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Human Immunodeficiency Virus (HIV) infection is known for depleting 

‘helper’ CD4+ T cells.  Highly active antiretroviral therapy (HAART) reduces 

viremia and increases CD4+ levels, however, 5-20% of patients fail to 

reconstitute CD4+ T cell levels despite viral suppression.  Interluekin-7 (IL-7), a 

homeostatic cytokine, increases proliferation and survival of memory T cells.  It is 

also a candidate immune therapeutic to assist CD4+ T cell recovery following 

HIV infection.  Simian immunodeficiency virus (SIV) infection of Rhesus 

macaques, mimics the disease course of HIV patients and has been used to study 

HIV pathogenesis and treatment.   The goal of this dissertation was to identify a 

strategy for administering IL-7 to SIV+ anti-retroviral therapy (ART) treated 

macaques to increase CD4+ T cell levels long-term.   Glycosylated recombinant 
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macaque IL-7 was given subcutaneously at 7 day to 6-week intervals.  

Proliferation, and levels, of naïve and memory CD4+ T cells, as well as other 

immune cell subsets were assessed.  Irrespective of the dosing interval tested IL-7 

transiently increased proliferation of memory and naïve cells, in CD4+ and CD8+ 

subsets without increasing plasma SIV titers.  CD4+ T cells proliferated following 

each IL-7 administration at 6-week intervals, but absolute levels increased only 

transiently. In contrast, a frequent IL-7 dosing regimen (weekly x 3, with 2 weeks 

rest repeated twice) induced a single proliferative burst in CD4+ T cells but T cell 

levels were increased  >112 days post IL-7 treatment.  This strategy also increased 

the half-life of bromodeoxy-uridine (BrDU) labeled memory T cells in the blood 

when compared to ART alone, consistent with enhanced cell survival.  Further, 

we show that untreated SIV+ macaques have attenuated proliferation compared to 

uninfected macaques (and ART treated macaques) with minimally increased T 

cell levels following IL-7.  Additionally, chronic SIV infection is associated with 

impaired STAT5 activation, which may possibly decrease cell survival.   These 

data suggest that administering IL-7 at frequent intervals in conjunction with ART 

is the optimal strategy to obtain sustained increases of memory CD4+ T cell 

levels.  These findings in the SIV-macaque model provide evidence that IL-7 is a 

potentially broad acting immune therapeutic that could be administered to HIV+ 

patients that do not fully restore CD4+ T cell levels after HAART treatment. 
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CHAPTER ONE 

 
INTRODUCTION 

 

Basic Principles and General Context: 

Acquired Immunodeficiency Syndrome (AIDS) is caused by the human 

immunodeficiency virus (HIV) and is one of the leading causes of morbidity and 

mortality, recent reports estimate between 30-60 million infections worldwide 

(14, 129, 232, 234) and as much as one quarter of the population in sub-Saharan 

Africa is infected (234).  HIV-1 can be subdivided into three broad classes the M, 

N and O strains (129).  The M (main) group is responsible for the HIV pandemic.  

Multiple clades exist within the M group including subtype B, the dominant clade 

in Europe, North America and Australia and subtypes A and C that are more 

common in Africa (129).   

 

The extensive variation in HIV strains leads to several challenges for vaccine 

development.  In response to a recent vaccine failure (Merck’s STEP trial) the 

field recently worked together to collaboratively define the challenges to vaccine 

development which include: 1) the extensive genetic diversity in HIV subtypes, 2) 

early establishment of latent reservoirs, 3) incomplete knowledge of what 

constitutes immunological protection from HIV infection, 4) efficient immune 

evasion strategies by the virus, 5) no current method to reliably elicit neutralizing 
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antibodies effective against a broad range of clades and 6) incomplete 

understanding of events leading to transmission across a mucosal barrier 

[reviewed by (14, 102).  The most promising leads toward developing a vaccine 

thus far come from the recently completed Thai trails (231), which used a prime-

boost strategy consisting of four ‘priming’ injections using a recombinant 

canarypox vector and boosted with purified HIV envelope protein, exhibited some 

protective effects.  However, a truly effective protective HIV vaccine is unlikely 

in the near future and therefore to mitigate the human impact of HIV infection 

novel viral and immune therapeutic approaches are required.   

 

HIV transmission generally occurs across mucosal barriers with relatively low 

frequency estimated to range from 1/10 to 1/600 coital acts in men who have sex 

with men up to 1/200 to 1/10,000 coital acts when transmission occurs from 

female to male (102).  The lifecycle of the virus after infecting a target cell has 

been reviewed previously (8).  Briefly, the HIV genome consists of two identical 

9kb single stranded RNA molecules that encode a total of 9 proteins (257).  HIV 

preferentially infects CD4+ T cells and macrophages by binding to the CD4 

receptor via the envelope (Env) protein as well as a coreceptor, most commonly 

CCR5 or CXCR4 (82, 98, 99, 257).  Env binding initiates a conformational 

change in the protein exposing key peptides (gp41) required to complete fusion 

between the virus and host cell membranes (98, 99).  The viral core uncoats 
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releasing the RNA genome that is reverse transcribed to proviral DNA by the 

virally encoded reverse transcriptaseRT enzyme (82, 99, 257).  The double 

stranded proviral DNA is actively transported into the nucleus as part of the 

preintegration complex where it is inserted into the chromosome by the integrase 

enzyme (99, 257).  For integration to occur however, the target cell must be 

activated (82).  Once inside the cell, HIV arrests the cell cycle to prolong the 

length of time that synthesis of new virions can occur using the viral proteins (e.g 

vpr) (302).  HIV proteins are synthesized in one polyprotein that is cleaved by a 

virally encoded protease to form the components for new virions (257).  There are 

currently three accepted models for budding with new virions being derived from 

lipid rafts, exported from the golgi in exosomes and/or spreading directly by cell 

to cell transfer through an infection synapse (98).   

 

 

SIV/HIV Pathogenesis: 

One of the defining features of SIV/HIV infection is the damage rendered to the 

host immune system.  To fully appreciate the nuances of the damage inflicted by 

the virus it is first necessary to discuss the components of the immune system in 

its “normal” state.  The immune system is an extremely heterogeneous population 

of cells related loosely by their role in fighting invading pathogens.  B-cells and 

T-cells form the adaptive arm of the immune system.  Interleukin-7 (IL-7) is one 

of the key regulators of development for both cell types (6, 83, 107, 116, 145, 
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163, 174, 198, 203).  The role of IL-7 in B-cell development was originally 

identified in IL-7 deficient mice that showed a reduced number of mature B cells 

(218, 286).  Surprisingly, clinical studies have demonstrated that patients with IL-

7 receptor (IL-7R/CD127) deficiency have normal levels of B cells (95).  In-vitro 

studies coculturing lymphoid progenitors from human cord blood or adult bone 

marrow with bone marrow stromal cell lines have suggested a model in which 

human fetal/neonatal B-cell development is IL-7 independent while adult B-cell 

development is IL-7 dependent (119, 215, 273).  Conventional alpha/beta T cells 

develop in the thymus and then emigrate to the periphery carrying either the 

CD4+ or the CD8+ co receptor (96).  IL-7 deficient mice and patients lacking a 

functional IL-7R display severe T cell lymphopenia demonstrating the importance 

of this cytokine in T cell development (163, 226, 227, 236).  In the periphery, 

CD4+ and CD8+ T cells can be subdivided into multiple subsets on the basis of 

their phenotype and function.  Antigen inexperienced T cells, cells that have not 

met their cognate antigen, are classified as naïve T cells (N). These cells express 

low levels of activation markers and circulate through secondary lymphoid tissue 

[reviewed by (246)].  Naïve cells exhibit the capacity to expand clonally upon 

exposure to specific antigens while differentiating into effector and memory T 

cells (246).  This population expresses high levels of IL-7R and is maintained 

through a combination of new emigrants from the thymus (198, 266) and 

homeostasis, mediated in large part through synergistic signals downstream of the 
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T cell receptor and IL-7R (115, 245, 275).  After exposure to a specific pathogen, 

naïve cells differentiate into memory cells, which can be further subdivided into 

central (CM) and effector memory (EM) subsets on the basis of function.  One 

different between CM and EM subsets is their localization within the body, CM 

cells are found in secondary lymphoid tissue while EM cells are at mucosal sites, 

and their functional response to pathogens, CM cells are the major repository of 

immune memory and clonally expand differentiating into effector cells upon 

second exposure to antigen while EM cells have limited proliferative potential but 

readily produce large amounts of cytokine upon exposure to antigen 

[differentiation is reviewed eloquently by (246, 296)].  The IL-7R is absent from 

the majority of EM cells, however recent studies have proposed that CM CD4+ 

and CD8+ T cells retaining IL-7R expression during an antigen specific immune 

response go on to become long lived CM cells (161, 246).  CM cells express high 

levels of IL-7R and are maintained in the periphery via CD127 signaling, without 

requiring additional TCR signals (34, 115, 161, 246).   The studies that have 

yielded the data with the highest resolution thus far into the immune dysfunction 

in B and T cells caused by HIV infection have been conducted in the SIV/rhesus 

macaque model.  

