIDS), and eventually 

leading to death. HIV-positive patients are initially susceptible to oral Candida and to 

Mycobacterium tuberculosis, leading to development of candidiasis and tuberculosis. 

Later, latent herpes viruses may lead to worsening of herpes simplex eruptions, shingles, 

Epstein-Barr virus-induced B cell lymphoma (Kaposi’s sarcoma). When CD4+ T cell 

counts are very low, the individuals are susceptible to toxoplasmosis, and cryptococcal 

infections. In the final stages of AIDS, infection with cytomegalovirus or Mycobacterium 

avium complex is prominent, and pneumonia caused by the fungus Pneumocystis 

jirovecii is common and frequently fatal. Antiretroviral treatment can significantly slow 

down progression to disease; however till today no therapy can cure this disease, and no 

vaccine has been able to prevent infection. 

 HIV and pathogenic SIV infections (i.e, in non-natural hosts, such as rhesus 

macaques and pig-tailed macaques) are characterized by a state of chronic generalized 

immune activation that is thought to be one of the important factors for determining 

disease progression (16-19). Immune activation can be measured by quantifying the 
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frequency of T cells expressing markers of activation (HLA-DR, CD38 and CD69) and 

proliferation (Ki-67); by determining the levels of activation-induced apoptosis of 

uninfected T cells; by determining the levels of T cell proliferation and levels of 

proinflammatory cytokines in the plasma (IFN-!, TNF-" and IL-12) (16). The number of 

proliferating cells is increased in the intestine of HIV/SIV infected individuals (20). It has 

been shown that HIV proteins can target TNF receptor signaling, thus leading to 

apoptosis of uninfected bystander T cells and sustained viral replication in infected T 

cells and macrophages (21).  

 

Pathogenic and non-pathogenic SIV infections 

The immunopathogenesis of SIV infections can be studied by comparison of the 

two simian models of SIV infection: the non-pathogenic infections of natural hosts (sooty 

mangabeys and African green monkeys) and pathogenic infections (rhesus macaques and 

pig-tailed macaques). Pathogenic and non-pathogenic infections share some common 

features. In both, the peak of viral replication occurs during the acute phase of infection 

between one and two weeks post-inoculation (22). This is followed by a rapid decline in 

viremia and establishment of the set point. In both pathogenic and non-pathogenic 

infections, activated CD4+ T cells appear to be where viral replication occurs (23). 

However, CD4+ T cell counts progressively decline in blood over time in the majority of 

pathogenic infections, but only in a minority of non-pathogenic infections (24). But in 

both types of infection, CD4+ T cells are depleted in mucosal tissues (22). The 

discrepancy between peripheral CD4+ T cell counts and mucosal CD4+ T cell counts is a 

typical feature of non-pathogenic infections that is not observed in pathogenic infections. 
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Non-pathogenic SIV infections show lower levels of immune activation when compared 

to pathogenic infections (22, 25, 26). Likewise, they also have low levels of bystander 

apoptosis and cell cycle dysregulation (27). It is interesting to note that non-pathogenic 

infections do not demonstrate signs of microbial translocation from the intestinal lumen 

to systemic circulation (28). Another critical difference between the two simian models 

of SIV infections is the expression of CCR5 by CD4+ T cells. Only about 1-5% of CD4+ 

T cells in the blood and mucosal associated lymphoid tissues of sooty mangabeys are 

CCR5-positive in comparison to 10-20% in blood of rhesus macaque and greater than 

50% in the mucosal tissues (29). Although the low levels of CCR5 expression on CD4+ 

T cells does not protect against infection, it may protect against immune activation as 

these cells may be less able to migrate to inflamed tissues and thus have less reservoirs 

for SIV replication and inflammation. It is also possible that the low level of CCR5 

expression on CD4+ T cells in natural hosts may provide resistance from mother-to-child 

transmission.  

 

Table 1: Features of pathogenic and non-pathogenic SIV infections 
 

Characteristics of SIV infections 

SIV+ Rhesus macaques 

(Pathogenic) 

SIV+ Sooty mangabeys  

(non-pathogenic) 
AIDS Yes No 

Viral load High High 

Peripheral CD4+ T cell loss Yes No 

Mucosal CD4+ T cell loss Yes Yes 

Chronic immune activation Yes No 

Bystander apoptosis Yes No 

Microbial translocation Yes No 
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Pathophysiology 

 The gastrointestinal mucosa provides an interface between a sterile internal 

environment and a contaminated external environment. The GI tract becomes a key 

participant during HIV/SIV infections, because it harbors the approximately 40% of all 

lymphocytes (30), and is the primary target of infection. Mucosal sites are not only 

primary sites of viral transmission, but also major sites for viral replication and CD4+ T 

cell destruction, independent of the route of transmission.  Most of the CD4+ T cells 

located at the mucosal immune system are CCR5+ memory CD4+ T cells, which are the 

preferred targets of HIV/SIV infection (12, 14). During HIV/SIV infections, there are 

alterations in the intestinal structure and function (31-35). Intestinal immune dysfunction 

during HIV/SIV infection can result in structural changes to the intestinal mucosa, 

culminating in the breakdown of the intestinal epithelial barrier (36, 37). Normal function 

of mucosal surfaces requires intact epithelium, with intact tight junctions. Due to the 

massive depletion of activated memory CD4+ T cells at the gastrointestinal tract, there is 

disruption of the network that links the epithelial cells and the intestinal immune system. 

During HIV/SIV infections, there is down-regulation of genes involved in intestinal 

epithelial cell growth and renewal, as well as increased expression of inflammation and 

immune activation genes (38-40). There is also an increase in pro-inflammatory cytokine 

secretion that could facilitate mucosal damage (41-44). The altered intestinal epithelial 

permeability permits bacterial translocation to occur. These bacteria can bind to receptors 

expressed on dendritic cells and macrophages, leading to their activation and initiation of 

cytokine production that can result in activation of other immune cells, such as CD4+ T 

cells, which can serve as potential targets for the viruses. This further drives the 
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continuous and chronic stimulation of the immune system observed during pathogenic 

SIV and HIV infections (28, 45). 

 

Protective factors for HIV infection 

 Defining the immune mechanisms that are responsible for controlling SIV/HIV 

replication during acute and chronic phases of infection is important for understanding 

the immunopathogenesis of AIDS. Many observations indicate that virus-specific 

cytotoxic T cells (CTLs) have a role in this process. CD8+ T cells from infected 

individuals have been shown to inhibit HIV replication in vitro (46). The control of initial 

burst of viral replication observed during the acute phase of infection coincides with the 

appearance of virus-specific CTL responses (8). Also, robust virus-specific CTL 

responses have been observed in HIV-positive individuals that have low viremia and 

persistent, non-progressive disease (47-49). Furthermore, the depletion of CD8+ T cells 

from non-natural hosts of SIV during both acute and chronic phases of infection resulted 

in a rapid and significant increase in viremia that was suppressed with the reappearance 

of SIV-specific CD8+ T cells (9, 50). Collectively this evidence suggests that cellular 

immunity is involved in controlling HIV replication. 

 HIV/SIV infections lead to extensive defects in the humoral arm of the immune 

system. The B cell defects can be attributed either to the direct or indirect effects of 

viremia. Although direct interactions between HIV and B cells have been reported (51), 

there is little evidence that HIV replication occurs in B cells in vivo. It has been 

demonstrated that HIV binds to B cells in vivo via interactions between the complement 

receptor CD21 (expressed on mature B cells) and complement proteins bound to HIV 
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virions that are circulating (52, 53). These immune-complexes may be providing 

stimulatory signals to B cells (52) or B cells may be facilitating cell-to-cell transmission 

of HIV (54). Some of the indirect effects of HIV viraemia on B cells include: B cell 

hyperactivity, lymphopenia and exhaustion. The hyperactivation of B cells by HIV is 

characterized by hypergammaglobulinemia, increased polyclonal B-cell activation, 

increased cell turnover, increased expression of activation markers, increased in the 

differentiation of B cells to plasmablasts, increased production of autoantibodies and an 

increase in the frequency of B cell malignancies. Ongoing HIV replication and disease 

progression can be represented by the loss of CD21 expression on peripheral blood B 

cells (55). A large proportion of CD21low B cells constitute exhausted tissue-like memory 

B cell population that are expressing putative inhibitory receptor Fc-receptor-like 4 

(FCRL4) (56, 57). Other B cell inhibitory receptors CD22, CD72, CD85j and CD85k are 

also expressed by tissue-like memory B cells from HIV-viremic individuals providing 

further indication that tissue-like memory B cells could be an exhausted B cell 

compartment. 

 

Non-viral T cells 

 Non-viral specific T cells may also play a role in the development of 

immunopathogenesis during HIV/SIV infections. Generally, viral infections activate the 

immune system generating large numbers of immune cells, pro-inflammatory cytokines 

and other effectors that are important to end the infection by eradicating infected cells 

and the virus. The initial expansion stage is followed by a contraction stage, during which 

regulatory T cells may play a role in maintaining the balance between an immune 
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response that is sufficiently robust to clear the infection and the immunopathological 

consequences of sustained immune activation and inflammation. During SIV/HIV 

infections, regulatory T cells may play one of two roles: They may mediate suppression 

of chronic hyper-immune activation, or they may suppress anti-viral cellular immune 

response. The first role may be beneficial, whereas the second role may be deleterious, 

leading to inability to control infection and faster progression to disease. 

 Another subset of non-viral specific T cells that may influence immunopathology 

during HIV/SIV infections are Th17 or Tc17 T cells. These cells are characterized by 

secretion of pro-inflammatory cytokine IL-17. IL-17 has been shown to function in vivo 

to promote recruitment of neutrophils to areas of bacterial infection, to induce 

proliferation of enterocytes and the production of antibacterial defensins (58-60). These 

cells are critical in the defense against microbes, especially at mucosal surfaces. Studies 

have demonstrated that in HIV/SIV infections, microbial products can translocate from 

the lumen of the gastrointestinal tract that is structurally and immunologically damaged 

during the course of infection into the systemic circulation. These microbial products can 

then contribute to immune activation during the chronic phase of infection (28, 61). 

Recent studies have shown that there is loss of Th17 T cells during HIV/SIV infections 

(62-65) and have suggested that depletion of these cells may accelerate the progression to 

AIDS.  

During the advanced phase of HIV/SIV infections, neutropenia is observed and 

has generally been attributed as a result of malnutrition and wasting or as a side effect of 

medication (66). Chemotaxis or migration of neutrophils is also impaired in HIV 

infection (67). However with the knowledge that IL-17 is an important cytokine for 
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recruitment of neutrophils, and that Th17 T cells are depleted during the course of 

HIV/SIV infections, it is possible that the impairment of neutrophil function observed 

during chronic HIV infection may be a direct result of depletion of these cells. 

 Early events during HIV/SIV infection are critical in determining the course of 

disease progression. Viral-specific T cells generate an immune response to these 

infections and help control viral replication. However, non-viral specific T cells may also 

participate in modulating the generation of these immune responses, both during the 

acute and chronic phase of infections. The study of both viral-specific and non-viral 

specific T cells may help understand immunopathology associated with HIV/SIV 

infections and give an insight into how to generate more effective therapies. The main 

objective of the experiments reported in this dissertation is to study the influence of 

regulatory and IL-17 secreting T cells on disease progression during the course of 

HIV/SIV infection. 
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Lineage differentiation of T cells 

 

CD4+ T cells are important mediators of adaptive immune responses. After 

interaction with antigen-presenting cells, naïve T cells receive signals by engagement of 

the T-cell receptor (signal 1), co-stimulatory molecules (signal 2), and a complex network 

of cytokine signals (signal 3) and undergo activation and differentiation into effector 

cells. In 1986 it was recognized that T helper (Th) cells could differentiate into two 

distinct CD4+ T cell subtypes with different cytokine profiles and functions within the 

immune system (68). Th1 cells typically produce IFN-! and TNF-". Their functions 

include macrophage activation, regulation of cellular immunity against intracellular 

infections and have a role in autoimmune disease and tissue damage associated with 

chronic infections. Th2 cells produce IL-4, IL-5 and IL-13. Their functions include 

providing humoral immunity against parasitic infections, and have a role in allergic 

diseases. 

However, this dichotomy of T cell subsets was unable to completely explain the 

infections seen in certain clinical settings. In 2005, a distinct CD4+ T-cell lineage 

responsible for the production of IL-17 was described as Th17 (69). Th17 cells are 

characterized by the production of IL-17A, IL-17F, IL-22 and IL-26 (in humans). 

Although IL-17A was initially identified in 1995 (70), its importance in mediating 

inflammation during infections was first reported in 2000 (71), and the IL-23/IL-17 pro-

inflammatory axis was described in 2003 (72). Another distinct subset of T cells is the 

regulatory T cells which play a role in tolerance to self-antigens. Regulatory T cells are 

characterized by the expression of high levels of CD25, forkhead family transcription 
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factor FOXP3 and the capacity of suppressing the activation of other T cells (73-75). The 

importance of regulatory T cells is demonstrated by mutations in FOXP3 that result in 

fatal autoimmune lymphoproliferative disease, such as Immune dysfunction 

Polyendocrinopathy Enteropathy X-linked syndrome (IPEX) in humans. 

 

Table 2: T cell subset functions 
T cell subset Functions 

Th1 Defense against intracellular pathogens; Macrophage activation 

Th2 Defense against parasitic infections; Humoral immunity 

Th17 Defense against extracellular bacteria and fungal infections 

Treg Tolerance 

 

 Naïve CD4+ T cells can differentiate into the four major lineages of T helper cells 

(Th1, Th2, Tregs, or Th17 T cells) by exposure to distinct cytokine profiles that enable 

the naïve T cell to commit to a differentiation pathway. Th1 cells are originated after 

exposure of the naïve T cell to IL-12, and engagement of transcription factors T-bet and 

STAT4. Similarly, naïve T cells differentiate into Th2 cells after exposure to IL-4, and 

engagement of STAT6 and GATA-3. Tregs are generated once naïve T cells have been 

exposed to TGF-# , and engagement of FOXP3. Th17 cells are generated when naïve T 

cells are exposed to a cytokine milieu consisting of TGF-#, IL-6 and IL-21, whereas IL-

23 stabilizes the commitment of Th17 cells to this lineage. These polarizing cytokines act 

on newly primed cells to induce the expression of transcription factors ROR!t and 

ROR", which induce Th17 differentiation (76, 77). STAT3 pathway is essential for the 

expression of ROR!t and Th17 development (78, 79). IL-21 acts downstream of these 
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events to further amplify the generation of Th17 cells in an autocrine manner (80). 

Although in vitro studies have demonstrated that IL-23 is not necessary for the 

development of Th17 responses (81), in vivo studies in the mouse (82, 83) and in humans 

(84) show that IL-23 is critical for the maintenance of Th17 responses in vivo.  

 

Figure 1.1: T cell differentiation: Naïve T cells commit to T cell lineage differentiation pathways by 
exposure to distinct cytokine milieu. 
 

The generation of these Th cell subsets is tightly regulated. For example, IFN-! 

can inhibit the differentiation of Th2 and Th17 cells, whereas IL-4 can inhibit the 

development of Th1 and Th17 cells. In Th1 cells, the IFN-!-induced protein interferon 
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regulatory factor 1 (IRF1) binds to the FOXP3 proximal promoter and inhibits FOXP3 

expression (85). In Th2 cells, IL-4 inhibits FOXP3 expression in peripheral naïve T cells 

by stimulating phosphorylation of STAT6 that binds and inhibits FOXP3 expression (86). 

The differentiation of regulatory T cells and Th17 cells is reciprocal, i.e, exposure to only 

TGF-# leads to the development of regulatory phenotype, whereas exposure to either IL-

6 or IL-21 will inhibit Treg differentiation, and initiate a cascade of events that leads to 

generation of Th17 phenotype. The vitamin A metabolite retinoic acid (RA) inhibits 

Th17 cells and induces de novo generation of FOXP3+ regulatory T cells. RA induction 

of regulatory T cells form naïve CD4+ T cells may occur due to enhanced TGF-#-driven 

phosphorylation of SMAD3 along with inhibition of IL-6 and IL-23 receptor expression 

(87). RA has been shown to induce histone H4 acetylation of FOXP3 locus and FOXP3 

expression in naïve CD4+CD25- T cells (88). RA has also been shown to induce 

expression of CCR9 and CD103 on regulatory T cells, and these regulatory T cells 

showed increased migration to gut-homing chemokine CCL25 (88, 89). Endogenous lipid 

mediators such as prostaglandin E2 released under inflammatory conditions can promote 

Th17 cell differentiation (90-93). This suggests that external mediators induced by 

various infections can influence the lineage commitment between Th1, Th2, Th17 and 

Treg pathways. 
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Regulatory T cell 

 

 Regulatory T cells were first described in the 1970s and were called suppressive T 

cells (94, 95). The concept that the extent of immune responses is limited by suppressor 

cells became popular, with the idea spreading to infectious diseases. However, this 

hypothesis was discredited in the 1980s due to inability to validate the cellular identity 

and molecular basis of immune suppression.  

