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Pathogenic HIV/SIV infection induces high viral loads, aberrant immune 

activation, and dysfunction in numerous immunologic cells (including gamma/delta 

(γδ) T cells) leading to opportunistic infections.  γδ T cells bridge the innate and 

adaptive immune responses primarily via cytokines produced in response to 

microbial phosphoantigens.  γδ T cells have also been implicated in the control of an 

SIV challenge infection as evidenced by increased numbers and β-chemokine 

expression at mucosal sites in vaccinated macaques.  The goal of Aim 1 of this 

thesis was to assess the impact of an acute SIV infection on the levels of γδ T cells 
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at mucosal and lymphoid sites in macaques utilizing quantitative PCR.  At two days 

post-infection, a decrease in γδ T cell levels was observed at mucosa sites whereas 

increased levels were present at regional lymph nodes.  Also, an increase in 

lymphoid homing molecules was observed at these lymph nodes, indicating a 

mechanism whereby γδ T cells migrate away from mucosal sites towards secondary 

lymphoid tissues following an acute SIV infection.  The redistribution of γδ T cells 

may be important for the initiation of an anti-viral immune response and control of 

rapid viral spread. 

The goal of Aims 2 and 3 was to assess the ability of γδ T cells in HIV-infected 

patients to express cytokines and compare these results to analysis of the non-

pathogenic SIV infection of sooty mangabeys.  Following stimulation with the non-

specific activators PMA/Ionomycin or the γδ TCR specific ligand isopentenyl 

pyrophosphate, a decrease in the percentages of γδ T cells expressing Th1 pro-

inflammatory cytokines including TNF-α and IFN-γ was observed in the HIV+ 

patients (regardless of CD4+ T cell levels).  Highly active anti-retroviral therapy 

(HAART) partially restored the ability of γδ T cells from HIV+ patients to express Th1 

cytokines.  SIV infection of mangabeys results in high viral replication, low levels of 

immune activation, and generally no signs of progression to AIDS.  Evidence for 

preserved or increased functionality of γδ T cells from SIV+ mangabeys (regardless 

of CD4+ T cell levels) was demonstrated by maintained percentages of γδ T cells 

that expressed Th1 cytokines following ex vivo stimulation.  These data suggest that 

in the absence of aberrant immune activation, controlled Th1 responses by γδ T cells 
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from mangabeys may assist in suppressing damage due to the SIV infection as well 

as inhibiting the onset of opportunistic infections.  These data provide rationale for 

therapies aimed at increasing γδ T cell functionality in humans, particularly with 

regard to Th1 cytokine responses to augment protection against opportunistic 

infections and HIV disease progression.  
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CHAPTER 1 – General Introduction and Literature Cited 
 

Introduction 

 On June 5, 1981, the Centers for Disease Control and Prevention 

released the Morbidity and Mortality Weekly Report describing five 

patients from Los Angeles, CA who presented with an atypical fungal 

infection with Pneumocystis pneumonia (23).  Although the physicians 

were not aware, these patients were infected with an unknown viral 

pathogen, later termed the Human Immunodeficiency Virus (HIV), which is 

the causative agent of acquired immunodeficiency syndrome (AIDS). HIV 

has had a dramatic human impact during the past 25 years infecting more 

than sixty-five million persons.  Twenty-five million people have already 

succumbed to HIV/AIDS related diseases.  In addition, greater than 

fourteen million children have been orphaned due to the death of their 

parents caused by HIV/AIDS.  To compound the issue, each year more 

than five million new cases of HIV infection are reported worldwide 

primarily in Sub-Saharan Africa, China, India, and Russia (Figure 1-1).  In 

North America, there are about two million people living with HIV (Figure 

1-1).  Within the United States, Hispanics and African Americans 

accounted for 70% of all reported HIV cases in 2005 (22).  Despite this 

high percentage, the incidence of infection in these groups is  
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Figure 1-1. Global distribution of Human Immunodeficiency Virus 
(HIV)-infected individuals – Approximately 40 million people worldwide 
are infected with HIV as of 2005.  The highest concentration of HIV 
infected persons is within sub-Saharan Africa.  HIV is a global epidemic as 
infected individuals can be found in the Americas, Eurasia, and Oceania.   
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decreasing in comparison to Caucasians (22).  In summary, HIV/AIDS is a 

global concern affecting every race, creed, gender, and nation in the past 

25 years requiring a concerted international effort to solve.  

 

Discovery of HIV as the causative agent of AIDS 

 In 1983, two independent laboratories led by Drs. Luis Montagnier 

(Pasteur Institute) and Robert Gallo (National Institutes of Health) 

published articles in Science describing the isolation of a retrovirus, later 

termed HIV, from an AIDS patient that they deemed the causative agent of 

AIDS (11, 58).  Soon thereafter, Clavel and colleagues described a 

second virus isolated from AIDS patients in Senegal, termed Human 

Immunodeficiency Virus-2 (HIV-2), which shared some sequence 

homology with HIV-1 (30).  In the past 25 years, disease caused by HIV-2 

has remained a localized epidemic focused in West Africa, in contrast to 

the worldwide pandemic caused by HIV-1 (30, 68, 75).  Though both HIV-

1 and HIV-2 can cause AIDS, HIV-2 pathogenesis occurs at a slower rate 

compared to HIV-1 (113).  In summary, both HIV-1 and HIV-2 have been 

identified as the causative agents of AIDS in infected people. 

 To elucidate the mechanisms by which HIV-1 causes disease, 

many studies have focused on the origins of the epidemic.  More than 

thirty non-human primate species in Sub-Saharan Africa have been 
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identified naturally infected with simian immunodeficiency virus (SIV) (68, 

76, 95).  The current hypothesis for the origin of the HIV-1 pandemic is a 

zoonotic transmission event of SIV into humans following the butchering 

and consumption of infected chimpanzee bush meat (Figure 1-2) (68, 75).  

In fact, sequencing of the SIVcpz genome isolated from infected 

chimpanzees (Pan troglodytes) revealed homology to the HIV-1 genome 

(60, 68).  It is believed that three separate cross-species transmission 

events from chimpanzees into humans are the origins of HIV-1 groups M, 

N, and O (68).  Similar to the human epidemic, chimpanzees may have 

acquired SIVcpz through a cross-species transmission event after eating 

naturally SIV infected red-capped mangabeys and greater spot-nosed 

monkeys (Figure 1-2) (68).   

Sooty mangabeys (Cercoebus atys) are a non-human primate 

species located in West Africa which can be found naturally infected with 

SIV but do not progress to simian AIDS despite high viral titers (149).  The 

regional HIV-2 epidemic is believed to have arisen from a cross-species 

transmission event in West Africa following the consumption of sooty 

mangabey bush meat (Figure 1-2) (68).  Separate origins for HIV-1 and 

HIV-2 is suggested by sequence analysis of the HIV-2 genome which 

shares homology with SIVsmm found in sooty mangabeys (Figure 1-2) 

(30, 76).  In addition, rhesus macaques (Macaca mulatta) housed at the  
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Figure 1-2 – Zoonotic Transmission of SIV from monkeys into 
humans – (A) The HIV-1 pandemic is believed to have arisen as a result 
of zoonotic transmission of SIVcpz which infects chimpanzees following 
the butchering and consumption of infected bush meat.  SIVcpz is also 
believed to have arisen as a result of the predation of greater spot-nosed 
and red-capped mangabey monkeys (found naturally infected in the wild).  
(B) The HIV-2 epidemic has its origins from SIVsmm which naturally 
infects sooty mangabeys following the consumption of infected bush meat.  
In addition, SIVmac also arose from SIVsmm following co-habitation of 
mangabeys with macaques in the California National Primate Research 
Center. 
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California National Primate Research Center became infected with SIV 

following a cross species transmission event with sooty mangabeys and 

experienced AIDS like illnesses. (Figure 1-2) (24, 88).  Further analysis of 

these macaques demonstrated that they were infected with an SIV 

(termed SIVmac) exhibiting sequence similarity with SIVsmm (88).  

Therefore, the transmission of SIVsmm from sooty mangabeys is 

responsible for both HIV-2 and SIVmac which can induce AIDS in their 

non-natural hosts. 

 

HIV Transmission 

HIV enters the body one of two ways, either by traversing a 

mucosal barrier or through an intravenous (IV) injection such that it goes 

straight into the blood stream.  The IV route for infection has been 

associated with both intravenous drug users and patients receiving 

contaminated blood products.  Transmission across a mucosal membrane 

remains the prevalent route for new HIV infections, (12) which generally 

occurs during sexual transmission across either the rectal or vaginal 

mucosa.  Oral transmission of HIV can also occur via receptive oral 

intercourse (virus in semen) or vertically from mother-to-child in utero, 

during parturition or breast-feeding (106, 125, 138, 155, 157, 160).  The 

oral cavity shares structural similarity with other mucosal sites including 
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the vagina as evidenced by the presence of stratified squamous epithelia 

and a lamina propria layer containing numerous immunologic cells located 

in the submucosa.  Studies in our laboratories and others have 

demonstrated that viral translocation following an oral exposure can occur 

at sites  proximal to the gastric cardia (above the stomach) including the 

oral and esophageal mucosa as well as the tonsils (122, 170).  Studies 

have shown that when HIV+ mothers were administered the anti-viral drug 

zidovudine the rates of perinatal transmission decreased from 

approximately 25% to 9% (55) (125).  This indicates that decreased viral 

load in the mother can result in a reduced risk of transmission to the 

infant.  

 

HIV biology 

 HIV-1 and HIV-2 are lentiviruses belonging to the Retroviridae 

family of RNA viruses (56).  The viral genomes are approximately ten 

kilobases (kb) in length and contain the coding sequences for nine 

proteins: gag, pol, env, nef, rev, vif, vpr, vpu, and tat (Figure 1-3 and Table 

1-1) (56).  Each viral particle is composed of an outer phospholipid bilayer 

studded with host membrane proteins and the viral env gp160 trimer 

(consisting of three heterodimers of gp120 and gp41) surrounding the viral 

core.  The viral core contains two copies of the single-stranded RNA core  
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Figure 1-3 – Structure of the HIV virion – Cartoon representation of the 
structure of the HIV virion.  A host-derived phospholipids bilayer studded 
with viral gp160 (consisting of gp120 and gp41) surrounds the viral core 
proteins.  The viral nucleic acid as well as reverse transcriptase, integrase, 
protease, and nef proteins are located within the viral core 
 
. 
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Gene Full Name Function 

Gag Group Specific 
Antigens Core and matrix proteins 

Pol Polymerase 

Reverse transcriptase 
Protease  
Integrase 
RNase H 

Env Envelope 
gp120 – Trans-membrane glycoprotein 

binds CD4, CCR5 or CXCR4 
gp41 – Required for viral fusion 

Nef Negative Factor 
Enhances viral infectivity 

Down regulates CD4 and MHC class I 
Affects T cell activation. 

Rev Regulator of viral 
expression 

Exports un-spliced and singly-spliced 
viral transcripts from nucleus 

Vif Viral Infectivity 
Factor 

Increases viral infectivity 
Inhibits cellular APOBEC3G 

Vpr Viral Protein R Transports viral cDNA to nucleus 
G2 cell cycle arrest 

Vpu Viral Protein U Promotes intracellular CD4 degradation  
Enhances viral release from membrane 

Tat Transactivator Positive regulator of transcription 
 
Table 1-1 – Characterization of the nine HIV proteins   
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Figure 1-4 – HIV Life Cycle with anti-viral drug Interventions – HIV 
binds to the cellular surface receptors CD4 and CCR5 and the viral 
membrane will fuse to the host cell membrane.  Then, the capsid will enter 
the cytosol and release the viral RNA genome.  The reverse transcriptase 
(RT) will generate a complementary DNA strand and this will shuttle into 
the nucleus to be integrated into the host cell genome via the viral 
integrase.  The pro-viral genome will be transcribed and shuttled out of the 
nucleus to be either translated into viral proteins or be packaged into the 
newly formed viral particle.  The virus will then bud off from the cell 
membrane.  Current anti-HIV inhibitors are also shown at their appropriate 
target sites including RT, protease, integrase, and fusion inhibitors. 
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as well as a variety of proteins including nef, vif, and protease.  For 

efficient viral infection (Figure 1-4), the viral envelope glycoprotein gp120 

binds to the cellular surface protein CD4.  HIV has been shown to co-opt 

different co-receptors to infect cells including the predominate receptors 

CCR5 and CXCR4 (39, 43, 48, 56, 154).  CCR5 is typically expressed on 

effector T cells located at mucosal sites while CXCR4 is predominantly 

expressed by naïve and central memory T cells in the peripheral 

circulation or lymphoid sites (44).  In general, CCR5 binding viruses are 

associated with transmission between hosts while CXCR4 using viruses 

are associated with expanded co-receptor usage during AIDS disease 

progression (154).  Upon co-receptor binding, the viral and host cell 

membranes fuse allowing the core to translocate into the cytosol and 

release of the viral genome.  The viral reverse transcriptase (RT) 

synthesizes a complementary single-strand DNA (cDNA), and host 

polymerases follow to generate the second strand of the viral cDNA.  The 

viral integrase will shuttle the viral cDNA into the nucleus and randomly 

integrates it into the host genome.  Following transcription, the viral 

transcripts are escorted to the cytosol allowing for the translation of a large 

viral poly-protein.  The HIV protease cleaves this poly-protein into the 

necessary structure and non-structural proteins (Table 1-1).  Then, the 
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capsid and envelope proteins assemble with two copies of viral mRNA on 

the host cell phospholipid membrane and then bud off the cell. 

 

HIV Clinical Treatment 

The medications used in clinical practice to treat HIV+ patients are 

targeted against different viral proteins (Figure 1-4).  The first anti-viral 

drugs suppressed viral replication by inhibiting the viral RT and were 

classified as either nucleoside reverse transcriptase inhibitors (NRTIs) or 

non-nucleoside reverse transcriptase inhibitors (NNRTIs) (36, 150, 151).  

NRTIs including 3'-azido-3'deoxythymidine (AZT; zidovudine) are 

nucleoside analogs that lack a free 3’-hydroxyl group thereby preventing 

the synthesis of viral RNA strands (192).  In contrast, the classical NNRTI, 

nevirapine, interacts with amino acids on the viral RT interfering with the 

ability of the enzyme to add nucleotides (150, 151).  The next class of 

drugs developed was targeted against the viral protease (termed protease 

inhibitors) (52).  Treatment with a single drug class proved insufficient to 

suppress viral loads long term because drug resistant mutants emerge 

(20).  To combat drug resistance to a single class of inhibitors, highly 

active anti-retroviral therapy (HAART) combined multiple anti-HIV drugs 

together in a single “cocktail” consisting of two RT and one protease 

inhibitor.  Current therapy guidelines for treating HIV+ patients state that 
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HAART should be initiated when CD4+ T cell levels decline to below 300 

counts per µl of blood.  Other anti-viral compounds which are under 

development or became recently available serve as an adjunct to the 

current therapy guidelines.  Integrase inhibitors are under development 

and aimed at preventing the pro-viral genome from integrating into the 

host cell (73, 74).  Along with interfering with viral enzymes, the viral 

fusion process is also being targeted.  Small molecule inhibitors have 

been identified including T-20 (Trimeris), which bind to and block gp41-co-

receptor interactions (42, 99, 127, 146, 180).  In summary, novel 

therapeutic designs attacking multiple stages of the viral life cycle are 

available that are effective at suppressing HIV replication.   

 

Clinical disease progression following HIV infections 

Following an HIV infection, disease progression is generally characterized 

by the progressive loss of peripheral CD4+ T cells (Figure 1-5).  Acute HIV 

infections are associated with CD4+ T cell decline to two-thirds the level 

observed pre-infection, which coincides with an increase in plasma 

viremia.  During the acute infection, patients may present with an acute 

retroviral syndrome characterized by a mononucleosis like illness, 

including fever, fatigue, lymphadenopathy, and myalgia (84).  The chronic 

stage of infection leads to the establishment of a viral set point which  
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Figure 1-5 – CD4+ T cell levels and viral loads in HIV+ patients – 
During the acute stage of infection, there is an inverse correlation with 
rising plasma viremia and decreasing peripheral blood CD4+ T cells.  A 
viral set point is reached during the chronic stages of infection while CD4+ 
T cells are diminished.  During AIDS, the CD4 count decreases to <200 
counts/ul blood while plasma viremia increases.  In addition to the 
peripheral circulation, gut mucosal CD4+ T cells are rapidly depleted and 
not replenished during the acute stage of infection. 

 



 15

generally remains relatively  steady until the patient progresses to AIDS.  

Clinical AIDS is diagnosed when peripheral CD4+ T cell numbers decline 

to less than 200 cells/ul of blood and is often associated with the onset of 

opportunistic infections, cancers, or neurological disorders.  AIDS patients 

can present with atypical infections such as Pneumocystis carnii, Candida 

albicans, cytomegalovirus, and Mycobacterium tuberculosis as well as 

Kaposi’s sarcoma and B cell lymphomas.   

 

Role of Immune activation on HIV/SIV disease progression 

 Initial research into mechanisms of HIV pathogenesis focused on 

the role of peripheral CD4+ T cells.  In recent years, however, many 

reports have demonstrated that pathogenesis is a more complex process 

than peripheral CD4+ T cell decline alone.  Additional correlates now 

known to be related to disease progression include decreased CD4+ T 

cells at mucosal associated lymphoid tissues (Figures 1-5 and 1-6) (18, 

116, 179), increased immune activation (64, 169) and bystander apoptosis 

of uninfected cells (172).  Immune activation is documented by the up-

regulation of markers such as CD69 (early activation), HLA-DR (MHC 

class II), Ki67 (proliferation), CD38, CD95 (Fas), and CD195 (FasL) on 

multiple immune cells including CD4+ T cells, CD8+ T cells, B cells, and 

NK cells (53, 63, 64, 158, 169).  The events initiating aberrant immune 
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activation following an HIV infection remain unknown, however a few likely 

candidate mechanisms have been proposed.  Persistent viral replication in 

CD4+ T cells was hypothesized to be the main contributor to immune 

activation because these cells express a variety of activation markers 

following infection.  However, multiple immune cells such as B cells and 

NK cells which are not targets for HIV also become activated following 

infection, suggesting that viral replication in CD4+ T cells may not be the 

sole contributor to overall immune activation (44, 94, 101).  Alternatively, 

the immune activation may be driven by the immune response to the HIV 

antigens, however this seems unlikely due to the few antigen specific cells 

(29, 89, 134).  Another attractive possibility was the selective depletion of 

regulatory T cells by HIV (1, 46, 90, 175) due to the fact that these cells 

can express anti-inflammatory cytokines such as IL-10 and TGF-β which 

may dampen the immune response.  In addition, Douek and colleagues 

recently proposed a hypothesis attributing immune activation to the 

translocation of bacterial components such as lipopolysaccharide (LPS) 

across mucosal membranes into the peripheral circulation (16, 17).  