 

The SIV/macaque model is closely analogous to HIV infection in humans 

including high levels of viral replication, elevated levels of immune activation 
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(44, 75, 123, 258), rapid depletion of CCR5+ CD4+ cells at mucosal sites over 

weeks (36, 151, 169, 219) and gradual depletion of peripheral blood CD4+ T cells 

over the course of years (169, 219).  In addition to similar clinical disease courses 

there is strong genetic evidence that HIV-1 and HIV-2 are the result of zoonotic 

transmission of SIV from naturally infected primates to humans (201, 274).  

Although powerful the macaque model is limited in key areas: 1) macaque studies 

often require years to conduct and are extremely expensive, 2) macaques are a 

genetically out bred population leading to increased variation between animals 

and 3) SIV while a close homolog is not HIV itself.   The strengths of the 

macaque model lie in the ability to precisely control the course of the infection; 

rigorous sampling of infected tissues and a genetically out bred population that is 

more reflective of human populations than genetically inbred murine models.  

 

Experiments in the macaque model have allowed us to describe with a higher 

degree of resolution the depletion of CD4+ T cells observed in HIV patients and 

SIV infected macaques and allowed us to hypothesis the mechanisms contributing 

to the decline. CD4+ EM memory cell populations that express CCR5 are the 

primary targets of HIV and SIV, with the CM population serving as the major 

source of EM generation (100).  During the acute phase of SIV infection there is 

an immediate and precipitous depletion of EM cells at mucosal sites (151, 169, 

202, 219, 283).  However, in most cases, the macaque survives the initial 
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onslaught although rapid progression to AIDS and death has been documented 

(97, 104-106, 108, 142, 209, 219).  Rapid progression has also been associated 

with higher levels of viral replication at peak viremia (146, 182) and failure to 

mount an effective antibody response during acute infection (146, 182).  In the 

last five years work in the macaque model indicates that while overt 

immunosuppression is associated with destruction of the CD4+ EM compartment, 

the failure of this compartment can be traced to homeostatic failure of the CM 

population and inadequate EM production (208, 225, 285). Comparisons of 

proliferating T cells in the lymph nodes of rapid and slow progressing macaques 

has bolstered this hypothesis, demonstrating that rapid progressing macaques have 

a significantly fewer proliferating cells/mm3 in the T cell area of the lymph node 

than macaques with slow or normal progression that are able to maintain elevated 

Ki67 over several months (182).  The number of apoptotic cells/mm3 in the rapid 

and slow progressing cohorts in this study were similar indicating that the 

proliferating T cells in slow progressors were likely surviving and contributing to 

the overall higher T cell levels (182).  The stress on the CD4+ CM compartment 

is compounded by impaired thymic function (reduced thymopoiesis) and tissue 

niche disruption (fibrosis in the lymph nodes) resulting in decreased naïve CD4+ 

T cell output slowing the rate at which new CM cells can be generated (66-68, 

244, 285).   Immune activation as well as CD4+ EM depletion has been 

implicated in the progression to sAIDS (123, 208, 219, 225, 258).  In this context, 
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immune activation is characterized by increased turnover of CD3+ T cells (44, 62, 

75, 213, 238, 258), increased expression of cellular activation markers including: 

HLA-DR (146, 225), CD38+ (123, 146), CD95+ (285) and CD69 (225), a high 

percentage of Ki67+ cells expressing CTLA-4 indicating activation and arrest in 

G1 phase of cell cycle rather than proliferation (146) increased T cell apoptosis in 

the lymph nodes (75, 182, 258, 285) and production of aberrantly high levels of 

inflammatory cytokines [Reviewed by (3);(123, 136)].  The level of immune 

activation measured during HIV/SIV infection has become one of the best 

predictors of the rate of disease progression with higher levels of immune 

activation associating with rapid onset of AIDS (146).  One of the hypotheses to 

explain what is driving immune activation, is that microbial translocation, either 

whole organisms or microbial by-products, across damaged epithelium in the 

intestine continually triggers the host immune system (35).  Chronic immune 

activation increases the number of activated memory CD4+ cells with two 

potential consequences: 1) The depletion of the CM compartment through 

increased cell death and differentiation; and 2) The increase in the number of 

activated HIV target cells where efficient viral replication can occur.  HIV/SIV 

ultimately kills cells through a combination of lysis stemming from infection and 

indirect killing from immune activation (8).   
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Multiple classes of anti-retroviral drugs are now available such that highly active 

antiretroviral therapy (HAART) regimens can effectively suppress HIV 

replication in a majority of infected patients.  HAART drugs effectively target 

various stages of the viral lifecycle.  There are four key stages of the virus 

lifecycle targeted by HAART drugs: 1) entry, 2) reverse transcription, 3) proviral 

integration and 4) protease activity.  Current HAART it sufficient to reduce the 

rate of viral replication and the level of immune activation, thus slowing both the 

loss of HIV susceptible CD4+ T cells and facilitating some regeneration (73). The 

patients with the best long-term outcome following initiation of HAART exhibit a 

reduction of viral load and increased CD4+ T cell numbers (5).  However, 5-20% 

of patients exhibit a discordant response to initiation of highly active anti-

retroviral therapy (HAART) resulting in an effective suppression of viral 

replication but only minimal CD4+ T-cell recovery (4, 113, 167).  These 

discordant patients are candidates for novel immuno therapies.  

 

 

Introduction to common "c-cytokines: 

Current strategies for both replenishing diminished CD4+ memory T cell 

populations and for augmenting vaccine-induced anti-HIV immune responses 

have focused on cytokines that regulate proliferation, survival, activation and 

differentiation of T cells.  Three cytokines of the common gamma-chain cytokine 

family, interleukin-2 (IL-2), interleukin-7 (IL-7) and interleukin-15 (IL-15) have 
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emerged as central regulators of peripheral T cell populations by virtue of their 

ability to induce proliferation and promote survival of particular T cell subsets as 

reviewed extensively elsewhere (20, 161, 246).  These three cytokines share a 

common gamma-chain receptor CD132 and downstream signaling pathways 

leading to similar, but not identical, signaling via activation of the JAK/STAT and 

PI3K pathways.  The canonical receptor consists of a high affinity ligand binding 

alpha chain and one or more signaling components including the common gamma 

chain.  The IL-2R is a heterotrimer composed of the IL-2 binding alpha chain 

(CD25), the IL-2/IL-15R beta chain (CD122) and the common gamma chain 

(CD132) (11, 33, 161, 246). Much like the IL-2R, the IL-15 receptor (IL-15R) is a 

heterotrimer composed of a high affinity alpha chain (IL-15Ra), CD122 and 

CD132 (33, 161, 246).  The IL-7 receptor (IL-7R) is a dimeric complex composed 

of a high affinity chain CD127 and CD132 (33, 161, 246).  Activation of the 

JAK/STAT pathway downstream of the gamma chain receptor is associated with 

induction of anti-apoptotic proteins in the Bcl-2 family (12, 20, 116, 125, 294), 

while signaling in the PI3K pathway has a role in T cell proliferation (12, 20, 126, 