 In 1995, Sakaguchi et al., showed that the IL-2 receptor "-chain CD25 could 

serve as phenotypic marker for CD4+ suppressor T cells, or regulatory T cells (96). Later, 

it was shown that the transcription factor forkhead box P3 (FOXP3) is critical for the 

development and function of CD4+CD25+ regulatory T cells (97-99). This revived the 

field of regulatory T cells, which has evolved thereafter rapidly. The classic regulatory T 

cells are thymus-derived CD4+CD25+FOXP3+ T cells, however several phenotypically 

distinct regulatory T cell populations have been identified (100-106), including natural 

regulatory T cells, type 1 regulatory T cells (Tr1) and T-helper 3 cells (Th3). Regulatory 

T cells are involved in the maintenance of peripheral tolerance. 

Genetic defects in FOXP3 gene cause the scurfy phenotype in mice and IPEX 

syndrome (immune dysfunction, polyendocrinopathy, enteropathy, X-linked syndrome) 

in humans. Scurfy mice present a 2 bp insertion of aminoacids in exon 8, which results in 

a loss-of-function of FOXP3 gene and complete absence of Tregs leading to death at 3-4 

weeks of age. 60% of IPEX show missense mutations mainly in exons 9, 10, and 11 

(which form the forkhead domain), and display symptoms of nonfunctional Tregs. Scurfy 

mice exhibit various markers of disease, including ear thickening, scaling of eyelids, ears 
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feet and tail, and severe runting. Internally, these mice have lymphadenopathy, 

splenomegaly, hepatomegaly and massive lymphocytic infiltrates in skin and liver. 

Symptoms of patients with IPEX include eczematous dermatitis, nail dystrophy, 

autoimmune endocrinopathies and autoimmune skin conditions including alopecia and 

bullous pemphigoid. 

 

   Table 3: Regulatory T cell subsets 
CD4+ Regulatory T Cells 

Regulatory T cell subset Suppressive mechanism 

CD4+CD25+FOXP3+ Cell-cell contact 

Tr1 (FOXP3-) IL-10 secretion 

Th3 TGF-# secretion 

 
CD8+ Regulatory T Cells 

Regulatory T cell subset Suppressive mechanism 

CD8+CD25+ TGF-# and CTLA-4 

CD8+CD28- ILT3 and ILT4 on dendritic cells 

CD8+IL-10+ IL-10 secretion 

CD8+FOXP3+ CTLA-4 and TGF-# 

 

 The FOXP3 gene is located on the short arm of chromosome X (Xp11.23 in 

humans and X 2.1 cM in mice). It possesses 11 coding and 3 non-coding exons. 

Immediately upstream to the FOXP3 transcriptional start site is a region that possesses 

several transcription factor binding sites (AP-1 and NFAT) known as the proximal 

promoter region. Other regulatory cis-elements are present between noncoding exons or 

far upstream of the transcriptional start site, and these are referred to as intronic 

enhancers or upstream enhancers, respectively.  
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Members of the forkhead family are characterized by the presence a forkhead 

domain (FKH) which has been shown to be necessary and sufficient for DNA binding 

(107). FOXP3 contains the following functional domains: FKH, Zinc finger domain, and 

leucine-zipper-like domain. At the amino terminal region, there is a proline-rich domain 

that has been named the repressor domain. Mutations have been found throughout 

FOXP3, including all of the domains mentioned, except for the zinc-finger. Mutations in 

the FKH domain affect DNA binding, whereas mutations in the leucine zipper have been 

found to affect FOXP3 homo and hetero-dimerization. Three missense mutations have 

been found in the repressor domain. The amino-terminal repressor domain has been 

shown to inhibit transcriptional activation by nuclear factor of activated T cells (NFAT) 

(108). 

 

 
Figure 1.2: FOXP3 gene. Blue bars represent coding exons, and red bars represent non-coding exons. 
 

 FOXP3 protein is highly conserved in murine, feline, canine, bovine, macaque 

and humans (109). Western blot analysis shows that human cells express three isoforms 
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of FOXP3. The upper band is similar to the mouse FOXP3, whereas the lower band is 

unique to humans and lacks exon 2, which is part of the repressor domain. Exon 2 has 

been shown to interact and repress the function of retinoic acid-related orphan receptor-" 

(ROR-") (110) and ROR-!t (111). The third isoform lacks both exon 2 and exon 7. Exon 

7 encodes for a leucine zipper motif that acts as a dimerization structural element. 

Interestingly, it has been reported that the absence of exon 7 in natural FOXP3$2$7 

abrogates suppressive function of regulatory T cells without affecting dimerization (112). 

FOXP3$2$7 could have a role in regulating the function of the other two isoforms, as it 

has been shown to inhibit FOXP3 and FOXP3$2 expression in a dominant negative 

manner. This isoform has also been shown to be over-expressed by certain malignant 

cells. However its role in cancer pathogenesis is yet to be determined. 

 Epigenetic modifications can take place either in chromosomal DNA or proteins 

that are linked with the chromosomal DNA. Functional units involved in epigenetics 

include methylation of CpG residues (5’ position of cytosine of CpG) or covalent 

posttranslational modification of histones. The methylation status of the CpG residues in 

the proximal promoter region has an essential role in FOXP3 expression. Several studies 

indicate that only 5% of CpG residues in this region are methylated in regulatory T cells, 

when compared to 70% methylation of CpG residues in non-regulatory T cells (113, 

114).  

Acetylated histones are markers for open chromatin structure. Acetylation of core 

histone molecules can be achieved by histone acetyltransferase. Histone 

acetyltransferases are a class of enzymes that adds acetyl groups from %-N-acetyl lysine 

amino acid on a histone at the amino terminus of the histone tail, whereas histone 
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deacetylases (HDACs) remove the acetyl groups on histones. The addition of acetyl 

groups to histones decreases the overall positive charge, thus decreases the histone 

affinity for negatively charged DNA, and allows for open conformation of chromatin, 

which in turn provides a platform for the binding of transcription factors (115). The N-

terminal region of the FOXP3 protein is proline rich, and recruits the lysine 

acetyltransferase TIP60. TIP60 acetylates the FOXP3 protein, which binds to its target 

gene promoter, such as IL-2 to repress its transcription. The N-terminal region of FOXP3 

can also recruit the deacetylase HDAC7, which deacetylates it, and inhibits FOXP3 

function. HDAC inhibitors enhance FOXP3 expression in CD4+CD25- and CD4+CD25+ 

T cells, suggesting that they regulate both the gene and protein, and enhance the 

suppressive function of regulatory T cells (116, 117). 
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Regulatory T cell during the course of HIV/SIV infections 

 

Regulatory T cells actively participate to modulate the outcome of various 

infections. During HIV/SIV infections, regulatory T cells may have a role in influencing 

viral control and disease progression. There are two possible outcomes of the impact of 

regulatory T cells during immunodeficiency viral infections: Regulatory T cells may 

suppress chronic hyper immune activation, and delay disease progression, or these cells 

may dampen the antiviral cellular immune responses and thus curtail viral control. 

Various studies characterize the fate of CD4+ regulatory T cells during the course 

of HIV and SIV infections. These studies demonstrate that there is loss in the absolute 

numbers of CD4+ regulatory T cells following pathogenic immunodeficiency viral 

infections (118-120). They also show that there is a change in tissue distribution of 

regulatory T cells during HIV/SIV infections leading to accumulation of these cells in 

lymphoid tissue, the primary sites of viral replication (121, 122). Regulatory T cells can 

serve as reservoirs for HIV-1 in vivo (123). The direct infection by HIV-1 and the tissue 

redistribution can be possible explanations for the reduction in absolute numbers of 

regulatory T cells observed in progressive HIV-1 infection. Long-term non-progressors 

(LTNP) are untreated HIV-1 infected individuals that remain asymptomatic and maintain 

high CD4+ T cell counts for many years without antiretroviral treatment. These 

individuals also maintain high levels of regulatory T cells in peripheral blood, which 

correlated with low levels of CD4+ T cell activation (123). Likewise, HIV-resistant 

individuals have reduced levels of immune activation (as measured by CD69) and 
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elevated frequencies of CD4+ regulatory T cells when compared with HIV-negative 

control individuals (124). 

Although there is decrease in absolute number of CD4+ regulatory T cells, there 

is an increase in the proportion of these cells in the lymphoid and gastrointestinal 

mucosal tissues in HIV-1 and SIV infections (64, 125-128). Consistent with this, a recent 

study demonstrates that mucosal regulatory T cells are less susceptible to productive SIV 

infection than non-regulatory T cells, and thus the rate of loss of CD4+ T cells is distinct 

from the loss of CD4+ regulatory T cells (129, 130). However, it has also been shown 

that during the early stages of infection, HIV infection rate of regulatory T cells is 10-fold 

higher when compared to naïve CD4+ T cells, but similar to infection rates of memory 

CD4+ T cells (131). CD4+CD25+ regulatory T cells isolated from HIV-infected 

individuals suppressed cellular proliferation and cytokine production by CD4+ and CD8+ 

T cells in response to HIV antigens/peptides in vitro via cell-contact dependent 

mechanism (132-134). The potent suppressive activity against HIV-specific cytolytic T 

cell function was observed even in individuals with high viral loads and/or low CD4+ T 

cell counts. Likewise, depletion of regulatory T cells from peripheral blood mononuclear 

cells enhances T cell responses to HIV-1 antigens (135). In vitro studies demonstrate that 

binding of HIV-1 to CD4+ regulatory T cells leads to an increase in their suppressor 

activities, and induces them to home to and accumulate in peripheral and mucosal 

lymphoid tissues by up-regulation of homing receptors CD62L and "4#7 integrin (136).  

Although many studies have evaluated the role of CD4+ regulatory T cells during 

the course of HIV/SIV infections, there is a discrepancy in the number of published 

studies on the role CD8+ regulatory T cells during immunodeficiency viral infections. 
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Since absolute numbers of CD4+ regulatory T cells decline during these 

immunodeficiency viral infections, it is possible that the virus may induce CD8+ 

regulatory T cells to suppress anti-viral immune responses. Studies have shown the 

presence of HIV-specific IL-10 positive CD8+ regulatory T cells (FOXP3-negative 

regulatory cells) in advanced stages of HIV infection (137, 138). These CD8+ regulatory 

T cells mediate suppression through direct cell-to-cell contact and were phenotypically 

distinct from other regulatory T cells (139). 

Other studies have shown that HIV/SIV infections lead to expansion of FOXP3+ 

CD8+ T cells (106, 140, 141). In a group of cynomolgous macaques infected with 

SIVmac251, FOXP3+CD8+ T cells were induced a few days post peak viremia during 

primary infection. The number of these cells was positively correlated with viral load and 

inversely with CD4+ T cell activation (140). This indicates that large numbers of 

FOXP3+ CD8+ regulatory T cells may be markers of poor disease prognosis. However 

none of these studies evaluated the suppressive potential of FOXP3+ CD8+ regulatory T 

cells. Here, we have quantified and studied the anatomical distribution, phenotypic 

characteristics and functionality of FOXP3+CD8+ regulatory T cells following 

pathogenic SIV infection in rhesus macaques in vitro and in vivo 
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Th17 and Tc17 T cells 

 

 The classical Th1 and Th2 subsets have been recently joined by the Th17 lineage. 

If these subsets are not tightly regulated, their effector functions, mainly defined by 

cytokine production, are capable of leading to autoimmune and allergic inflammation, 

sometimes being fatal. IL-17 is a proinflammatory cytokine that functions in the 

clearance of extracellular pathogens. This is clearly observed in both IL-17R deficient 

mice, which show great susceptibility to lethal bacterial infections (142, 143) and in IL-

17 deficient humans as part of the hyper-immunoglobulin E (IgE) syndrome (HIES), 

where patients are prone to recurrent infections (144, 145). 

The IL-17 family of cytokines consists of 6 cytokines (IL-17A-IL-17F). The 

receptors belonging to the IL-17R family have distinct structural features and mediate 

signaling events that are unique from those triggered by other cytokine receptors. 

Whereas Th1 and Th2 cytokines induce activation mediated by Janus kinase (JAK) and 

signal transducer and activator of transcription (STAT) protein pathways, IL-17 induce 

signaling mediated by ACT1 and TNFR-associated factor 6 (TRAF6) which result in 

activation of nuclear factor-&B. NF-&B is associated with innate immune signaling (146). 

IL-17A was the first of IL-17 family members to be identified (147). The remaining 

members of this cytokine family (IL17B-IL-17F) were identified by genomic sequencing. 

IL-17A and IL-17F are the best-characterized cytokines of the IL-17 cytokine family. 

Both are covalent homodimers, but can also heterodimerize (IL-17A-IL-17F). It is 

interesting to note that IL-17A and IL-17F have distinct biological effects. Studies 

performed on IL-17A-/- mice and IL-17F-/- mice indicate that IL-17A has a more 
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important role in driving autoimmunity than IL-17F, possibly due to more potent strength 

of signaling (148, 149). IL-17E is produced mainly by mucosal epithelial cells. The 

overexpression of this cytokine stimulates the production of Th2 cytokines, and limits 

Th17 cell responses (150). The functions of IL-17B, -C and –D are poorly understood, 

but appear to have proinflammatory abilities. 

IL-17 is a pleiotropic cytokine that acts on both immune and non-immune cells. 

The receptor for IL-17 is a type I transmembrane protein that is ubiquitously expressed 

on various organs, including, kidney, spleen and lung (70). Various cells express the 

receptor for IL-17, including leukocytes, epithelial cells, keratinocytes, fibroblasts, 

mesothelial cells, amongst others. They respond to IL-17R mediated signaling by the 

production of granulocyte colony-stimulating factor (G-CSF), MIP-2, IL-6 and IL-8, 

recruitment of neutrophils, and by other proinflammatory responses (151). 

 Th17 cells produce the cytokines IL-17, IL-22, IL-21 and TNF-" and primarily 

promote immunity to extracellular bacterial infections at mucosal surfaces. Initial studies 

with IL-17RA knockout mice demonstrated delays in neutrophil recruitment and 

dissemination of Klebsiella pneumoniaie infection, providing evidence of the importance 

of IL-17R signaling for neutrophil-mediated control of bacterial infections and for the 

host defense (142). The overexpression of recombinant adenovirus encoding IL-17 has 

been shown to reverse the disease phenotype in mice challenged with K. pneumoniae via 

the induction of chemokines, leukocyte recruitment and enhanced bacterial clearance and 

survival (152). IL-22 has been implicated in the induction of host cell antimicrobial 

peptides and defensins as well as epithelial repair functions in the respiratory epithelium 

that is needed for the early control of K. pneumoniae (153). Other studies also 
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demonstrate that Th17 cells have protective roles against extracellular bacterial infections 

in the gut mucosa. IL-17 has been shown to have a protective role against infections by 

Citrobacter rodentium (a naturally occurring mouse pathogen) by the induction of 

chemokines and antimicrobials (149, 154). However, exacerbated Th17 cell response can 

be deleterious to the clearance of infection. For example, there is evidence that suggests 

that infection by Bordetella pertussis (agent of whooping cough) can bias the host 

response to exacerbated production of Th17 cytokines (155, 156). The host bias towards 

Th17 cellular response after B. pertussis infection results in inflammation and destruction 

of the airways, leading to bronchiectasis and persistent cough. Although these studies 

provide evidence of the importance of Th17 cytokines for protection against various 

extracellular bacteria, it’s becoming apparent that the need for balance between 

protection and pathology may define the outcome of infection. 

 Experimental autoimmune encephalomyelitis (EAE) is a CD4+ T cell-mediated 

disease that affects the central nervous system that is used as a model for multiple 

sclerosis (MS). Th17 cells have been implicated in the development of EAE. Evidence 

shows that mice that lack ROR!t, IL-17 or even mice that are treated with IL-17 blocking 

antibodies are less susceptible to EAE than wild-type or untreated mice (76, 157-159). 

Furthermore, IL-17+ T cells have been found within lesions in brain tissues of patients 

with MS. It is well established that chemokine receptors provide specificity to cell 

trafficking in the steady state as well as during inflammation (160). In humans, CCR6 

(chemokine expressed in Peyer’s patches, liver and lungs), which is the receptor for 

CCL20 is expressed on Th17 T cells (161). One study shows that CCR6 knockout mice 

are highly resistant to the induction of EAE, but become susceptible once CCR6+ T cells 
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are transferred. Here, CCR6 was also required for the Th17 cells to enter the CNS 

through the choroid plexus (162). 

 Similar to the Th1/Th2 paradigm for CD4+ T cells, corresponding subsets of 

CD8+ T cells, Tc1 and Tc2 can be made in vitro by using polarizing cytokines (163). 