Therefore, HIV disease progression requires more than just depletion of 

CD4+ T cells and may involve multiple mechanisms including aberrant 

immune activation over many years of infection.  
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Natural hosts of SIV 

 Natural hosts of SIV infection such as sooty mangabeys and 

African green monkeys (AGMs) can be found SIV infected in the wild.  

These species have SIV viral loads reaching 107 viral RNA copies/ml of 

blood following infection which is comparable to levels of replication in 

HIV+ humans (19, 149).  Despite high levels of viral replication these 

monkeys generally have healthy peripheral CD4+ T cell counts throughout 

infection (93, 95, 149).  Healthy CD4 levels in SIV+ mangabeys may be 

the result of increased expression of the homeostatic cytokine interleukin-

7 (IL-7) early after infection (128) as well as the preservation of bone 

marrow, lymph node, and thymic architecture (25, 166, 168).   

Recently our laboratory identified a unique cohort of SIV+ 

mangabeys which experienced a dramatic depletion of CD4+ T cells 

(between 50-100 cells/ul blood) in the peripheral circulation yet remained 

free from simian AIDS (123).  This suggests that other host defense 

mechanisms are keeping these mangabeys from progressing to AIDS.  An 

in-depth analysis of these SIV+ mangabeys identified very low levels of 

immune activation (HLA-DR, CD69, and Ki67) following chronic infection 

regardless of CD4+ T cell levels (123, 166).  These studies suggest that 

decreased levels of immune activation may help prevent the progression 
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towards simian AIDS in mangabeys regardless of the levels of peripheral 

CD4+ T cells.  

 

Cellular immune responses following chronic HIV infections  

 Chronic HIV infection is associated with progressive dysfunction in 

numerous immune cells including CD4+ T cells, CD8+ T cells, dendritic 

cells, B cells, monocytes/macrophages, natural killer cells, and γδ T cells 

(Figure 1-6).  The impaired functions observed in these cells may be the 

result of direct viral cytopathicity or indirect effects including the 

contribution of increased immune activation.   

 

CD4+ and CD8+ T cells:  Assessment of T cells generally focuses on the 

blood CD4+ T cell depletion in infected patients and correlating their levels 

with the onset of opportunistic infections when peripheral blood CD4+ T 

cell levels drop below 200 cells/ul of blood.  More recently, studies have 

focused on other immune sites, such as the mucosa, and the dramatic 

depletion of CD4+ T cells that occurs at early times post-infection (18, 

105, 179).  HAART partially restores mucosal CD4+ T cells in HIV+ 

patients though not to the levels present prior to infection (66, 118).  CD4+ 

T cell levels remain relatively stable in the intestinal mucosa of long-term 

non-progressing HIV+ patients and may contribute to delayed disease  
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Figure 1-6 – Paradigm following an HIV infection – Following infection, 
the focus of HIV pathogenesis was on the loss of peripheral CD4+ T cells 
leading to opportunistic infections and AIDS.  However, this paradigm 
proved more complex as evident by decreased CD4+ T cells at mucosal 
associated lymphoid tissues as well as increasing immune activation and 
bystander apoptosis of uninfected cells.  In addition, impaired functions in 
B cells, NK cells, macrophages, and γδ T cells are observed following an 
HIV infection. 
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progression to AIDS in these patients (159).  In addition to direct viral 

cytopathicity, CD4+ T cells can undergo activation-induced cell death (61, 

148, 169) as well as become anergized and have express less IFN-γ 

following in vivo stimulation (137).  CD8+ T cells also lose their ability to 

destroy infected cells primarily through the evolution of viral escape 

mutants as well as the indirect effects of immune activation (6, 135, 173, 

174).  In addition, HIV+ patients have a skewed repertoire of effector 

memory, as compared to central memory, CD8+ T cells (104), which also 

have impaired proliferation (107) and IFN-γ and IL-2 responses following 

infection (131). In addition, increased numbers of CD8+ T cells expressing 

activation markers such as CD95 and IFN-γ were present in the brains of 

SIV-infected macaques suggesting that these cells may also contribute to 

the neurological immunopathology following an infection (112).  Taken 

together, decreased CD4+ and CD8+ T cell proliferative and cytokine 

responses throughout an HIV infection may be a result of overall immune 

activation and contribute to the progression towards AIDS. 

 

B cells:  The humoral immune response mediated by B cells is involved in 

the production of antibodies against extra-cellular bacteria and parasites 

(184).  Recent reports have described a few novel neutralizing antibodies 

(nAbs) which prevent viral interactions with CD4 and CCR5 (98, 176, 183) 
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as well as interfering with fusion to the host cell membranes (132, 191).  

Although the in vivo administration of these nAbs can prevent mucosal 

SIV infection in macaques (9), long-term administration of nAbs leads to 

the evolution of viral variants where the appropriate env epitopes have 

been disrupted providing a mechanism for escape (98, 183).  Further 

assessment of the humoral immune response during an HIV infection 

revealed that patients have an increased incidence of B cell lymphomas 

and hypergammaglobulinemia (37, 100).  In addition, B cells have 

impaired chemokine and complement receptors as well as increased FasL 

expression, which may contribute to the aberrant bystander apoptosis and 

immune activation of CD4+ T cells (54, 158, 161).  There is also a loss of 

CD21+ and CD27+ memory B cells in HIV+ patients, which is associated 

with an increase in activated CD70+ T cells (126, 129, 187).  With regards 

to functionality, B cells from HIV+ patients have an impaired proliferative 

capacity as well as immunoglobulin expression in response to phorbol 

esters, CD40L, and anti-IgM in vitro stimulation suggesting that they are 

anergized (37, 126).  These reports demonstrate the inability of B cells to 

proliferate and produce antibodies during an HIV infection which may be 

due to increased immune activation and contribute to the progression 

towards AIDS. 

 

 



 22

Monocytes/Macrophages: Monocyte-derived cells phagocytose and 

present antigens to both CD4+ and CD8+ T cells, activate NK cells via IL-

12 expression, and help to maintain tissue homeostasis (4).  

Conventionally, macrophages are activated following IFN-γ stimulation 

leading to up-regulation of antigen-presentation molecules as well as IL-12 

expression(4).  Macrophages have been shown to be important during 

HIV pathogenesis as they may serve as one of the earliest targets of 

infection and may act as long-lived reservoirs (34, 47, 111).  In addition, 

macrophages up-regulate the expression of pro-inflammatory chemokines 

such as CCL4/MIP-1β and CCL2/MCP-1 upon CCR5 ligation with HIV 

gp120 (102), which may be a defense to prevent infection of other cells by 

blocking viral co-receptors.  With regards to functionality, the ability of  

macrophages to phagocytose antigens via complement and Fc mediated 

processes is impaired following an HIV infection (87), potentially due to 

decreased actin reorganization (86).  Macrophages undergo various 

phenotypic and functional changes during HIV infection which influence 

both their susceptibility to infection as well as their ability to perform their 

phagocytic activities that may be in part due to the increased immune 

activation present in HIV-infected patients. 
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Natural Killer cells:  Natural killer (NK) cells recognize virally-infected 

and tumor cells based on decreased expression of MHC class I (13, 130).  

Numerous studies in HIV-1-infected subjects have demonstrated that 

significant changes occur within the NK cell compartment during chronic 

HIV-1 infection (8, 53, 108, 117, 139, 177).  Recent studies have 

demonstrated that NK cells have increased expression of the activation 

marker HLA-DR following an HIV infection, which inversely correlated with 

decreased production of perforin and IFN-γ (8, 53).  HIV infection induces 

an expansion of CD56-CD16+ NK cells that do not express cytolytic 

receptors or Th1 cytokines (IFN-γ and TNF-α) (108, 117).  Furthermore, 

antibody dependent cell-mediated cytotoxicity (ADCC) by NK cells is 

impaired in SIV-infected macaques when compared to their uninfected 

counterparts (139, 177). These reports demonstrate that, similar to other 

immune cells, pathogenic HIV/SIV infection impairs NK cells in a way that 

can be observed phenotypically as well as functionally and may be due in 

part to increased levels of immune activation in HIV-infected patients.  

 

Rationale for Studying Gamma/Delta (γδ) T cells  

 As described above, a study from our laboratory identified a cohort 

of SIV+ mangabeys which experienced a very dramatic depletion of CD4+ 

T cells in the peripheral blood as well as in the rectal and pulmonary 
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mucosa following an SIV infection (123).  It is important to note that these 

CD4-low SIV+ mangabeys have remained free from any signs of clinical 

AIDS for more than 5 years post-infection.  These findings indicated that 

other immune cells may be functioning in these CD4-low animals to help 

prevent the progression towards simian AIDS.  A comparison of a variety 

of immune cells identified a significantly increased percentages\ of γδ T 

cells in the peripheral blood of uninfected mangabeys when compared to 

humans (to be discussed in Chapter 4 – Figure 4-1).  This initial finding led 

to a further investigation of the function of γδ T cells during HIV/SIV 

infection. These studies revealed that γδ T cells from SIV+ mangabeys 

(both CD4-healthy and CD4-low) retained the ability to proliferate in 

response to ex vivo stimulation with the bacterial antigens isopentenyl 

pyrophosphate (IPP) and lipopolysaccharide (LPS) (123).  These results 

suggested that γδ T cells may retain the ability to respond to opportunistic 

bacteria thereby providing protection from disease progression (123).  

Therefore, my thesis project sought to further assess the functionality of γδ 

T cells throughout the disease course following pathogenic HIV/SIV and 

non-pathogenic SIV infections.  The remainder of this Chapter will discuss 

the current understanding of γδ T cells following pathogenic HIV/SIV 

infections. 
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Introduction to γδ T cells  

 Though the majority of T cells express rearranged αβ T cell 

receptors (TCRs), another population exists that express a heterodimeric 

TCR comprised of rearranged genes from the γ and delta loci (21).  The γ 

and delta loci contain all the germ-line genes necessary for proper TCR 

rearrangement (21).  For example, the delta locus contains 9 variable (V), 

3 diversity (D), 4 joining (J) and 1 constant (C) region (Figure 1-7).  After a 

successful TCR rearrangement in the thymus, the γδ T cell can exit to the 

peripheral circulation or migrate to mucosal sites.  In the peripheral 

circulation of humans, γδ T cells comprise about 1-10% of the circulating T 

cells though this percentage can rise to as high as 50% in some mucosal 

sites (21).  γδ T cells link the innate and adaptive immune responses (72, 

109, 124) by cross-talk with numerous immunologic cells including DCs 

(33), αβ T cells (15), and B cells (195).  Upon recognition of their cognate 

antigens, γδ T cells proliferate and express either Th1 or Th2 cytokines 

(49, 124).  In summary, γδ T cells play many important immunologic roles 

by responding to microbial and tumor antigens. 

During development in the thymus, T cells will commit to either 

becoming a member of the αβ or γδ compartment.  The development of αβ 

T cells has been studied more extensively while less is known about the 

lineage commitment and subsequent development of γδ T cells.  Studies  
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Figure 1-7 – γδ T cell receptor rearrangement – When a progenitor T 
cell enters the thymus, the cell has the opportunity to rearrange the γ and 
delta TCR loci.  The antigen recognition by γδ T cells is heavily dependent 
upon the particular delta Variable region chosen.  The majority of adult γδ 
T cells express either the Vdelta1 (Vδ1) or the Vdelta2 (Vδ2) region.  
Following a successful TCR rearrangement, the cell will exit the thymus 
and is a functional γδ T cell. 
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have revealed that similar to pre-T-α receptor expression on maturing αβ T 

cells, γδ T cells express their TCR during the first CD4/CD8 double 

negative stage of thymic development (144).  Also, in order to undergo 

proper development, the γδ TCR must be engaged allowing for 

appropriate signaling to suppress the default developmental αβ T cell 

pathway (69).  Along with appropriate TCR signals, developing γδ T cells 

need stimulation through CD127 (IL-7 receptor) (81, 110, 133, 144) and 

LAT (linker of activated T cells) (144).  In mice lacking CD127, αβ T cells 

are present while γδ T cells are absent (110) because IL-7 signaling may 

be necessary to initiate the transcription of the γ locus (133).  IL-7 signals 

are likely to be necessary for the activation of the RAG genes to induce 

the rearrangement and subsequent transcription of the receptor but not 

necessary if a pre-rearranged TCR is already present (133, 193).  After 

TCR rearrangement, γδ T cells leave the thymus to the periphery where 

they localize to differing tissues based on particular variable delta (Vδ) 

region and homing molecules expressed.   

 

Antigen Recognition and Reponses by γδ T cells: 

 Unlike αβ T cells, antigen recognition by γδ T cells is dependent 

upon the particular variable (V) region of the TCR as opposed to the entire 
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rearranged TCR (Figure 1-7).  The majority of γδ T cells express either the 

Vdelta1 (Vδ1) or Vdelta2 (Vδ2) γδ TCR (Figure 1-7).  Vδ1 γδ T cells 

respond to the expression of non-classical MHC molecules on the surface 

of virally-infected or tumor cells and are concentrated at mucosal sites (21, 

65, 70, 164).  In contrast, Vδ2+ cells are found in the peripheral circulation 

and respond to non-peptide phosphoantigens including isopentenyl 

pyrophosphate (IPP) and bromohydrin pyrophosphate (BrHPP) (21, 97, 

165).  These phosphoantigens are generated during the non-mavelonate 

and mavelonate pathways utilized by prokaryotic and eukaryotic cells, 

respectively (50, 152).  Vδ2+ γδ T cells have a higher affinity for 

phosphoantigens derived from the non-mavelonate pathway suggesting 

that these cells may produce a more robust response to bacterial 

pathogens (82, 165).  In addition to the TCR, γδ T cells can recognize 

conserved microbial antigens using traditional pattern recognition 

receptors such as toll like receptors (TLRs).  γδ T cells can express toll like 

receptor-3 (TLR-3) and respond to poly(I:C) stimulation through the 

production of cytokines (186).  In addition, the γδ T cells which reside in 

the epidermis express TLR-4 and respond to LPS through the production 

of Th1 cytokines (163).  However, the majority of γδ T  cells in vivo lack 

TLR-4 expression but may indirectly respond to this antigen via cytokines 

produced by other immune cells such as APCs (163).  γδ T cell recognition 
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of conserved microbial patterns suggests an innate immune response type 

function for these cells allowing them to serve as a first response to a 

microbial challenge.  αβ T cells in contrast require days to expand and 

traffic to the site of infection.  This rapid response may prove beneficial in 

the ability to mount an immune response to common opportunistic 

pathogens at mucosal sites which may befall HIV+ patients. 

In addition to their innate immune cell-like responses, γδ T cells can 

assist in eliciting an effective adaptive immune response to pathogens. A 

robust γδ response has been demonstrated for a number of mucosal 

pathogens including, Mycobacteria (10, 162), Legionella (96), Listeria 

monocytogenes (83), Plasmodium falciparum (156), and West Nile Virus 

(182).  An antigen specific adaptive immune response by γδ T cells is 

generally assessed by measuring proliferation, cytokine production and 

expression of activation markers on the cell surface, similar to parameters 

assessed for αβ T cells.  Cellular proliferation is important for immune 

protection as the mounting of sufficient numbers of cells is important to be 

able to respond to microbial threats.  Proliferation of γδ T cells has been 

shown to be an important marker of functionality against bacterial 

infections, most notably Mycobacteria (141).  Soon after in vivo 

Mycobacterial inoculation in rhesus macaques, γδ T cells have been 

shown to proliferate to high numbers in the pulmonary mucosa (162).  γδ T 
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cells have been shown in two systems to possess a memory function after 

initial exposure to a viral pathogen.  For example, mice lacking γδ T cells 

that have survived a primary West Nile Virus infection are more 

susceptible to secondary viral infection in comparison to their wild type 

counterparts (182).  The authors suggested that the production of IFN-γ by 

γδ T cells was important in controlling the West Nile Virus infection (182).  

In addition, canary-pox vaccinated patients generated γδ T cells that were 

able to express IFN-γ following ex vivo stimulation with canary pox 

antigens demonstrating their memory responsiveness (190). They are 

further able to influence the adaptive immune response indirectly through 

cytokine production potentially contributing to the appropriateness of the 

response.  Bacterial antigens including LPS can induce γδ T cells from 

total PBMCs to express both IFN-γ (Th1) and interleukin-4 (IL-4; Th2) (49, 

124).  The combination of innate and adaptive type immune responses 

highlights the diverse niches γδ T cells occupy in the immune response. 

 

Alternate Functions of γδ T cells 

 A controversial γδ T cell function that has yet to be elucidated in 

vivo is their ability to act as antigen presenting cells (APCs).When purified 

γδ T cells are stimulated in vitro via TCR ligation with IPP, Th1 cytokines 

are expressed which induce the up-regulation of APC markers on co-
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cultured DCs (33).  γδ T cells also directly interact with B cells as 

evidenced by the fact that mice deficient in γδ T cells have dysfunctional 

lymph node germinal center development (185).  Furthermore, Vδ2+ γδ T 

cells isolated from mice up-regulate classical APC markers including HLA-

DR, CD80, and CD86 upon 18 hour TCR stimulation with IPP in vitro (15).  

Activated γδ T cells can present toxic-shock syndrome toxin-1 as well as 

processed Mycobacterial peptides, thereby inducing the proliferation of 

naïve CD4+ and CD8+ T cells  (15).  Though intriguing, in vivo γδ T cells 

experiments will have to be performed to further evaluate their APC 

capabilities. 

 γδ T cells are also known for their ability to recognize non-classical 

MHC molecules resulting from tumors, wounds, or virally-infected cells.  

Crystallographic studies indicated that Vδ1+ γδ TCRs recognize non-

classical MHC molecules expressed by stressed cells including MICA and 

T22 (164).  In addition, B cell lymphoma Daudi cells are targets for Vδ1+ 

γδ T cells due to their high surface expression of the stress-induced 

molecule heat-shock protein-58 (51).  Vδ1 γδ T cells also recognize 

mucosal epithelial cells infected with cytomegalovirus in vivo presumably 

through the expression of stress-induced molecules and then express 

both TNF-α and IFN-γ (70).  Also, mice lacking γδ T cells have slower 

wound healing following superficial epithelial burns in comparison to their 
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wild-type counterparts (80).  The mechanisms for the impaired wound 

repair responses were due to keratinocytes not receiving keratinocyte 

growth factor-1 (KGF-1) at the wounded site (80).  Further, epithelial Vδ1+ 

γδ T cells express KGF-1 following the recognition of stress-induced MHC 

molecules expressed by keratinocytes (80).  Altogether, these reports 

indicate that γδ T cells can respond to a variety of antigens and modulate 

the immune environment to protect against tumors and virally infected 

cells, as well as participate in wound repair. 