128, 152).   Although these cytokines share similar signaling pathways and have 

some overlapping functional effects there are distinct non-redundant effects due 

to: 1) Unique signaling events; 2) Different receptor expression patterns on T cell 

subsets; and 3) Differential expression of the cytokines in different tissues.  
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IL-2 was first of these cytokines to be discovered, and for many years was 

considered the major “T cell growth factor.”  While this T cell-derived cytokine 

can certainly support the expansion of Ag-stimulated CD4+ and CD8+ T cells, its 

primary non-redundant in vivo role in immune regulation is with regard to 

regulatory T cells (Tregs) and maintenance of peripheral tolerance (252, 279, 

297).  IL-2 is secreted by activated CD4+ T cells to induce proliferation of CD4+ 

T cells and to increase CD8+ T cell cytolytic potential (33, 161, 246).  IL-2Ra 

(CD25) expression is also inducible following exposure to gamma chain 

cytokines including, IL-2, IL-7 and IL-15 or antigen (112, 159, 297).  This creates 

a dual layer of regulation whereby the activity of IL-2 is controlled both by the 

availability of the cytokine and the receptor.  IL-2 has been considered as a 

possible therapeutic for HIV for nearly two decades.  It is the only one of the 

gamma chain cytokines currently approved for use in discordant HAART patients 

in Europe, the FDA has not approved it for use in HIV+ patients in the United 

States, but it has been approved for treating metastatic melanoma (195, 252).  

 

IL-7 is crucial to the development and maintenance of mature conventional T 

cells.  It has been shown to play a crucial role in promoting the expansion and 

maintenance of both thymic and peripheral T cell populations, including both the 

CD4+ and CD8+ lineages (145, 236, 286).  Although many investigators have 

provided evidence that IL-7 is important for CD4+ T cell homeostasis during 
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HIV/SIV infection (89-92, 191, 192, 196), its exact role has not been fully 

elucidated.  IL-7 is unique among the gamma chain cytokines in that it is 

constitutively produced in stromal cells of lymphoid tissues, rather than induced 

by exposure to a stimulus (197).  One current hypothesis for IL-7 regulation 

suggests that decreases in T cell levels result in increased bioavailability of IL-7 

per cell promoting survival and expansion in the remaining cells (34).  At fully 

replete T cell levels, IL-7 availability is thought to be limiting thus promoting 

competition among cells expressing the IL-7Ra chain (34).  This hypothesis is 

complicated by the findings of a recent study by Vranjkovic et al (287) indicating 

that CD127 is shed from the surface of CD8+ T cells following exposure to the 

cytokine.   

 

While a primary role for IL-15 in-vivo is to expand the CD4+ and CD8+ EM T 

cells, it also has non-redundant roles in the growth and survival of NK cells and 

NK-T cells (19, 38, 187, 240).  Evidence suggests that IL-15 provides both a 

proliferative and differentiation signal in T cells (157, 170, 189, 190, 220) such 

that responding CM cells not only proliferate, but also phenotypically and 

functionally differentiate into EM cells.  IL-15 can mediate its physiological 

function through a membrane bound isoform rather than exclusively through a 

secreted form like IL-2 and IL-7 (70, 229) and is expressed in a wide variety of 

cell types (229, 243, 256).  Therefore, an important consideration in using IL-15 
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as an immunotherapy is that the cytokine is often presented in trans to responsive 

cells enabling it to utilize juxtacrine signalling between IL-15 on one cell and IL-

15R on another (19, 38, 70, 158, 176, 187, 239).  It has been suggested that the 

IL-15 is able to signal through three receptor permutations; the canonical high 

affinity trimeric complex, an intermediate affinity dimeric receptor (170, 268) and 

signaling through the IL-15Ra chain (37, 40).  The complicated nature of IL-15Ra 

is further realized in its ability to shed from cells whereby the soluble form of IL-

15Ra potentially functions as a sink to sequester the active cytokine (38, 39, 187).  

The complexity of the IL-15/IL-15R interaction complicates the ability to develop 

IL-15 as an immune therapy to recover the HIV/SIV mediated damage to the host 

immune system.   

 

Use of "c-cytokines during Non-HIV associated lymphopenia:  

In primates, non-HIV associated anti-tumor models and total body irradiation 

during lymphoma treatments have provided a comprehensive model system for 

studying the role of gamma chain cytokines during the reconstitution of the 

human immune system following hematopoietic stem cell transplant (HSCT).  

The extensive lymphocyte depletion observed following radiation therapy (to 

prepare patients for bone marrow transplants) includes the dramatic loss of total T 

cells in a wide variety of tissues, including the thymus, and in this regard is 

similar to HIV/SIV infection (21, 262, 293).  The two conditions differ in key 
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ways, unlike HIV/SIV infection, following radiation therapy both CD4+ and 

CD8+ T cells are equally depleted (21, 100, 143, 262, 293).  In addition, radiation 

therapy leads to substantial loss of naïve T cells in addition to memory T cells, 

however the chronic phase of HIV infection most often preferentially depletes 

memory CD4+ T cells (21, 69, 100, 143, 210, 262, 293).  Following HSCT, the 

depleted T cell compartment is replenished by two mechanisms, thymus 

dependent naïve cell production and thymic independent proliferation in the 

periphery (96, 262).  Immediately following HSCT memory CD4+ and CD8+ T 

cells proliferate and the T cell compartment exhibits a T cell receptor repertoire 

limited by the available TCRs in the memory pool (77).  Naïve cells do not appear 

in the peripheral blood for approximately 200 days post transplant and only after 

naïve cells begin to be produced by the HSCT recipient does the T cell repertoire 

expand (72, 76, 77).  IL-7 has been used in clinical studies and has been shown in 

melanoma patients to expand memory and naive CD4+ and CD8+ T cells at 

similar rates (237).  These results establish the potential for gamma chain 

cytokines to be used safely and effectively in lympho-depleted patients to aid in 

the reconstitution of the immune.  

 

Use of "c-cytokines During SIV/HIV Infection: 

HIV patients are confronted with ongoing viral replication, including low-level 

replication when on HAART, and chronically high levels of immune activation 
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(5, 103, 167).  To be a viable therapy option for HIV patients, IL-2, IL-7 and IL-

15 must demonstrate limited virological effects; and significant immunological 

benefit.  The use of each gamma chain cytokine in the SIV+ macaque model, as 

well as human clinical trials, are reviewed below to assess both virologic and 

immunologic consequences of each cytokine.   

 

Interleukin-2:  

In patients, IL-2 has been used in two primary types of clinical trials, early studies 

using frequent high dose intravenous administration of the cytokine and more 

recent studies using infrequent low dose subcutaneous administration (60, 61, 80, 

114, 137, 138, 143, 153, 166, 177, 252).  In general, the patients enrolled in these 

studies are on stable HAART, have no concurrent opportunistic infections and are 

clinically stable (2, 60, 61, 80, 114, 137, 138, 143, 153, 166, 177, 252).   A small 

subset of these studies examined the effect of IL-2 on patients with moderately 

advanced disease and CD4+ counts < 200 cells/uL (2, 137, 143, 153, 177).  

Representative IL-2 treatment regimens are shown in Table 1-1 to demonstrate 

both the wide range of effective doses and the range of intervals between doses.  