Likewise, IL-17 secreting CD8+ T cells with similar characteristics to the Th17 subset of 

CD4+ T cells can also be detected and are called Tc17 (164). Preliminary studies indicate 

that, in contrast to Tc1 cells, Tc17 cells may not express granzyme B, perforin or have 

cytolytic activity (164). Tc17 cells have been shown to be important for protection 

against lethal influenza challenge, which was accompanied by neutrophil influx into the 

lung. In one study, the majority of Tc17 cells were shown to co-produce IFN-!, and to 

express CCR6 and CCR5 (165). In this report, we have characterized Tc17 and Th17 

cells during the course of pathogenic SIV infection, and propose a role for these cells in 

mediating disease progression. 
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Th17 and Tc17 during HIV/SIV infections 

 

 Studies have demonstrated that during HIV and SIV infections microbial 

translocation can occur from the lumen of gastrointestinal tract into systemic circulation 

and contribute to immune activation that is observed during these viral infections (28, 

61). The gastrointestinal tract has been shown to be structurally and immunologically 

compromised during pathogenic immunodeficiency viral infections (31-37). Various 

studies have shown that Th17 cells play an important role in antibacterial immunity 

particularly at mucosal surfaces, and that IL-17 can induce proliferation of enterocytes 

and production of antibacterial defensins (58-60). It has also been shown that there is a 

significantly higher number of Th17 cells in the intestinal surfaces than systemic tissues 

of healthy macaques (63). It is critical to study Th17 cells and Tc17 cells during the 

course of HIV/SIV infections. 

 Infection by Salmonella typhimurium in HIV-infected individuals can result in 

bacteremia that may be life-threatening. In a recent study of SIV-infected rhesus 

macaques, severe loss of mucosal Th17 cells was reported, resulting in blunted Th17 

responses to S. typhimurium and increased bacterial dissemination (65). Pathogenic SIV 

infection results in significantly higher loss of Th17 than Th1 cells at mucosal sites of 

SIV-infected macaques. The frequency of Th17 cells at mucosal sites is inversely 

correlated with plasma viremia (63). Another study reports that while Th17 cells are 

detectable during the early phases of HIV-1 infection, these cell subsets were reduced to 

undetectable levels during the chronic phase of infection (62, 166). However, the 

depletion of Th17 cells appears to be specific to pathogenic infections, since infected 



 28 

sooty mangabeys or African green monkeys maintain healthy frequencies of Th17 cells in 

the blood and in the gastrointestinal tract (62, 64). 

 Recent studies show that CD4+ T cells that express high levels of "4#7 gut 

homing marker can bind to HIV and SIV with high affinity, thus making these cells more 

susceptible to infection (167). "4#7hi CD4+ T cells were found to harbor most Th17 cells 

and were preferentially infected during acute phase of SIV infection (168). These cells 

had approximately 5 times more viral DNA than #7- CD4+ T cells (168, 169). 

Highly active antiretroviral therapy for HIV infection provides suppression of 

viral replication to below detectable levels and results in the restoration of CD4+ T cells 

in the blood. However restoration of CD4+ T cells in intestinal mucosal surfaces is 

delayed and incomplete when compared to peripheral blood following HAART initiation 

(170-172). HAART is associated with substantial repopulation of "4#7hi CD4+ T cells in 

the peripheral blood (173). One study demonstrated that when effective CD4+ T cell 

restoration is achieved in the gut-associated lymphoid tissue (GALT) of HIV-infected 

individuals during HAART, then there is an association with enhanced Th17 cell 

accumulation and polyfunctional anti-HIV cellular responses (174).  

However, another study that evaluated effect of ART on restoration of Th17 cell 

response in macaques reports that the treatment failed to restore Th17 cell response in the 

blood, but it did not study intestinal Th17 cell response (173). This group also reports that 

SIV infection was accompanied with an increase in Tc17 cell responses suggesting an 

alteration in the ratio of Th17:Tc17 cells from a mainly Th17 phenotype to Tc17 

phenotype. Despite restoration of CD4+ T cells in peripheral blood due to ART, there 

was persistence of high levels of Tc17 cells. We have conducted a study to characterize 
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the distribution, quality and function of Tc17 and Th17 cells in rhesus macaques prior to 

and after pathogenic SIV infection. We have also attempted to determine the effect of 

ART in the blood and gut mucosal tissue on these cell subsets. 
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Interplay between regulatory T cells and Th17 cells 

 

 Regulatory T cells and Th17 cells are intricately related. First, the development of 

both cell subsets is closely associated, whereby minute differences in exposure to 

cytokines can lead to commitment to one or the other pathway. Second, their functions 

are opposite, whereas regulatory T cells are inherently anti-inflammatory, Th17 cells are 

proinflammatory in nature. Third, regulatory T cells may directly interact with Th17 cells 

and influence the outcome of cellular immune response. Thus, the study of the dynamic 

interaction between these subsets is critical because it may influence the balance between 

immune activation and tolerance. 

The development of regulatory T cells and Th17 cells are reciprocally regulated. 

Both cell types develop in the presence of TGF-#, however naïve T cells that are in 

presence of specific cytokine milieu may differentiate into either proinflammatory or 

anti-inflammatory T cells. It is interesting to study how the balance between these cell 

subsets is achieved, particularly at the intestinal mucosal surfaces. The constant exposure 

to luminal antigens could favor Th17 differentiation at the expense of regulatory T cells. 

The high amounts of Th17 cells at steady-state correlate with the inflammatory cytokines 

that are produced physiologically in the intestine (63, 175). However, the intestinal and 

airway mucosa are also highly effective at inducing regulatory T cells (176, 177). 

Exacerbated Th17 cell response can drive autoimmune diseases such as 

rheumatoid arthritis.  Studies have shown that addition of IL-10 to cell cultures in Th17 

polarizing conditions can significantly decrease the percentage of Th17 cells (178). 

Another study shows that IL-10 can suppress Th17 cell development and promote 
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regulatory T cell development in patients with rheumatoid arthritis, thus treatment with 

IL-10 may be useful in the autoimmune diseases (179). 

During pregnancy, the fetus is tolerated by the maternal immune system. The 

decidua (human pregnant uterine mucosa) is an active immunological tissue that contains 

a large population of maternal immune cells throughout the course of pregnancy. 

Regulatory T cells have been shown to be significantly enriched in the decidua and 

displayed a more suppressive phenotype (higher expression of FOXP3, and CTLA4) than 

in blood (180). Th17 cells were near absent in the decidua during the first trimester of 

pregnancy. This points to stringent control of the fetal-maternal interface in early 

pregnancy.  

In MS and EAE, Th17 cells are the predominant pathogenic cell type. CD39 is an 

ectonucleotidase that cleaves ATP in a rate-limiting step to form AMP and has been 

recently described to be expressed on a subpopulation of regulatory T cells (181, 182). It 

has recently been demonstrated that although both CD39+ and CD39- regulatory T cells 

suppressed proliferation and IFN-! production by responder T cells, only CD39+ 

regulatory T cells suppressed IL-17 production (183). These CD39+ regulatory T cells 

are impaired in patients with MS and might lead to inability to control IL-17 mediated 

autoimmune inflammation. 

The level of immune activation that occurs after pathogenic SIV infection has 

been found to most accurately predict the rate of progression to disease (19, 184, 185). 

Chronic immune activation is observed in non-natural hosts of SIV infection (pigtailed 

and rhesus macaques) but not in natural hosts (sooty mangabeys and African green 

monkeys). Various studies have demonstrated the depletion of Th17 cells during 
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pathogenic SIV infection. One study shows that there is a loss of balance between Th17 

and regulatory T cells in the blood, lymphoid organs and mucosal tissue of 

pathogenically infected pigtailed macaques, but not in African green monkeys. The loss 

of balance between these two cell subsets appears to be related to disease progression.
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CHAPTER 2 

 

 

 

Expansion of FOXP3+ CD8+ T cells with suppressive potential in colorectal mucosa 

following a pathogenic SIV infection correlates with diminished anti-viral T cell 

response and viral control 
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Abstract 

FOXP3+ CD8+ T cells are present at low levels in humans, however the function of these 

cells is not known. Here, we demonstrate a rapid expansion of CD25+ FOXP3+ CD8+ T 

cells (CD8+ Tregs) in the blood and multiple tissues following a pathogenic SIV 

infection in rhesus macaques. The expansion was pronounced in lymphoid and colorectal 

mucosal tissues, preferential sites of virus replication. These CD8+ Tregs expressed 

molecules associated with immune suppressor function such as CTLA-4 and CD39, and 

suppressed proliferation of SIV-specific T cells in vitro. They also expressed low levels 

of granzyme B and perforin suggesting that these cells do not possess killing potential. 

Expansion of CD8+ Tregs correlated directly with acute phase viremia and inversely with 

the magnitude of anti-viral T cell response. Expansion was also observed in HIV-infected 

humans but not in SIV-infected sooty mangabeys with high viremia, suggesting a direct 

role for hyper-immune activation and an indirect role for viremia in the induction of these 

cells. These results suggest an important but previously unappreciated role for CD8+ 

Tregs in suppressing anti-viral immunity during immunodeficiency virus infections. 

These results also suggest that CD8+ Tregs expand in pathogenic immunodeficiency 

virus infections in the non-natural hosts and that therapeutic strategies that prevent 

expansion of these cells may enhance control of HIV infection. 
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Introduction 

Regulatory T cells have a fundamental role in suppressing autoimmune 

manifestations and maintaining tolerance in peripheral tissues (186-190). They exist in 

both CD4+ and CD8+ T cell compartments, however CD4+ regulatory T cells have been 

better characterized. Multiple subsets of CD4+ regulatory T cell have been defined. 

These include natural regulatory T cells, type 1 regulatory T cells (Tr1) and T-helper 3 

cells (Th3)(100). Natural CD4+ regulatory T cells are characterized by constitutive 

expression of transcription factor Forkhead box P3 (FOXP3), and high levels of IL-2 

receptor alpha chain (CD25) (99, 191, 192). These cells act in an antigen-nonspecific 

manner by a cell-to-cell contact-dependent mechanism (101, 193-195). In contrast, the 

Tr1 and Th3 cells do not constitutively express FOXP3 and act via secretion of cytokines 

such as IL-10 and TGF-#, respectively (103, 196). 

FOXP3 is thought to be the most specific marker for CD4+ regulatory T cells. In 

mice, FOXP3 is strictly correlated with regulatory activity. However, human activated 

effector T cells have been shown to express FOXP3 following stimulation in vitro (197-

200). These FOXP3 expressing activated T cells possess the classic phenotype of Tregs, 

however may (201) or may not (198, 199) possess suppressive function. Thus, expression 

of FOXP3 alone by human T cells is not indicative of their suppressive capacity. 

FOXP3+ CD8+ T cells have not been reported in mice. However, a small fraction 

of CD8+ T cells in human blood express FOXP3 (202) and characterization of these cells 

ex-vivo has been difficult due to their low frequency (104). Currently it is not known how 

these cells develop in vivo. Many studies demonstrated the induction of FOXP3+ CD8+ 

T cells in vitro following polyclonal activation or peptide-specific stimulation of human 
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PBMC (105, 201, 203-206). These in vitro generated FOXP3+ CD8+ T cells have been 

shown to suppress T cell activation by inducing a tolerogenic phenotype in antigen 

presenting cells (105). Very little is known about the modulation of FOXP3+ CD8+ T 

cells in vivo following an infection or a disease.  Similarly, very little is known about 

their suppressive potential in vivo. A recent study demonstrated the expansion of 

FOXP3+ CD8+ Tregs with suppressive potential at the tumor site in patients with 

colorectal cancer (207). The expansion of FOXP3+ CD8+ Tregs with suppressive 

potential has not yet been reported following an infection in vivo. 

Regulatory T cells may play an important role in influencing viral control and 

disease progression during chronic HIV/SIV infections. On one hand, they may suppress 

anti-viral cellular immunity and thereby diminish viral control. On the other hand, they 

may suppress hyper-immune activation, a strong predictor for rapid disease progression, 

and thus may prolong survival. Several studies evaluated the fate of CD4+ regulatory T 

cells during HIV (121, 122, 135, 208, 209) and SIV (118, 210-212) infection and 

demonstrated a loss of these cells following infection suggesting that these cells may not 

contribute for suppression of anti-viral immunity or hyper-immune activation. While 

these studies characterized CD4+ regulatory T cells, there is very little data available on 

the fate of CD8+ regulatory T cells during HIV and SIV infections. It is possible that 

HIV/SIV infections induce CD8+ regulatory T cells to suppress anti-viral immunity. 

Indeed, a few recent studies demonstrated a low level expansion of FOXP3+ CD8+ T 

cells in the blood of SIV-infected cynomologous macaques and HIV-infected humans 

(106, 140, 141). However, these studies did not evaluate the suppressive capacity of these 

cells. In addition, it is important to study the fate of regulatory T cells in the lymphoid 
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tissue and gut (the major reservoirs of HIV/SIV) and their influence on anti-viral T cell 

response and hyper-immune activation in vivo. In view of the depletion of CD4+ 

regulatory T cells during SIV infection, we hypothesize that CD8+ regulatory T cells 

capable of suppressing anti-viral immune responses may be induced following HIV/SIV 

infection.  

In this study, we conducted a thorough evaluation of the magnitude of CD25+ 

FOXP3+ CD8+ T cells (CD8+ Tregs) in multiple tissues including intestinal mucosa 

following SIV infection in rhesus macaques and studied their influence on anti-viral T 

cell response in vitro and in vivo. Our results demonstrate the expansion of CD8+ Tregs 

with suppressive capacity in blood and multiple tissues following infection. The 

expansion was higher at the preferential sites of virus replication such as lymphoid and 

colorectal tissue, than in blood. Importantly, the early expansion of these cells correlated 

inversely with acute phase anti-viral CD4+ and CD8+ T cell response. Expansion of 

these cells was not observed in SIV-infected sooty mangabeys despite these animals 

having high viremia. These results demonstrate an important but previously 

unappreciated role for CD8+ Tregs in suppressing anti-viral immunity during 

immunodeficiency virus infections in their non-natural hosts and suggest a direct role for 

hyper-immune activation and an indirect role for viremia in their induction. 
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Materials and Methods 

Non-human primates and SIV infection   

Young adult rhesus macaques and sooty mangabeys from the Yerkes breeding 

colony were cared for under guidelines established by the Animal Welfare Act and the 

NIH “Guide for the Care and Use of Laboratory Animals” using protocols approved by 

the Emory University Institutional Animal Care and Use Committee. Rhesus macaques 

were infected with SIVmac251 either intravenously or intrarectally at a dose of 100 or 

1000 TCID50, respectively. Dr. Nancy Miller at NIH provided the challenge stock. All 

animals were infected under these conditions. Some of the SIV-infected macaques were 

treated with anti-retroviral drugs PMPA (20mg/kg), FTC (30mg/kg), Kaletra (Lopinavir, 

12mg/kg; Ritonavir 3mg/kg) and AZT (5mg/kg) at about 18 weeks following infection. 

Sooty mangabeys were housed in colonies of 50-60 animals and SIVsm is endemic in this 

population. None of the animals used in the study were experimentally infected. 

 

Human subjects 

PBMC obtained from uninfected (HIV negative) and untreated HIV-infected individuals 

were used for analyses. The characteristics of the HIV-infected individuals have been 

presented previously (213). All of the HIV-infected individuals were recruited at the 

Emory Center for AIDS Research Clinic Research Core. HIV negative individuals were 

employees of the Emory University. The Emory University Institutional Review Board 

approved this study. Signed informed consents were obtained from all individuals before 

enrollment in the study. 

Cell isolation from blood and rectal biopsies. 
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Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood according 

to the standard Ficoll-Hypaque separation procedures as described before (214). 

Lymphocytes from pinch biopsies from the rectum were obtained as described before 

(214). Briefly, 10 to 20 pinch biopsies were collected in complete RPMI and washed two 

times with ice-cold Hank’s buffered salt solution.  Biopsies were digested with 200 

units/ml of collagenase IV (Worthington, Lake wood, NJ) and DNase I (Roche, 

Indianapolis, IN), passed through decreasing sizes of needles (16-, 18-, and 20-gauge, 

five to six times with each needle), and filtered through a 100µm filter.  Cells were 

washed twice with RPMI and resuspended in complete RPMI for analysis.  

 

Staining for FOXP3 positive cells 

FOXP3+ CD25+ T cells were measured directly ex vivo.  Two million PBMCs or 

one million cells from colorectal mucosa were re-suspended in 100 µl of RPMI plus 10% 

FBS.  Cells were stained with LIVE/DEAD marker (Invitrogen, Carlsbad, CA), followed 

by surface staining with antibodies against CD3 (APC-Cy7, clone SP34-2, BD 

Pharmingen, San Diego, CA), CD4+ (PerCP, clone L200; BD Pharmingen, San Diego, 

CA), CD8+ (Qdot 655, clone SK1; BD Bioscience, San Jose, CA), CD25 (PE, clone 4E3; 

Miltenyi Biotech, Auburn, CA), CD95, (Pacblue, clone DX2; Caltag, Carlsbad, CA) and 

CD28 (PE-Cy7, clone CD28.2; eBioscience, San Diego, CA) for 30 minutes at 4oC.  

Cells were washed with PBS with 2% FBS, and fixed with 1X fix/perm buffer 

(Biolegend, San Diego, CA) for 20 minutes at room temperature.  Cells were then 

washed once with Permeabilization solution (Biolegend, San Diego, CA), and incubated 

in this solution for 15 minutes.  Cells were washed once with PBS with 2% FBS, and 
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incubated for 30 minutes with monoclonal antibody to FoxP3 (Alexa Fluor 488, clone 

206D; Biolegend).  Cells were then washed twice with PBS with 2% FBS, and 

resuspended in 1% formalin in PBS.  Samples were acquired on LSRII (BD 

Immunocytometry systems, San Jose, CA) and analyzed using FlowJo software (Treestar, 

Inc., Ashland, Oregon).  Lymphocytes were identified based on live cells, followed by 

scatter pattern and CD3+, CD8+-, CD4+ cells were considered as CD4+ T cells and 

CD3+, CD8+, CD4+- cells were considered as CD8+ T cells (Fig. 1A). The gates for 

FOXP3+ cells were defined based on the lack of FOXP3 expression on non-CD3+ cells 

within the same sample. 