  

Protective functions by γδ T cells in response to HIV/SIV 

 Several reports have demonstrated the importance of γδ T cells 

during the earliest events following an HIV/SIV infection.  γδ T cells can 

directly inhibit HIV/SIV infection in vitro suggesting that these cells may 

contribute to controlling viral load.  When PBMCs were infected in vitro 

with HIV for example, increased numbers of γδ T cells in the cultures 

inversely correlated with decreased HIV p24 levels suggesting these cells 

may impair viral replication (140).  A potential mechanism to explain the 

lowered viral replication observed In the PBMC cultures may be due to γδ 

T cells expressing the CCR5 binding β-chemokines CCL3/MIP-1β and 

CCL5/RANTES (140).  In addition, γδ T cells can induce apoptosis of 

latently HIV infected U1 cells (14) as well as both HIV- and SIV-infected 
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primary cells (181) potentially through Fas-FasL interaction (14).  In 

summary, direct inhibition of HIV replication by γδ T cells is a potential 

mechanism to contribute to viral replication in infected individuals. 

 To assess whether γδ T cells may have a protective effect during 

transmission of the virus across a mucosal surface in vivo studies have 

been performed during SIV infection of macaques (103, 171).  In these 

studies the levels of γδ T cells (and DCs) were increased at the viral sites 

of entry (the tonsils) of SIVmac239Δnef vaccinated macaques following 

infection with a challenge SIV (171).  Furthermore, in a study utilizing an 

intrarectal inoculation of SIVmac239 gp120 and p27 in macaques, γδ T 

cells migrated from lymphoid sites to the rectal mucosa in response to a 

challenge infection and produced CCL3/MIP-1α and CCL5/RANTES (103).  

The authors attributed the production of these β-chemokines by γδ T cells 

as a mechanism to prevent the establishment of the challenge viral 

infection by inhibiting viral gp120-CCR5 co-receptor binding (103).  These 

reports include evidence for a role of γδ T cells in inhibiting viral infection 

at mucosal sites through an increase in numbers and β-chemokine 

expression.  Thus, augmentation of γδ T cell function could potentially be 

an effective vaccination strategy to prevent establishment of a mucosal 

HIV/SIV infection  
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Dysregulated responses by γδ T cells following chronic HIV/SIV 

infections 

During pathogenic HIV/SIV infection, γδ T cells are susceptible to 

immune dysfunction reflected in alteration of both their absolute number 

and functions (5).  For example, fewer γδ T cells were present in the 

intestinal mucosa of macaques by seven days after a rectal inoculation 

with SIVmacPBj when compared to their uninfected counterparts (26).  

The lower levels of γδ T cells may be due to the direct infection by 

HIV/SIV, which has been shown in vitro (77).  In addition, an assessment 

of the levels of γδ T cells in the peripheral blood of HIV-infected patients 

revealed a phenotypic switch in TCR usage where the predominate Vδ2+ 

γδ T cell population in uninfected donors is replaced with Vδ1 expressing 

cells (7, 38, 142).  This phenotypic switch may be the result of 

redistribution of Vδ1+ γδ T cells from mucosal sites into the blood (16) as 

opposed to clonal expansion of Vδ1 γδ T cells (143).  Indeed, spectratype 

analysis of Vδ1+ γδ T cells indicated that there was no expansion of a 

particular Vδ1 TCR clone in PBMCs or rectal mucosal biopsies from HIV+ 

patients (143), suggesting that either apoptosis or migration account for 

the phenotypic switch observed.  Therefore, the increased levels of Vδ1 

cells in the peripheral blood may be the result of the redistribution of these 

cells from the mucosa (where they are typically found) (16).  Migration 
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studies in γδ T cell clones from HIV+ patients expressing the chemokine 

receptor CXCR3 demonstrated a reduced capacity of these cells to 

migrate in response to the pro-inflammatory chemokines CXCL9/MIG and 

CXCL10/IP-10 in vitro (28).  This impaired chemotaxis may result in the 

failure of γδ T cells to home to appropriate sites thereby contributing to the 

observed phenotypic switch in the peripheral circulation of HIV+ patients.  

In summary, these results indicate that an HIV infection leads to altered 

peripheral γδ T cell populations and may contribute to dysfunctional 

immune responses including migration. 

A further symptom of immune dysfunction in these cells is 

decreased proliferation in response to antigens following chronic HIV 

infections.  This defect can be attributed to either inherent cellular defects 

or to indirect effects due to chronic immune activation.  For example, γδ T 

cells from HIV-infected patients had a decreased ability to proliferate in 

response to Mycobacterial lysates (141), which may be the result of many 

years of immune activation.  In addition, HAART was insufficient to restore 

the ability of γδ T cells to expand in vitro when exposed to Mycobacterial 

antigens (71).  Zhou et al showed the ability of γδ T cells to proliferate was 

also impaired in vivo following an SIV infection in macaques even after a 

re-exposure to Mycobacterial lysates (196).  Loss of γδ T cell 

responsiveness during chronic HIV/SIV infection may contribute to 
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progression to AIDS by disabling a unique link between the innate and 

adaptive immune system increasing susceptibility to opportunistic 

infections. 

Cytokine expression is an important function of γδ T cells in their 

ability to defend against microbial pathogens.  For example, γδ T cells 

from HIV+ patients with over 500 CD4+ T cells/ul blood were able to 

express IFN-γ in response to bacterial antigenic stimulation (27).  

However, γδ T cells from AIDS patients (<200 CD4+ T cells/ul blood) 

showed a decreased ability to express IFN-γ when stimulated with PHA 

and ionomycin ex vivo (41).  Interestingly, HAART was able to restore the 

levels of TNF-α, but not IFN-γ, in the supernatants of PBMCs from HIV+ 

patients following stimulation with the Vδ2 TCR specific ligand IPP (115).  

It is important to note that the increased TNF-α levels cannot be solely 

attributed to γδ T cells as the cytokine detection was performed utilizing 

ELISA as opposed to cytokine flow cytometry.   

 

Dissertation Summary 

Upon beginning this dissertation project, I sought to address some 

unanswered questions regarding the impact of HIV infections on γδ T cells.  

These questions included: (1) How early and why are the levels of γδ T 

cells altered at mucosal sites following a mucosal infection?, (2) How does 
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HIV disease progression impact the cytokine responses of γδ T cells?, (3) 

Does a non-pathogenic SIV infection of mangabeys result in a phenotypic 

switch in the predominate γδ T cell populations as observed in HIV+ 

humans?, (4) Are γδ T cells present at mucosal sites in SIV-infected 

mangabeys experiencing low levels of CD4+ T cells?, (5) Do γδ T cells 

retain their cytokine responses following a non-pathogenic infection?  The 

strength of my thesis project involved the study of γδ T cells during 

HIV/SIV disease models in order to assess pathogenesis during acute  

(macaques) and chronic (humans and sooty mangabeys) infections.  

Chapter 3 (Specific Aim #1) focuses on assessing the levels of γδ T cell 

subsets at mucosal and lymphoid sites following acute, pathogenic SIV 

infections of macaques while Chapter 4 (Specific Aims #2 and #3) focuses 

on a phenotypic and functional comparison of γδ T cells during pathogenic 

HIV and non-pathogenic SIV disease progression. 
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CHAPTER 2: Methods and Materials 

 

Human and Animal subjects 

Uninfected human blood samples utilized in this study were 

obtained voluntary from HIV-negative donors in accordance with the 

University of Texas Southwestern Medical Center at Dallas Institutional 

Review Board (IRB) guidelines.  All HIV+ patient samples were obtained 

from consenting donors from the UT Southwestern Medical Center AIDS 

Clinic in accordance with IRB approval.  All patients enrolled in this study 

ranged between 24 to 55 years of age.  With regards to the HIV+ patients, 

viral loads and complete blood counts (CBCs) were performed in order to 

determine their white blood cell and lymphocyte counts. 

All rhesus macaques (Macaca mulatta) and sooty mangabeys 

(Cercocebus atys) were cared for in accordance with NIH and local 

Institutional Animal Care and Use Committee (IACUC) guidelines agreed 

upon by both UT Southwestern Medical Center, Yerkes National Primate 

Research Center (YNPRC), and California National Primate Research 

Center (CNPRC).  Rhesus macaques were bred at the CNPRC and 

ranged between 1-4 years of age.  All sooty mangabeys were bred at the 

YNPRC and ranged from 2-10 years of age when enrolled in the study.  

Prior to the initiation of the studies, all animals were negative for simian 

38
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immunodeficiency virus (SIV), simian T cell leukemia virus (STLV), and 

simian retrovirus (SRV). 

 

SIV infections of rhesus macaques 

 Macaques utilized in this study had the following CNPRC 

designations: 33202 (RM1), 33098 (RM2), 30379 (RM3), 30381, (RM4) 

30244 (RM5), 29976 (RM6), 30974 (RM7), 30076 (RM8), 32991 (RM9), 

32764 (RM10), 32875 (RM11), and 33463 (RM12).  Eight rhesus 

macaques (RM1-RM8) were anesthetized with 10 mg/kg of ketamine 

hydrochloride and then orally inoculated with two doses of 1x105 tissue 

culture infection dose (TCID50) of SIVmac251-5/98 in 1 ml each to ensure 

infection.  The viral inoculum was slowly dispensed onto the right cheek 

pouch using a needless syringe thus allowing for the inoculum to be 

swallowed.  The macaques were euthanized under IACUC standards at 1 

(n=2), 2 (n=2), 4 (n=2), 7 (n=1), and 14 (n=1) days post-infection (DPI).  

The infection of these macaques has been described in a previous 

publication (122).  In addition, four macaques (RM9-RM12) were utilized in 

this study as uninfected controls.  For this study, oral and esophageal 

mucosal as well as cervical, retropharyngeal, and axillary lymph node 

tissues were collected and placed into Optimal Cutting Temperature 
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(OCT) embedding compound (Tissue-Tek/Sakura, McGaw Park, IL) to 

preserve the nucleic acids and stored at -80oC.   

 

SIV infections of sooty mangabeys 

 The sooty mangabeys utilized in this study were previously infected 

either naturally or experimentally (128).  The naturally infected mangabeys 

were identified in the YNPRC colony and ranged between 10-20 years of 

age.  With regards to the experimental infections, plasma from a naturally 

infected sooty mangabey, FQi, was intravenously (IV) inoculated into six 

uninfected mangabeys [FFr (SM1), FBr (SM2), FCq (SM3), FCs (SM4), 

FRu (SM5), and FUq (SM6)].  The mangabeys were followed for CD4+ T 

cell counts and viral loads (128) and have remained free from simian AIDS 

for more than six years post-infection.  

 

RNA isolation from frozen macaque tissue 

 Frozen OCT-embedded tissues were removed from -80oC storage 

and thawed.  For thawing, tissues were placed in a Petri dish and the OCT 

was removed by submerging the sample in 37oC warmed phosphate 

buffered saline (PBS) (Sigma, St. Louis, MO).  Then, 10 mg of the tissue 

was cut using a scalpel and transferred into a homogenization tube with 

sterile resin (Novagen, San Diego, CA) containing 600 ml of TRIzol which 
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contained phenol (Invitrogen, Carlsbad, CA).  A plastic pestle (Fisher, 

Rockville, MD) was used to disrupt the tissues utilizing a gentle grinding 

motion.  Following homogenization, 200 µl of chloroform (Sigma, St. Louis, 

MO) was added to the homogenization tube and centrifuged for 15 

minutes at 14,000xg at 4oC.  After centrifugation, the aqueous phase 

containing the nucleic acids was separated from the more dense phenol  

layer and transferred into an RNase/DNase free tube (Sarstedt, Newton, 

NC) to which equal volumes of 70% ethanol was added.  The solution was 

mixed to precipitate the nucleic acid.  The nucleic acid lysate was then 

added to a RNA isolation spin column (Qiagen, Valencia, CA) and 

centrifuged to allow for RNA binding to the column.  Then, 700 µl of RNA 

binding buffer (RW1) was used to wash the column twice and 500 µl of 

column wash buffer (RPE) was added to wash the column once (Qiagen. 

Valencia, CA).  The RNA was eluted from the column with 50 µl of 37oC 

H2O.  Residual contaminating DNA was removed by treatment with DNase 

I (Ambion, Austin, TX) for 1 hour at 37oC.  The integrity of the RNA was 

measured using an Agilent 2100 bio-analyzer (Agilent Technologies, 

Santa Clara, CA), quantified, and stored at -80oC. 
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Synthesis of complementary DNA  

 Complementary DNA (cDNA) was synthesized from 1 µg RNA 

utilizing the Super Script First Strand cDNA synthesis kit (Invitrogen, 

Carlsbad, CA).  The following reagents were added to 1 µg of the RNA: 3 

µl of 50 ng/µl random hexamers, 1 µl of 10 mM deoxynucleotides 

triphosphates (dNTPs), and 1 µl of diethyl-pyrocarbonate (DEPC) treated 

water and incubated at 60oC for 5 minutes.  Next, a master mix was 

generated with the following reagents: 4 µl of 25 mM magnesium chloride 

(MgCl2), 2 µl of 10x reverse transcriptase (RT) buffer, 2 µl of 0.1M 

dithiothreitol (DTT), 1 µl of RNaseOUT, and 1 µl of 50 U SuperScript II RT.  

The master mix was aliquoted into each sample tube and placed at room 

temperature for 10 minutes.  Then, the samples were incubated at 42oC 

for 50 minutes (to allow the RT to synthesize the cDNA) followed by 70oC 

for 15 minutes (to deactivate the enzyme).  After heating, 1 µl of RNaseH 

was added to each sample and incubated at 37oC for 20 minutes.  The 

samples were quantified with a spectrophotometer, diluted to 1 µg of 

cDNA in 5 µl of DNase/RNase free H2O, and stored at -20oC. 

 

Nested polymerase chain reaction  

 Nested polymerase chain reaction (PCR) was performed to amplify 

rhesus macaque and sooty mangabey Vδ1 and Vδ2 transcripts.  The first 

 



 43

round PCR master mix included the following reagents: 5 µl of 10x Taq 

buffer, 1.8 µl of 50 mM MgCl2, 1 µl of 10 mM dNTPs, 0.25 µl of 5 U/ul Taq 

polymerase, 4 µl of 5 µM forward and reverse primers (Table 2-1) and 5 µl 

of 1 µg/5 µl cDNA.  The second round master mix contained the same 

concentrations of reagents with the exception of 2 µl of the first round 

products used as the template.  The following thermocycler conditions 

were utilized to amplify the templates: 1 cycle for 5 minutes at 94oC (Pre-

denaturation) followed by 40 cycles of 30 seconds at 94oC (Denaturation), 

30 seconds for 55oC (Annealing), and 1 minute at 72oC (Extension), and 

then 1 cycle of 7 minutes at 72oC (Final Extension). 

 

Cloning macaque and mangabey γδ genes 

 The amplicons generated in the nested PCR were ligated 

into the pCR2.1 vector (Invitrogen, Carlsbad, CA) utilizing the following 

reagents: 2 µl of PCR amplicons, 1 µl of 0.02 µg/ul pCR2.1 vector 

(Invitrogen, Carlsbad, CA), 1 µl 10x T4 DNA ligase buffer (New England 

Biolabs, Ipswich, MA), and 1 µl T4 DNA ligase (New England Biolabs, 

Ipswich, MA) and then incubated overnight at 14oC.  On the following day, 

the ligated plasmids were transfected into chemically competent Top10 

bacteria (Invitrogen, Carlsbad, CA) (5 µl of plasmids were added to the 

bacteria on ice for 30 minutes followed by a heat shock 42oC for 45  
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Gene GI # Primer Location Nested PCR Sequence 

Forward 5'-ATG CTG TTC TCC AGC CTG CTG 
TGT-3' Outside

Reverse 5'-CAG CAT TGT ACT TCC CAC TGG-
3' 

Forward 5'-ATG CTG TTC TCC AGC CTG CTG 
TGT GTA T-3' 

Vdelta1 
(Vδ1) 
TCR 

339381 

Inside 
Reverse 5'-CAG CAT TGT ACT TCC CAC TGG-

3' 

Forward 5'-ATG CAG AGG ATC TCC TCC CTC 
ATC-3' Outside

Reverse 5'-CAG CAT TGT ACT TCC CAC TGG-
3' 

Forward 5'-ATG CAG AGG ATC TCC TCC CTC 
ATC CAT C-3' 

Vdelta2 
(Vδ2) 
TCR 

37314 

Inside 
Reverse 5'-CAG CAT TGT ACT TCC CAC TGG-

3' 
 
Table 2-1 – Forward and reverse primer sets utilized to PCR amplify the 
Vδ1 and Vδ2 γδ TCRs 
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seconds and then placed on ice for 2 minutes).  Following recovery, the 

bacteria were incubated at 37oC for 1 hour and plated on Luria Broth (LB)-

agar (Sigma, St. Louis, MO) plates containing 50 mg/ml of ampicillin and 

incubated at 37oC overnight.  Single colonies were lifted and cultured in 

LB broth containing 50 mg/ml of ampicillin.  Following over-night culture, 

plasmids were isolated using the Midi-prep Plasmid DNA kit (Qiagen, 

Valencia, CA),  5 ml of bacterial cultures were pelleted in a 1.5 ml 

Eppendorf tube to which 300 µl of resuspension buffer (P1) was added 

(Qiagen, Valencia, CA).  Then, 250 µl of homogenization buffer (P2) was 

added to disrupt the bacteria cell wall and 250 µl of neutralization buffer 

(N1) was aliquoted to inhibit the homogenization buffer.  The solutions 

were inverted five times and centrifuged for 10 minutes at 14,000xg.  The 

supernatant was transferred to spin columns and centrifuged for 1 minute.  