 

In both low and high dose studies, IL-2 administration induced transient spikes in 

plasma viremia despite HAART that returned to baseline levels soon after 

administration (60, 137, 143) suggesting, that in the context of HAART controlled 



16 

 

infection, IL-2 has only transient virological effects.  However, one report did 

indicate that in patients with low CD4 T cell counts (< 200cells/mL) HAART+IL-

2 therapy can induce a sustained increase in plasma viral load (137).  A number of 

studies have determined that IL-2 administration is associated with increased total 

CD4+ T cell counts but not increases in total CD8+ T cell numbers (60, 61, 80, 

114, 137, 138, 143, 166, 177).  The increase in the absolute number of CD4+ T 

cells has been most easily observed in patients with relatively high initial CD4+ T 

cell counts (>200 cells/uL), although HAART treated patients with low CD4+ T 

cell levels have also demonstrated an immunologic benefit (60, 137, 177).   To 

fully assess the immunological impact of IL-2, the effect of the cytokine on 

individual T cell subsets has been examined.  Two populations of CD4+ T cells 

have been shown to expand following IL-2 therapy, naïve cells (80, 143, 166, 

177, 252) and a population of CD4+ CD25+ T cells expressing intermediate 

CD45RA and CD45RO levels (60, 61, 80, 137, 143, 252).  Interestingly, the 

expansion of the CD4+ cells is polyclonal which suggests that IL-2 may 

contribute to broadening the T cell repertoire (137).  Another benefit of IL-2 

therapy is that it has been associated with decreased expression of activation 

markers such as HLA-DR and CD38 on CD8+ T cells (61, 137, 138, 166). This 

may be important in HIV infection as aberrant and excessive immune activation 

has been shown to be a better correlate to disease progression than commonly 

monitored clinical parameters such as viral load and CD4+ count (78, 146, 155). 
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The caveat to introducing IL-2 as a widespread immunotherapeutic, despite its 

consistently promising immunological benefits for patients, is toxicity concerns 

dating from the earliest studies.  Sequelae associated with IL-2 administration 

range from nausea (61, 137, 138, 143, 177), fever (60, 61, 137, 138), and fatigue 

(60, 61, 137, 138, 177) to capillary leakage (137), hypotension (138) and 

myocardial infarction (143).   Dose titration studies using IL-2 in patients have 

been used to determine the maximum safe dose of the cytokine for each patient as 

that which maintains the increased CD4+ count without inducing toxicity (60, 80, 

114, 166).  It was hypothesized that the early high dose trials were not only 

saturating the high affinity IL-2R on T cells, the excess cytokine was binding to 

and activating an intermediate affinity receptor on NK cells leading to the 

observed sequelae (114).  In support of this hypothesis, two studies in HIV+ 

HAART treated patients have titrated IL-2 dosing regimens to saturate only the 

high affinity IL-2R to avoid these negative consequences (114, 166).   

 

With regard to its use as a vaccine adjuvant, endogenous IL-2 has been suggested 

to increase anti-viral immunity and preservation of IL-2 secretion in activated T 

cells during SIV has been correlated with slower disease progression (135).  

These types of observations provide the rationale for using IL-2 as a vaccine 

adjuvant to increase the efficacy of memory recall responses.  IL-2 expressing 
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plasmids have been used with DNA based vaccines and result in modest increases 

in SIV specific response (16, 193), preservation of peripheral CD4+ T cells 

following a homologous SHIV challenge (15, 16), and decreased viral load set 

point after homologous challenge with a SHIV89.6P virus (15, 16).  The true 

potential of IL-2 as a vaccine adjuvant will likely be determined in human clinical 

trials, some of which are currently ongoing. 

 

Interleukin-15:  

The immunological benefits of IL-15 have been assessed primarily in non-human 

primate models in which it effectively induced expansion of CD8+ EM T cells 

(220, 284).  Several studies have shown in murine and simian model systems that 

expression of the IL-15Ra chain on CD8 T cells is not required to generate 

immunological memory, rather expression of both IL-15 and IL-15Ra from the 

same antigen presenting cell is required for optimal function of the cytokine (18, 

41, 292).  These findings suggest a strong role for both trans-presentation and 

reverse signaling as discussed above, for developing optimal antigen specific 

recall responses.  In a direct comparison of the ability of IL-2 and IL-15 to induce 

the expansion and retention of antigen specific memory cells in the macaque 

model, IL-15 was shown to be more effective at inducing new long term CD4 and 

CD8 memory to flu and tetanus toxins than IL-2, though a combined regimen of 

IL-2 and IL-15 was superior to either cytokine alone (284).  These results suggest 
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that when properly administered, IL-15 has the potential to benefit an SIV/HIV+ 

host by both increasing anti-viral immunity and by effectively generating new 

memory responses for other pathogens. In addition to aiding the development of 

memory responses in healthy macaques, IL-15 has been clearly shown to induce 

homeostatic proliferation in both CD4+ and CD8+ EM T cells in the periphery 

(220) that could be involved in the maintenance of a functional memory response.  

IL-15 did not induce proliferation in either the naïve or CM T cells in these 

experiments, however the EM cells generated in the periphery do successfully 

traffic to mucosa sites (220).  This argues that IL-15 may be useful in restoring 

the CD4+ EM cell population at the mucosa, depletion of which has been 

implicated both in progression to sAIDS in the SIV+ macaque model and 

susceptibility to opportunistic infection (220, 284).  

 

The immunologic impact of IL-15 administration has been tested in SIV infected 

rhesus macaques in which it was successful at inducing expansion of both NK 

cells and memory T cells.  One potential immunological benefit of IL-15 therapy 

is the regeneration of CCR5+ CD4+ EM T cells, the cells most readily targeted by 

SIV infection (220).  The expansion of this cell population could have two 

possible outcomes in an ART naïve macaque, the increase in virus targets could 

lead to increased viral load and exacerbation of the infection, or it could restore 

the CCR5+ CD4+ EM compartment slowing progression to sAIDS.  In ART 
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naïve SIV+ macaques IL-15 fails to induce proliferation in CD4+ EM cells (220), 

although proliferation is robustly induced in CD8+ EM cells (188, 189, 220).  In 

the same macaques, ART treatment restores the ability of IL-15 to induce 

proliferation in CD4+ EM cells (220).  The virological effects of IL-15 

administration in ART naïve SIV+ macaques appear to be dependent on when the 

cytokine is administered.  During acute infection, IL-15 administration has been 

shown to increase viral setpoint by nearly three logs, and in 30% of SIV+ 

macaques increased rate of disease progression, despite increasing the absolute 

number of both NK cells and SIV-specific CD8+ T cells (188).    By contrast, IL-

15 administration during chronic infection in ART naïve animals does not appear 

to increase plasma viral load (189).   

 

The potential for IL-15 to exacerbate disease by increasing viral target cells as 

well as its preferential impact on CD8+ memory T cells has lead to IL-15 being 

considered in several studies as a vaccine adjuvant to increase immune responses 

to SIV/HIV.  In this capacity IL-15 has been tested in isolation as well as in 

combination with other cytokines such as IL-7 and IL-12 (49, 111).  Several 

studies have shown that co-innoculation of an SIV antigen encoding DNA 

vaccine and an IL-15 coding plasmid increases the number of antigen specific 

IFN-gamma producing CD8+ T cells (32, 49, 111).  Following challenge of the 

vaccinated animals, the degree of protection from IL-15 coinnoculation was 
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highly dependent on the virus used for challenge.   In a weakly pathogenic SHIV 

(SIV envelope proteins with an HIV backbone) (SHIV 89.6P) challenge model, 

the IL-15 adjuvant was associated with lower peak viremia and full suppression of 

viremia by week 12-post challenge compared to week 26 post challenge for 

animals given only an SIVgag DNA vaccine (32).   Using the same SHIV (89.6P) 

a second study found that IL-15 coinnoculation resulted in a similar increase in 

SIVgag specific responses, but clinically the macaques failed to demonstrate 

protection from CD4+ depletion or a reduction in viral load compared to animals 

receiving only the SIVgag vaccine post challenge (49).   However, when a highly 

pathogenic virus, SIVmac251, was used as the challenge virus the use of IL-15 as 

an adjuvant increased viremia compared to the vaccine only recipients and 

therefore was not effective (111).  Overall, the utility of IL-15 for HIV/SIV 

vaccine or immune-therapy may be very limited, although there may be some 

potential for it use to improve EM cell levels at mucosal sites of chronically 

infected HIV+ patients that are effectively suppressed by HAART therapy,  

 

Interleukin-7:  

 As discussed above, IL-7 has shown a great deal of promise in reconstituting a 

balanced immune system in non-HIV associated lymphopenia (21, 237, 266).  