For analysis of the expression of intracellular Ki-67 (clone B56, BD Pharmingen, 

San Diego, CA), surface CD127 (clone R34.34; Beckman-Coulter, Fullerton, CA) and 

surface Cytotoxic T Lymphocyte Antigen-4 (CTLA-4) (clone BNI3; BD Pharmingen, 

San Diego, CA), intracellular Granzyme B (clone GB11,BD Biosciences, San Diego, 

CA), intracellular perforin (PF344, Mabtech, Cincinnati, OH) a similar procedure was 

used except that PE anti-CD25 Ab was replaced with antibody against the respective 

marker. For analysis of tetramer positive cells, cells were stained with antibodies against 

human CD3, CD8+ and FOXP3, and Gag CM9 tetramer (215). 

 

Intracellular cytokine staining analysis 

Intracellular cytokine production was assessed as previously described with few 

modifications (216).  Briefly, two million PBMCs were stimulated in 200 µl of RPMI 

with 10% FBS in a 5 ml polypropylene tube. Peptide pools (15mer overlapping by 11) 

specific for SIV Gag and Env were used for stimulations at a final concentration of 1 



 41 

!g/ml. Staphylococcal enterotoxin B (SEB) was used as a positive control at 1 µg/ml.  

Stimulations were performed in presence of anti-CD28 and anti-CD4+9d antibodies (1 

µg/ml; BD Pharmingen, San Diego, CA).  Cells were incubated at 37oC in the presence 

of 5% CO2 for 6 hours.  Brefeldin A (10 µg/ml) was added after 2 hours of incubation. At 

the end of stimulation, cells were washed once with phosphate-buffered saline (PBS) 

containing 2% FBS, surface stained for 30 min at 4oC with anti-human CD4+ (clone 

L200; BD Pharmingen, San Diego, CA), anti-human CD3 (clone SP34-2, BD 

Pharmingen, San Diego, CA) and anti-human CD8+ (clone SK1; BD Biosciences, San 

Jose, CA). Cells were fixed with cytofix/cytoperm (BD Pharmingen, San Diego, CA) for 

20 min at 4oC and permeabilized with 1X permwash (BD Pharmingen, San Diego, CA).  

Cells were then incubated for 30 minutes at 4oC with anti-human IFN-! Ab, washed twice 

with 1X Permwash, once with 2% FBS in PBS and resuspended in 1% formalin in PBS.  

Approximately 500,000 lymphocytes were acquired on the LSRII (BD Immunocytometry 

systems) and analyzed using FlowJo software (Treestar, Inc., San Carlos, California).  

Lymphocytes were identified based on their scatter pattern and CD3+, CD8+-, CD4+ 

cells were considered as CD4+ T cells, and CD3+CD8+CD4+- cells were considered as 

CD8+ T cells.  These CD4+ or CD8+ T cells were then gated for cytokine positive cells. 

 

Suppressor Assay 

 PBMCs were CFSE stained according to previously described protocol (217).  

Cells were then incubated with CD4+ microbeads (Miltenyi Biotec, Auburn, CA)) for 15 

minutes at 4oC and were negatively selected on LD columns (Miltenyi Biotec, Auburn, 

CA). Column bound CD4+ cells were reserved at 4oC for later usage.  Cells from the 
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flow through of LD columns (CD4+ depleted cells) were incubated with CD25 

microbeads (Miltenyi Biotec, Auburn, CA) for 15 minutes at 4oC and were positively 

selected on MS columns (Miltenyi Biotec, Auburn, CA).  The column bound fraction was 

considered as CD8+ Tregs, and the flow through of MS columns (CD4+ depleted and 

CD25 depleted cells) was mixed with CD4+ T cells (column bound fraction of LD 

columns) in same proportion as prior to depletion. This cell population contained all cells 

except CD8+ Tregs (CD8+ Treg depleted cells).  Stimulations with Gag and Env peptide 

pools, and SEB were set up for the following subsets:  Total cells, CD8+ Treg depleted 

cells, and where possible, CD8+ Treg depleted cell fraction reconstituted with CD8+ 

regulatory T cells. This reconstitution generally yielded a ratio of 1:0.08 (Total CD8+ 

Treg depleted cells: CD8+ Tregs).  Stimulation was conducted for 5 days.  Cells were 

then surface stained for LIVE/DEAD marker (Invitrogen), anti-CD3 (APC-Cy7, clone 

SP34-2; BD Pharmingen, San Diego, CA), anti-CD4+ (PerCP, clone L200; BD 

Pharmingen, San Diego, CA), anti-CD8+ (Qdot 655, clone SK1; BD Bioscience, San 

Jose, CA), and intracellularly for anti-Ki-67 (PE, clone B56; BD Pharmingen, San Diego, 

CA).  Proliferation status was assessed by CFSE dilution, and expression of Ki-67 

nuclear protein. 

 

Quantitation of SIV RNA Plasma Load 

 The SIV copy number was determined using a quantitative real-time PCR as 

previously described (216).  All specimens were extracted and amplified in duplicates, 

and the mean results are reported. 
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Statistical Analysis 

The Wilcoxon signed-rank test was used to compare the frequency of FOXP3+ T 

cells between blood and colorectal tissue and between different time points after SIV 

infection. The Wilcoxon rank-sum test was used to compare the frequency of FOXP3+ 

CD8+ T cells in humans and sooty mangabeys. The Spearman’s rank correlation 

coefficient (rs) or the Pearson’s product moment correlation coefficient (r) was used to 

assess the relationship between viral load, percentage of FOXP3+ cells and percentage of 

anti-viral T cells.  If the data followed the parametric assumptions, Pearson’s method was 

used, otherwise Spearman’s method was used. A two-sided p<0.05 was considered 

statistically significant. Statistical analyses were performed using software program S-

PLUS 7.0.   
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Results 

FOXP3+ CD8+ T cells are present at low levels in blood and colorectal tissue of 

normal macaques 

We measured the steady state levels of CD4+ and CD8+ T cells that co-express 

FOXP3 and CD25 in blood and colorectal mucosal tissue of normal (SIV negative) 

macaques to understand the relative levels and distribution of regulatory T cells. FOXP3+ 

CD25+ CD4+ T cells (referred to as ‘CD4+ Tregs’ hereafter) were readily detected in 

peripheral blood as well as colorectal mucosa (Fig. 2.1).  The frequencies of CD4+ Tregs 

were generally similar in the two compartments with a geometric mean frequency of 

4.8% of total CD4+ T cells (Fig. 2.1A and 2.1B).  In contrast to CD4+ T cells, only a 

small fraction of CD8+ T cells co-expressed FOXP3 and CD25 (referred to as ‘CD8+ 

Tregs’ hereafter) (Fig. 2.1A and 2.1B). The frequencies of these CD8+ Tregs in normal 

macaques had geometric mean of 0.2% in blood and 0.12% in the colorectal mucosal 

tissue.  These results demonstrate that in normal macaques CD8+ Tregs are present at 

much lower levels than CD4+ Tregs (Fig. 2.1B), and suggest that the latter play a greater 

role in maintaining T cell homeostasis and tolerance to self-antigens. In addition, the 

differences in frequencies could also point to differences in mechanisms utilized by the 

two cell types. 

 

Rapid expansion of CD8+ Tregs following SIVmac251 infection: Higher expansion 

in colorectal mucosa than blood 

 To understand the role of CD8+ Tregs in SIV infection, we studied the 

frequencies of these cells both in blood and colorectal mucosa of 17 rhesus macaques that 
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were infected with SIVmac251.  Analyses were performed before and at 2, 3, 6, 12 and 

24 weeks following infection. The frequencies of CD8+ Tregs expanded in both blood 

and colorectal mucosal tissue following SIV infection. In blood, CD8+ Tregs peaked 

between 2-6 weeks, and ranged from 0.4% to 1.5% of total CD8+ T cells (Fig. 2.2B). 

Peak levels were approximately 2.5-fold higher than their pre-challenge levels (p=0.003), 

and remained fairly constant over the next 18 weeks (data not shown). Similar or higher 

increases were also observed for the absolute number of CD8+ Tregs in blood following 

SIV infection (Fig. 2.2C).  

 A greater expansion of CD8+ Tregs (4.3-fold) was observed in the colorectal 

mucosa than in blood following SIV infection (p<0.001) (Fig. 2.2A and 2.2B). In the 

colorectal mucosa, CD8+ Tregs generally peaked at week 6 and then remained fairly 

constant during the next 18 weeks (data not shown). The peak levels of these cells ranged 

from 0.5% to 6.7% of total CD8+ T cells and were approximately 14-fold higher than the 

levels observed prior to infection (p<0.001). A similar pattern was also observed for the 

absolute number of CD8+ Tregs in the colorectal mucosal tissue (Fig. 2.2D). 

 In order to assess whether expansion of CD8+ Tregs is a reflection of global T 

cell activation that occurs during viral infections, we compared the magnitude and 

kinetics of expansion of CD8+ Tregs and total activated CD8+ T cells (CD8+ CD25+) 

both in blood and colorectal mucosal tissue (Fig. 2.2C and 2.2D). In colorectal tissue, the 

expansion of total activated CD8+ T cells occurred by 2 weeks whereas in blood occurred 

by 6-12 weeks (Fig. 2.2D). These levels were generally 10-fold higher compared to the 

magnitude of CD8+ Tregs in the respective tissue. In addition, the expansion of total 
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activated CD8+ T cells peaked later in blood and earlier in colorectal tissue compared to 

CD8+ Tregs. 

 To further understand if FOXP3+ CD8+ T cells are generated following 

activation in vitro, we stimulated PBMCs for five days with anti-CD3 and anti-CD28 and 

stained for FOXP3 and CD25 (Fig 2.2E). As expected, we observed that the majority of 

CD8+ T cells express CD25 by the end of stimulation. However, only a small fraction 

(0.65%) of these CD25+ T cells expressed FOXP3, suggesting that the activation of 

macaque CD8+ T cells through TCR alone does not induce FOXP3 expression on these 

cells in vitro. Collectively, these results demonstrate that expansion of CD8+ Tregs 

occurs independent of total activated CD8+ T cells and suggest that CD8+ Tregs may not 

represent a subset of activated CD8+ T cells.  

 To further assess the expansion of CD8+ Tregs in HIV infection, we compared 

the levels of these cells in blood of HIV infected and uninfected individuals (Fig. 2.2F). 

CD8+ Tregs were present at low levels (geometric mean frequency of 0.014% of total 

CD8+ T cells) in HIV-negative humans.  However, these cells were readily detectable 

and were 14-fold higher (geometric mean frequency of 0.2% of total CD8+ T cells; 

p<0.001) in HIV-infected individuals. These results demonstrate that CD8+ Tregs also 

expand following HIV infection in humans. 

 

Selective expansion of CD8+ Tregs in intestinal mucosa following SIV infection 

 We next determined the distribution of CD8+ Tregs in various tissues of SIV 

negative and SIV-positive macaques (Fig. 2.3A and 2.3B). Tissues analyzed included 

blood, gut associated lymph nodes, spleen, thymus, liver, genitalia and various intestinal 
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mucosa. In normal macaques, low levels of CD8+ Tregs were detected in blood, 

lymphoid tissues, liver and genitalia, with highest levels detected in lymph nodes 

(approximately 1.5% of total CD8+ T cells). Similarly, in SIV-infected macaques, CD8+ 

Tregs were present in blood, lymphoid tissues, liver and genitalia (Fig. 2.3A and 2.3B). 

However, the levels of these cells tended to be higher in the lymphoid tissue of SIV-

infected macaques than uninfected macaques. 

 Interestingly, CD8+ Tregs were present mostly below our detection limit 

(<0.01%) in intestinal mucosal tissue of normal macaques (Fig. 2.3B). However, in 

contrast to SIV negative macaques, CD8+ Tregs were readily detected in intestinal 

mucosal tissue of SIV-infected macaques, with the highest levels in the large intestine 

(colon and rectum, ranging from 0.5-6% of total CD8+ T cells, p<0.05) (Fig. 2.3B). 

These results demonstrate a selective expansion of CD8+ Tregs in the intestinal mucosal 

tissue of rhesus macaques following SIV infection.  

 

CD8+ Tregs express molecules associated with regulatory function 

We next sought to characterize CD8+ Tregs during chronic SIV infection (weeks 

12-24 post SIV infection) for the expression of phenotypic markers that predict their 

function (Fig 2.4A, and 2.4B) such as Cytotoxic T Lymphocyte Antigen-4 (CTLA-4) and 

ATP ectonucleotidase (CD39). At 24 weeks post infection, about 40% of CD8+ Tregs 

expressed CTLA-4, which is known to participate in down-regulating immune responses 

(218) (Fig. 2.4A and 2.4B). This phenotype was stable even one year post infection (data 

not shown). Approximately 30% of CD8+ Tregs expressed CD39 (Fig. 2.4A and 2.4B), 

which degrades ATP into cAMP, and has been identified as a regulatory T cell marker 
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(Fig 2.4A and 2.4B) (181, 182). ATP is critical for actively proliferating cells and thus 

degradation of this molecule creates a microenvironment that is not conducive for 

proliferation of effector cells. To assess whether CD8+ Tregs have cytolytic capacity, we 

characterized these cells for expression of granzyme B and perforin. CD8+ Tregs 

expressed lower levels of granzyme B and perforin than FOXP3-ve CD8+ T cells, 

suggesting that these cells may not possess killing potential (Fig. 2.4A and 2.4B). Similar 

to human CD4+ Tregs (219, 220), CD8+ Tregs in rhesus macaques also expressed low 

levels of CD127 (Fig. 2.4A and 2.4B). We next characterized the proliferation status of 

CD8+ Tregs in vivo by staining for intranuclear expression of Ki-67 (Fig. 2.4A and 

2.4B). Consistent with their expansion following infection, approximately 60% of CD8+ 

Tregs were actively proliferating at 12 weeks post infection.  

To study whether these CD8+ Tregs produce IFN!, we stimulated cells isolated 

from mesenteric lymph nodes with PMA/ionomycin and co-stained for expression of 

IFN! and FOXP3 (Fig. 2.4C). About 10% of total FOXP3+ cells co-expressed IFN! that 

was marginally lower than the levels expressed by FOXP3- CD8+ T cells demonstrating 

that these CD8+ Tregs can produce IFN! following stimulation (Fig. 2.4C). It is 

important to note that the mean fluorescence intensity of FOXP3 on IFN-! producing 

cells was lower compared to IFN!- FOXP3+ cells. However, when cells were stimulated 

with a SIV Gag peptide pool, none of the FOXP3+ CD8+ T cells co-expressed IFN!. 

Furthermore, none of the FOXP3+ CD8+ T cells were positive for Gag-CM9 tetramer 

that binds to CD8+ T cells specific for the immunodominant epitope CM9 in Mamu 

A*01 positive animals (215) (Fig. 2.4D). Collectively, these data suggest that these 

CD8+ Tregs may not be specific for SIV antigens.   
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CD8+ Tregs suppress anti-viral T cell response in vitro  

 To assess whether the CD8+ Tregs are capable of suppressing T cell proliferation, 

we depleted these cells and compared proliferation of total and CD8+ Treg depleted cells 

in response to either SIV antigens or a mitogen, SEB (Fig 2.5A). Selective depletion of 

CD8+ Tregs was achieved by a sequential depletion of CD4+ cells followed by CD25+ 

cells and reconstitution with CD4+ cells as outlined in Fig. 2.5A. This procedure yielded 

a near complete depletion of CD8+CD25high Tregs (Fig. 2.5B). Selective depletion of 

CD8+ Tregs either from PBMC or cells obtained from colonic lymph nodes resulted in 

enhanced proliferation (2-33 fold; p<0.05) of CD8+ T cells in response to stimulation 

with SIV antigens (Gag or Env) suggesting that these CD8+ Tregs have suppressive 

potential (Fig 2.5C and 2.5D). In two of the five samples tested, proliferation prior to 

CD8+ Treg depletion was below our detection level (0.01%). However, after depletion of 

CD8+ Tregs, proliferation was clearly detectable at about 2% of total CD8+ T cells (Fig. 

2.5D). It is important to note that this enhancement in proliferation was observed despite 

the presence of CD4+ Tregs in the culture. This enhancement in proliferation in the 

absence of CD8+ Tregs was not consistently observed following stimulation with SEB 

(Fig 2.5C and 2.5D). 