The column flow through was discarded and 700 µl of wash buffer (P3) 

was added.  After centrifugation, 50 µl of H2O was added to the column 

and centrifuged to elute the plasmids from the column.  Following 

purification, the correct size and sequence of the plasmids were confirmed 

using 1% agarose gel electrophoresis and DNA sequencing (sequences 

listed below).   
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Rhesus macaque Vdelta1 (Vδ1) γδ TCR sequence (5’  3’)  

TATGCTGTTCTCCAGCCTGCTGTGTGTATTTGTGGCCTTCAGCTACTC

TGGATCCAGCGTGGCCCAGAAGGTTACTCAAGCCCAGTCATCAGTAT

CCATGCCAGTAGGGAAAGCAGTCACCCTGAACTGCCAGTATGAAACA

AGTTCGTGGTCATATTACCTTTTTTGGTACAAGCAACTTCCCGGCAAA

GAGATGATTTTCCTTATTCGCCAGGGTTCTTCTGAACTGAATGCAAGA

AATGGTCGCTATTCTGTCAACTTCGAGAAAGCAGCTAGCTCCATCGC

CTTAACCATTTCAGCCTTACAGCTAGAAGACTCAGCAACATACTTCTG

TGCTCTCCGGACCACCTTCGTACGTACTGGGGGTCAAGGGGTCACA

GCACAACTCTTCTTTGGAAAGGGAACTCAACTCATCGTGGAACCAGA

AAGACAACCTCATACCAAACCATCCGTTTTCGTCATGAAAAATGGGAC

AAATGTTGCTTGTCTGGTGAAGGACTTCTACCCCAAGGATATAAGAAT

AAATCTCGAGTCATCCAAGAAGATAACAGAGTTTGNC 

 

Rhesus macaque Vdelta2 (Vδ2) γδ TCR sequence (5’  3’) 

ATGCAGAGGATCTCCTCCCTCATCCATCTCTCCCTCTTCTGGGCAGG

AGTCATGTCAGCTGTTGAGTTGGTGCCTGAACACCAAACAGTGATTG

TGTCAGTGGGGGACCCTGCCACCCTCAAGTGCTCCATGAAAGGAGA

AGCAATCAGTAACTACTATATCAACTGGTACAGGAAGACCCAAGGTA

ACACAATGACTTTCATATACCGAGAAAAGGGCATCTATGGCCCTGGT
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TTCAAGGACAATTTCCAAGGTGACATTGATACTGAAGAGAACCAGGC

TGTACTTAAGATCCTTGCACCATCAGAGAGAGATGAAGGGTCTTACT

ACTGTGCCAGTGATAGCGTACTGGGTGGTGGGTTGACAGCACAACT

CTTCTTTGGAAAGGGAACTCAACTCATCGTGGAACCAGAAAGACAAC

CTCATACCAAACCATCCGTTTTCGTCATGAAAAATGGAACAAATGTTG

CTTGTCTGGTGAAGGACTTCTACCCC 

 

Sooty mangabey Vdelta1 (Vδ1) γδ TCR sequence (5’  3’): GenBank # 

765393 

ATGCTGTTCTCCAGCCTGCTGTGTATATTTGTGGCCTTCAGCTACTCT

GGATCCAGTGTGGCCCAGAAGGTTACTCAAACCCAGTCCTCGGTATC

CATGCCAGTGGGGAAAGCAGTCACCCTGAACTGTCAGTATGAAACAA

GTCAGTGGTCATATTACCTTTTTTGGTACAAGCAACCTCCCAGCAAAG

AGATGATTTTCCTTATTCGCCAGGGTTCTTCTGAACAGAATGCAAGAA

ATGGTCGCTATTCTGTCAACTTCGAGAAAGCAGCGAGCTCCATCGCC

TTAACGATTTCAGCCTTACAGCTAGAAGACTCAGCAACATACTTCTGT

GTTCTCCGGGACTTCGGTTTCGTCCGGACTGGGTGGTTTACTGGGG

GGATACCCACGCTTGATAAACTCATCTTTGGAAAAGGAACCCGTGTG

ACTGTGGAACCAAAAAGACAACCTCATACCAAACCATCCGTTTTCGTC

ATGAAAAATGGAACAAATGTTGCTTGTCTGGTGAAGGACTTCTACCC
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CAAGGATATAAGAATAAATCTCGAGTCATCCAAGAAGATAACAGAGTT

TGATCCTGCTATTGTCGTCTCTCCCAGTGGGAAGTACAATGCTGA 

 

Sooty mangabey Vdelta2 (Vδ2) γδ TCR sequence (5’  3’): GenBank # 

765371 

TATGCAGAGGATCTCCTCCCTCATCCATCTCTCCCTCTTCTGGGCAG

GAGTCATGTCAGCTGTTGAGTTGGTGCCTGAACACCAAACAGTGATT

GTGTCAGTGGGGGACCCTGCCACCCTCAAGTGCTCCATGAAAGGAG

AAGCAATCAGTAACTACTATATCAACTGGTACAGGAAGACCCAAGGT

AACACAATGACTTTCATATACCGAGAAAAGGGCATCTATGGCCCTGG

TTTCAAGGACAATTTCCAAGGTGACATTGATACTGAAGAGAACCAGG

CTGTACTTAAGATCCTTGCACCATCAGAGAGAGATGAAGGGTCTTAC

TACTGTGCCAGTGACGTACTGGGGGGATACGCTTTCACAGCACAACT

CTTCTTTGGAAAGGGAACTCAACTCATCGTGGAACCAGAAAGACAAC

CTCATACCAAACCATCCGTTTTCGTCATGAAAAATGGAACAAATGTTG

CTTGTCTGGTGAAGGACTTCTACCCCAAGGATATAAGAATAAATCTCG

AGTCATCCAAGAAGATAACAGAGTTTGATCCTGCTATTGTCGTCTCTC

CCAGTGGGAAGTANCAATGCTG 

 

Quantitative real-time PCR  
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Quantitative real-time polymerase chain reaction (qRT-PCR) was 

utilized to assess the impact of an acute SIV infection on gene expression 

in rhesus macaques.  To amplify and quantify Vδ1, Vδ2, and CD4 cDNA, 

master mixes containing the following reagents were generated: 2.5 µl of 

10x Taq buffer, 1.75 µl of 50 mM MgCl2, 0.5 µl of 10 mM dNTPs, 2.5 µl of 

5 µM forward and reverse primers (Table 2-2), 0.5 µl of 10 µM probe, and 

0.125 µl of 5 U/ul Taq polymerase.  Amplifying the other genes (Table 2-2) 

involved master mixes containing 10 µl of 2X Taqman buffer with the 

same concentrations of primers and probes, Each probe contained a 5’ 

FAM (6-carboxyfluorescein) fluorophore, and a 3’ TAMRA (6-

carboxytetramethylrhodamine) quencher.  To amplify the templates, the 

following thermocycler conditions were utilized: 1 cycle for 10 minutes at 

94oC (Pre-denaturation), followed by 40 cycles of 15 seconds at 94oC 

(Denaturation) and 1 minute at 60oC (Annealing/Extension).  Duplicate 

qRT-PCR reactions were performed on each sample for reproducibility.  

The qRT-PCR reactions were performed in either a 7900 or 7300 SDS 

sequence detectors (Applied Biosystems, Foster City, CA).   

 

Determination of gene expression fold change between uninfected 

and SIV+ macaques 
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Gene GI # Real-Time PCR Sequence 
Forward 5'-TCG CCT TAA CCA TTT TAG CC-3' 
Reverse 5'-AAC GGA TGG TTT GGT ATG AGG T-3' 

Vdelta1  
(Vδ1) 
TCR 

339381 
Probe 5'-FAM-TAC AGC TAG AAG ACT CAG CAA 

CAT ACT TCT GTG CTC T-TAMRA-3' 

Forward 5'-GAG AAC CAG GCT GTA CTT AAG ATC 
CTT-3' 

Reverse 5'-TGA CGA AAA CGG ATG GTT TG-3' 
Vdelta2  

(Vδ2) 
TCR 

37314 

Probe 5'-FAM-AGA GAG AGA TGA AGG GTC TTA 
CTA CTG TGC CAG TG-TAMRA-3' 

Forward 5'-CCA CTG GAA AAA ACT CCA ACC A-3' 
Reverse 5'-CGA TCG CTC AGC TTG GAT G-3' CD4 393417 
Probe 5'-FAM-AAA GAT TCT GGG AAT TCA GGG 

CTC CTT CTT AAC TAA-TAMRA-3' 
Forward 5'-TAC CGG AAG CAG GAA CCA AG-3' 

Reverse 5'-CTG CTC CAT CCC AGC TAT CCT GTT 
CTT G-3' 

CCL21 / 
6Ckine 74136270 

Probe SYBR Green 
Forward 5'-GGG GAA ACC AAT GAA AAG T-3' 
Reverse 5-GTG ACC TCA TCT TGA CAC AGG C-3' CCR7 74136330 
Probe Probe # 77 (Roche - Universal Probe Library) 

Forward 5'-ACC AGT GGC AAG TGC TCC A-3' 
Reverse 5'-GGT TGG CAC ACA CTT GGC G-3' CCL5 / 

RANTES 74136260 
Probe 5'-FAM-CCA GCA GTC GTC TTT GTC ACC 

CGA AA-TAMRA-3' 
Forward 5'-TAC CTG CTC AAC CTG GCC AT-3' 
Reverse 5'-TTC CAA AGT CCC ACT GGG C-3' CCR5 116812906 
Probe 5'-FAM-CCT GCT TTT CCT TCT TAC TGT 

CCC CTT CTG-TAMRA-3' 
Forward 5'-GCA CCA CCA ACT GCT TAG CAC-3'  
Reverse 5'-TCT TCT GGG TGG CAG TGA TG-3' GAPDH 93004459 
Probe 5'-FAM-TCG TGG AAG GAC TCA TGA CCA 

CAG TCC-TAMRA-3' 
 
Table 2-2 – Primer and probe sets utilized to assess gene expression in 
rhesus macaques 
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Gene expression from SIV+ macaques was compared to four uninfected 

macaques to determine the impact of an acute SIV infection.  The delta Ct 

(ΔCt) method was utilized to determine fold change in gene expression of 

SIV-infected compared to uninfected macaques.  To perform this method, 

the average Ct value of the housekeeping gene (GAPDH for these 

studies) was subtracted from the average Ct value of the target gene to 

determine a ∆Ct value.  In the 4 uninfected macaques an average of the 

∆Ct values was derived then subtracted from the ∆Ct value of the target 

gene to generate the ∆∆Ct value.  Fold change was then determined by 

the following formula:  2-∆∆Ct (3).  In the event that the ∆∆Ct value was 

positive indicating the fold change was less than 1 (a negative fold 

change), the fold change value was calculated using the following formula: 

(-1)(2∆∆Ct).  For example, a ∆∆Ct value of 3 would result in a fold change of 

2-3 = 0.125.  To display this fold change graphically as a negative change, 

the formula would be (-1)(23) or a -8 fold change.  An average fold change 

and standard deviation of the target gene was calculated for the 

uninfected macaques and used to assess target gene mRNA levels in the 

infected animals.  Changes in mRNA expression of a target gene in an 

infected macaque was deemed either increased or decreased if its fold 

change was greater than two standard deviations of the average of the 

four uninfected controls. 
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Isolation of peripheral blood mononuclear cells  

 Approximately 40 ml of whole blood was drawn from both 

uninfected and HIV+ patients in acid-citrate-dextrose (ACD) anti-coagulant 

tubes.  Whole blood was  diluted by half with PBS, layered on top of Ficoll 

(Amersham Biosciences, Piscataway, NJ), and centrifuged at 2,000 

revolutions per minute (rpm) for 20 minutes with the brake off.  The white 

leukocyte layer (located at the interface between the Ficoll and serum 

layers) was transferred into a separate 50-ml conical tube.  The peripheral 

blood mononuclear cells (PBMCs) were washed with PBS at a final 

volume of 50 ml and centrifuged at 1,700 rpm for 10 minutes to remove 

residual Ficoll.  Then, thrombocytes were removed utilizing a second PBS 

wash and subjected to centrifugation at 1,200 rpm for 10 minutes.  The 

supernatant was discarded and the cell pellet was resuspended in 3 ml of 

Dulbecco’s Modified Eagle Medium (DMEM) (Sigma, St. Louis, MO)  

supplemented with penicillin, streptomycin, glutamine (P/S/G), and 10% 

fetal bovine serum (FBS) (Sigma, St. Louis, MO).  Next, 50 µl of PBMCs 

were diluted in 4.5 ml PBS (1:100 dilution) and transferred to a 

hemocytometer for counting.  After counting, the cells were resuspended 

to a final volume of 2x106 cells / 200 µl of DMEM supplemented with 

P/S/G and 10% FBS. 
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Phenotypic assessment of γδ T cells  

 PBMCs were aliquoted into a 96-well plate at a concentration of 

2x106 cells/200 µl media (one well per flow cytometry panel to be tested 

as well as six wells for compensation tubes).  Following over-night culture 

at 37oC with 5% CO2, the PBMCs were washed with FACS wash buffer 

(containing PBS+4% FBS) and centrifuged at 1,500 rpm for 7 minutes.  

Then, the cells were stained with fluorescent antibodies specific for 

cellular surface antigens (Table 2-3) for 30 minutes at 4oC in the dark.  

The antibodies were directly conjugated to fluorescein isothiocyanate 

(FITC), phycoerythrin (PE), peridinin chlorophyll protein (PerCP), PE-Cy7, 

allophycocyanin (APC), or APC-Cy7 (Table 2-3).  Following antibody 

staining, the PBMCs were washed twice with PBS and then fixed in 1% 

paraformaldehyde (PFA).  Nine-parameter flow cytometric analysis 

(forward and side scatter, pulse-width, and six fluorophores) was 

performed on a Cyan flow cytometer (Dako-Cytomation; Fort Collins, CO) 

and analyzed utilizing FlowJo software (FlowJo, Ashland, OR). 

 

Cytokine flow cytometry 

 PBMCs were aliquoted into a 96-well plate at a concentration of 

2x106 cells/200 µl media (four separate wells per patient to assess the  
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Fluorophore Channel Antigen Company Clone 

FITC FL1 Pan-γδ TCR Endogen 5A6.E9 
PE FL2 Vδ2 γδ TCR Pharmingen B6 

PerCP FL4 HLA-DR Pharmingen L243 
PE-Cy7 FL5 CCR7 Pharmingen 3D12 

APC FL8 CD62L Pharmingen MEL14 
APC-Cy7 FL9 CD3 Pharmingen SK7 

 
Table 2-3 – Fluorescent antibody panels utilized to assess expression of 
lymph node homing receptors and activation markers on γδ T cells 
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separate stimulation conditions as well as six wells for compensation 

tubes).  Intracellular analysis of cytokines using cytokine flow cytometry 

(CFC) was performed as previously described with only minor changes 

(15, 145, 186),  PBMC were stimulated over-night at 37oC and 5% CO2 

with media alone (M; negative control) or the bacterial antigens 

isopentenyl pyrophosphate (IPP; 30 µg/ml) (Sigma, St. Louis, MO) or 

lipopolysaccharide (LPS; 1 µg/ml) (Sigma, St. Louis, MO).  Also, the 

mitogen phorbol-myristal-acetate (PMA; 25 ng/ml) (Sigma, St. Louis, 

MO)in combination with the calcium ionophore, ionomycin, (I; 1 µg/ml) 

(Sigma, St. Louis, MO) were added to a separate well for 1 hour at 37oC 

and 5% CO2.  After ex vivo stimulation, 1 µg/ml Brefeldin A (Sigma, St. 

Louis, MO) was added to each sample and incubated for 5 hours at 37oC 

and 5% CO2 to allow cytokines to accumulate within the cells.  The cells 

were washed with FACS wash buffer and then permeabilized by the 

addition of 200 µl of FACSJuice [100 ml 10x FACSLyse (BD Pharmingen, 

San Diego, CA) with 400 ml ddH2O and 250 µl Tween20 (Sigma, St. 

Louis, MO)] and incubated for 3 minutes at room temperature.  The cells 

were washed twice with FACS wash buffer, centrifuged, and stained with 

fluorescent antibodies specific for cellular surface antigens as well as 

cytokines (Table 2-4) for 30 minutes at 4oC in the dark.  The antibodies 

were directly conjugated to FITC, PE, PerCP-Cy5.5, PE-Cy7, APC, or 
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APC-Cy7 (Table 2-4).  Following antibody staining, the PBMCs were 

washed twice with PBS and then fixed in 1% PFA.  Nine-parameter flow 

cytometric analysis was performed on a Cyan flow cytometer (Dako- 

Cytomation; Fort Collins, CO) and analyzed utilizing FlowJo software 

(FlowJo, Ashland, OR). 

 

Isolation of lymphocytes from lymph node biopsies, rectal biopsies 

and bronchoalveolar lavage 

 Lymph node (LN) biopsies (axillary or inguinal) and rectal mucosal 

(RM) biopsies as well as bronchoalveolar lavages (BALs) were performed 

on two SIV+ CD4-low (SM1 and SM2) and two SIV+ CD4-healthy (SM3 

and SM4) mangabeys.  RM biopsies were obtained using a 

sigmoidoscope with forceps and mononuclear cells were isolated by 

collagenase digestion (two sequential 30 minute incubations at 37ºC in 

RPMI containing 0.75 mg/ml collagenase). The digested suspension was 

passed through 70 um cell strainers and then enriched for lymphocytes by 

Percoll density gradient.  Mononuclear cells were collected (present at the 

interface between the 35 and 60% Percoll layers), washed and 

resuspended in complete RPMI.   

 For the BALs, a fiber optic bronchoscope was placed into the 

trachea after local anesthetic was applied to the larynx.  Four 35 ml  
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Fluorophore Channel Antigen Company Clone 

FITC FL1 Pan- γδ TCR Endogen 5A6.E9 
PE FL2 Vδ2 γδ TCR Pharmingen B6 

PerCP-Cy5.5 FL4 CD3 Pharmingen SP34-2 
PE-Cy7 FL5 IL-4 Pharmingen 8D4-8 

APC FL8 TNF-α Pharmingen MAb11 
APC-Cy7 FL9 IFN- γ Pharmingen 4SB3 

 
Table 2-4 – Fluorescent antibody panels utilized to assess cytokine 
expression by γδ T cells 
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aliquots of warmed saline were injected into the right primary bronchus 

and collected by aspiration before a new aliquot was instilled.  Following 

aspiration and collection of the BAL cells, PBMCs were isolated utilizing 

Ficoll density gradient centrifugation as described earlier.  After the cells 

were counted, they were stained with antibodies recognizing the Pan- γδ 

TCR and CD3 then assessed utilizing flow cytometric analysis. 

 

Statistical analysis for human and mangabey studies 

Statistical analyses were performed using GraphPad Prism 4.0 

(GraphPad Software, San Diego, CA). A Mann-Whitney test (non-

parametric, two tailed, and unpaired) was performed to determine the 

differences  between uninfected and infected groups; comparison of 

uninfected humans to HIV+ patients and uninfected mangabeys to SIV+ 

mangabeys.  Statistically significance is identified as p values less than 

0.05 (95% confidence interval).A Spearman correlation was used to 

determine the inverse correlation between CD4+ T cell levels and viral 

loads in HIV+ patients. 
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CHAPTER 3: Decreased Levels of Gamma/Delta T Cells at Mucosal 

Sites but Increased at Lymphoid Sites Following Acute SIV Infection 

of Macaques 

 
Introduction 

 The goal of this chapter is to assess the levels of gamma/delta (γδ) 

T cells at mucosal and lymphoid sites during acute SIV infection.  γδ T 

cells bridge the innate and adaptive immune responses in multiple ways 

including through the expression of Th1 and Th2 cytokines following T cell 

receptor (TCR) stimulation (49, 109, 124). Assessment of levels and 

functions of γδ T cells during SIV infection of macaques has been 

undertaken previously by a number of investigators (26, 103, 171, 196).  