The primary challenges to using IL-7 therapeutically are: 1) Safety; 2) Impact of 

IL-7 on viral replication; and 3) The efficacy with which IL-7 expands the target 
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CM T cell population.  Indeed, in-vitro analyses demonstrate that IL-7 can 

increase HIV replication (165, 232, 260, 263). However, multiple studies utilizing 

the SIV/macaque model have shown that in both treatment naïve and ART treated 

macaques, IL-7 has no discernable impact on plasma viremia (24, 92, 111, 204).  

The effect of IL-7 administration on immune activation needs to be further 

investigated as IL-7 may increase activation markers including Fas, CD69 and 

HLA-DR expression on peripheral T cells (84).  Additionally, in HIV+ humans a 

positive correlation between high levels of endogenous IL-7 and markers of 

immune activation/proliferation have also been observed in agreement with the 

results from the macaque model (84, 172, 192).  Proof of principle studies 

undertake in healthy non-human primates demonstrated IL-7 potently induced 

proliferation and expansion of the peripheral T cell compartment encompassing 

both CD4+ and CD8+ T cells of both the naïve and memory subsets (92, 160, 

184).  The effects of IL-7 in these studies were not limited to the peripheral blood 

and included both lymph nodes and other organs (eg small intestine, spleen, lung 

and kidney) (25, 160, 184).  IL-7 continues to be efficacious during SIV infection 

in the macaque model and has been used in both untreated (204) and ART treated 

(24, 92) SIV+/macaque models.  The primary immunological benefit seen in the 

SIV model from IL-7 therapy has been increases in naïve and CM CD4+ T cells 

though recent work suggests IL-7 therapy can restore CD4+ T cells at mucosal 

sites as well (24, 25, 92, 204).   The initial NHP studies undertaken using IL-7 
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were proof of concept studies, that provided the first insights into some of the 

benefits of IL-7 therapy.  However, these initial studies contained some caveats.  

The first major caveat is that the IL-7 administered to the animals was 

immunogenic for one of two reasons; it was either recombinant human IL-7 made 

from bacteria (92, 204) or recombinant macaque IL-7 made from eukaryotic cells 

that lacked appropriate post-translational glycosylation (24, 65, 184).  These 

studies also administered very high doses of cytokine at high frequency 

(discussed further in Chapter 6) resulting in saturation the IL-7/IL-7R system 

leading to downregulation of the IL-7R (24, 92).  Finally, the strength of IL-7 as 

an immunotherapeutic we believe lies in its ability to regenerate a particular 

subset of CD4+ T cells, the central memory subset, previous studies (92, 204) 

lack both the sampling and flow cytometric resolution to be able to identify and 

elucidate the impact of IL-7 administration on the CM subset.   

 

As with IL-2, IL-7 clinical trials are underway assessing both the safety and 

efficacy of IL-7 treatment in patients. There are currently twelve clinical trials, 

either ongoing or completed, four are being conducted with HIV patients and the 

remainder in patients undergoing treatment for cancer.  All studies in HIV+ 

patients thus far have been conducted in patients on stable HAART and transient 

increases were observed in the absolute number of both CD4+ and CD8+ naïve 

and memory T cells with no discernable changes in plasma viral loads (149, 251).  
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Some of these current and future studies will likely utilize IL-7 produced in 

mammalian cells, allowing for proper glycosylation modifications, which may 

increase the in vivo half-life and improve bioavailability of the IL-7 protein 

further increasing its utility as a potential immune therapeutic. 

 

Rationale: 

The overarching aim of this dissertation project was to elucidate the interplay 

between IL-7 function and the maintenance of peripheral T cell homeostasis in the 

SIV/macaque model.  We approach this aim in two ways.  First, we sought to 

determine the efficacy of IL-7 as an immunotherapeutic.  The patient population 

we hypothesize is most likely to benefit from the development of novel treatments 

is HIV patients exhibiting a discordant response to HAART (discussed above).  

By proposing IL-7 as an immunotherapeutic in this population we are specifically 

seeking to increase the number of CD4+ CM cells in the periphery.  This 

dissertation assess the ability of IL-7 to restore CD4+ CM cells, as well as other T 

cell subsets, in the SIV+ macaque model.  Our work is the first systematic attempt 

to determine the dosing regimen that maximizes expansion of the CM 

compartment specifically.  In addition, we designed our study to avoid the caveats 

associated with previous investigations.  The IL-7 we use in our studies was 

generously provided by Cytheris Inc and is recombinant macaque IL-7 produced 

in mammalian CHO cells and is guaranteed to be glycosylated on 3/5 possible N-
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linked sites and 1/1 O-linked sites.  In house trials by Cytheris, in addition to our 

work and a study published this year (25) indicate that this IL-7 is non-

immunogenic and well tolerated in the macaques.  In addition, we designed our 

protocol to incorporate “wash-out” periods during the IL-7 administration 

hypothesizing that this would prevent saturation of the IL-7R.  For the same 

reason, to avoid IL-7R downregulation, we also used a comparatively low dose of 

IL-7 (discussed further in Chapter 6).  Further, we expand on the results presented 

in previous work by assessing the impact of IL-7 administration on alternative 

immune cells, in this case B cells and double negative T cells, populations that 

have been underappreciated in previous studies.  The data presented here provides 

evidence that IL-7 can be an effective immune therapy in the SIV+ macaques that 

are on fully suppressive anti-retroviral treatment.  These data also provide insights 

into the factors that contribute to an effective outcome following IL-7 treatment 

include identification of the optimum timing between doses.  Our second 

approach to understand the interplay between IL-7 and memory T cell 

homeostasis was to examine the ability of peripheral T cells to respond to IL-7 

during untreated SIV infection.  The homeostatic failure of the CD4+ CM 

compartment is hypothesized to be a major determinant of the rate of disease 

progression in the macaque modeal (208).  Therefore, it is of general interest to 

the SIV/HIV field, as well as specifically for an immunotherapeutic, to 

understand how T cells respond in-vivo to one of the primary cytokines involved 
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in regulating their homeostatic survival and proliferation (145, 236, 286).  It is 

also of interest from a therapeutic standpoint in that the ability of peripheral T 

cells to respond to IL-7 with actively replicating virus in the system affects 

whether our target patient population requires suppressive HAART concurrent 

with IL-7 administration.  Using the same IL-7 provided by Cytheris (discussed 

above) we will assess whether IL-7 responsiveness is altered in untreated SIV 

infection (discussed in Chapter 5).  Further, we will assess both cells tht can be 

readily SIV infected (CD4+ EM cells) as well as cells that are generally not 

infected by SIV (CD4+ Naïve and CD8+ CM cells) to determine whether factors 

influencing IL-7 responsiveness are dependent on the ability of IL-7 to infect a 

cell population.  We hypothesize that the loss of IL-7 function stems from 

aberrant intracellular signaling with consequences for cell survival.  The results 

from this dissertation are generally in agreement with previous studies in the SIV-

macaque model and indicate that IL-7 is a potentially potent and targeted 

therapeutic able to elicit increased CM T cell levels.  Further, the increase in T 

cell levels is independent of robust T cell proliferation and appears to be mediated 

by the survival function of IL-7, and the positive influence of IL-7 can be 

inhibited by an active SIV infection.    
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Table 1-1: IL-2 dosing strategies in Human Clinical Trials 

 

Study IL-2 dose Route of 

administration 

# of 

cycles 

Interval 

9 mIU/day for 5 

days 

Intravenous 9 Mitsuyasu et 

al 2007 
15 mIU/day for 

5 days 

Subcutaneous 9 

8 weeks 

     

Lalezari et al 

2000 

1.2 mIU/m2 Subcutaneous 6 months daily 

     

Leef et al 1996 0.19 - 0.25 

mIU/m2 

Subcutaneous 6 months daily 

     

Farel et al 

2004 

Sereti et al 

15mIU for 5 

days 

Subcutaneous 162-417 2-91 

months* 

     