 To determine a direct evidence that CD8+ Tregs exert suppression, in some 

experiments we added these cells back to CD8+ Treg depleted cells at a CD8+ Treg:total 

PBMC ratio of 1:12.5 and evaluated their ability to suppress proliferation of CD8+ T 

cells in response to stimulation with SIV Gag peptide pool.  Addition of CD8+ Tregs 

resulted in near total loss of proliferation of CD8+ T cells (p<0.05) (Fig. 2.5D), 

indicating that these cells are highly potent at suppressing anti-viral specific responses. 
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CD8+ Tregs suppress anti-viral T cell response in vivo  

 To assess whether CD8+ Tregs had a potential role in suppressing the expansion 

of anti-viral T cells in vivo, we compared the magnitude of SIV-specific cellular immune 

response and CD8+ Tregs early following infection in blood (Fig. 2.6A). We observed an 

inverse correlation between the frequency of SIV-specific IFN-! producing CD8+ 

(p=0.043) or CD4+ T cells (p<0.01) and the levels of CD8+ Tregs at 2-3 weeks post 

infection (Fig. 2.6A).  

 To further understand the relationship between CD8+ Tregs and anti-viral CD8+ 

T cell response in the colorectal tissue, we compared the magnitude and kinetics of 

expansion of CD8+ Tregs and CD8+ T cells specific for the immunodominant Gag-CM9 

epitope in Mamu A*01+ animals (Fig. 2.6B). In agreement with the suppression of anti-

viral T cells in blood, we also observed an inverse relationship for the kinetics of 

expansion and contraction between CD8+ Tregs and the Gag CM9-tetramer positive T 

cells in the colorectal tissue. Importantly, in 3 of the 4 animals studied, the magnitude of 

CD8+ Tregs was comparable to the magnitude of Gag CM9-tetramer-specific CD8+ T 

cells suggesting that ratios of responder:Treg ratios similar to those frequently used for in 

vitro suppression assays can be achieved in vivo. Similar results were also observed in an 

additional 6 Mamu A*01+ rhesus macaques (data not shown). These results suggest an 

important role for CD8+ Tregs in suppressing virus-specific T cell response during early 

stages of SIV infection in macaques. 
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High levels of CD8+ Tregs correlate with high levels of viremia in rhesus macaques  

 In order to comprehend the relationship between the levels of CD8+ Tregs and 

viral load during SIV infection, we compared the levels of these cells and viral load 

during chronic phase of SIV infection (week 10 or 12 post infection) (Fig. 2.7A). A direct 

correlation between the plasma viral load and levels of CD8+ Tregs in blood (p<0.001) 

was observed (Fig. 2.7A), suggesting that high levels of viral RNA induce high levels of 

CD8+ Tregs following infection. This correlation was true for both percent CD8+ Tregs 

(Fig. 2.7A) and absolute number of CD8+ Tregs (data not shown). 

In contrast to CD8+ Tregs, and as shown previously (118, 210-212), a decline in 

the absolute number of CD4+ Tregs was observed following SIV infection (Fig. 2.7B). 

This depletion was observed both in peripheral blood (p<0.01) and colorectal mucosa 

(p<0.001) and had occurred early following infection (Fig. 2.7B). Furthermore, depletion 

of CD4+ regulatory T cells was greater in colorectal mucosa than in blood (Fig. 2.7B). 

Depletion was also observed in other tissues such as gut associated lymph nodes, spleen 

and small intestine (data not shown). Consistent with the loss of CD4+ Tregs, about 25% 

of these cells expressed the viral co-receptor CCR5 (data not shown). An inverse 

correlation was observed between viremia and levels of CD4+ Tregs in colorectal tissue 

at 10-12 weeks post infection (p<0.01) (Fig. 2.7C). Collectively these results suggest that 

the loss of CD4+ Tregs might occur due to the cytopathic effects of viral infection as well 

as possible direct killing by the virus, and indicate that CD4+ Tregs play minimal role in 

modulating antiviral T cell responses during SIV infection. 

To further understand the influence of viral load on CD8+ Tregs, we evaluated 

their levels in SIV-infected macaques before and after anti-retroviral therapy (ART) (Fig. 
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2.7D). Suppression of viral load with ART resulted in reduction in the frequency and 

absolute numbers (data not shown) of CD8+ Tregs in the colorectal mucosa (p<0.001). In 

contrast, suppression of viral load with anti-retroviral therapy resulted in an increase in 

the frequency of CD4+ Tregs in the colorectal mucosa (p=<0.01), indicating that 

reduction in viral load due to ART treatment can restore CD4+ Treg levels. This may be 

a reflection of total CD4+ T cell reconstitution that occurs after ART treatment. 

Interestingly, in the blood, ART did not influence the frequency or absolute number of 

either total CD8+ or CD4+ Tregs (Fig. 2.7D). However, we observed a significant 

reduction in the frequency of FOXP3+ central memory CD8+ T cells following ART 

(data not shown).  

 

No expansion of CD8+ Tregs in SIV-infected Sooty Mangabeys 

 To better understand whether the expansion of CD8+ Tregs is a common feature 

of immunodeficiency viral infections, we sought to quantify these cells in SIV-infected 

sooty mangabeys (Fig. 2.8). Sooty mangabeys rarely progress to disease despite the 

presence of high viremia. The lack of disease progression in SIV-infected sooty 

mangabeys has been attributed to the absence of high levels of hyper-immune activation, 

which is normally seen in SIV-infected rhesus macaques and HIV-infected humans (221). 

We assayed 8 sooty mangabeys chronically infected with SIVsm that maintained 

persistent set point viral loads for more than 5 years (Fig 2.8A). In SIV-negative sooty 

mangabeys, CD8+ Tregs were present at low levels (<0.2% of total CD8+ T cells) both in 

the rectum and blood (Fig. 2.8B). Interestingly, the levels of these cells were similar 

between the SIV-infected and uninfected sooty mangabeys (Fig. 2.8B) demonstrating that 



 53 

CD8+ Tregs did not expand during chronic SIV infection of the natural host. These 

results demonstrate that expansion of CD8+ Tregs is not observed in all 

immunodeficiency virus infections and suggest that hyper-immune activation in addition 

to level of viremia may influence their expansion.  
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Discussion 

 Our study evaluating the magnitude of FOXP3+ CD8+ Tregs following a 

pathogenic SIVmac251 infection in rhesus macaques clearly demonstrates a rapid 

expansion of these cells in the colorectal mucosal tissue, a preferential site of virus 

replication. These CD8+ Tregs highly expressed molecules associated with immune 

suppressive function and suppressed proliferation of virus-specific T cells in vitro. In 

addition, our results demonstrate a role for these cells suppressing virus-specific T cell 

response early following infection in vivo. Collectively, these results suggest an 

important role for CD8+ Tregs in regulating anti-viral immunity and viral control 

following a pathogenic immunodeficiency virus infection. 

 Our study is the first to demonstrate suppressive capacity of CD8+ Tregs in an 

infectious disease setting. The in vivo generated CD8+ Tregs following SIV infection 

suppressed anti-viral T cell responses in vitro. In agreement with their suppressive 

capacity in vitro, we also observed an inverse correlation between the frequency of CD8+ 

Tregs and anti-viral T cells during the acute phase of infection suggesting their 

suppressive role in vivo. We did not consistently observe suppression of T cell responses 

following in vitro stimulation with SEB. This may be due to higher ratios of SEB-specific 

T cells:CD8+ Tregs in comparison to relatively lower ratios of SIV-specific T 

cells:CD8+ Tregs.  

 One of the interesting aspects of our study is that the expansion of CD8+ Tregs 

peaks in blood (wk 2) earlier than in colorectal tissue (wk 6). This was true whether the 

animals were infected via intravenous or intrarectal route (data not shown). In addition, a 

significant proportion of CD8+ Tregs in blood expressed #7 integrin that is needed for T 
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cell trafficking to gut (data not shown). Based on these results, we propose that CD8+ 

Tregs are expressed in local lymph nodes and migrate to gut through blood. 

In contrast to the enhancement observed in the frequency and number of CD8+ 

Tregs, the number of CD4+ Tregs declined following SIV infection. In addition, an 

inverse correlation was observed between the number of CD4+ Tregs and plasma viral 

RNA, suggesting that these cells might have been infected and killed by the virus. 

Consistent with this hypothesis, previous studies, (209, 222) as well as our study 

demonstrated that CD4+ Tregs express viral co-receptor CCR5 and can be infected by the 

virus. Our results suggest that because human and simian immunodeficiency viruses 

infect CD4+ Tregs, these viruses may use CD8+ Tregs as a mechanism to mediate 

suppression of anti-viral immunity during acute and chronic phases of infection. 

 Regulatory T cells are known to exert their suppressive effects through various 

mechanisms. These include cell-to-cell contact dependent mechanisms using molecules 

such as CTLA-4 (190, 194, 223) and glucocorticoid-induced tumor necrosis factor 

receptor (GITR) (224), degradation of ATP (225); secretion of cytokines such as IL-10 

(226) and TGF-# (227); and sequestration of IL-2. The CD8+ Tregs described in our 

study expressed CTLA-4 and CD39. CTLA-4 binds to the same ligands as co-stimulatory 

molecule CD28 and inhibits T cell activation. CD39 is an ectoenzyme that converts ATP 

into cAMP. Expression of CD39 by CD4+ Tregs has been shown to be associated with 

their suppressive function (181, 182). We are yet to quantify the levels of cAMP harbored 

by these CD8+ Tregs. However, our results suggest that CD8+ Tregs in SIV-infected 

macaques may use CTLA-4 and CD39 dependant mechanisms for their suppressive 

function.  CD8+ Tregs generated in vitro have been shown to suppress T cell 
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proliferation using their cytolytic activity (228). This raises the possibility that CD8+ 

Tregs in our study might be cytolytic. But only a small fraction of CD8+ Tregs in our 

study expressed molecules associated with cytolytic function such as granzyme B and 

perforin suggesting that killing may not be a preferred mechanism of their suppressive 

function. 

 Understanding the mechanisms by which SIV infection induces these CD8+ 

Tregs could have therapeutic benefits. It has been shown that SIV/HIV induces increased 

expression of indoleamine 2,3-dioxygenase (IDO), an immunosuppressive enzyme that is 

capable of inducing CD4+ Tregs (229). This increase in IDO expression is detected in 

lymphoid and intestinal mucosal tissues as early as 7 days after SIV infection (121, 122, 

125, 212). Similarly, TGF-# has also been shown to induce expression of FOXP3 by 

mouse naïve CD8+ T cells following stimulation with anti-CD3 and anti-CD28 (230).  

SIV infection has been shown to increase expression of TGF-# (212). Collectively, these 

results suggest that IDO and TGF-# may be playing a role in the induction of CD8+ 

regulatory T cells in rhesus macaques. We observed a direct correlation between the 

frequency of CD8+ Tregs and viral load suggesting that viral load influences the 

magnitude of these cells either directly or indirectly. Analysis of CD8+ Tregs in normal 

and SIV-infected sooty mangabeys revealed no increase in these cells either in blood or 

rectum.  These results strongly suggest that the observed increase in SIV-infected rhesus 

macaques may be due to indirect effects of high viral load. SIV-infected rhesus macaques 

and sooty mangabeys differ significantly for the level of hyper-immune activation (231), 

with the former inducing much higher levels than the latter. In addition, SIV has been 

shown to induce IFN-" production by plasmacytoid DC from rhesus macaques but not 
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sooty mangabeys (232). It is possible that activation of pDC’s and/or hyper-immune 

activation may be responsible for induction of CD8+ Tregs in the rectum of SIV-infected 

rhesus macaques. 

 The origin and specificity of these CD8+ Tregs is not clear. Consistent with their 

expansion in vivo, a significant proportion of CD8+ Tregs expressed the proliferation 

marker Ki-67. This suggests that the expansion in the number of CD8+ Tregs could be 

due to the division of existing cells rather than induction of this phenotype in Treg 

precursors. Recent studies have demonstrated that human CD8+ T cells express FOXP3 

following stimulation with anti-CD3 in the presence of either IL-2 or IL-15 but not IL-7 

in vitro (203). This raises the possibility that the CD8+ Tregs in SIV-infected animals 

could be SIV-specific. However, the failure to produce IFN! and bind to an 

immunodominant epitope-specific tetramer, and inverse relationship with expansion of 

anti-viral T cell response suggest that these CD8+ Tregs might not be specific for the 

virus. It is possible that virus-specific Tregs may produce immunosuppressive cytokines 

such as TGF-# (233) and IL-10 in response to SIV antigen stimulation. It is also possible 

that the CD8+ Tregs express CD8+ alpha-alpha rather than CD8+ alpha-beta and thus 

may not bind tetramers.  In the absence of these analyses it is difficult to conclude their 

SIV antigen specificity. 

 We observed that the expansion of CD8+ Tregs during SIV infection occurs in the 

lymphoid compartments and in the large intestine. The expansion of CD8+ T regs in 

large intestine might indicate that these cells are suppressing anti-viral T cells at the 

preferred site of viral replication, whereas expansion in lymphoid compartments indicates 
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that these cells may also be suppressing generation of new anti-viral T cells at site of T 

cell activation. 

 It has been suggested that high levels of regulatory T cells during acute HIV/SIV 

infection could be advantageous for the host by suppressing the hyper-immune activation 

that has been shown to play a role in progression to disease (231, 234, 235). However, 

prior reports of FOXP3+ CD8+ T cells in HIV or SIV infections (141, 202, 222) did not 

demonstrate suppressive activity of these cells, leaving open the question whether 

FOXP3 expression on CD8+ T cells is a true marker of regulatory activity or activation 

of CD8+ T cells. Our data suggests that hyper-immune activation is inducing CD8+ 

Tregs capable of suppressing SIV-specific CD4+ and CD8+ T cell responses and that the 

high levels of CD8+ Tregs present during acute infection may be deleterious rather than 

advantageous to the host. In conclusion, our results demonstrate a rapid expansion of 

FOXP3+ CD8+ Tregs at the preferential sites of virus replication following pathogenic 

SIV infection and provide evidence that these cells contribute to the suppression of anti-

viral T cell responses and poor viral control. Our results suggest that therapeutic 

approaches that block the induction of these cells may improve viral control.  

 



 59 

Figure legends 

Figure 2.1. FOXP3 positive T cells in normal rhesus macaques. (A) Gating pattern for 

CD4+ and CD8+ FOXP3+ cells in peripheral blood (PBMC) and colorectal mucosa. T 

cells were identified based on live/dead cell marker exclusion, followed by side scatter 

(SSC) and CD3, followed by forward scatter (FSC) and CD3. CD3+CD4+CD8+- cells 

were identified as CD4+ T cells and CD3+CD4+-CD8+ cells were identified as CD8+ T 

cells. FOXP3+CD25+CD4+ T cells were identified as CD4+ Tregs and 

FOXP3+CD25+CD8+ T cells were identified as CD8+ Tregs. (B) Summary of the 

frequency of FOXP3+ CD4+ and CD8+ T cells as a percent of respective total cells in 

blood and colorectal mucosa of normal macaques. The horizontal lines represent 

geometric mean for the group. PBMC, Peripheral blood mononuclear cells; gut, cells 

from rectal biopsies. These experiments were repeated at least twice, with 8 macaques or 

more per experimental group. 

 

Figure 2.2.  Expansion of CD8+FOXP3+ T cells post SIV infection in rhesus 

macaques.  (A) Representative FACS plots for detection of CD8+CD25+FOXP3+ T 

cells following SIV infection in peripheral blood and colorectal mucosa.  CD8+ T cells 

were gated as described in Fig. 1 and analyzed for expression of FOXP3 and CD25. The 

percentages on the FACS plots represent the frequency of FOXP3+ CD25+ CD8+ T cells 

as a percent of total CD8+ T cells. (B) Summary of the frequency of 

CD8+CD25+FOXP3+ T cells expressed as a percentage of total CD8+ T cells. Each 

symbol represents an individual macaque (n=17). (C) Summary of absolute number of 

CD8+CD25+FOXP3+ or CD8+CD25+ T cells per milliliter of blood. (D) Summary of  
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number of CD8+CD25+FOXP3+ or CD8+CD25+ T cells per 100,000 lymphocytes in 

gut following SIV challenge. (E) Representative FACS plot for detection 

CD8+CD25+FOXP3+ T cells after culture for 5 days with or without anti-CD3 and anti-

CD28 stimulation (left); Summary of CD8+CD25+FOXP3+ and CD8+CD25+FOXP3- T 

cells post stimulations (right). (n=3).  (F) Representative FACS plot for detection of 

CD8+CD25+FOXP3+ T cells in uninfected and HIV-1 infected humans. Cells were 

gated as described in Fig 1 (left); Summary of frequency of CD8+CD25+FOXP3+ T cells 

in uninfected and HIV-1 infected humans (right) (n=10). Each symbol represents an 

individual animal in the experimental groups. Error bars represent means ± SEM. 

**Indicates a p value of less than 0.01 and *** indicates a p value of less than 0.001. 

 

Figure 2.3. Expansion of CD8+ Tregs in various tissues of normal and SIV-infected 

rhesus macaques. (A) Representative FACS plots for CD8+CD25+FOXP3+ T cells in 

indicated tissue samples. (B) Summary of frequency of CD8+CD25+FOXP3+ T cells in 

tissue samples of uninfected (n=3) and SIV-infected rhesus macaques (n=7). Data from 

SIV-infected macaques was obtained during chronic phase of infection (16-90 weeks). 

Error bars represent means ± SEM. * Indicates a p value of less than 0.05. 