Following vaccination of macaques with an attenuated virus 

(SIVmac239Δnef), an increase in the levels of γδ T cells and DCs was 

observed in the monkeys able to block the infection of a SIV challenge 

inoculum applied to the tonsils (171).  Also, intrarectal inoculation of 

purified SIVmac239 gp120 resulted in increased numbers of γδ T cells 

expressing the β-chemokines CCL3/MIP-1α and CCL5/RANTES at the 

rectal mucosa following challenge with infectious virus (103).  The authors 

suggested that the production of these β-chemokines by infiltrating γδ T 

cells was preventing viral infection of target cells as these chemokines are 
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capable of inhibiting viral gp120-CCR5 co-receptor binding (103).  Finally, 

lower levels of γδ T cells were present in the intestinal mucosa 7 days after 

intrarectal inoculation of macaques with SIVmacPBj (26).  Taken together, 

these reports provide evidence that γδ T cells are affected by SIV infection 

and may, in a vaccine setting, provide protection against SIV challenge by 

producing β-chemokines that can block SIV gp120-CCR5 co-receptor 

interaction. 

 The antigenic specificity and distribution of γδ T cells are strongly 

dependent upon the delta variable region selected during TCR 

rearrangement; the most common being the Vδ1 or Vδ2 delta variable 

regions (21).  Cells expressing the Vδ1 TCR are primarily located at 

mucosal sites and recognize non-classical MHC expression on virally 

infected cells (80, 162).  T cells expressing the Vδ2 TCR recognize non-

peptide phosphoantigens independent of MHC presentation and are 

primarily distributed in the peripheral blood (21, 97).  With regard to 

functionality, fewer CXCR3-expressing γδ T cell clones derived from 

chronically HIV-infected patients migrated across an epithelial monolayer 

in response to the pro-inflammatory chemokines CXCL10/IP-10 or 

CXCL9/MIG as compared to cells from uninfected donors (142).  In 

addition, in situ hybridization has revealed decreased expression of lymph 

node homing chemokines and receptors (CCL21/6Ckine and CCR7) in the 
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lymph nodes of SIV-infected macaques (28).  Similar to the dysfunction 

observed in other immune cells (5), these reports indicate that the 

migratory potential of γδ T cells to lymphoid and inflammatory sites is 

impaired following pathogenic HIV/SIV infection. 

 In my studies, the distribution of γδ T cells was assessed at the 

earliest times (1 – 14 days) following a primary pathogenic infection of 

macaques inoculated orally with SIVmac251.  In particular, these studies 

identified decreased levels of Vδ1 and Vδ2 γδ T cells at the oral and 

esophageal mucosa and increased levels at the cervical and 

retropharyngeal LNs during an SIVmac251 infection.  Increased 

expression of the homeostatic chemokine CCL21/6Ckine, as well as its 

cognate receptor CCR7, was observed in lymphoid sites concomitant with 

the higher levels of γδ T cells.  These findings suggest a mechanism by 

which γδ T cells migrate away from mucosal sites towards secondary 

lymphoid tissues following an acute infection with SIVmac251, possibly to 

assist in the initiation of an anti-viral immune response and control of rapid 

viral spread. 

 

Results 

Decreased levels of γδ T cells at mucosal sites following an acute SIV 

infection  
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 A previous study from our laboratory determined that following an 

oral inoculation of rhesus macaques, SIV DNA could be detected in oral 

and esophageal mucosal sites as early as 1-2 days after infection, 

identifying these mucosal sites as likely entry points for SIV/HIV into the 

host (Table 3-1) (122).  SIV infection also correlates with decreased levels 

of γδ T cells in the intestinal mucosa observed as early as seven days 

following rectal SIV inoculation (26).  The goal of the experiments 

presented in this Chapter was to assess the levels of γδ T cells at early 

times post-infection (1 – 14 days) in macaques infected orally with SIV. 

Due to the small amount of biopsy tissue available and the relatively low 

levels of γδ T cells present in these tissues, a quantitative real-time PCR 

based approach was utilized.  These studies were initiated with an 

assessment of γδ T cell receptor (TCR) expression at mucosal (oral and 

esophageal) and lymphoid (retropharyngeal and cervical lymph nodes) 

sites from uninfected macaques to determine a two standard deviation 

range of gene expression.  In order to determine if γδ T cell mRNA levels 

were increased or decreased following an infection, matched tissues from 

SIV-inoculated macaques were analyzed and compared to the those 

obtained from the uninfected macaques.  The levels of Vδ1 and Vδ2 TCR 

expression in the esophageal mucosa of two macaques infected for 1 day 

were within the two standard deviation range as determined from  
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uninfected macaques, however RM2 demonstrated decreased TCR 

expression at the oral mucosa (Figures 3-1A and 3-1B).  At 2 and 4 days 

post-infection (DPI), a decrease in Vδ1 and Vδ2 γδ TCR expression was 

observed at both the oral and esophageal mucosa (Figures 3-1A and 3-

1B).  Interestingly, the lower levels of Vδ1 and Vδ2 TCR expression at 

these mucosal sites 2-4 DPI coincided with the detection of SIV DNA 

(Table 3-1).  The mRNA levels of the CD4 gene were assessed at the 

same mucosal sites during acute SIV infection and was generally within 

the two standard deviation range of uninfected macaques (Figures 3-1C 

and 3-1D).This indicates that the decline in γδ T cell levels was relatively 

specific and not a reflection of changes in all T cell subsets.   

 

Increased γδ TCR mRNA expression in the cervical and 

retropharyngeal lymph nodes during an acute SIV infection 

 The cervical and retropharyngeal lymph nodes (LNs) drain the oral 

cavity where the viral inoculum was administered (122).  SIV DNA can be 

detected in one of these LNs at 1 day post-infection, as well as at both 

sites by 2 days, suggesting that the spread of SIV from the site of 

inoculation to regional lymphoid tissues occurs rapidly (Table 3-1) (122).  

Analysis of the cervical and retropharyngeal LNs determined that the Vδ1 

γδ TCR mRNA levels increased at both the cervical and retropharyngeal  
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Figure 3-1 – Decreased Vδ1 and Vδ2 γδ TCR expression at the oral 
and esophageal mucosa during acute SIV infection.  The fold change 
in Vδ1, Vδ2, and CD4 gene expression was assessed in oral (A and C) 
and esophageal (B and D) mucosal tissues of SIVneg and SIV+ rhesus 
macaques.  Changes in Vδ1 TCR expression are in white bars while 
changes in Vδ2 TCR expression are in black bars.  The mRNA levels 
shown are reported as fold change with regard to mRNA levels in matched 
samples from three to four uninfected macaques.  The grey shaded area 
represents a two standard deviation range of the average expression in 
uninfected macaques.  Bars extending beyond the grey shaded area 
represent samples that are increased or decreased with regard to the 
uninfected controls.  The duplicate Ct values for each sample were 
generally within 10% of each other. 
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Table 3-1 – Detection of SIV DNA in mucosal and lymphoid tissues 
(122) – All tissues were assessed in carefully controlled nested PCR 
reactions for SIV gag DNA in 3–10 replicates.  DPI – Days Post-Infection; 
( –  Indicates all PCR reactions were negative; ( + ) indicates that < 50% 
of PCR reactions were positive; ( ++ ) Indicates that >50% of PCR 
reactions were positive. 
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LNs 1 day post-infection (Figures 3-2A and 3-2B).  At 2 and 4 DPI, Vδ1 

TCR expression levels generally continued to remain elevated in both the 

cervical and retropharyngeal LNs (Figures 3-2A and 3-2B).  In contrast, 

Vδ2 TCR expression levels at 2 and 4 DPI generally remained within the 2 

standard deviation range in both the cervical and retropharyngeal LNs 

(Figures 3-2A and 3-2B).  Changes in Vδ1 γδ T cell levels were therefore 

not a general phenomenon as reflected by the Vδ2 and CD4  mRNA levels 

remaining generally within the 2 standard deviation range.  Assessment of 

Vδ1 and Vδ2 TCR expression levels in the axillary LNs of these orally-

infected macaques was performed to determine if lymphoid tissues distal 

to the inoculation site showed similar changes in γδ TCR expression 

levels.  Within the first four days post-infection, neither the Vδ1 nor Vδ2 

TCR expression levels in the axillary LNs were altered compared to 

uninfected macaques (Figure 3-2C).  The observations here that 

increased expression of Vδ1 TCR expression occur in the cervical and 

retropharyngeal lymph nodes as early as 1-2 days post-oral inoculation 

suggest that Vδ1+ γδ T cells may be responding to the presence of SIV at 

the mucosa and migrating to regional lymph nodes. 
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Figure 3-2 – Increased Vδ1 and Vδ2 γδ TCR mRNA expression 
detected in the cervical and retropharyngeal LNs during acute SIV 
infection.  The fold change in Vδ1, Vδ2, and CD4 gene expression was 
assessed in the cervical (A and D), retropharyngeal (B and E), and axillary 
(C and F) lymph nodes of SIVneg and SIV+ rhesus macaques. Changes in 
Vδ1 TCR expression are in white bars while changes in Vδ2 TCR 
expression are in black bars.  The mRNA levels shown are reported as 
fold change with regard to mRNA levels in matched samples of four 
uninfected macaques.  The grey shaded area represents a two standard 
deviation range of the average expression in uninfected macaques.  Bars 
extending beyond the grey shaded area represent samples that are 
increased or decreased with regard to the uninfected controls.  The 
duplicate Ct values for each sample were generally within 10% of each 
other. 
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Decreased γδ T cell levels observed by 7 and 14 days post-SIV 

infection 

 By 7 and 14 days post-oral inoculation, we have previously found 

that SIV DNA can be detected in virtually all mucosal and lymphoid tissues 

assessed (122).  Therefore, I was interested in determining how γδ T cell 

levels were impacted at this later stage of acute infection.  At 7 DPI, Vδ1 

and Vδ2 TCR mRNA expression were decreased at the oral mucosa 

(Figure 3-3A).  In addition, Vδ1 and Vδ2 TCR mRNA expression at the 

regional cervical and retropharyngeal LNs was increased at 7 days post 

infection (Figure 3-3A).  An analysis at 14-days post infection revealed 

decreased Vδ1 and Vδ2 TCR expression levels at the oral and esophageal 

mucosal tissues compared to uninfected animals (Figure 3-3B).  However, 

the γδ TCR expression in the cervical and retropharyngeal LNs at this time 

point was within the two-standard deviation range (Figure 3-3B).  CD4 

gene expression was also analyzed at these mucosal and lymphoid sites 

at 7 and 14 days following oral inoculation demonstrating a decreased 

CD4 gene expression at the esophageal mucosa, as well as the cervical 

and retropharyngeal LNs by 14 days post-infection (Figure 3-3D).  In 

summary, macaques infected for 7 and 14 days revealed decreased Vδ1 

and Vδ2 γδ TCR expression levels at the oral and esophageal mucosa,  
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Figure 3-3 – Decreased Vδ1 and Vδ2 γδ TCR expression at the oral 
and esophageal mucosa following 14 days post-oral SIV infection. 
The fold change in Vδ1, Vδ2, and CD4 gene expression was assessed in 
oral and esophageal mucosa as well as the cervical and retropharyngeal 
lymph nodes at 7 (A and C) and 14 (B and D) days post-infection.  
Changes in Vδ1 TCR expression are in white while changes in Vδ2 TCR 
expression are in black.  The mRNA levels shown are reported as fold 
change with regard to mRNA levels in matched samples of four uninfected 
macaques.  The asterisks (*) represent gene expression that was outside 
of the two standard deviation range determined from uninfected 
macaques.  The duplicate Ct values for each sample were generally within 
10% of each other. 
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while CD4 depletion was observed at both mucosal and lymphoid sites by 

14 days post-oral SIV infection. 

 

Increased CCL21 and CCR7 expression at lymphoid sites following 

an acute SIV infection  

 Decreased levels of γδ T cells at mucosal sites during an acute SIV 

infection could be explained by three potential hypotheses: (1) direct viral 

cytopathicity in which SIV infects and kills γδ T cells (Figure 3-4B), (2) 

activation-induced cell death (AICD) of γδ T cells (Figure 3-4C), or (3) γδ T 

cell migration away from the mucosa towards the secondary lymph nodes 

in response to chemokines (Figure 3-4D).  The third hypothesis (Figure 3-

4D) suggests a redistribution (or migration) of γδ T cells from the mucosa 

to the regional lymphoid organs.  In support of this hypothesis, I have 

observed decreased levels of Vδ1 and Vδ2 TCR expression levels in the 

oral and esophageal mucosa (Figures 3-1A, 3-1B, 3-3A, and 3-3B) and 

increased levels of particularly Vδ1 TCR expression in draining lymph 

nodes (Figures 3-2 A, 3-3B, and 3-3C).  Therefore, to address this 

hypothesis, gene expression of the lymph node homing chemokine 

CCL21/6Ckine, as well as its cognate receptor CCR7, were assessed in 

the cervical and retropharyngeal LNs of macaques infected for 1, 2, or 4  
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Figure 3-4 – Potential mechanisms for the decreased levels of Vδ1 
and Vδ2 γδ TCR expression at mucosal sites.  The results presented 
here indicate decreased expression of Vδ1 and Vδ2 γδ TCR expression at 
mucosal sites but increased at secondary lymphoid organs during acute 
SIV infection.  These results led to three potential hypotheses to describe 
these findings: direct viral cytopathicity in which γδ T cells are infected with 
SIV and killed (Hypothesis #1), activation induced cell death as indicated 
by the “X” (Hypothesis #2), or cellular migration in response to 
CCL21/6Ckine (Hypothesis #3). 
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days when the increased γδ T cell levels were observed.  As in previous 

experiments, real-time PCR analyses assessed the mRNA levels of the 

mixed population of cells in this biopsy sample.  The 1 day infected 

macaque, RM1, exhibited increased CCL21/6Ckine mRNA expression in 

both the retropharyngeal and cervical LNs, while RM2 experienced 

increased CCL21/6Ckine only in the retropharyngeal LN (Figure 3-5A).  

Furthermore, at 2 DPI, CCL21/6Ckine expression remained elevated in 

both the cervical and retropharyngeal LNs, although lower in comparison 

to 1 DPI (Figure 3-5A).  Expression of CCL21/6Ckine mRNA at 4 DPI 

indicated that the range generally was within the levels observed in 

uninfected macaques (Figure 3-5A).  mRNA expression of the 

CCL21/6Ckine receptor, CCR7, was also up-regulated in at least one LN 

from each of the macaques at 1 DPI and a more substantial increase in 

expression by 2 days in the retropharyngeal LNs (Figure 3-5B), 

suggesting that immune cells may be migrating towards these lymphoid 

sites in response to the up-regulation of CCL21/6Ckine.  To determine if 

these results were specific for CCL21/6Ckine and CCR7, the expression 

of the pro-inflammatory chemokine CCL5/RANTES and its receptor CCR5 

were assessed.  During the first four days of infection, the levels of 

CCL5/RANTES and CCR5 were generally within the range observed in 

uninfected macaques (Figures 3-5C and 3-5D) suggesting that the results  
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Figure 3-5 – Increased CCL21 and CCR7 mRNA expression at the 
cervical and retropharyngeal LNs following an acute SIV infection.  
Quantitative real-time PCR was utilized to assess the mRNA levels of (A) 
CCL21/6Ckine, (B) CCL5/RANTES, (C) CCR7 and (D) CCR5 in the 
retropharyngeal (white bars) and cervical (black bars) LNs. The mRNA 
levels shown are reported as fold change with regard to mRNA levels in 
matched samples of four uninfected macaques.  The grey shaded area 
represents a two standard deviation range of the average expression from 
uninfected macaques.  Bars extending beyond the grey shaded area 
represent samples that are increased or decreased with regard to the 
uninfected controls.  The duplicate Ct values for each sample were 
generally within 10% of each other. 
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observed for CCL21/6Ckine and CCR7 were not a general phenomenon.  

Elevated CCL21/6Ckine and CCR7 expression in LNs draining the oral 

cavity provide evidence to support hypothesis #3, suggesting the loss of 

mucosal γδ T cells may be the result of migration to the draining LNs in 

response to an acute SIV infection. 

 

Decreased CCR7 and CD62L expression on γδ T cells following HIV 

infection 

 An assessment of HIV-infected patients was also performed in this 

study to determine if HIV-disease progression would impact LN homing 

receptor expression on γδ T cells.  Peripheral blood was obtained through 

a collaborative effort with physicians at the UT Southwestern AIDS Clinic.  

Peripheral blood mononuclear cells from uninfected and HIV+ donors 

were stained with fluorescent antibodies to determine the expression of 

CCR7 on γδ T cells utilizing flow cytometry.  A representative gating 

strategy utilized to identify CCR7 expressing γδ T cells from an uninfected 

patient is shown in Figures 3-6A – 3-6E.  An assessment of CCR7 

revealed significantly decreased percentages of γδ T cells expressing this 

receptor in HIV+ patients compared to uninfected donors (Figure 3-6F).  

By dividing the γδ T cell populations into Vδ2+ and Vδ2neg (Vδ1) subsets, I 

observed that HIV+ patients had a significantly decreased percentage of  
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Figure 3-6 – Decreased CCR7 and CD62L expression on γδ T cells 
from HIV+ patients.  PBMCs from uninfected (n=13) and HIV+ (n=14) 
patients were stained with fluorescently labeled antibodies recognizing the 
Pan- γδ TCR, Vδ2 γδ TCR, CD3, CCR7, and CD62L and assessed using 
flow cytometry.  A representative gating strategy from an uninfected donor 
is shown indicating the (A) lymphocytes, (B) pulse-width to remove 
doublets, (C) total CD3+ γδ T cells, and the expression of (D) CCR7 or (E) 
CD62L on CD3+ γδ T cells.  (F) The percentage of total γδ T cells (white 
bars), Vδ2+ (striped bars), or Vδ2neg (black bars) cells expressing either 
CCR7 or CD62L are shown.  CCR7 expression (left panel) was 
significantly decreased on total and Vδ2neg γδ T cells in HIV+ patients 
compared to uninfected controls.  CD62L expression (right panel) was 
significantly decreased on all three groups of γδ T cells in HIV+ patients 
compared to uninfected controls.  A Mann-Whitney t test at a 95% 
confidence interval was utilized to determine statistical significance 
between the uninfected and HIV+ groups.  Total = Percentage of total γδ T 
cells; Vδ2+ = Percentage of Vδ2+ γδ T cells; Vδ2- = Percentage of Vδ2neg 
(Vδ1) γδ T cells 
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CCR7+ Vδ2neg cells in relation to their uninfected counterparts (Figure 3-

6F).  Furthermore, to determine if these results were specific for CCR7, 

another lymphoid homing receptor, CD62L (L-selectin), was assessed in 

the HIV+ patients.  Here again, HIV+ donors showed significantly 

decreased percentages of γδ T cells that expressed CD62L when 

compared to uninfected individuals (Figure 3-6F).  These results 

demonstrate that HIV infection reduces the percentages of CCR7+ and 

CD62L+ γδ T cells in the peripheral blood, which may inhibit the ability of 

γδ T cells to migrate to secondary lymphoid organs. 