Kovacs et al 

1995 

Kovacs et al 

1996 

18 +/- 6 

mIU/day for 5 

days 

Intravenous 6 bimonthly 

* The interval was dependent on immunological end points being met; some 

patients maintained elevated CD4+ counts longer than others 
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CHAPTER TWO 

 
 

MATERIALS AND METHODS 

 

Animals and Viruses: 

For these studies purpose-bred male Indian origin rhesus macaques (Macaca 

mulatta) were used. The animals were housed at the Oregon National Primate 

Center in accordance with standards of the Center’s Animal Care and Use 

Committee and the National Institutes of Health (NIH) Guide for the Care and 

Use of Laboratory Animals.  Macaques enrolled in the cohorts were between 5-7 

years of age and deemed free of Cercopithicine herpesvirus 1, D type simian 

retrovirus, simian T-lymphotropic virus type 1, and SIV infection.   8 macaques 

remained SIV uninfected over the course of these studies; the remainder (N=27) 

were infected intravenously with SIVmac239 using 5ng equivalents of SIV p27 

(1.0 x105 infectious centers).  10 of these macaques were used during the acute 

phase of infection to determine the effect of SIV infection on double negative T 

cells (RM2-02 (ONPRC number: 23772), RM2-05 (22657), RM2-06 (23788), 

RM2-07 (23201), RM2-08 (23750), RM2-09 (23686), RM2-10 (23092), RM2-11 

(23892), RM 2-12 (23699) and RM2-11 (24090)).  During chronic infection 

(>100 days post infection) 13 macaques were treated with anti-retroviral therapy 

(ART) consisting of PMPA and FTC for 4-6 weeks allowing both viral load and 

CD4+ T cell levels to stabilize.  Some macaques were used in multiple studies; 
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however, each macaque was rested for a minimum of 10 weeks between 

sequential protocols so they were able to return to their pre-IL-7 exposure levels 

in all the measured parameters.  The following macaques were enrolled in the 

dosing interval study: presented in chapter 3 RM2-01 (23185), RM2-02, RM2-03 

(23186), RM2-04 (23208), RM2-05, and RM2-06.   These animals were treated 

daily with PMPA (30mg/kg) and FTC (50mg/kg) for 6 weeks prior to rsIL-7gly.  

Two rsIL-7gly doses were administered one week apart (Table 2-1).  A third rsIL-

7gly dose was given to 2 macaques at either 2, 4, or 6 weeks after the last rsIL-

7gly dose (Table 2-1).  RM2-01, RM2-03, and RM2-04 were then used to test the 

efficacy of a single rsIL-7gly dose at 6-week dosing intervals (Table 2-1) while 

still being stably treated with PMPA (30mg/kg) and FTC (50mg/kg).  To test the 

efficacy of clustering rsIL-7gly doses two macaques, RM2-05 and RM2-07, 

received a total of 9 rsIL-7gly injections.  Macaques were given three doses of 

rsIL-7gly administered at weekly intervals followed by a two week “wash-out” 

during which no rsIL-7gly was administered the series was repeated three times 

(Table 2-1).  ART treated controls for this series of experiments were: RM2-02, 

RM2-06, RM2-10 and RM2-11 (Table2-1).  Both groups of animals (ART and 

ART+rsIL-7gly) were given 4 weeks of daily ART (PMPA (30mg/kg) and FTC 

(50mg/kg)) that was reduced to a maintenance dose one week prior to beginning 

administration of rsIL-7gly (20 mg/kg PMPA; 20 mg/kg FTC) to prevent toxicity.  

Two animals failed to suppress viremia after initiating ART (RM2-12 and RM2-
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13) and two animals lost control of viremia after ART was reduced (RM2-08 and 

RM2-09) and were not included in the analysis of rsIL-7gly efficacy.   Macaques 

used in the studies presented in chapter 5 (N=14) were not given any ART 

treatment and had been SIV+ for 100-500 days at the time of rsIL-7gly 

administration.  All macaques were clinically stable when they were enrolled in 

the cohort with no detectable opportunistic infections.  End stage macaques were 

selected for the study based on two additional criteria; few if any detectable CD4+ 

CCR5+ EM T cells and Ki67 levels <20% in the CD4+ CM compartment 

(proliferation collapse).  Macaques that developed disease states that were not 

clinically manageable were euthanized in accordance with the recommendations 

of the Panel on Euthanasia of the American Veterinary Medical Association. End-

stage AIDS was defined by the presence of AIDS-defining opportunistic 

infections, wasting syndrome unresponsive to therapy, or non-Hodgkin 

lymphoma. 

 

Interleukin-7 Treatment of Rhesus Macaques 

Animals were treated with recombinant macaque Interleukin-7 (IL-7) produced in 

mammalian cells (CHO) and glycosylated at a minimum of 2/4 possible N-linked 

sites and 1/1 possible O-linked sites (Cytheris).  The animals were followed 

longitudinally using flow cytometric analysis up to 112 days following treatment 

with IL-7 to assess changes in immunological and virological parameters.  IL-7 
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(30ug/kg) was administered subcutaneously in the dosing regimens shown in table 

2-1.  All SIV+ animals, both ART treated and untreated, were given IL-7 during 

the chronic phase of infection with cytokine administration beginning from 142-

492 days post infection.   

 

BrdU treatment 

5-bromo-2’-deoxyuridine (BrdU) labeling was used to label cells in-vivo in 

macaques receiving rsIL-7gly in three dose clusters.  10g of BrdU (Sigma-

Aldrich) was prepared in 1L of sterile HBSS in the following manner; BrdU was 

dissolved completely in the HBSS (pH 7.2) at room temperature.  The solution 

was filter sterilized (0.2 uM filter) and stored in 80mL aliquots (final 

concentration 10mg/mL, pH 7.2) at -20C.  Upon thawing, the solution was mixed 

vigorously at room temperature prior to administration to resuspend any 

precipitate.  60mL of the prepared BrdU solution was administered intravenously 

while the animals was anesthetized at a rate of 3mL/min each day for four days.   

 

Lymphocyte Isolation 

Cells for flow cytometry were obtained from whole blood as previously described 

(289).  In addition, both plasma and peripheral blood mononuclear cells (PBMCs) 

were isolated from whole blood samples.  To isolate plasma, the whole blood 

samples were centrifuged at 1800rpm for 20 minutes.  Plasma was stored in either 
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0.5mL or 1mL aliquots at   -80C.  PBMCs were isolated following plasma 

isolation by density gradient.  The remaining whole blood was diluted to a 30mL 

volume using Hank’s Balanced Salt Solution (HBSS) (Cellgro) and overlaid onto 

12-13mL of Lymphocyte Separation Media (Histopaque).  The overlaid samples 

were centrifuged at 3,000rpm for 25 minutes; no brake was used to stop the 

centrifuge.  The lymphocyte layer was collected and washed twice with complete 

R10 (RPMI-1640 (HyClone)+ 10% FCS (HyClone)+ 2mM L-glutamine (Sigma-

Aldrich)+ 1mM sodium pyruvate (Sigma-Aldrich)+ 100IU/mL penicillin/ 

streptomycin (Sigma-Aldrich)) (2,000 rpm for 20 minutes; 1800rpm for 8 

minutes).  The cells were frozen in BGS+10% DMSO had stored at -140C or used 

in additional assays.   

 

Plasma Viral Load Quantification 

Plasma viral load was determined using a real time RT-PCR assay as described 

previously (51).  The threshold sensitivity of the assay was 30 SIVgag RNA copy 

eq/mL.   

 

Flow Cytometric Analysis of T-cell Phenotype 

Polychromatic flow cytometry was performed on an LSR-II Becton Dickinson 

instrument using Pacific Blue, AmCyan, FITC, PE, PETexas, Red, PE-Cy7, 
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PerCP-Cy5.5, APC, APC-Cy7, and Alexa 700 as the available fluorescent 

parameters.  FlowJo (Treestar) software was used for analysis. 