 

Figure 2.4. Characterization of CD8+ Tregs. (A) Histograms showing expression of  

CTLA-4, CD39, Granzyme B, Perforin, Ki-67 and CD127 for CD8+ FOXP3+ (CD8+ 

Tregs) and CD8+ FOXP3- (CD8+ non-Tregs) during chronic (weeks 12-24) SIV 

infection. (B) Summary of expression CTLA-4, CD39, granzyme B, perforin, Ki-67 and 

CD127. Open bars represent marker expression on CD8+ Tregs and filled bars represent 
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marker expression on CD8+ non-Tregs. There are at least 5 macaques or more per 

experimental group (C) Co-expression of FOXP3 and IFN-gamma on cells isolated from 

mesenteric LN stimulated with PMA/ionomycin or Gag peptide pool. Cells shown 

represent CD8+ Tcells. Bar graphs represent IFN-gamma positive cells on either CD8+ 

non-Tregs (black bars) or CD8+ Tregs (white bars) following stimulation with 

PMA/ionomycin or Gag peptide pool (n=4). (D) Co-staining for FOXP3 and Gag-CM9 

tetramer. CD8+ Positive cells were gated as described in Fig. 1 and analyzed for FOXP3 

and tetramer. Numbers on the graphs represent the respective positive cells as a percent 

of total CD8+ T cells (n=12). * Indicates a p value of less than 0.05. 

 

Figure 2.5. Suppressive potential of CD8+ Tregs in vitro. (A) Flow charts depicting 

the method used to either deplete or isolate isolate CD8+ Tregs from total cells. Briefly, 

CD4+ cells were isolated from total cells by using CD4+ microbeads and LD column 

purification. Column bound CD4+ cells were reserved for later usage.  CD25+ T cells 

were isolated from the flow through of LD columns (CD4+ depleted cells) by using 

CD25 microbeads and selected on MS columns.  The column bound fraction was 

considered as CD8+ Tregs, and the flow through of MS columns (CD4+ depleted and 

CD25 depleted cells) was mixed with CD4+ T cells (column bound fraction of LD 

columns) in same proportion as prior to depletion. This cell population contained all cells 

except CD8+ Tregs (CD8+ Treg depleted cells). CD8+ Tregs were added back to CD8+ 

Treg depleted cells for reconstitution of total cells. (B) Representative FACS plots 

demonstrating purity of cell depletion/isolation. (C) Representative FACS plots of CD8+ 

T cells depicting proliferation in response to stimulation to Gag peptide pool, or SEB 
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with and without CD8+ Treg depletion. (D) Summary of suppressor assay results for 

individual macaques. Each symbol represents an individual macaque. Closed symbols 

represent PBMCs and open symbols represent cells isolated from colonic lymph nodes. 

Experiments were repeated at least twice.  

 

Figure 2.6. Association between CD8+ Tregs with anti-viral T cell response in SIV-

infected rhesus macaques in vivo (A) Association between peak (wk 2 or wk 3) anti-

viral specific CD8+ or CD4+ T cell response with CD8+ Tregs post SIV infection in 

blood (n=22). (B) Relationship between CD8+ Tregs and CM9-Gag tetramer-positive T 

cells in Mamu A*01 macaques in colorectal mucosa. 

 

Figure 2.7. Relationship between CD8+ and CD4+ Tregs with viral load in SIV-

infected macaques, and effect of ART on regulatory T cells. (A) Correlation between 

frequency of CD8+ Tregs and plasma viral RNA during chronic infection (wk 10 or 12 

post SIV) (n=17). (B) Number of CD4+CD25+FOXP3+ T cells per milliliter of blood 

(left); number of CD4+CD25+FOXP3+ T cells per 100,000 lymphocytes in colorectal 

mucosa (right) (n=17). (C) Correlation between absolute numbers of CD4+ Tregs and 

plasma viral RNA during chronic infection (wk 10 or 12 post SIV) (n=17). (D) Influence 

of ART on CD8+ and CD4+ Tregs in blood and colorectal mucosa and viral load in 

blood. Each symbol represents an individual macaque (n=6). *** Indicates a p value of 

less than 0.001. ** Indicates a p value of less than 0.01.  
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Figure 2.8. CD8+ Tregs in Sooty mangabeys. (A) Plasma viral load in sooty 

mangabeys during the course of five years. (B) Frequency of CD8+ Tregs in blood and 

colorectal mucosa of normal (n=8) and SIV infected Sooty mangabeys (n=8). 
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Figure 2.1 
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Figure 2.2 
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Figure 2.3 
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Figure 2.4 
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Figure 2.5 
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Figure 2.6 
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Figure 2.7 
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Figure 2.8 
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CHAPTER 3 

 

 

 

Loss of IL-17 producing CD8 T cells during late chronic stage of pathogenic SIV 

infection is associated with disease progression 
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Abstract 

Progressive disease caused by pathogenic SIV/HIV infections is marked by systemic 

hyperimmune activation, immune dysregulation, and profound depletion of CD4+ T cells 

in intestinal tissues and gut-associated lymphoid tissues. IL-17 is a proinflammatory 

cytokine that functions at mucosal sites in protective immunity against extracellular 

bacterial infections and maintenance of the permeability of mucosal barrier. While IL-17 

secreting CD4+ (Th17) and CD8+ (Tc17) T cells have been reported, very little is known 

about the latter subset for any infectious disease. Here, we characterized the anatomical 

distribution, phenotype and functional quality of Tc17 and Th17 cells in healthy and SIV-

infected rhesus macaques. Our study confirms the predominance of Th17 and Tc17 cells 

in the small intestine over peripheral blood and lymphoid tissues. A greater proportion of 

Tc17 cells co-produce TNF-" and IL-2 than Tc1 cells. Surprisingly, both Tc17 and Th17 

cells expressed higher levels of CTLA-4 than Tc1 and Th1 cells respectively, and only a 

minority of Tc17 expressed granzyme B. This suggests that Tc17 cells have a more 

regulatory than cytotoxic role. The depletion of Th17 cells occurs early following SIV 

infection but the depletion of Tc17 cells only occurs at the end-stage disease. Thus, Tc17 

cells may compensate for the loss of Th17 cell during acute and chronic phases of 

pathogenic SIV infection. Anti-retroviral therapy (ART) was able to replenish Tc17 and 

Th17 cells in gut mucosa. However ART induced preferential replenishment of Th1 cells 

over Th17 cells. Depletion of Th17 and Tc17 cells is specific to pathogenic infections, as 

it was not seen in sooty mangabeys. Our results suggest that Tc17 cells have a critical 

role in regulating disease progression during pathogenic SIV infections. 
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Introduction 

The gastrointestinal (GI) mucosa provides an interface between a sterile internal 

environment and a contaminated external environment. The GI tract becomes a key 

participant during HIV/SIV infections, because it harbors approximately 40% of all 

lymphocytes in the body (30), and nearly 90% of the memory CD4+ T cells in the GI 

tract are depleted within days following HIV/SIV infection. This early loss of memory 

CD4+ T cells compromises the ability of the host to generate secondary immune 

responses to pathogens and is thought to play a critical role in the progression to disease 

(10, 15, 64). 

In addition to the loss of memory CD4+ T cells, HIV/SIV infections are also 

associated with impaired structure and function of gut mucosal tissue (31-35) culminating 

in the breakdown of the intestinal epithelial barrier (36, 37). Normal function of mucosal 

surfaces requires intact epithelium, with intact tight junctions. During HIV/SIV 

infections, there is down regulation of genes involved in intestinal epithelial cell growth 

and renewal, as well as increased expression of genes related to inflammation and 

immune activation (38-40). There is also an increase in pro-inflammatory cytokine 

secretion that could facilitate mucosal tissue damage (41-44). This altered intestinal 

epithelial permeability is believed to permit bacterial translocation leading to 

hyperimmune activation that has been shown to distinguish pathogenic and non-

pathogenic SIV infections in non-human primates (28, 45). 

Th17 cells secrete interleukin 17 (IL-17) and regulate permeability and microbial 

translocation at the gut mucosa. These cells can secrete two isoforms of IL-17, IL-17A 

and IL-17F, that are potent activators of neutrophilic inflammation at the gut mucosal 
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tissue. In addition, Th17 cells produce IL-22 that plays a critical role in host defense and 

epithelial-barrier function. Recent studies have demonstrated that there is loss of Th17 

cells during HIV/SIV infections (62-65) and suggested that the depletion of these cells 

may accelerate the progression to AIDS. However, very little is known about the 

influence of HIV/SIV infections on the functional quality of Th17 cells during chronic 

infection. Furthermore, although these cells are depleted soon after infection, it takes 

several months to a year for disease development suggesting the existence of a 

compensatory immune mechanism. 

It is increasingly becoming clear that a subset of CD8+ T cells in humans and 

mice secrete IL-17, and these cells are yet to be characterized thoroughly (164, 165, 236-

239). Importantly, very little is known about their anatomical distribution, phenotype, 

functional quality and their role in the host defense. Similarly, very little is known about 

the modulation of these cells during chronic HIV/SIV infection and no information is 

available on the status of these cells in the colorectal tissue, one of the major sites of 

HIV/SIV replication during chronic infection. 

Here, we characterized the anatomical distribution, phenotype and functional 

quality of IL-17 producing CD8+ (Tc17) and CD4+ (Th17) T cells in healthy rhesus 

macaques. Similar characterizations were also performed in SIV251-infected rhesus 

macaques during the acute and chronic phases of infection to understand the effect of 

pathogenic SIV infection on these cells. In addition, we sought to determine if the 

frequency of these cells could be restored following anti-retroviral therapy (ART) in 

blood as well as colorectal mucosal tissue, and if the depletion of IL-17 secreting T cells 

is specific to pathogenic infections. 
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Materials and Methods 

 

Non-human primates and SIV infection   

Young adult rhesus macaques and sooty mangabeys from the Yerkes breeding colony 

were cared for under guidelines established by the Animal Welfare Act and the NIH 

“Guide for the Care and Use of Laboratory Animals” using protocols approved by the 

Emory University Institutional Animal Care and Use Committee. Rhesus macaques were 

infected with SIVmac251 either intravenously or intrarectally at a dose of 100 or 1000 

TCID50, respectively. Dr. Nancy Miller at NIH provided the challenge stock. Some of 

the SIV-infected rhesus macaques were treated with anti-retroviral drugs PMPA 

(20mg/kg), FTC (30mg/kg), Kaletra (Lopinavir, 12mg/kg; Ritonavir 3mg/kg) and AZT 

(5mg/kg) at about 18 weeks following infection. Sooty mangabeys were housed in 

colonies of 50-60 animals and SIVsm is endemic in this population. None of the sooty 

mangabeys used in the study were experimentally infected. 

 

Cell isolation from blood, rectal biopsies and tissues. 

Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood according 

to the standard Ficoll-Hypaque separation procedures as described before (214). 

Lymphocytes from pinch biopsies from the rectum were obtained as described before 

(240). Briefly, 10 to 20 pinch biopsies were collected in complete RPMI and washed two 

times with ice-cold Hank’s buffered salt solution.  Biopsies were digested with 150 

units/ml of collagenase IV (Worthington, Lake wood, NJ) and DNase I (Roche, 

Indianapolis, IN), passed through decreasing sizes of needles (16-, 18-, and 20-gauge, 
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five to six times with each needle), and filtered through a 100µm filter.  Cells were 

washed twice with RPMI and resuspended in complete RPMI for analysis. Small pieces 

from lymphoid tissues (Axillary LN, colonic LN and spleen) were processed in 

medimachine (Becton Dickinson) using 50µm medicons and filtered through 50µm 

filcons in order to obtain a homogenous suspension of cells that were then ressuspended 

in complete RPMI. Cells were pelleted and lysed with ACK lysing buffer for 7 minutes, 

and then washed twice with RPMI and resuspended in complete RPMI for analysis. A 

small fraction of duodenum, jejunum, ileum, colon and rectum were cut into small pieces 

(1-2 mm2) and were then quickly washed with 1mM dithiothreitol (DTT) in Hank’s 

buffered salt solution. The sections were then placed in 2mM EDTA solution with 2% 

FBS in HBSS for 20 minutes with rotation at 37oC. Intraepithelial lymphocytes (IELs) 

and lamina propria lymphocytes (LPLs) were processed separately, and pooled at the end 

of cell isolation. The cells from the supernatant were pelleted and resuspended in cRPMI 

and placed on ice (These cells IELs). The remainder of tissues was then processed as the 

pinch biopsies from rectum and cells (LPLs) were collected in complete RPMI. IELs and 

LPLs were then pooled for further analysis. 

  

Intracellular cytokine staining analysis 

Intracellular cytokine production was assessed as previously described with few 

modifications (216).  Briefly, two million cells were stimulated in 200 µl of RPMI with 

10% FBS in a 5 ml polypropylene tube. Peptide pools (15mer overlapping by 11) specific 

for SIV Gag and Env were used for stimulations with each peptide at a final concentration 

of 1 !g/ml. Phorbol 12-myristate 13-acetate (PMA) and Ionomycin were used at 25 
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ng/ml and 0.5 µg/ml, respectively.  Stimulations were performed in presence of anti-

CD28 and anti-CD49d antibodies (1 µg/ml; BD Pharmingen, San Diego, CA).  Cells 

were incubated at 37oC in the presence of 5% CO2 for 6 hours.  Brefeldin A (10 µg/ml) 

was added after 2 hours of incubation. At the end of stimulation, cells were washed once 

with phosphate-buffered saline (PBS) containing 2% FBS, stained with LIVE/DEAD 

marker (Invitrogen) followed by surface staining for 30 min at 4oC with anti-human CD4 

(clone L200; BD Pharmingen, San Diego, CA), anti-human CD3 (clone SP34-2, BD 

Pharmingen, San Diego, CA) and anti-human CD8 (clone SK1; BD Biosciences, San 

Jose, CA). Cells were then fixed with BD FACS Lyse solution (BD Pharmingen, San 

Diego, CA) for 10 min and permeabilized with BD Perm 2 solution (BD Pharmingen, 

San Diego, CA).  Cells were then incubated for 30 minutes at 4oC with anti-human IFN-! 

Ab (clone B27; BD Pharmingen, San Diego, CA), IL-17 (clone eBio64DEC17; 

ebioscience, San Diego, CA), IL-2 (clone MQ1-167H12; BD Pharmingen, San Diego, 

CA) and TNF-" (clone MAb11; ebioscience, San Diego, CA).  Cells were then washed 

twice with 2% FBS in PBS and resuspended in 1% formalin in PBS.  Approximately 

500,000 lymphocytes were acquired on the LSRII (BD Immunocytometry systems) and 

analyzed using FlowJo software (Treestar, Inc., San Carlos, California).  Lymphocytes 

were identified based on their scatter pattern and CD3+, CD8-, CD4+ cells were 

considered as CD4 T cells, and CD3+CD8+CD4- cells were considered as CD8 T cells.  

These CD4 or CD8 T cells were then gated for cytokine positive cells. For phenotypic 

analysis, PMA/ionomycin stimulated cells were co-stained for surface expression of 

CTLA-4 (clone BNI3; BD Pharmingen, San Diego, CA), #7 (clone FIB504; BD 
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Pharmingen, San Diego, CA), CCR6 (Clone 11A9, BD Biosciences, San Diego, CA), and 

intracellular Granzyme B (clone GB11,BD Biosciences, San Diego, CA) 

 

Quantitation of SIV RNA Plasma Load 

 The SIV copy number was determined using a quantitative real-time PCR as 

previously described (216).  All specimens were extracted and amplified in duplicates, 

and the mean results are reported. 

 

Statistical Analysis 

The statistical significance of difference in the means ± SEM of cytokine secretion by T 

cell subsets and expression levels of cell surface markers was calculated with the 

Student’s t-test (two-tailed). P values of less than 0.05 were considered statistically 

significant. Statistical analyses were performed using software program Prism 4.   
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Results 

 

Tc17 and Th17 cells are predominant in the small intestines of normal macaques 

 We measured the frequencies of IL-17 and IFN-! secreting CD4+ and CD8+ T 

cells in various lymphoid and intestinal tissues of normal (SIV negative) rhesus macaques 

to understand the relative levels and distribution of these cells. We stimulated cells 

isolated from respective compartments with PMA/ionomycin and quantified the levels of 

IFN-! single producers (hereafter called Th1 for CD4+IFN-"+ or Tc1 for CD8+IFN-"+ T 

cells), IL-17 single producers (hereafter called Th17 or Tc17 for IL-17-secreting CD4+ 

and CD8+ T cells, respectively), and IFN-! plus IL-17 double producers (hereafter called 

either CD4+ double-positive or CD8+ double-positive T cells) using an intracellular 

cytokine assay and multicolor flow cytometry (Fig 3.1A and 3.1B). All three subsets 

were present in all the tissues studied with IFN-!+ being the most dominant subset and 

IFN-!+ IL-17+ being the least dominant subset. The mean frequency of Th17 cells in 

different compartments ranged from as low as 1.7% to as high as 13.9% (Fig 3.1B). 