 

Discussion 

 Disease progression following an HIV infection is generally 

characterized by the depletion of peripheral CD4+ T cells.  However, 

progression to AIDS is more complex as evidenced by recent reports 

describing the dramatic loss of CD4+ T cells at rectal and intestinal 

mucosa as early as two weeks post infection (18, 105, 116, 179).  The 

primary goal of the study presented in this Chapter was to assess the 

levels of γδ T cells at mucosal and lymphoid sites within the first four days 

after an SIVmac251 infection.  The Tenner-Racz report, which identified 

increased numbers of γδ T cells at the tonsils of vaccinated macaques 

(171), led to my initial hypothesize that the numbers of γδ T cells would 
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also be increased following an oral SIV infection at the likely sites of viral 

entry, the oral and esophageal mucosa.  However, decreased Vδ1 and 

Vδ2 γδ T cell levels were observed at these mucosal sites as early as two 

days following a primary SIV infection (Figures 3-1A, 3-1B, 3-3A, and 3-

3B).  The results presented herein were the first to identify the loss of γδ T 

cells prior to CD4+ T cell depletion at mucosal sites during the first four 

days after oral SIV inoculation.  These data were in contrast to my initial 

hypothesis.  In addition, the loss of oral and esophageal mucosal γδ T 

cells by 7 days post-oral infection agree with a previous report by Chen et 

al describing a similar loss of γδ T cells in the intestine one week after an 

intrarectal SIV inoculation (26).  In contrast to the loss of mucosal γδ T 

cells, these findings identified an increase in the levels of γδ T cells at the 

regional cervical and retropharyngeal LNs (Figure 3-2).  These findings 

suggest a mechanism by which γδ T cells migrate away from mucosal 

sites towards secondary lymphoid tissues following an acute infection with 

SIVmac251, possibly to assist in the initiation of an anti-viral immune 

response and control of rapid viral spread.   

 The loss of mucosal γδ T cells could be explained by three potential 

hypotheses (Figure 3-4): (1) direct viral killing of γδ T cells, (2) activation 

induced cell death (AICD), or (3) migration of γδ T cells from the mucosa 

to lymphoid sites in response to chemokines.  One study reported that 
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purified γδ T cells from the blood of HIV-1 infected donors have detectable 

pro-viral DNA and can be infected in vitro if they express the appropriate 

surface receptors (CD4 with either CCR5 or CXCR4) (77).  However, this 

report fails to determine if infected γδ T cells are rapidly killed or even if 

they express the appropriate receptors necessary for viral infection at 

mucosal sites.  Therefore, it is unlikely that the depletion of γδ T cells 

within the first four days as observed in my study could be due solely to 

direct viral cytopathicity (Figure 3-4B).  The second hypothesis (Figure 3-

4C) suggests that the depletion of γδ T cells may be the result of AICD.  γδ 

T cells have been shown to recognize and destroy virally-infected CD4+ T 

cells in vitro in an attempt to control viral replication (14, 140, 181).  This 

anti-viral function may be mediated through an interaction between the γδ 

TCR and stress-induced molecules expressed on the surface of the 

infected cells.  This mechanism has been previously described with regard 

to the ability of γδ T cells to recognize and destroy cytomegalovirus-

infected epithelial cells (70).  Furthermore, other reports have described 

that extensive γδ TCR stimulation may lead to AICD in vitro (59, 91).  

However, the number of infected CD4+ T cells at mucosal sites remains 

relatively low during the earliest times post-infection (105, 120) suggesting 

that γδ T cells may not be subject to repeated TCR stimulation and thus 

are unlikely to undergo AICD within the first four days post-infection.  The 
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final hypothesis (Figure 3-4D) suggests that γδ T cells may migrate away 

from the mucosa and travel to lymphoid sites.  Lymphoid homing 

receptors such as CCR7 and CD62L are important for proper LN migration 

and are up-regulated by γδ T cells upon TCR stimulation (15, 45).  In 

addition, γδ T cells can migrate in response to the LN homing chemokine 

CCL21/6Ckine (189) as well as present antigens inducing the proliferation 

of naïve CD4+ and CD8+ T cells in vitro (15).  Therefore, the third 

hypothesis provides an explanation addressing the decreased levels of γδ 

T cells at mucosal sites with an increase in secondary lymphoid organs 

suggesting a redistribution of γδ T cells at these immunologic sites during 

an acute SIV infection.  In my study, an up-regulation of the homeostatic 

lymphoid chemokine CCL21/6Ckine was observed by 1 DPI in the cervical 

and retropharyngeal LNs of SIV-inoculated macaques (Figure 3-4A).  

Though CCL21/6Ckine is constitutively expressed by stromal cells in LNs, 

higher mRNA levels detected in this study may be the result of the 

recognition of viral antigens in the secondary lymphoid organs (114, 136).  

These results were supported by the finding that CCR7 expression was 

also elevated at these same lymphoid sites at 2 days post infection, 

(Figure 3-4B) suggesting that γδ T cells and other immune cells may have 

migrated to these sites soon after the up-regulation of CCL21/6Ckine.  In 

addition, both CCL5/RANTES and CCR5 levels in general were not 
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altered following the infection further indicating that migration may be a 

response to lymphoid homing as opposed to pro-inflammatory 

chemokines.  Though this lymphoid homing may seem rapid, other reports 

have demonstrated that dendritic cells have the ability to migrate quickly 

toward secondary LNs from the vaginal mucosa within 24-hours after an 

inoculation with SIV (121, 153).  Taken together, the up-regulation of 

CCL21/6Ckine early after an SIV infection further supports the 

mechanisms proposed in Hypothesis #3 (Figure 3-4D) whereby γδ T cells 

(and probably other immune cells) migrate to secondary LNs. 

 An assessment of the impact of HIV disease progression on the 

expression of LN homing receptors on γδ T cells was also undertaken as a 

means of comparing the SIV and HIV infections  Our access to HIV+ 

patients through the UT Southwestern AIDS Clinic provided an opportunity 

to directly assess the impact of HIV disease on CCR7 expression by γδ T 

cells from patient blood.  This study identified significantly reduced 

percentages of γδ T cells expressing the lymph node homing receptors 

CCR7 and CD62L in peripheral blood from HIV+ patients (Figure 3-6).  

Due to this finding, I speculate that γδ T cells from HIV+ patients may have 

a reduced ability to migrate toward secondary LNs, further contributing to 

overall immune dysfunction.  This speculation is supported by a report 

describing the decreased mRNA expression of both CCL21/6Ckine and 

 



 81

CCR7 in the LNs of SIV+ macaques which have progressed to simian 

AIDS (28).  The authors suggested that the inability of immune cells to 

migrate to these secondary lymphoid organs and mount an adaptive 

immune response was associated with progression to simian AIDS (28).  

The ability of γδ T cell clones from HIV+ patients to migrate across an 

epithelial cell layer was also decreased in response to pro-inflammatory 

chemokines including CXCL9/MIG and CXCL10/IP-10 (142).  These 

results suggest that decreased levels of CCR7+ γδ T cells may represent 

immune dysfunction following HIV infection, which could impact the 

number of cells that could migrate toward lymphoid sites and participate in 

an anti-viral adaptive immune response. 

 The results in this Chapter reveal the loss of γδ T cells at mucosal 

sites within the first four days after a pathogenic SIV infection prior to the 

depletion of CD4+ T cells.  This Chapter also provides a mechanism 

proposing the migration of γδ T cells from the mucosa towards secondary 

lymphoid organs in response to CCL21/6Ckine, which may be an attempt 

to initiate an anti-viral immune response.  I speculate that this anti-viral 

response may be the result of γδ T cells taking up and processing viral 

antigens at the mucosal surface and then migrating towards the regional 

LNs to present these antigens to naïve CD4+ and CD8+ T cells.  In 

addition, the γδ T cells may home to these regional lymphoid sites in an 
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attempt to control the rapid spread of the virus to multiple tissues, possibly 

through the expression of β-chemokines to interfere with viral co-receptor 

binding to target cells (103).  However, this anti-viral response from γδ T 

cell is not always successful as the rapid viral spread to multiple tissues 

makes it difficult to effectively prevent the infection (122, 170).  If however 

γδ T cells were primed at mucosal surfaces with attenuated viruses (171) 

or purified viral proteins (103), then these cells could potentially have a 

more protective role in preventing a secondary challenge HIV/SIV infection 

at mucosal surfaces.  Therefore, the levels and migratory capacity of γδ T 

cells at mucosal sites should be considered during the development of 

novel mucosal vaccination strategies to prevent HIV infections. 
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CHAPTER 4 – Gamma/Delta T Cell Functional Responses Differ 

Following Pathogenic HIV and Non-Pathogenic SIV Infections 

 
 

Introduction 

Although HIV/SIV infections are generally associated with progression to 

AIDS, natural host primate species in Africa can be infected with SIV, but remain 

free of any clinical disease signs (68, 93, 149, 166).  Sooty mangabeys 

(Cercocebus atys) are of particular interest as cross-species transmission of 

SIVsmm from mangabeys to humans appears to have initiated the HIV-2 

epidemic in West Africa (68, 76). SIV replicates to high levels in mangabeys 

(149) suggesting that protection from AIDS is not due to inherent anti-viral 

mechanisms of a more robust adaptive immune response including the 

development of SIV-specific cytotoxic T cells (85) or SIV specific antibodies (57).  

Studies to date indicate that the ability of mangabeys to prevent progression to 

AIDS is due in part to the reduced levels of immune activation and apoptosis 

when compared to pathogenic infections (25, 123, 166).  The mechanism by 

which mangabeys are able to maintain high levels of viral replication and 

relatively low levels of immune activation remains unknown.  Our laboratory 

recently identified a cohort of SIV+ mangabeys that experienced a dramatic and 

sustained decline in their CD4+ T cell counts to levels indicative of AIDS in HIV+ 

patients (123).  This indicated that low CD4+ T cell levels were not sufficient to 

induce disease in these natural hosts of SIV (123).  In our assessment of 
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additional immune cells, we observed that γδ T cells from both SIV+ CD4-healthy 

and CD4-low mangabeys maintained their ability to proliferate in response to the 

bacterial antigens isopentenyl pyrophosphate (IPP) and lipopolysaccharide (LPS) 

(123).  These reports suggest that γδ T cells and other immune cells may remain 

functional following chronic SIV infection.  In humans, γδ T cells have critical roles 

in the recognition of microbial pathogens and can influence adaptive immune 

responses by the production of both Th1 and Th2 cytokines (49).  γδ T cells can 

be influenced by HIV infection as evident by a phenotypic switch from 

predominately Vδ2 to Vδ1 γδ T cells within the peripheral blood of HIV+ patients 

(7, 38).  In addition, a decrease in the number of effector (CD27-CD45RA-) γδ T 

cells were observed in immunocompromised patients (62) and SIV infected 

rhesus macaques (196), which may be due to the induction of anergy in these 

cells of infected hosts (141).  Pathogenic HIV infection also reduces the ability of 

γδ T cells to migrate in response to pro-inflammatory chemokines including 

CXCL10/IP-10 and CXCL9/MIG (142) as well as their cytotoxic capacity (181).  

Taken together, these data suggest that γδ T cells lose the ability to respond to 

invading opportunistic pathogens during chronic HIV/SIV infection, likely 

contributing to the generalized immune dysfunction associated with the 

progression to AIDS. 

 This Chapter presents a phenotypic and functional comparison of γδ T 

cells during pathogenic HIV infection of humans and non-pathogenic SIV 

infection of mangabeys.  Our initial findings from a cross-sectional analysis of 

uninfected mangabeys and humans revealed that mangabeys had significantly 
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elevated levels of γδ T cells in their peripheral circulation when compared to 

humans.  Having shown increased levels of γδ T cells, we then addressed the 

question of whether these cells were functional during HIV/SIV infections.  

Evidence for preserved or increased functionality of γδ T cells from SIV+ 

mangabeys (regardless of CD4+ T cell levels) was demonstrated by maintained 

percentages of γδ T cells that expressed Th1 cytokines following ex vivo 

stimulation.  These data suggest that in the absence of aberrant immune 

activation, controlled Th1 responses by γδ T cells from mangabeys may assist in 

suppressing damage due to the SIV infection as well as inhibiting the onset of 

opportunistic infections.   

 

 

Results 

Comparative phenotypic assessment of peripheral γδ T cell levels in 

humans, macaques and mangabeys 

 
   Rhesus macaques and sooty mangabeys are non-human primates 

used to study pathogenic and non-pathogenic models of HIV infection 

respectively (122, 166, 171, 196).  Peripheral blood mononuclear cells 

(PBMCs) from these monkeys, as well as humans, were assessed to 

identify changes within the gamma/delta (γδ) T cells following SIV/HIV 

infection.  A representative gating strategy to assess the levels of γδ T 
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cells in peripheral blood is depicted (Figures 4-1A – 4-1C).  The frequency 

of γδ T cells is presented as the percentage of CD3+ T cells expressing 

the γδ T cell receptor within the different species and with regard to 

infection status (Figures 4-1D – 4-1E).  A significantly higher frequency of 

γδ T cells was observed in uninfected mangabeys (12.5%) compared to 

macaques (6.1%) and humans (3.8%) (Figure 4-1D).  A cross sectional 

analysis of HIV+ patients enrolled at the University of Texas Southwestern 

Medical Center AIDS Clinic (Table 4-1), was performed to examine the 

relationship between peripheral blood γδ T cell frequencies and disease 

progression.  Patients were divided into three groups as follows: (1) HIV+ 

CD4-healthy (>200 CD4+ T cells/µl blood), (2) HIV+ CD4-low (<200 CD4+ 

T cell counts/µl blood), and (3) HIV+ on HAART (350 – 2100 CD4+ T cell 

counts/µl blood).  An analysis of γδ T cells in these groups indicated that 

both CD4-healthy and CD4-low HIV+ patients had significantly elevated 

frequencies of γδ T cells compared to uninfected donors (Figure 4-1E).  

HAART treatment resulted in γδ T cell frequencies that were intermediate 

between HIV+ and uninfected donors (Figure 4-1E).  In addition, an 

analysis of peripheral γδ T cell frequencies was also undertaken in both 

CD4-healthy and CD4-low SIV+ mangabeys (Table 4-2).  In contrast to 

HIV infected patients, the frequency of γδ T cells significantly decreased in 

the CD4-healthy SIV+ mangabeys in comparison to their uninfected  
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Figure 4-1 – Mangabeys have significantly higher percentages of γδ T 
cells in their peripheral blood circulation compared to macaques and 
humans.  Peripheral blood mononuclear cells (PBMCs) from humans and 
mangabeys were stained with fluorescently labeled cross-reactive 
antibodies against the Pan-γδ TCR and CD3 and assessed using flow 
cytometric analysis.  A representative gating strategy from an uninfected 
donor is shown indicating the (A) forward and side scatter to gate on 
lymphocytes, (B) pulse-width to gate on single cells, and (C) CD3 and 
Pan-γδ TCR to gate on γδ T cells.  (D) Graphical representation of the 
percentage of CD3+ T cells expressing the Pan-γδ TCR from uninfected 
humans (■), macaques (▲), and mangabeys (●).  The percentage of γδ T 
cells in uninfected mangabeys was significantly higher when compared to 
both humans and macaques.  (E) Assessment of the levels of γδ T cells 
was performed in the CD4-healthy (dark blue ▲) and CD4-low (light blue 
▼) HIV+ patients and SIV+ mangabeys, as well as HIV+ patients on 
HAART (green ●) and compared to uninfected donors (red ■).  There were 
increased percentages of γδ T cells in the peripheral circulation of HIV+ 
patients when compared to uninfected donors.  The SIV+ CD4-healthy 
mangabeys had decreased percentages of peripheral blood γδ T cells 
when compared to their uninfected counterparts, whereas on average, the 
SIV+ CD4-low mangabeys demonstrated similar levels as uninfected 
mangabeys. 
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Table 4-1 – White blood cell counts and viral loads in HIV+ humans.  
Complete blood counts and viral loads are shown for each HIV+ patient 
enrolled in this study.  Each HIV+ patient was placed into one of three 
groups: (1) HIV+ CD4-healthy (>200 CD4+ T cells / µl blood), (2) HIV+ 
CD4-low (<200 CD4+ T cells / µl blood), and (3) HIV+ on HAART (highly 
active anti-retroviral therapy).  WBC – White blood cell; vRNA – Viral RNA; 
M – male; F – female 
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Table 4-2 – White blood cell counts in SIVneg and SIV+ mangabeys.  
Complete blood counts were performed on each SIV+ mangabeys 
enrolled in this study.  Each SIV+ mangabeys was placed into one of three 
groups: (1) Uninfected, (2) SIV+ CD4-healthy (>200 CD4+ T cells / µl 
blood), (3) SIV+ CD4-low (<200 CD4+ T cells / µl blood).  ID – Monkey 
Identification; WBC – White blood cell; M – male; F – female 
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counterparts (Figure 4-1E).  Some of the SIV+ CD4-low mangabeys 

exhibited very low γδ T cell frequencies, although others exhibited 

frequencies comparable to the uninfected mangabeys (Figure 4-1E).   

 

Assessment of Vδ1 and Vδ2 γδ T cell levels in humans and 

mangabeys 

The ability of the γδ TCR to recognize antigens is determined 

predominantly by the particular delta variable region expressed (21, 65, 

97).  γδ T cells in the peripheral blood primarily express the Vδ2 γδ TCR 

and, to a lesser extent, the Vδ1 γδ TCR.  Indeed, in this study, γδ T cells 

from uninfected individuals demonstrated a predominance of Vδ2 + cells in 

the peripheral circulation as indicated by a negative Vδ2neg/Vδ2+ ratio 

(Figures 4-2A and 4-2B).  However, the HIV+ patient cohort had a 

predominately Vδ2neg (Vδ1) γδ T cell population in the peripheral blood 

(Figure 4-2B) in agreement with previous studies (7, 38, 142).  In order to 

assess the γδ TCR usage in mangabeys, a quantitative real-time PCR 

approach was utilized due to the lack of a cross-reacting anti-human Vδ2 

antibody.  Prior to infection, mangabey peripheral blood γδ T cells 

predominantly expressed the Vδ1, rather than Vδ2, γδ TCR (Figure 4-2C).  