 

The combinations of markers used to identify each cell population are shown in 

Table 2-2. From whole blood, naïve and memory T-cell phenotypes were defined 

using the markers CD28, CD95, CCR5 and CCR7 on gated CD3+CD4+ or 

CD3+CD8+ T cells.  The parameters used to identify naïve and memory T cells 

have been described in depth previously (221).  An example of the gating strategy 

used to identify sub-populations in both CD4+ and CD8+ T cells is shown in 

figure 2-1 and figure 2-2 respectively.  Briefly, naïve T cells are a uniform 

population expressing the following combination of markers; CD28
moderate

, 

CD95
low

, CCR7
moderate

, CCR5
-
, in both CD4+ and CD8+ T cells.  The memory T-

cell phenotype is more diverse but is generally CD95
high

 and displays one or more 

non-naïve cell phenotypes, CD28
-
, CCR7

-
 or CCR5

+
.  CM and EM are addressed 

most prominently in these studies are defined in the following manner in both 

CD4+ and CD8+ T cells; CM: CD95
high

, CD28
high

, CCR5
-
, CCR7

+
 and EM: 

CD95
high

, CD28
-,
 CCR5

+
, CCR7

-
.   Double negative T cells were identified as 

(CD3+CD4-CD8-pan"#
-
).  

 

Detection of BrdU labeled Lymphocytes  
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BrdU labeled lymphocytes from the blood were detected by flow cytometry as 

described previously (221).  1e
6
 lymphocytes were stained per test.  Briefly, 

lymphocytes were stained for surface phenotype markers for 1 hour at room 

temperature.  The cells were then fixed for 10 minutes at room temperature using 

FACSlyse solution (1mL, BD Biosciences).  Cells were then washed once in 1x 

PAB and permeabilized twice (0.5mL Fix Perm solution (BD Biosciences), 10 

minutes at room temperature, wash with 1x PAB).  Following the 

permeabilization step, cells were incubated with 0.28mg of DNAse-1 (Sigma-

Aldrich) and a directly conjugated BrdU specific monoclonal antibody for 30 

minutes at room temperature.  The specificity and criteria for determining 

positively stained cells was determined by comparison to BrdU staining from the 

same animals prior to BrdU labeling.   

 

Detection of Phosphorylated STAT5 by Flow Cytometry 

Phosflow, flow cytometric detection of phosphorylated residues on specific 

proteins, was performed on PBMCs ex-vivo using a protocol developed with 

Becton Dickinson. 2e
6
 PBMCs were washed once with 5mL phosphate buffered 

saline (PBS) and centrifuged at 2,000rpm for 10 minutes in a 15mL conical.  The 

surface phenotype cocktail (CD3, CD4, CD8a, CD28, CD95 and CCR7) was 

added to the cells for 30 minutes at room temperature.  Following the surface 

stain, PBMCs were stimulated with recombinant rhesus macaque IL-7 (Cytheris) 
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in a dose curve ranging from 0-16ng/1e
6
 cells for 15 minutes at 37C in a 1mL 

volume of PBS.  The cells were fixed following IL-7 by adding 140uL of 40% 

paraformaldehyde (Sigma) while vortexing.  The cells were incubated in PFA for 

10 minutes at 37C and then washed with 10mL PBS.  Following resuspension of 

the pellet 3mL of 1x BD custom phosflow permeabilization buffer was added and 

the cells incubated at room temperature for 30 minutes.  The cells were washed 

twice in PBS+1%BFA and stained intracellularly with Ki67 (FITC) and STAT5-

pY603 (PE) for 1 hour at room temperature.  After washing once with 

PBS+1%BFA, the cells were transferred to 5mL polystyrene flow tubes and 

collected on an LSR II.  The specificity and criteria for determining positively 

stained cells was determined by comparison to an unstimulated sample for each 

animal.   

 

mAbs 

The following fluorophore conjugated monoclonal antibodies were obtained from 

Beckton Dickinson Biosciences: SP34-2 (CD3; Alexa 700), L200 (CD4; 

AmCyan), SK-1 (CD8a; PeCy-7, PerCP-Cy5.5, APC-Cy7), DX2 (CD95; PE, PE-

Cy7), hIL-7R-M21 (CD127; PE), 3A9 (CCR5; APC); B56 (Ki67; FITC, PE); L27 

(CD20; True Red); B44 (BrDU; FITC) STAT5P (PE).  The clone 28.2 (CD28; 

PE-TexasRed) was obtained from Beckman Coulter.  The purified, unconjugated 

antibody 15053 (CCR7) was obtained from R&D Systems and conjugated in 



36 

 

house to biotin using the Pierce Biotinylation kit.  CCR7-biotin was detected 

using a pacific blue conjugated streptavidin from Invitrogen.  FN-18 (CD3) was 

produced and purified in house and conjugated to Alexa 700 using an Invitrogen 

conjugation kit. 

 

Determination of Plasma Concentration of Cytokines using Luminex 

Multiplex kits for measuring the plasma concentrations of IL-2, IL-7, IL-15 and 

IL-8 were obtained from Millipore.  The kits were used per manufacturers 

instructions.  Frozen plasma samples from SIV+ macaques were rapidly thawed 

and clarified by centrifugation at 10,000xg for 5 minutes.   25uL of plasma were 

used per well in a 96 well filter plate.  Incubations were performed with agitation 

on a plate shaker overnight at 4C.  After the final wash, beads in the 96-well 

microtiter plate were resuspended in 125uL of sheath fluid and loaded onto the 

Luminex instrument.  The acquisition gate was set between 8,000-15,000 to 

discriminate single and doublet events and a minimum of 100 events was 

recorded for each region.  Cytokine concentrations were determined using a 

standard curve generated with recombinant cytokines and a weighted 5-parameter 

logistic method.  

 

SIV envelope-specific antibody endpoint titer 
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Antibody reactivity to detergent disrupted SIVsmB7 envelope proteins were 

determined in a conconavalin A (ConA) ELISA as previously described (52). 

Briefly, SIVsmB7 viral envelope proteins (gp120 and gp41) were captured onto 

96 well microtiter plates (Immulon 2HB; Dynex Technologies, Chantilly, VA) 

coated with 5 !g of ConA/well for 1 h at 25°C. After a washing step with 

phosphate-buffered saline (PBS), non-specific binding was blocked by the 

addition of 5% dry milk in PBS (blocking solution) to all wells and incubated for 

1 h at 25°C. Heat-inactivated plasma samples were serially diluted in blocking 

solution and incubated in the SIVsmB7 envelope-coated wells for 1 h at 25°C. 

After an extensive washing, peroxidase-conjugated anti-monkey IgG (Nordic 

Immunology Laboratories, Tilburg, Netherlands) was diluted in blocking solution, 

added to each well, and incubated for 1 h at 25°C and washed. Following the final 

wash step, all wells were incubated with TM Blue substrate (Seracare, Milford, 

Mass.) for 20 min at room temperature, color was developed by the addition of 

1N sulfuric acid, and colorimetric analysis of antibody binding to SIVsmB7 was 

performed at an optical density of 450 nm (OD450) using a Spectra Max 340 PC 

(Molecular Devices, Sunnyvale, CA). 