These were the lowest in spleen and highest in duodenum. There was predominance of 

Th17 T cells in the small intestine. Similarly, the mean frequency of Tc17 T cells in  

different compartments ranged from as low as 0.7% to as high as 12.6% and were 

predominant in the small intestine with the highest levels in duodenum (Fig. 3.1B). Tc1 T 

cells were detected in every compartment studied, with mean frequencies of 6.5% to 

21.6% of total CD4+ T cells. Likewise, the mean frequencies of Tc1 T cells ranged from 

25.9% to 40.6% of CD8+ T cells in the compartments studied. Double-positive CD4+ 
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and CD8+ were also detected in every compartment, albeit at much lower levels and with 

predominance at the intestinal mucosa.  

To understand the relative proportions of Th1 over Th17 cells in different 

compartments, we calculated the ratio between these cell subsets in each compartment 

(Fig 3.1B). We observed that for the majority of compartments studied, there was a 

predominance of Th1 over Th17 T cells. In blood, there were about 4 Th1 cells for every 

Th17 cell whereas in spleen, there were about 12 Th1 cells for every Th17 cell. However, 

in both the duodenum and jejunum, there were only about 1-2 Th1 cells for every Th17 

cells. Similarly, for CD8+ T cells, we observed predominance of Tc1 over Tc17, however 

the ratios were about 10 fold higher than the ratios of CD4+ T cells. Consistent with the 

predominance of Tc17 cells in the small intestine, the ratios of Tc1:Tc17 cells were the 

lowest (ranging from 9.4 to 11) in this compartment (Fig. 3.1B). 

 

 Higher proportion of Tc17 are polyfunctional than Tc1 

We next characterized Th17 and Tc17 cells for their ability to co-produce TNF-" 

and IL-2 (polyfunctionality) and compared them with Th1 and Tc1 cells, respectively 

(Fig. 3.2). It is important to study these cytokines since TNF-" has been shown to 

influence the permeability of intestinal epithelial barrier by acting on the tight junctions 

and by synergizing with IL-17 in inducing chemokine production by epithelial cells, and 

IL-2 is a cytokine that drives proliferation and effector T cell differentiation. It is well 

known that Th1 and Tc1 cells co-produce TNF-" and IL-2, however it is not known 

whether Th17 and Tc17 cells can co-produce these cytokines. 
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A significant proportion of Tc17 and Th17 cells in the blood (Fig. 3.2) and gut 

mucosal tissue (data not shown) were polyfunctional.  Based on the co-expression of 

TNF-" and IL-2, we categorized each of the IFN-!+, IL-17+ or DP cells into 4 subsets 

consisting of TNF-"+ IL-2+ cells, TNF-"+ or IL-2+ cells and TNF-"- IL-2- cells (Fig. 

3.2). About 50% of Tc17 cells in the blood of normal macaques co-produced TNF-" and 

IL-2 demonstrating that a significant proportion of these cells are polyfunctional (Fig. 

3.2B).  Interestingly, the proportion of these cells was significantly higher in the Tc17 

subset than the Tc1 subset (p<0.0001). Similarly, the proportion of polyfunctional cells 

was significantly higher in the DP CD8+ subset than in the Tc1 subset (p=0.0082). 

Similar to Tc17 cells, about 45% of Th17 cells also co-produced TNF-" and IL-2 (Fig. 

3.2C). However, the proportion of these cells in the Th17 cells was not significantly 

different from Th1 cells. Interestingly, nearly 60% of the DP CD4+ subset consisted of 

polyfunctional cells and was significantly higher than Th17 and Th1 subset. Similar 

results were also observed in the gut mucosal tissue (data not shown). 

 

Tc17 cells have more regulatory and less cytotoxic phenotype than Tc1 cells 

We next characterized the Th17 and Tc17 cells for expression of #7 and CCR6 

(gut homing potential), CTLA-4 (co-inhibitory receptor) and granzyme B (cytotoxic 

potential) (Fig. 3.3). "4#7 but not "E#7 promotes migration to gut. However, previous 

study has shown that the majority of #7+ T cells in the blood are "4#7+ (168) and thus 

the anti-#7 antibody that we used here should primarily mark "4#7+ cells. Consistent 

with their predominance in the small intestine, about 25-65% of Tc17 and Th17 cells 

expressed gut homing markers #7 and CCR6. Importantly, both Tc17 and Th17 cells 
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expressed higher levels of these gut-homing markers than Tc1 and Th1 cells, 

respectively. 

Interestingly, a significant proportion of Tc17 and Th17 cells exhibited an 

inhibitory phenotype and did not possess cytolytic potential (Fig 3.3B). CTLA-4 is an 

inhibitory receptor that is constitutively expressed on regulatory T cells, and on some 

activated CD4+ T cells. It is known to deliver negative signals that inhibit expansion of T 

cells. CD8+ T cells typically do not express CTLA-4. Interestingly, about 90% of Th17 

and 50% of Tc17 cells expressed CTLA-4 post activation. These do not represent Tregs 

as none of these cells co-stained for FOXP3 (data not shown). Importantly, these levels 

were much higher compared to CTLA-4 expression on Th1/Tc1 cells. Only about 50% of 

the Th1 and 6% of Tc1 cells expressed CTLA-4. A small fraction of Tc17 cells expressed 

granzyme B suggesting that only a minority of these cells may have killing potential. 

Only about 10% of Tc17 cells were positive for intracellular granzyme B and this was 6-

fold lower than Granzyme B expression by Tc1 cells. We could not measure expression 

of perforin, another molecule required for killing potential, because perforin is rapidly 

released from the cells following stimulation and thus is hard to stain for on stimulated 

cells. 

The DP CD4+ and CD8+ T cells also expressed high levels of #7, CCR6 and 

CTLA-4 (Fig. 3.3). In general these were higher than the respective Th1/Tc1 cells and 

similar to respective Th17/Tc17 cells. Similarly, the expression of granzyme B by DP 

CD8+ T cells was lower than Tc1 cells and similar to Tc17 cells. These results suggest 

that DP T cells share more of a Th17/Tc17 lineage rather than Th1/Tc1 lineage. 
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Tc17 cells but not Tc1 cells are depleted during the end stage SIV infection 

IL-17 has been shown to be important in controlling extracellular bacteria at 

mucosal surfaces and for enterocyte homeostasis. Consistently, our results demonstrate 

that Tc17 and Th17 cells are predominant in the small intestine (Fig 3.1B), one of the 

primary sites of viral replication. So, it is important to study the dynamics of Tc17/Th17 

cells during the course of SIV infection to better understand the relative roles of these 

cells. We quantified the frequencies of Tc17, Tc1 and DP CD8+ cells in the blood (Fig. 

3.4A) and colorectal mucosa (Fig. 3.4B) of 12 rhesus macaques prior to SIV infection, 

and at 2 and 16 weeks post infection. The frequencies of these cells were also quantified 

in a group of macaques that were chronically infected (>20 weeks) with SIV and were 

euthanized due to simian AIDS (Fig. 3.4C). We calculated the ratio of Tc1 over Tc17 

cells to understand the relative proportions of these cell subsets at different time points 

and in various tissues studied (Fig. 3.4). 

In blood, a transient reduction in the frequencies of Tc17 cells was observed at 2 

weeks post SIV infection that recovered partially by 16 weeks (Fig. 3.4A). However, the 

frequency of these cells in animals with AIDS was significantly lower compared to 

normal (SIV-) animals demonstrating a loss of these cells during the end stage of disease. 

A similar pattern was also observed in the colorectal tissue (Fig. 3.4B) and for the 

frequency of DP CD8+ cells following SIV infection. In contrast, the frequencies of Tc1 

cells showed a trend towards transient increase at 2 weeks post SIV infection and were 

similar to pre infection levels at 16 weeks post infection as well as end stage disease. 

These results demonstrate a preferential loss of IL-17 producing (Tc17 and DP) CD8+ T 

cells during the end stage AIDS. This preferential loss resulted in an altered balance 
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between Tc1 and Tc17 cells in blood, LN and large intestine. Prior to infection, there 

were about 45 Tc1 cells for every 1 Tc17 cells in blood and rectum whereas at end stage 

infection there were about 180 Tc1 cells for every 1 Tc17 cells. The difference in ratio 

was even greater in the LN, with 16 Tc1 cells for every 1 Tc17 prior to infection, and 500 

Tc1 for each Tc17 cell at end stage disease. 

We also performed temporal evaluation of Th17, Th1 and DP CD4+ T cells 

following infection and at end stage disease (Fig 3.5). For these analyses we calculated 

the absolute number rather than percentages because CD4+ T cells are infected and killed 

by the virus. Consistent with previous reports (63-65, 168) we observed a profound 

depletion of Th17 cells both in blood (Fig 3.5A) and colorectal tissue (Fig 3.5B) as early 

as 2 weeks post infection that sustained until the end stage disease (Fig 3.5C). A similar 

pattern was also observed for DP CD4+ T cells. The ratios of Th1:Th17 cells also 

indicated a preferential depletion of Th17 cells following infection. 

  

SIV infection induces up-regulation of lymph node homing and gut homing markers 

on Th17 and Tc17 cells 

 

SIV infection induced changes in the expression levels of cell surface receptors in 

Th1, Th17, Tc17, DP CD4+ and CD8+ cells (Fig 3.6). There was up-regulation of gut 

homing markers #7 on Th17 cells, and CCR6 on Th17, Tc17, Th1 and CD8+ DP cells. 

Th1 and CD4+ DP cells in SIV-infected macaques had significantly reduced expression 

levels of CTLA-4. Similarly, there was a trend for reduced expression of CTLA-4 in 

Th17 cells. SIV infection did not induce changes in the expression of pro-apoptotic 
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marker caspase-3 or cytotoxic molecule granzyme B. This indicates increased ability of 

Th17 and Tc17 to migrate into intestinal tissues, but with possible loss of inhibitory 

function. 

 

ART increases Tc17 and Th17 cells in colorectal mucosa 

 We next studied the influence of ART on restoration of Tc17 and Th17 cells both 

in blood and colorectal mucosa in a cohort of 8 rhesus macaques that received therapy for 

a period of 8 weeks (Fig 3.7). This treatment was sufficient to cause a 2-3 fold log 

reduction in the viral load. Following ART, the frequency of both Tc17 and Tc1 cells 

increased by 2-8 fold in the colorectal tissue but not in blood (Fig 3.7A). However, the 

ratio of Tc1:Tc17 cells did not change demonstrating similar effects of ART on both of 

these subsets. A different pattern was observed for Th17 and Th1 cells (Fig 3.7B). The 

absolute number of Th17 and Th1 cells increased in blood, but incolorectal mucosa, 

significant increases were observed only in the Th1 subset.. The increases were higher for 

Th1 than Th17 resulting in a higher ratio of Th1:Th17 cells in both compartments. No 

significant changes were observed for DP CD8+ in either compartment, however there 

was significant increase in DP CD4+ T cells in blood. These results demonstrate that 

ART increases the frequency of Tc17 and Tc1 cells proportionally and the number of 

Th17 and Th1 cells disproportionally in the colorectal mucosa. We also tested the 

potential of Th17 and Tc17 cells to co-produce TNF-" or IL-2 and both subsets of cells 

were capable of secreting TNF-" and IL-2 at levels similar to prior to infection (data not 

shown). Thus, ART treatment was able to restore the magnitude and quality of response 

in colorectal mucosa. 
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Tc17 and Th17 cells are not depleted in SIV-infected sooty mangabeys 

 Previous studies demonstrated a preferential depletion of Th17 cells in pathogenic 

(rhesus macaques) but not in non-pathogenic (sooty mangabeys) SIV infections. 

However, no information is available on the status of Tc17 cells in SIV-infected sooty 

mangabeys. We determined the frequency of Tc17 and Th17 cells in the blood and 

colorectal tissue of SIV- and SIV+ sooty mangabeys to determine the effect of SIV-

infection on these cells (Fig 3.8). The frequency of Tc17 cells and the absolute number of 

Th17 cells in the blood and colorectal tissue of SIV- and SIV+ sooty mangabeys were not 

significantly different demonstrating that these cells are not depleted following SIV 

infection. Furthermore, the frequency of TNF-" or IL-2 co-producing Tc17/Th17 cells 

was also not significantly different (data not shown). 
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Discussion 

 Chronic HIV/SIV infections are associated with impaired gut permeability and 

microbial translocation/control. IL-17 plays a critical role in regulating the permeability 

of gut epithelium and control of microbial and fungal infections. Previous studies have 

shown a rapid and preferential depletion of IL-17 producing CD4+ T cells (Th17) at the 

gut mucosa following pathogenic SIV infection of rhesus macaques and suggested a role 

for these cells in faster disease progression. However, it is increasingly becoming clear 

that IL-17 can also be produced by a subset of CD8+ T cells (Tc17) and it is important 

study the status of these cells during chronic HIV/SIV infection because these cells most 

likely are not killed by the virus. Our study, for the first time characterizing the 

anatomical distribution, phenotype and functional quality of Tc17 cells in normal and 

SIV-infected macaques demonstrates that, in contrast to Th17 cells, the magnitude and 

functional quality of Tc17 cells is not significantly altered during the acute phase of 

infection. Importantly, our results demonstrate that Tc17 cells indeed are depleted during 

the end stage disease. In addition, they demonstrate that Tc17 cells are not depleted in the 

blood and colorectal tissue of non-pathogenic SIV infection of sooty mangabeys. These 

results suggest that Tc17 cells may compensate for the loss of Th17 cells during the acute 

and early chronic phases of pathogenic SIV infection and may play a role in controlling 

disease progression. 

 Phenotypic characterization of Tc17 and Th17 cells revealed that these cells 

express high levels of the co-inhibitory marker CTLA-4, a finding that has not been 

appreciated before. This is particularly interesting for Tc17 cells because CD8+ T cells 

do not normally express high levels of CTLA-4 as has been observed for Tc1 cells in our 
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study. CTLA-4 binds to CD80 and CD86 that are normally expressed on antigen 

presenting cells such as dendritic cells and diminishes their T cell activation potential. 

The role of CTLA-4 expressed on Th17/Tc17 cells is not clear but perhaps is important to 

regulate the excessive Th1/Tc1 response (hyperimmune activation) in the gut. It is well 

established that hyperimmune activation plays a critical role in faster disease progression 

during pathogenic SIV infection and thus it is possible that loss of Th17/Tc17 cells 

contribute to enhanced hyperimmune activation during pathogenic SIV infection. 

 Unexpectedly, we found that Tc17 cells are similar to Th17 cells for many 

immune parameters that we studied here. Both subsets were predominant in the small 

intestine, consisted of high proportions of TNF-" and IL-2 co-producing cells, and 

expressed markers associated with gut homing potential. Furthermore, Tc17 cells despite 

being CD8+, expressed very little Granzyme B. This suggests that the function of Tc17 

cells could be more of a helper rather than cytotoxicity. If this is true, it is not clear about 

the specific role of Tc17 cells. This requires further characterization of these cells with 

respect to production of other cytokines such as IL-22, cytotoxicity, suppressive potential 

and antigen specificity.  

ART therapy was able to replenish Tc17 in colorectal mucosa and Th17 cells in 

the blood. This, along with low viral burden, may contribute for the partial restoration of 

gastrointestinal mucosa and immune function, as well as the alleviation of symptoms 

caused by pulmonary and gastrointestinal infection such as diarrhea due to common 

bacterial infections (Salmonella, Listeria, Shigella, and others). However, ART restored 

Th1 cells preferentially than Th17 cells resulting in an altered balance between the two 

subsets promoting a more pro-inflammatory response. The reasons for this preferential 
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restoration of Th1 cells are not clear. Perhaps longer duration of ART could further 

restore Th17 cells, and re-establish the relative proportion of these cells to what was seen 

prior to infection. Also, the levels of IL-21 have been shown to be decreased in HIV-

infected individuals and that ART is only partially capable of restoring production of this 

cytokine (241). IL-21 is secreted by Th17 cells and drives IL-17 secretion in an autocrine 

manner. So, it is possible that combining ART with IL-21 therapy may preferentially 

restore Th17 cells over Th1 cells and thus enhance the function of gut mucosa. In 

conclusion, our results suggest an important role of Tc17 cells in regulating 

hyperimmune activation and disease progression during pathogenic SIV infection and 

therapeutic approaches that enhance the magnitude and function of these cells may have 

benefit in disease outcome.   
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Figure legends 

Figure 3.1. Distribution of T cell subsets in normal rhesus macaques. (A) Gating 

pattern for Th1, Tc1, Th17, Tc17, DP CD4+ and CD8+ T cells in peripheral blood 

(PBMC) and jejunum. T cells were gated on lymphocyte gates, followed by exclusion of 

dead cells and gating on CD3+ T cells. CD3+CD4+CD8+- cells were identified as CD4+ 

T cells and CD3+CD4+-CD8+ cells were identified as CD8+ T cells. IL-17-secreting 

CD4+ or CD8+ T cells were identified as Th17 or Tc17 cells respectively. IFN-!-

secreting CD4+ or CD8+ T cells were identified as Th1 or Tc1 cells respectively. IL-

17+IFN-!+ CD4+ or CD8+ T cells were identified as DP CD4+ or CD8+ T cells, 

respectively. (B) Summary of the frequency of Th1, Tc1, Th17, TC17, DP CD4+ and 

CD8+ T cells and the ratio between Th1:Th17 and Tc1:Tc17 in various tissues. Error bars 

represent means ± sem; n=5. 