Following SIV infection, the Vδ1 TCR continued to be the predominate 

receptor expressed at 12 weeks and 100 weeks post-infection (Figure 4- 
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Figure 4-2 – γδ T cells from HIV+ Patients and SIV+ Mangabeys 
predominately express the Vδ1 γδ TCR.  PBMCs from humans were 
stained with fluorescently labeled cross-reactive antibodies recognizing 
the Pan-γδ TCR, Vδ2 γδ TCR, and CD3 and the ratio of Vδ2neg to Vδ2+ γδ 
T cells is reported.  (A) A representative histogram shows the Vδ2neg/Vδ2+ 
ratio from an uninfected donor.  The ratio is determined by dividing the 
percentage of Vδ2neg by the Vδ2+ cells.  (B) Graphical representation of 
the Vδ2neg/Vδ2+ γδ T cell ratio from uninfected (white bars), HIV+ CD4-
healthy (striped bars), HIV+ CD4-low (black bars), and HIV+ on HAART 
(gray bars) patients.  HIV+ patients had an increased Vδ2neg/Vδ2+ ratio 
when compared to their uninfected counterparts.  (B) To assess γδ T cell 
ratios in sooty mangabeys a real-time PCR approach was utilized to 
quantify the levels of Vδ1 and Vδ2 mRNA.  An assessment of the Vδ1/Vδ2 
ratio was determined in mangabeys prior to (white bars) as well as 12 
weeks (striped bars) and 100 weeks (black bars) post-infection.  The Vδ1 
TCR was predominately expressed by γδ T cells both prior to and after SIV 
infection in mangabey PBMCs.  (C) Determination of the levels of Vδ1 and 
Vδ2 in 1x10^6 equivalents of GAPDH mRNA is depicted for the 
representative mangabeys SM3.  These data indicated that the decrease 
in the Vδ1/Vδ2 ratio as observed following an SIV infection is due to a 
decrease in Vδ1 γδ TCR expression levels, not an increase in the Vδ2 
expression levels.  
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2C). The declining Vδ1/Vδ2 ratio observed throughout infection was the 

result of a decrease in the absolute number of Vδ1 TCR transcripts rather 

than an increase in Vδ2 transcripts (Figure 4-2D).  In summary, the Vδ2 to 

Vδ1 phenotypic switch observed in the peripheral blood γδ T cells of HIV+ 

patients did not occur in the SIV+ mangabeys as they maintained elevated 

levels of Vδ1 γδ T cells both before and following SIV infection.  

 

γδ T cells are present at the rectal mucosa during chronic SIV 

infection of mangabeys 

Many opportunistic infections associated with AIDS disease 

progression including Mycobacteria and others occur at mucosal sites.  γδ 

T cells have been documented at mucosal sites where they likely 

participate in the defense against opportunistic pathogens (21).  Currently, 

there are no previous studies examining the levels of γδ T cells at mucosal 

sites in SIV-infected mangabeys.  Assessment of γδ T cells at two mucosal 

(the rectal and pulmonary mucosa) and lymphoid sites was undertaken in 

both CD4-healthy and CD4-low SIV+ mangabeys.  A representative flow 

cytometric gating strategy of the cells obtained from the rectal mucosa 

biopsies from an SIV+ mangabey is depicted in Figures 4-3A and 4-3B.  

The percentage of CD3+ T cells expressing the γδ TCR in the rectal 

biopsies from the SIV+ CD4-low and CD4-healthy mangabeys ranged  
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Figure 4-3 – γδ T cells at the rectal mucosa of SIV+ CD4-low 
mangabeys.  Cells were obtained from lymph node (LN). rectal mucosal 
(RM) biopsies and bronchoalveolar lavages (BALs) and analyzed for the 
expression of CD3 and the Pan-γδ TCR.  Flow cytometric analysis 
depicting (A) forward and side scatter and (B) CD3 and Pan-γδ TCR 
expression are represented following RM biopsy of SM1 (SIV+ CD4-
healthy).  (D) Graphical representation of the percentage of CD3+ T cells 
expressing the Pan-γδ TCR from the RM (open bar), BAL (striped), and LN 
(shaded).  The RM biopsies exhibited the highest percentage of γδ T cells 
within the CD3+ T cell population, in comparison to the BALs and LN in all 
the mangabeys.   
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from approximately 3.0 – 9.8% with no discernable trend associated with 

CD4 depletion (Figure 4-3C).  In contrast, cells recovered from 

bronchoalveolar lavage (BAL) demonstrated a trend toward increased 

percentages of γδ T cells in the pulmonary mucosa from the SIV+ CD4-

low, as compared to the CD4-healthy, mangabeys (Figure 4-3C).  Similar 

to the BAL, increased percentages of γδ T cells in the LN of the two SIV+ 

CD4-low mangabeys was observed, compared to the CD4-healthy 

mangabeys (Figure 4-3C).  Taken together, these data indicate that γδ T 

cells are present at mucosal and lymphoid sites during chronic SIV 

infections of mangabeys irrespective of CD4+ T cell levels, thus possibly 

serving a role in protection against mucosal opportunistic pathogens.  

 

Th1 cytokine responses are maintained or increased by γδ T cells 

from SIV+ mangabeys but not HIV+ patients 

γδ T cells demonstrate a variety of functions which include the 

production of cytokines to augment the adaptive immune response at the 

sites of infection or tumors (49, 109, 124).  Here, the cytokine expression 

of γδ T cells was assessed utilizing cytokine flow cytometry on peripheral 

blood γδ T cells from both HIV+ patients and SIV+ mangabeys.  To induce 

cytokine production ex vivo the peripheral blood cells were incubated with 

media alone (M; negative control), PMA/Ionomycin (PI; global stimulation), 

 



 95

the γδ T cell specific bacterial ligand isopentenyl pyrophosphate (IPP; 

specific for Vδ2 γδ TCR) or lipopolysaccharide (LPS; TLR-4 ligand).  To 

determine the impact of non-pathogenic SIV infection and CD4+ T cell 

levels, the percentage of γδ T cells expressing IFN-γ (Figure 4-4 and 4-5) 

or TNF-α (Figure 4-4 and 4-6) from both CD4-healthy or CD4-low SIV+ 

mangabeys was compared to uninfected mangabeys.  In general, neither 

media alone nor LPS induced Th1 cytokine secretion by peripheral γδ T 

cells from either uninfected or SIV+ mangabeys (Figures 4-4).  However, 

γδ T cells from both CD4-healthy and CD4-low SIV+ mangabeys 

stimulated with PI or IPP had a maintained or slightly increased ability to 

express IFN-γ (Figure 4-4C) and TNF-α (Figure 4-4D).  Unlike SIV+ 

mangabeys, an assessment of γδ T cells from HIV+ patients revealed 

significantly decreased percentages of γδ T cells expressing these Th1 

cytokines (IFN-γ and TNF-α) following stimulation with PI and IPP (Figures 

4-5B and 4-6B).  γδ T cells from HIV+ patients on HAART had a partially 

restored ability to express these Th1 cytokines following stimulation, 

though not to the extent that were produced by γδ T cells from uninfected 

patients (Figure 4-5B and 4-6B).  The availability of an anti-human Vδ2 

antibody permitted us to more specifically assess the cytokine responses 

of Vδ2+ and Vδ2neg (Vδ1) γδ T cells in HIV+ patients.  When exposed to PI, 

the majority of Vδ2+ γδ T cells from uninfected human donors expressed  
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Figure 4-4 – Increased Th1 cytokine expression by γδ T cells from 
SIV+ mangabeys with low levels of CD4+ T cells.  PBMCs from 
uninfected and HIV+ patients were stimulated ex vivo with media alone 
(■), PI (▲), IPP (▼), or LPS (●) and the expression of (A) IFN-γ and (B) 
TNF-α by γδ T cells was assessed using flow cytometry.  There was an 
increase in the percentage of γδ T cells expressing TNF-α in response to 
global activation with PI as well as the Vδ2 γδ TCR specific ligand IPP.  
With regards to IFN-γ, increased percentages of γδ T cells from SIV+ 
mangabeys expressed this cytokine following ex vivo stimulation with PI.   
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Figure 4-5 – Impaired IFN-γ expression by γδ T cells from HIV+ 
patients with low levels of CD4+ T cells.  (A) Representative gating 
strategy for γδ T cells expressing IFN-γ following media and PI stimulation.  
PBMCs from uninfected and HIV+ patients were stimulated ex vivo with 
media alone (■), PI (▲), IPP (▼), or LPS (●) and the expression of IFN-γ 
by (A) total (C) Vδ2+ and (C) Vδ2neg γδ T cells was assessed using flow 
cytometry.  With regards to PI stimulation, decreased percentages of both 
Vδ2+ and Vδ2neg γδ T cells from HIV+ patients expressed IFN-γ when 
compared to uninfected donors.  In addition, fewer Vδ2+ γδ T cells in both 
the CD4-healthy and CD4-low HIV+ groups expressed IFN-γ following IPP 
stimulation. 
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Figure 4-6 – Impaired TNF-α expression by γδ T cells from HIV+ 
patients with low levels of CD4+ T cells.  (A) Representative gating 
strategy for γδ T cells expressing TNF-α following media and PI 
stimulation.PBMCs from uninfected and HIV+ patients were stimulated ex 
vivo with media alone (■), PI (▲), IPP (▼), or LPS (●) and the expression 
of TNF-α by (A) total (B) Vδ2+ and (C) Vδ2neg γδ T cells was assessed 
using flow cytometry.  Decreased percentages of Vδ2+ γδ T cells from 
HIV+ CD4-healthy and CD4-low patients expressed TNF-α when 
compared to uninfected donors.  In addition, fewer Vδ2+ γδ T cells in both 
the CD4-healthy and CD4-low HIV+ groups expressed IFN-γ following IPP 
stimulation. 
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IFN-γ or TNF-α (Figures 4-5C and 4-6C).  However, the percentages of 

Vδ2+ γδ T cells expressing these Th1 cytokines following PI stimulation 

significantly declined in both the CD4-healthy and CD4-low HIV+ patients 

(Figures 4-5C and 4-6C).  Similarly, the specific Vδ2 TCR agonist IPP 

stimulated fewer γδ T cells to produce Th1 cytokines in the HIV+ 

compared to uninfected patients (Figures 4-5C and 4-6C). HAART 

treatment partially restored the ability of Vδ2+ γδ T cells to express Th1 

cytokines following PI and IPP treatment although not to the extent 

observed in uninfected patients (Figures 4-5C and 4-6C).  Vδ2neg cells 

were responsive to PI stimulation, but did not produce Th1 cytokines when 

stimulated with IPP or LPS (Figures 4-5D and 4-6D).  Therefore, the 

majority of the decline in responsiveness in the HIV+ patients could be 

attributed to decreased cytokine production by the Vδ2+ γδ T cells. 

Although the stimulations of the γδ T cells tended to produce both 

IFN-γ and TNF-α in most situations, the levels of the production of the two 

cytokines did vary.  Indeed, a higher percentage of γδ T cells expressed 

TNF-α, compared to IFN-γ, after PI and IPP stimulation in the majority of 

conditions assessed.  For example, when Vδ2+ γδ T cells from uninfected 

donors were stimulated with PI, nearly 90% of the cells expressed TNF-α, 

compared to 60% expressing IFN-γ (Figures 4-5C and 4-6C).  Moreover, 
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TNF-α was almost exclusively expressed by human Vδ2+ γδ T cells 

following stimulation with IPP (Figures 4-5 and 4-6).  The increased 

expression of TNF-α suggests that γδ T cells may preferentially express 

this cytokine for the potential killing of HIV/SIV infected cells or modulating 

the immune system in response to opportunistic pathogens (14, 49, 70, 

109, 181). 

 

Th2 cytokine expression by γδ T cells is not altered in HIV+ patients 

or SIV+ mangabeys 

Along with pro-inflammatory cytokines, γδ T cells can express Th2 

pro-humoral/anti-inflammatory cytokines in response to antigenic 

stimulation (49, 124).  An assessment of IL-4 expression by γδ T cells was 

performed here to determine if either non-pathogenic SIV or pathogenic 

HIV infections impacts Th2 cytokine responses by these cells.  With 

regards to mangabeys, similar percentages of γδ T cells from uninfected 

and SIV+ monkeys expressed IL-4 following ex vivo stimulation with the 

global activator PI (Figure 4-7A).  In general, mangabey γδ T cells did not 

express IL-4 following stimulation with media alone or the bacterial 

antigens IPP and LPS (Figure 4-7A).  A similar assessment of peripheral 

γδ T cells revealed that these cells generally expressed low levels of IL-4  
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Figure 4-7 – IL-4 cytokine expression by γδ T cells was not altered 
following an HIV infection.  PBMCs from uninfected and HIV+ patients 
were stimulated ex vivo with media alone (■), PI (▲), IPP (▼), or LPS (●) 
and the expression of IL-4 by (A) total γδ T cells in mangabeys as well as 
(B) Vδ2+ and (C) Vδ2neg γδ T cells from humans was assessed using flow 
cytometry.  In general, IL-4 expression by γδ T cells in SIV+ mangabeys or 
HIV+ humans was not altered following ex vivo stimulation in comparison 
to their uninfected counterparts. 
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following ex vivo stimulation of both uninfected and HIV+ patients (Figures 

4-7B, 4-7C, AND 4-7D).  In summary, these results indicate that unlike 

Th1 cytokines, IL-4 production by γδ T cells is not impacted following 

either pathogenic HIV of humans or non-pathogenic SIV infections in 

mangabeys. 

 

Assessment of Th1 responses in γδ T cells from SIV+ mangabeys 

and HIV+ humans  

 To clearly compare the HIV+ humans and SIV+ mangabeys, the γδ 

T cell Th1 cytokine responses following either PI or IPP stimulation is 

depicted in Figure 5.  SIV infection of mangabeys resulted in γδ T cells 

with maintained IFN-γ and increased TNF-α response following ex vivo 

stimulation with PI and IPP (Figure 4-8).  The level of CD4+ T cells did not 

appear to impact Th1 cytokine production as the maintained or increased 

were observed in both CD4-healthy and CD4-low SIV+ mangabeys.  In 

contrast, the ability of γδ T cells from HIV+ patients, both CD4-healthy and 

CD4-low, to produce IFN-γ and TNF-α decreased significantly (Figure 4-8).  

The increased percentages of γδ T cells expressing Th1 cytokines in the 

HIV+ HAART treated patients indicated some recovery of IFN-γ and TNF-

α production, but not to the levels observed in the uninfected patients  
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Figure 4-8 – Comparative assessment of γδ T cell Th1 cytokine 
responses between SIV+ mangabeys and HIV+ humans.  Graphical 
representation of the percentage of total γδ T cells from uninfected (red 
bars), CD4-healthy (dark blue bars), or CD4-low (light blue bars with 
stripes) in mangabeys and humans is presented.  Also included are HIV+ 
patients that were on HAART therapy (green bars).  The ability of the γδ T 
cells to express the Th1 cytokines IFN-γ and TNF-α in response to (A) 
PMA/ionomycin (PI) or (B) isopentenyl pyrophosphate (IPP) is presented 
such that comparisons can be easily made between species and infection 
status.  γδ T cells from CD4-healthy and CD4-low SIV+ mangabeys had 
maintained IFN-γ and increased TNF-α responses to ex vivo PI and IPP 
stimulation in comparison to their uninfected counterparts.  In contrast, 
HIV+ patients showed decreased percentages of γδ T cells expressing 
these Th1 cytokines when compared to healthy donors.  γδ T cells from 
HIV+ patients on HAART had a partially restored ability to express these 
Th1 cytokines following stimulation, though not to the extent that were 
produced by γδ T cells from uninfected patients. 
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(Figure 4-8).  These results indicate that γδ T cells maintain their 

functionality in SIV+ mangabeys, however, γδ T cells from HIV+ patients 

have an impaired functional response that is only partially restored with 

HAART treatment. 

 

Discussion 

 The finding that dramatic and sustained CD4+ T cell depletion in 

SIV+ mangabeys was not sufficient to induce clinical signs of simian AIDS 

indicated that along with low levels of immune activation, other immune 

cells, such as γδ T cells, may be important in preventing AIDS disease 

progression in this species (123).  γδ T cells have important roles in 

bridging the innate and adaptive immune responses (109, 124) primarily 

by responding to bacterial antigens such as isopentenyl pyrophosphate or 

the recognition of stress-induced non-classical MHC molecules expressed 

on virally-infected cells (65, 70).  The role of γδ T cells during HIV/SIV 

infection is not clear, although there is evidence that they may participate 

in defense against acute SIV infection of vaccinated macaques following 

oral (171) or rectal (103) challenge and are activated (express cytokines) 

following in vitro stimulation with HIV-infected cells (70, 140).  However, 

the functional responses of γδ T cells are impaired following chronic 
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pathogenic HIV/SIV infections as evident by a decreased ability to 

proliferate in response to the opportunistic pathogen Mycobacteria (141, 

196) and a decreased capacity to express IFN-γ following in vitro  

stimulation with phytohemagglutin (41).  The data presented in this study 

demonstrated a switch in the predominate Vδ2+ peripheral γδ T cell 

population to a Vδ2neg subset following HIV infection (Figure 4-2) in 

agreement with other reports (7, 38).  In addition, the γδ T cells from CD4-

low and CD4-healthy HIV+ patients showed an impaired ability to express 

IFN-γ and TNF-α following bacterial antigen stimulation (Figures 4-4, 4-5, 

and 4-6).  These studies support previous reports whereby alterations in 

both the phenotypic and functional responses of γδ T cells occur following 

chronic HIV infection.   

Prior to HIV infection, CD4+ T cells express predominately Th1 

cytokines in response to ex vivo stimulation with phorbol esters, but this 

response is switched to predominantly Th2 cytokines during chronic HIV 

infection (31, 32, 92, 119).  The mechanism for the observed Th1 to Th2 

cytokine skewing remains unknown.  In agreement with the majority of 

published reports in the αβ T cell literature (31, 32, 92, 119), decreased 

Th1 cytokine expression by γδ T cells in HIV+ patients was observed 

(following ex vivo IPP and PI stimulation) (Figures 4-4, 4-5, and 4-6).  The 

fact that Th1 responses are impaired in both αβ and γδ T cell subsets 
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suggests that this phenomenon may be due in part to immune dysfunction 

as opposed to direct viral cytopathicity.  Through an analysis of the Vδ2+ 

and Vδ2neg γδ T cell subsets these findings indicate that the dysfunction is 

primarily localized to the Vδ2+ subset.  Therefore, not only is the 

percentage of this subset declining in the blood throughout infection but 

the ability of Vδ2+ γδ T cells to produce Th1 cytokines is also 

compromised.  Although γδ T cells can express Th2 pro-humoral/anti-

inflammatory cytokines, such as IL-4, in response to antigenic stimulation 

(49, 124) there was no evidence for a Th1 to Th2 shift in any subset of γδ 

T cells as IL-4 expression remained generally low in HIV+ patients and 

SIV+ mangabeys (data not shown).  Therefore, these data support a 

model in which Th1 cytokine response by γδ T cells from SIV+ mangabeys 

function in the maintenance of immunologic health by preventing 

opportunistic infections and SIV disease progression in this species 

(Figure 4-9).   