 

Figure 3.2. Polyfunctionality of T cell subsets. (A) Representative flow plots depicting 

TNF-" or IL-2 secretion by Th1, Tc1, Th17, Tc17, DP CD4+ or CD8+ T cells. (B). 

Cytokine co-expression profiles by the different T cell subsets. 

 

Figure 3.3. Characterization of T cell subsets. (A) Representative flow plots for 

expression of #7, CCR6, CTLA-4 and granzyme B by Th1, Th17, Tc1, Tc17 and DP 

CD4+ and CD8+ T cells. (B) Summary of expression levels of CTLA-4, #7, CCR6 and 

granzyme B for 4 rhesus macaques. Black bars represent Th1 or Tc1 cells, open bars 

represent Th17 or Tc17 cells, and gray bars represent DP CD4+ or CD8+ T cells. 
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*Indicates a p value of less than 0.05. ** Indicates a p value of less than 0.005. 

***Indicates a p value of less than 0.0005. 

 

Figure 3.4. Kinetics of CD8+ T cell subsets after pathogenic SIV infection. (A) 

Kinetics of the frequencies of Tc17, Tc1, CD8+ DP cells and ratio between Tc1:Tc17 

cells in blood and (B) colorectal mucosa. (C) Frequencies of Tc17, Tc1 and CD8+ DP 

cells and ratios of Tc1:Tc17 cells in PBMC, axillary lymph node, duodenum and rectum. 

Error bars represent means ± sem. 12 rhesus macaques were followed post SIV infection. 

5 normal uninfected and 4 rhesus macaques with clinical AIDS were euthanized for 

tissue analysis. *Indicates a p value of less than 0.05. 

 

Figure 3.5. Kinetics of CD4+ T cell subsets after pathogenic SIV infection. (A) 

Kinetics of absolute numbers of Th17, Th1, CD4+ DP per 100,000 lymphocytes and ratio 

between Th1:Th17 cells in blood and (B) colorectal mucosa. (C) Absolute numbers of 

Th17, Th1 and CD4+ DP cells per 100,000 lymphocytes and ratios of Th1:Th17 cells in 

PBMC, axillary lymph node, duodenum and rectum of uninfected and SIV-infected 

rhesus macaques. Error bars represent means ± sem. 12 rhesus macaques were followed 

post SIV infection. 5 normal uninfected and 4 rhesus macaques with clinical AIDS were 

euthanized for tissue analysis. *Indicates a p value of less than 0.05. ** Indicates a p 

value of less than 0.005. 

 

Figure 3.6. Characterization of T cell subsets post SIV infection. Summary of 

expression levels of #7, CCR6, CTLA-4, caspase-3 and granzyme B on (A) Th17, Th1 
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and CD4+ DP T cells and (B) Tc17, Tc1 and CD8+ DP T cells. Open bars represent data 

from 5 SIV-negative macaques, and black bars represent data from 4 macaques with 

clinical AIDS. *Indicates a p value of less than 0.05. ** Indicates a p value of less than 

0.005. ***Indicates a p value of less than 0.0005. 

 

Figure 3.7. Effect of ART on T cell subsets. (A) Frequencies of Tc17, Tc1 and CD8+ 

DP T cells before and after ART. Right panel summarizes ratios of Tc1:Tc17 cells before 

and after ART.  (B) Number of Th17, Th1 and CD4+ DP T cells per 100,000 

lymphocytes before and after ART. Right most panel summarizes the ratio of Th1:Th17 

cells before and after ART. Data from colorectal mucosa and peripheral blood is shown. 

Each symbol represents an individual macaque. *Indicates a p value of less than 0.05. 

***Indicates a p value of less than 0.0005. 

 

Figure 3.8. Comparison of T cell subset levels in Sooty mangabeys. Number of Th17, 

Th1 and CD4+ DP T cells per 100,000 lymphocytes and frequencies of Tc17, Tc1 and 

CD8+ DP T cells in uninfected and infected sooties. (n=8 per group). 
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Figure 3.1 
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Figure 3.2 
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Figure 3.3 
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Figure 3.4 
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Figure 3.5 
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Figure 3.6 
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Figure 3.7 
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Figure 3.8 
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CHAPTER 4 

 

Discussion 

 

 The HIV epidemic has reached such great levels, that if left unchecked the 

number of people dying from AIDS shall continue to increase. The arduous efforts to 

generate a preventative vaccine for HIV have so far not yielded a final product that is 

able to generate sterilizing immunity.  One of the main difficulties in generating a 

vaccine is the ability to elicit broadly neutralizing antibodies to HIV-1. These are 

considered to be important for optimal protection because they are associated with 

protection against most viral infections and they provide protection against 

immunodeficiency viral infections in non-human primates (242-245). This virus is highly 

mutable due to error-prone reverse transcription of the viral genome and thus the HIV 

isolates are highly variable. Current HIV vaccine development strategies are focusing on 

generation of virus-specific T cell response that have been shown to be effective in 

controlling viral replication in non-human primates (9, 246-248). However, it is 

necessary to better understand the pathogenesis of this disease by taking into account 

both viral and host factors. Managing this epidemic may include generating therapies that 

not only target control of viral replication, but also enhance the function of the host 

immune system. 
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Summary of results 

  Here, we have studied non-viral specific T cells during the course of SIV 

infection, and how they may influence progression to disease. Various studies have 

demonstrated the depletion of CD4 regulatory T cells and Th17 cells during the acute 

phase of SIV infection (62-64, 119, 130, 168), thus we focused on CD8 regulatory T cells 

and IL-17- secreting CD8 T cells (Tc17). The main findings in our study are:  

 

1) Expansion of FOXP3+CD25+CD8+ T cells with suppressive potential predominantly 

in the colorectal tissues during the acute phase of SIV infection, and maintenance of these 

cells in the chronic phase of infection;  

2) Loss of Tc17 cells that occurs only during end-stages of disease; 

3) Treatment with anti-retroviral drugs increases the levels of Th1, Th17, Tc17 and CD4 

regulatory T cells in colorectal mucosa. ART also reduces the levels of CD8 regulatory T 

cells in colorectal mucosa. 

4) These events (expansion of CD8 regulatory T cells, and depletion of Th17, Tc17 cells 

and CD4 regulatory T cells) is specific to pathogenic SIV-infection, as it is not observed 

in non-pathogenic infection of sooty mangabeys. 

 

Proposed role for Tc17 and CD8 regulatory T cells during pathogenic SIV infection 

We propose a model in which CD8+ regulatory cells and Tc17 cells located in the 

gastrointestinal tract have critical roles in the immunopathogenesis of disease. Our data 

suggests that these two cell subsets have opposite functions in defining the outcome of 

HIV/SIV infections. Whereas CD8+ regulatory T cells help the virus by constraining 
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anti-viral immunity, Tc17 cells delay onset of disease by contributing to the maintenance 

of intestinal epithelial barrier. Below is the schematic of events we believe to occur in the 

gastrointestinal tract during the course of HIV/SIV infections. 

 
Figure 4.1: Proposed model of events during the SIV infection. A) Cell subsets present at the GI tract 
prior to SIV. B) Depletion of Th17 and CD4 Tregs during acute phase of infection; generation of 
anti-viral CD8 T cell response; expansion of CD8 Tregs; partial damage to epithelial barrier. C) 
Depletion of Tc17 cells; damage to gastrointestinal tract that leads to microbial translocation. 
 

                              
Figure 4.2: Timeline of events during the course of SIV infection. 
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The gastrointestinal tract is a complex system responsible for maintaining 

tolerance to the many microbes present in the lumen and also for generating immune 

responses that will clear any pathogens that breach the gut barrier. In normal, SIV-

negative macaques, this microenvironment is rich in Th1 cells, Tc1 cells, CD4 regulatory 

T cells, Th17, and Tc17 cells. Th1 and Tc1 cells located in the gastrointestinal tract 

provide protective immunity against various viruses and other pathogens that may infect 

cells at this site. Th17 and Tc17 cells secrete the cytokines IL-17 and IL-22, which have 

important functions in pro-inflammatory responses and maintenance of the intestinal 

epithelial barrier (151). IL-17 can induce granulopoietic factors and promotes neutrophil 

chemotaxis (249-252). IL-22 induces pro-inflammatory responses (cytokine and 

chemokine secretion) and drives the secretion of anti-microbial peptides and proliferation 

of epithelial cells (253-255). Regulatory T cells are anti-inflammatory and generate a 

tolerizing response to bacteria that are present in the lumen. These cells also control for 

exacerbated immune responses that can lead to development of immunopathogenesis and 

autoimmunity.  

 

Tc17 cells may compensate for the loss of Th17 cells during acute phase of infection 

Once infection with HIV/SIV is established, various events occur that culminate 

in the development of symptoms and onset of disease. First, during the acute phase of 

infection, there is a transient depletion of Th1 cells in the blood. However, there is 

massive depletion of Th1 cells and Th17 cells in the gut mucosal tissues that occurs early 

following infection (10, 15, 62-65, 168). The majority of CD4+ T cells located in 

intestinal tissues are effector cells expressing high levels of co-receptor CCR5 that can be 
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rapidly infected and killed by HIV/SIV viral infection. Th17 cells in peripheral blood are 

also depleted very early following pathogenic SIV infection. The loss of Th17 cells 

implies in the loss of IL-17 and IL-22 secretion in the gut. IL-22 is important for the 

proliferation of enterocytes and its loss may compromise the integrity of the gut 

epithelium. CD8+ T cells are not likely to be infected or killed by HIV/SIV infections. 

Thus, we propose that the damage to intestinal mucosa may be partially contained due to 

the presence of Tc17 cells that actively secrete IL-17 and IL-22. CD4+ regulatory T cells 

also express viral co-receptor CCR5, and are depleted early following SIV infection. The 

depletion of CD4+ regulatory T cells may result in inability to maintain tolerance to 

microbes that translocate across the gut barrier. The presence of microbes induces the 

secretion of proinflammatory cytokines that recruit antigen-presenting cells (APCs) to the 

site of infection. APCs can present viral antigens and prime anti-viral specific Tc1 cells. 

These cells, however, are generated in the absence of helper T cells, and are only partially 

able to control viral replication. The consistent presence of bacterial load may contribute 

to the high levels of immune activation observed in pathogenic SIV infections.  

 

CD8+ regulatory T cells expand rapidly in colorectal mucosa after pathogenic SIV 

infection and suppress anti-viral immune response 

Prior to SIV infection, CD8+ regulatory T cells are present at very low levels in 

the blood and colorectal mucosal tissues (106, 140, 256). We demonstrate the rapid 

expansion of CD8+ regulatory T cells early following pathogenic SIV infection in both 

blood and gut mucosal tissues. We postulate that these cells may be expanding due to 

high levels of chronic hyper-immune activation observed in SIV-infection of non-natural 
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hosts, since their expansion is not observed in sooty mangabeys despite the presence of 

high viral loads. Our data provides evidence that CD8+ regulatory T cells are capable of 

suppressing the proliferation of SIV-specific T cell responses in vitro and in vivo. These 

cells are maintained at high levels in gut mucosal tissue during the chronic phase of 

infection, and continue to limit the anti-viral responses. The high levels of CD8+ 

regulatory T cells correlate directly with high levels of viremia in SIV+ rhesus macaques. 

Thus the expansion of CD8+ regulatory T cells with anti-viral suppressive capacity may 

be deleterious to the host and induce faster progression to disease. 

 

Tc17 cells are depleted during end-stage disease 

Although an initial loss in Tc17 cells is not observed early following pathogenic 

SIV infection, these cells are depleted in the gut during the end-stages of disease. We 

propose that Tc17 cell depletion abrogates the protection conferred to epithelial cell 

barrier by IL-17 and IL-22 secretion. Thus, the absence of these cytokines alters 

enterocyte homeostasis and leads to increase in the permeability of the gut, allowing for 

microbe translocation to occur. As CD8+ regulatory T cells are still present at high levels, 

these cells continue to restrict the anti-viral immune response generated by the host. 

Thus, the end-stage disease in macaques infected with pathogenic SIV is characterized by 

immune dysregulation, including, but not limited to the depletion of Th1, CD4+ 

regulatory T cells, Th17 and Tc17 and presence of high levels of CD8+regulatory T cells 

at the intestinal mucosal surfaces. 
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ART restores Th1, Th17, Tc17 and CD4+ regulatory T cells and reduces levels of 

CD8+regulatory T cells 

Anti-retroviral therapies (ART) for SIV/HIV infections are known for the ability 

to lower viral load to below detection levels. ART has been shown to restore Th1 cells in 

the blood however, the restoration of these cells in intestinal mucosal surfaces occurs 

with delay and is incomplete (170-172). Our data shows that ART was able to replenish 

Tc17 cells and CD4+ regulatory T cells and reduce levels of CD8+ regulatory T cells in 

the colorectal mucosa. These events, in conjunction with reduced viremia may contribute 

for the partial restoration of gastrointestinal mucosa and immune function, as well as the 

alleviation of symptoms caused by pulmonary and gastrointestinal infection such as 

diarrhea due to common bacterial infections. However, ART preferentially restored Th1 

over Th17 cells at the colorectal mucosa resulting in an altered balance between these 

two subsets that promotes a more pro-inflammatory response. It is not clear why ART 

preferential restores Th1 cells. It is possible that longer duration of ART could restore 

Th17 cells at the colorectal mucosa, and re-establish the ratios between these subsets of 

these cells to those observed before establishment of HIV/SIV infection. However, in 

HIV-infected individuals the levels of IL-21 have been shown to be decreased and ART 

is only partially capable of restoring secretion of this cytokine (241). IL-21 is secreted by 

Th17 cells and drives IL-17 secretion in an autocrine manner. Thus the low levels of IL-

21 post ART may also contribute to the preferential replenishment of Th1 over Th17 

cells. It’s possible that treatment with anti-retroviral drugs and IL-21 therapy may restore 

the levels of Th17 cells and enhance gut mucosa function. 
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Immune dysfunction is specific to pathogenic SIV infection 

SIV can establish infection in natural and non-natural hosts. Although CD4+ T 

cells appear to be the main cell type infected by this virus in both hosts, progression to 

disease is rarely observed in the natural host. The key difference between these two 

models of infection is the low levels of immune activation observed after SIV infection of 

natural host (22, 24-26). Consistent with this, we did not observe expansion of CD8 

regulatory T cells, or depletion of Th17/Tc17 cells in sooty mangabeys chronically 

infected with SIV. It is possible that lower levels of CCR5 expression in CD4+ T cells of 

sooties may be associated with less trafficking to tissues, and thus these monkey may 

have less reservoirs for the virus. The lack of microbial translocation observed in sooties 

may be a direct result of the presence of Th17 and Tc17 cells at the colorectal mucosa, 

which allows for maintenance of gut permeability and morphology of the gastrointestinal 

tract. CD8+ regulatory T cells with suppressive capacity may not expand in the presence 

of low levels of immune activation, such as those observed in non-pathogenic SIV 

infections. Thus limiting the levels of immune activation may partially control for 

immune dysregulation in the gastrointestinal tract of rhesus macaques. 

 

Conclusions and future directions 

Our results have brought focus on two previously unexplored players in the 

context of HIV/SIV infections: CD8 regulatory T cells and Tc17 cells. We show that 

these cell subsets have important roles in regulating progression to disease. While CD8+ 
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regulatory T cells help the virus by constraining anti-viral immunity, Tc17 cells delay 

onset of disease by contributing to the maintenance of intestinal epithelial barrier.  

Studies conducted in large animal systems are not without their limitations. There 

are many questions that arise due to the findings reported here. Although ART reduced 

levels of CD8+ regulatory T cells, we did not address whether ART had an effect upon 

the ability of these cells to suppress anti-viral immunity. The expression of CTLA-4 and 

CD39 by CD8+ regulatory T cells are indicative of their mechanism of action. It would 

appropriate to conduct experiments that verify the exact mechanism of action, such as 

using blocking antibodies and confirming the loss of suppressive capacity of CD8+ 

regulatory T cells. It would be interesting to address whether the suppression of 

proliferation of SIV-specific T cells is the result of direct interaction of CD8+ regulatory 

T cells and antigen-specific cells or whether these cells act on dendritic cells which in 

turn shut down anti-viral immune response. The suppressive capacity of CD8+ regulatory 

T cells in HIV-infected individuals is yet to be confirmed. 

The reasons for depletion of Tc17 cells during end-stage disease remain unclear in 

this report. It is possible that the depletion of these cells is due to higher activation levels, 

however further experiments are needed for confirmation. Although we propose that 

Tc17 cells compensate for the loss of Th17 cell loss during the acute phase of infection 

by partially maintaining the function of the epithelial barrier, immuno-histological studies 

would further elucidate the nature of events occurring at the gastrointestinal tract. In our 

proposed model, we speculate that there is greater infiltration of microbes during chronic 

phase than the acute phase of infection. We are yet to provide evidence for this. We 

demonstrate that Th17 and Tc17 cells express CTLA-4 and lack killing potential thus 
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suggest that these cell may have more of a regulatory role. It would be interesting to 

conduct studies that would corroborate the regulatory function of these cells. It is of 

utmost importance to ascertain that the findings reported here also occur in HIV-infected 

individuals.  
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