Dysfunctional responses by γδ T cells were historically attributed to 

the loss of CD4+ T cells during pathogenic HIV/SIV infections (27, 41, 

167, 196).  The studies presented here addressed the dependence of γδ T 

cells on CD4+ T cell help for proper function by comparing the γδ T cell 

responses of CD4-healthy and CD4-low cohorts (Figures 4-4, 4-5, and 4-

6).  Our findings during pathogenic HIV infection in humans identified  
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Figure 4-9 – Proposed role for mucosal γδ T cells during non-
pathogenic SIV infections of mangabeys and pathogenic HIV 
infections of humans.  A representative mucosal environment is shown 
for (A-C) mangabeys and (D-E) humans identifying the γδ and CD4+ T 
cells in the sub-mucosal layer.  γδ T cells are demonstrated expressing 
Th1 cytokines (▲) in response to the presence of opportunistic bacterial 
pathogens which have translocated from the lumen into the sub-mucosa.  
(A-C) γδ T cells have a maintained or increased ability to express Th1 
cytokines in mangabeys even as CD4+ T cells are being depleted.  (D-E) 
However, γδ T cells show impaired Th1 responses at human mucosal 
surfaces in response to the bacterial pathogens as CD4+ T cells are being 
lost.   
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 impaired Th1 cytokine responses of γδ T cells, however depletion of 

CD4+ T cells in the CD4-low patients did not further abrogate the ability of 

the γδ T cells to make Th1 cytokines (Figures 4-4, 4-5, and 4-6).  In our 

non-pathogenic sooty mangabey model, despite CD4+ T cell depletion, γδ 

T cells maintained the ability to proliferate (123) and express Th1 

cytokines when stimulated with bacterial antigens in an environment 

where immune activation remained low (Figures 4-4, 4-5, and 4-6).  These 

data suggest that the impairment of Th1 cytokine expression by γδ T cells 

in the HIV+ humans may not be due solely to the loss of CD4+ T cells, but 

rather other indirect HIV-induced immunologic changes (Figures 4-8 and 

4-9).  Persistent immune activation observed in pathogenic HIV infection 

may be a key factor in the alteration of the γδ T cell function (169).  

Therefore, low levels of immune activation in chronically SIV+ mangabeys, 

as opposed to CD4+ T cell levels, may contribute to the preservation of 

Th1 cytokine expression by γδ T cells   

The presence of γδ T cells at mucosal sites suggests that these 

cells may contribute to the protection against pathogenic mucosal 

microorganisms.  During the CD4+ T cell depletion in the mucosa of SIV 

and HIV infections (18, 105, 116), the ability of γδ T cells to respond to 

microbes at mucosal surfaces may be important to prevent disease 

progression following infection.  We propose that mangabey γδ T cells 

 



 109

may prevent opportunistic bacterial pathogens from establishing infections 

which otherwise might contribute to persistent immune activation (Figure 

4-9).  Therefore, augmenting Th1 responsiveness by human γδ T cells 

may reduce the rate of AIDS disease progression by enhancing innate 

cellular immune defenses against opportunistic infections (Figure 4-9).  

Clinical augmentation of γδ T cell functions has been demonstrated 

previously whereby the anti-tumor properties of γδ T cells can be 

effectively increased in melanoma patients through the administration of 

bisphosphates (40, 188), which are a class of compounds related to IPP.  

However, the timing, administrative route and dosages of any drugs 

designed to increase γδ T cell function would require careful assessment 

during pathogenic SIV-macaque infections prior to administration in HIV+ 

patients.  In this regard, the findings depicted here assessing the non-

pathogenic SIV-mangabey infections can be utilized as a benchmark 

indicating the optimum γδ T cell responses that we may hope to elicit with 

any γδ T cell enhancing treatment administered to HIV+ patients.   
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CHAPTER 5 – Final Discussion and Future Directions 

 

Final Discussion 

 This thesis assesses the levels and functions of γδ T cells 

throughout pathogenic HIV/SIV and non-pathogenic SIV disease course.  

The studies described for Chapter 3 (Specific Aim #1) focused on the 

levels of γδ T cells during acute SIV infection of macaques, at both 

mucosal and lymphoid sites.  A major finding in this study was evidence 

for a redistribution of mucosal γδ T cells towards secondary lymphoid 

organs during the earliest times post-oral SIV infection.  Chapter 4 

(Specific Aims #2 and #3) involved a comparative analysis of γδ T cell 

levels and functions during pathogenic HIV and non-pathogenic SIV 

disease progression.  These studies were the first to demonstrate the 

maintenance of γδ T cell Th1 pro-inflammatory cytokine responses during 

non-pathogenic SIV infection of mangabeys.  Also, these studies 

demonstrated that the lack of CD4+ T cells was not the sole contributor to 

impaired γδ T cell functionality in HIV+ humans as patients with low levels 

of CD4+ T cells had γδ T cells with impaired responses similar to patients 

with healthy CD4+ T cell levels.  Taken together, these studies indicate 

that migratory and Th1 pro-inflammatory cytokine responses by γδ T cells 

may have important roles throughout the course of an HIV infection.   
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 The experiments presented in Chapter 3 were designed to assess 

the levels of γδ T cells in orally SIV-infected macaques at the viral sites of 

entry (the oral and esophageal mucosa) as well as regional lymphoid sites 

(the cervical and retropharyngeal LNs).  The hypothesis prior to initiating 

this study was that the levels of γδ T cells would increase at the oral and 

esophageal mucosa soon after an oral inoculation in response to the SIV 

infection.  A rationale for this hypothesis was based on a study where 

increased numbers of γδ T cells were observed at the tonsils of macaques 

vaccinated with an attenuated virus thus prevented the establishment of 

an oral-tonsillar challenge, pathogenic SIV infection (171).  However, the 

studies presented in Chapter 3 identified a loss of γδ T cells at the oral and 

esophageal mucosa as early as two days post-oral SIV inoculation in 

macaques (Figure 3-1).  The loss of γδ T cells also appears to occur prior 

to the loss of CD4+ cells at these mucosal sites (Figure 3-1).  These 

studies therefore had contrasting findings likely due to the primary 

pathogenic SIV infection used to orally infected macaques.  The oral 

vaccination of macaques with an attenuated virus (171) may prime the 

tonsillar γδ T cells, which may allow for an expansion of these cells upon a 

subsequent oral-tonsillar SIV challenge.  Therefore, my results suggest 

that in unvaccinated macaques, the loss of oral and esophageal mucosal 
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γδ T cells (either by direct infection, AICD, or migration from the mucosa) 

may occur as a result of a primary, acute, pathogenic SIV infection.   

Chen and colleagues first reported a depletion of γδ T cells at the 

intestinal mucosa following 7 days after an intrarectal SIVmacPBj 

inoculation which may have contributed to the establishment of the viral 

infection (26).  My study differed from the Chen report (26) because it 

involved an oral inoculation and utilized a viral quasi-species SIVmac251 

instead of the SIVmacPBj cloned virus.  In addition, my study allowed for 

an assessment of γδ T cells at additional tissues sites including the 

cervical and retropharyngeal LNs because the macaques enrolled were 

necropsied at various days soon after infection (1, 2, and 4 days) (Table 3-

1).  An increase in the levels of γδ T cells was observed at the regional 

cervical and retropharyngeal LNs during an acute infection which 

suggested a redistribution of these cells from the mucosa to the secondary 

LNs (Hypothesis #3 – Figure 3-4D).  A mechanism to explain the 

redistribution of γδ T cells was provided when increased expression of the 

LN homing chemokine CCL21/6Ckine and its receptor CCR7 was 

observed (Hypothesis #3 – Figure 3-4D).  I speculate that at these 

lymphoid sites, γδ T cells may participate in the development of an anti-

viral immune response in an attempt to prevent the rapid spread of the 

virus.  This could be achieved through antigen processing as the mucosal 
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γδ T cells could potentially take up SIV antigens and then migrate to the 

regional LNs to present these antigens to naïve CD4+ or CD8+ T cells, in 

a similar fashion as has been shown for Mycobacterial antigens in vitro 

(15, 124).   

Along with levels, the functionality of γδ T cells is also impacted by 

pathogenic HIV/SIV infections.  This includes their ability to proliferate in 

response to bacterial derived antigens associated with AIDS disease 

progression including Mycobacteria (141, 196).  The results in Chapter 4 

revealed γδ T cells from HIV+ patients (both CD4-healthy and CD4-low) 

had an impaired ability to express both the Th1 cytokines IFN-γ and TNF-α 

following ex vivo stimulation with the global activator PI and the bacterial 

antigen IPP (Figure 4-8).  This suggested that γδ T cells from HIV-infected 

patients have an impaired functional response and therefore may be 

unable to respond to opportunistic infections appropriately.  A similar 

analysis with regards to non-pathogenic infections demonstrated that γδ T 

cells from SIV+ mangabeys (CD4-healthy and CD4-low) had a maintained 

(or in some cases increased) capacity to express Th1 cytokines when 

compared to their uninfected counterparts (Figure 4-8).  These results 

suggest that in the absence of aberrant immune activation (123), the 

ability of mangabey γδ T cells to express Th1 cytokines in response to 

antigenic stimulation can occur regardless of CD4+ T cell levels and may 
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participate in the prevention of opportunistic infections.  Reports have 

suggested that the expression of pro-inflammatory cytokines during an 

HIV/SIV infection may contribute to a cytokine storm and immune 

activation (2, 147, 178).  However, the fact that γδ T cells from HIV+ 

patients have impaired pro-inflammatory cytokine responses following ex 

vivo stimulation indicates that γδ T cell-derived Th1 cytokines may not 

contribute heavily to the overall immune activation.  Therefore, the 

maintenance of Th1 cytokines by γδ T cells from SIV+ mangabeys may 

contribute to the health of these animals as well as help prevent AIDS 

disease progression irrespective of CD4+ T cell levels. 

Recently, a mechanism was proposed attributing HIV-induced 

immune activation to the translocation of bacterial components such as 

LPS across mucosal barriers into the systemic circulation (16, 17).  These 

bacterial components may be present in the peripheral circulation because 

of decreased mucosal integrity and the loss of both mucosal CD4+ T cells 

(16, 17) and epithelial cells (105).  In contrast, SIV+ mangabeys had low 

levels of detectable LPS in the peripheral circulation (17) which may be 

the result of maintained mucosal integrity.  Interestingly, SIV+ mangabeys 

also experienced low levels of immune activation even following gut 

mucosal CD4+ T cell depletion (123).  This finding suggested that SIV+ 

mangabeys may also have low levels of detectable LPS in the peripheral 
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circulation.  Therefore, other immune components aside from CD4+ T 

cells may be contributing to the mucosal integrity and general immune 

health of the SIV-infected mangabeys, including γδ T cells which were 

present at the rectal mucosa in CD4-healthy and CD4-low SIV+ 

mangabeys (Figure 4-3).  In conjunction with the functional data, I 

speculate that mucosal γδ T cells from SIV+ mangabeys have a controlled 

Th1 cytokine response to microbial pathogens (Figure 4-9).  The ability of 

mucosal γδ T cells to maintain their cytokine responses following an SIV 

infection may be important in controlling opportunistic pathogens (35, 67, 

79, 162, 194), to induce apoptosis of infected cells (70), or control 

activation in other immune cells (78).  The maintained functionality by γδ T 

cells in the absence of CD4+ T cells may help prevent immune activation 

in mangabeys by controlling opportunistic pathogens at the mucosal 

surface.   

This thesis has assessed the responses of γδ T cells (lymphoid 

homing and pro-inflammatory cytokine expression) at mucosal and 

peripheral tissues during pathogenic and non-pathogenic infections.  This 

work demonstrates that γδ T cells play important roles from the earliest 

stages of infection to the latest stages of disease progression and AIDS.  

Proper γδ T cell functionality with regards to migration and Th1 cytokine 

expression may be useful clinically for HIV-infected patients.  A precedent 
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for the clinical augmentation of γδ T cell functions already exists with 

regards to the treatment of melanoma (40, 188).  The Dieli et al and 

Wilhelm et al studies were the first clinical study to demonstrate the use of 

a stimulating compound to modulate γδ T cell anti-tumor effects 

establishing the foundation for the use of these cells clinically with regards 

to other diseases.  In addition, novel vaccine strategies should consider 

the impact of their inoculum on the functions of γδ T cells at mucosal sites. 

In conclusion, this thesis provides further insights into the important 

immunologic roles of γδ T cells and gives a rationale to continue assessing 

the impact of these cells in HIV+ patients. 

 

Future Directions 

 The results presented in this thesis provide novel insights into the 

role of γδ T cells including the maintenance of γδ T cell functions which 

may protect from opportunistic infections and progression towards AIDS.  

This thesis provides a rationale to address the functions of γδ T cells 

further in vivo following SIV infection in macaques and mangabeys.  For 

example, what impact would the depletion of γδ T cells in monkeys have 

on SIV disease progression?  In addition, would the augmentation of γδ T 

cell functions in monkeys influence SIV disease progression?  With 

regards to the first question, there are no antibodies available at this time 
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which can deplete γδ T cells in monkeys.  Our laboratory has been in 

contact with Dr. Keith Reimann at the Harvard School of Medicine to begin 

the development and testing of a γδ T cell depleting antibody to address 

this issue.  This depleting antibody would have to be administered multiple 

times throughout the course of disease to determine if the lack of γδ T 

cells impacts the progression to simian AIDS.  Unfortunately, we are not 

sure if the proposed depleting antibody will be able to remove γδ T cells 

from all sites or if the host will generate a response against the foreign 

antibody following multiple infusions.  Therefore, the γδ T cell depletion 

from SIV+ monkeys is one possible avenue of future research although 

the success for these experiments in fully depleting γδ T cells and 

answering these questions is not clear.  

 The augmentation of γδ T cell functions in vivo during an SIV 

infection may also provide insights into the roles of these cells on disease 

progression and may lead to novel clinical therapeutics for HIV+ patients.  

For example, increased numbers and Th1 cytokine responses by γδ T 

cells was achieved in vivo following the administration of bromohydrin 

pyrophosphate (BrHPP) in uninfected cynomolgus macaques (165).  In 

addition, this report identified the dosage and timing for the use of BrHPP 

in non-human primates (165) and provided a rationale to assess the 

impact of BrHPP administration in SIV+ monkeys.  The goal of these 
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proposed studies are to determine if specific activation of a single cell 

subset, γδ T cells, has on the viral and immune components associated 

with HIV/SIV disease progression.  The hypothesis for these studies is 

that BrHPP activation will result in increased γδ T cell functional responses 

in SIV+ monkeys.  It is possible that activating one immune cell subset 

such as γδ T cells and subsequent expression of pro-inflammatory 

cytokines may result in a cascade event whereby other immune cells 

become activated thus leading to systemic immune activation.  In order to 

address these issues, the activation of γδ T cells would be assessed 

during pathogenic SIV infections of macaques as well as non-pathogenic 

SIV infections of mangabeys (both CD4-healthy and CD4-low).   

The initial studies would begin with an assessment of the impact of 

BrHPP administration on γδ T cells during pathogenic SIV disease 

progression in rhesus macaques.  Though the Sicard et al BrHPP study 

was undertaken in cynomolgus macaques, there is a precedent to use the 

same dosage and administration routes for the rhesus macaques because 

in vitro evidence has shown that rhesus macaque γδ T cells can also 

proliferate in response to BrHPP as well (165).  The experimental design 

for these proposed studies would utilize two groups of rhesus macaques 

(n=6) including (1) an uninfected group and (2) a second group which 

would be inoculated with SIV 5 weeks (day 0) prior to the first BrHPP  
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Figure 5-1 – Timeline for BrHPP administration in rhesus macaques 
and sooty mangabeys. Timeline of BrHPP administration in (A) 
macaques and (B) mangabeys. Blue numbers denote days pre- or post-
SIV challenge.  Red lettering represents SIV challenge or BrHPP 
administration; gray lettering represents biopsy procedures, including 
rectal and lymph node (LN) biopsies, and blood draw; black lettering 
represents blood draw only or necropsy. 
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administration (Figure 5-1A).  To achieve an effect in vivo, the BrHPP 

would be administered subcutaneously (day 35) following five consecutive 

days of IL-2 (0.3 million Units).  The BrHPP would be provided via a 30 

minute infusion in 50 ml of saline similar to previous descriptions (165).  A 

second dose of BrHPP and IL-2 would be administered 4 weeks after the 

first dose (day 63) and the macaques necropsied 1 week later (day 70) 

such that the impact of the BrHPP administration on numerous tissue 

compartments could be determined.  Blood draws and rectal mucosal 

biopsies would be performed throughout the time-course (Figure 5-1A) 

and flow cytometry would be utilized to assess γδ T cells including 

phenotypes, activation status, and ability to express cytokines in response 

to ex vivo stimulation.  In addition to macaques, similar infusion protocols 

will be given to the SIV+ mangabeys (CD4-healthy and CD4-low) to 

assess the impact of BrHPP and IL-2 administrations on γδ T cell 

functionality over a 14 week period (Figure 5-1B).  The initial BrHPP 

infusion will begin on day 0 and the subsequent three administrations will 

occur every four weeks (Figure 5-1B).  Blood draws and rectal mucosal 

biopsies will be performed such that the effect of BrHPP administration 

could be assessed on γδ T cells throughout the time-course.  Mangabeys 

would continue to be monitored throughout the year for the long-term 

impact of the BrHPP administrations.  One possible outcome for these 
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experiments is that exogenous BrHPP stimulation might induce persistent 

γδ T cell Th1 responses leading to a cascade of activation in numerous 

immunologic cells which may contribute to AIDS disease progression.  

Alternatively, γδ T cell functions could be augmented in vivo providing 

enhanced protection from opportunistic pathogens and would not express 

pro-inflammatory cytokines following the suppression of these pathogens.  

Regardless of the outcome, utilizing SIV+ mangabeys for these 

experiments provides an invaluable opportunity to assess the impact of γδ 

T cell augmentation in an environment of low immune activation. 

In summary, these proposed studies might provide further insights 

into the impact of selective activation of a single immune cell population 

(γδ T cells) on pathogenic and non-pathogenic SIV infections.  Utilizing 

these monkey models for HIV-infection provides invaluable resources to 

provide insights into the timing, dosage, and administration routes most 

useful to augment γδ T cell functions in vivo.  Aminobisphosphates and 

other related γδ T cell stimulating molecules may be useful to help to 

augment the defense against opportunistic pathogens and when used in 

conjunction with current anti-viral medications to control viral replication, 

they may prove beneficial to HIV+ patients.  Clinical augmentation of γδ T 

cells has been performed previously with patients suffering from multiple 

myeloma and the administration of aminobisphosphates proved 
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efficacious at controlling some of the patients symptoms (40, 188).  These 

proposed studies may prove useful in the development of novel 

therapeutics aimed at modulating the levels and functions of γδ T cells in 

HIV+ patients with the goal of preventing AIDS disease progression.   
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