 

Statistical Analyses  

Statistical analyses were performed using GraphPad Prism 5.0 (GraphPad 

Software, San Diego, CA).   To calculate change in Ki67 and absolute T-cell 
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number baseline is shown as the average of three pre-IL-7 timepoints.  The two 

tailed Mann-Whitney t-test was used to calculate the differences between 

responses to rsIL-7gly.  Statistical significance was attained at p<0.05 (95% 

confidence interval).  Exact p values for significant differences are shown. 
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TABLE 2-1- Rhesus Macaque Cohorts and IL-7 Dosing Regimens 
 

 

 

 

 

 

 

 

 

 

 

Study Title # of 

RMs 

ID# Total 

doses 

Interval between doses Days rsIL-

7gly given  

Thesis 

Chapter 

IL-7 treatment in 

SIVneg macaques 

8  2 2 doses of IL-7 at a one week 

interval 

0,7 3,5 

       

SIV+ IL-7 treated 

NO ART 

14  2 2 doses of IL-7 at a one week 

interval 

0,7 5 

       

SIV+ ART treated 

controls 

4 RM2-02 

RM2-06 

RM2-10 

RM2-11 

0 n/a n/a 3,4 

       

rsIL-7gly at 2, 4 or 6 

week intervals 

6 RM2-01 

RM2-02 

RM2-03 

RM2-04 

RM2-05 

RM2-06 

3 2 doses at one week interval 

(N=6); followed by one dose at 

2, 4 or 6 week intervals (N=2) 

0,7 

21or 35 or 

49 

3 

       

rsIL-7gly 6-week 

intervals 

3 RM2-01 

RM2-03 

RM2-04 

3 One IL-7 dose every 6 weeks 0,42,84 3 

       

clustered rsIL-7gly 

doses 

4 RM2-05 

RM2-07 

 

9 3 doses at one week interval 

followed by a two week “wash-

out”; repeated three times 

0,7,14, 

35,42,49, 

70,77,84 

3,4 
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TABLE 2-2- Antibody Staining Panels used for Phenotypic and Phos-flow Flow Cytometry 
  

Pacific 

Blue 

Am-

Cyan 

FITC PE Tx Red True 

Red 

PE-

Cy7 

APC Alexa 700 APC-

Cy7 

Naïve and 

Memory T-cell 

phenotype  

CCR7 CD4 

 

Ki67 CD95 CD28 CD8a  CCR5 CD3  

           

CD127 

Expression 

CCR7 CD4  Ki67 CD127 CD28 CD8a  CD25 CD3  

           

Detection of 

BrdU labeled 

cells 

 CD4 BrDU Ki67 CD28 CD20 CD95 CCR5 CD3 CD8a 

           

Effect of IL-7 

on DN T cells 

CCR7 CD4 pangd Ki67 CD28 CD20 CD8a CD95 CD3  

           

Effect of IL-7 

on B-cell 

subsets 

IgD  Ki67 CD27 CD19 CD20  CD95 CD3  

           

Detection of 

STAT5P 

CCR7 CD4 Ki67 STAT5-P CD28  CD8a CD95 CD3  
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FIGURE 2-1: CD4+ Naïve and Memory T-cell gating  
strategy
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FIGURE 2-2: Gating strategy to Identify Naïve and Memory CD8+ T-cell 
Subsets 
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CHAPTER THREE 
 
 

INCREASED CD4+ T CELL LEVELS DURING IL-7 ADMINISTRATION OF 
ART TREATED SIV+ MACAQUES ARE NOT DEPENDENT ON STRONG 

PROLIFERATIVE RESPONSES 
 

Introduction and Rationale: 

The primary aim of the work presented in this thesis is to assess the efficacy of 

rsIL-7gly as a therapeutic.  While the best case scenario is the full suppression of 

viral replication and increased numbers of CD4+ T cells 5-20% of HIV patients 

exhibit a discordant response to initiation of highly active anti-retroviral therapy 

(HAART) resulting in an effective suppression of viral replication but only 

minimal CD4+ T-cell recovery (4, 113, 167).  Additionally, in some patients, 

despite complete viral suppression, T cell reconstitution occurs over years leaving 

patients susceptible to potentially fatal opportunistic infections (288).  Following 

the initiation of HAART T cell reconstitution in immunological responders 

(CD4+ T cells increase) is highly dependent on the baseline CD4+ T cell levels at 

their nadir point, the level of residual immune activation and thymic output (144, 

288).  In long-term clinical studies of immunologically responsive adults with 

high CD4+ counts (>200cells/uL) prior to HAART ‘normal’ CD4+ T cell levels 

were attained within one year of beginning suppressive HAART (288), by 

contrast, adults with low CD4+ counts (<200 cells/uL) at the initiation of therapy 

took up to 7 years to attain ‘normal’ levels despite complete viral suppression 
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(288).  If successful, IL-7 therapy could benefit both discordant patients and 

patients with slow reconstitution by increasing CD4+ T cell levels above the 

levels attainable with HAART alone. 

 

While IL-7 therapy would not be able to alter the nadir T cell levels the primary 

rationale for using IL-7 as an immune therapeutic in discordant patients is its non-

redundant role in production and maintenance of naïve and CM CD4+ and CD8+ 

T cells (34, 92, 145, 191, 196).  The role of naive cells in recovering the CD4 

compartment is clearly shown in long-term studies comparing the time to T cell 

reconstitution between adults and children (288).  Pediatric patients recover 

‘normal’ T cell levels within one year of beginning suppressive HAART 

regardless of the nadir CD4+ T cell levels (288).  The reconstitution in pediatric 

patients reflects increased production of naïve cells above ‘normal’ levels while 

memory cells are significantly less than expected in age-matched controls (288).  

By contrast, adult HIV patients as discussed above, show a wide range of time (1-

7 years) to CD4+ T cell recovery and the cell populations that recover in these 

patients are predominately memory cells (288).  Further, discordant patients 

harbor a disproportionate number of CXCR4 tropic HIV strains that selectively 

kill mature naïve CD4+ T cells in the periphery (63, 64).  IL-7 may be able to 

restore a more balanced T cell pool in pediatric and adult HIV patients as 

reconstitution occurs by increasing both naïve and memory cells simultaneously.  
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Immune activation levels are the third factor that influences the recovery of the 

CD4+ T cells (63, 144, 288).  The importance of immune activation in impairing 

the T cell compartment both in terms of level and function can be observed in 

patients that exhibit high viremia and CD4+ T cell recovery following the 

initiation of HAART (144, 217).  In the absence of fully suppressing viremia 

HAART restores memory T cell responses to specific antigen (58, 217) and 

protease inhibitors in particular can reduce levels of apoptosis in CD4+ T cells 

(144), both authors propose indirect reduction of immune activation as one 

possible mechanism.  Discordant patients have also been reported as having 

elevated levels of IFNgamma, IL-5 and sCD30, markers of activation, than 

patients that do increase CD4+ T cell levels following HAART (144).  In HIV 

patients we propose that IL-7 may be able to function as a dual purpose immune 

therapeutic assisting the recovery of CD4+ T cells by increasing both the 

generation of naïve cells and further expanding depleted memory CD4+ T cells to 

potentially aid in reconstituting effector sites repairing damage resulting directly 

from the viral infection.  

 

IL-7 administration to both cancer and HIV+ patients has demonstrated increases 

in CD4+ T cells indicating that IL-7 therapy can increase our target naïve, and 

CM CD4+ T cells  (149, 237, 251, 266).  The study presented here was designed 

to further optimize IL-7 as a candidate immunotherapeutic with the following 
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aims: 1) Increasing CD4+ T cells without inducing increased SIV viremia; and 2) 

Determining the most beneficial strategy to elicit sustained increase in T cell 

levels, strategy in the SIV-macaque model.  These data also provide insights into 

the factors that contribute to an effective outcome following IL-7 treatment 

include identification of the optimum timing between doses. 
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Results: 

rsIL-7gly administration in SIV-negative Rhesus macaques induces T-cell 

proliferation and increases T-cell numbers in the circulation. 

Previous work has demonstrated that both non-glycosylated and glycosylated 

recombinant macaque interleukin-7 (IL-7) exhibited some efficacy at inducing 

proliferation and expansion of peripheral blood T cells (24, 25, 92, 184, 204). 

Here the assessment of glycosylated Rhesus macaque IL-7 (rsIL-7gly) was 

initially undertaken in a two dose regimen (30ug/kg/d) developed in conunction 

with Cytheris Inc. to assess proliferation in-vivo in peripheral CD4+ and CD8+ T 

cells in uninfected macaques. Flow cytometric evaluation of the percentage of 

cells expressing the nuclear antigen Ki67 (a marker for cycling through S phase 

within the previous 4-7 days (221) revealed a consistent and robust rsIL-7gly 

associated increase in the percentage of Ki67+ CD4+ naïve (N) and central 

memory (CM) cells in the blood.  This increase was first observed 2-3 days after 

the initial rsIL-7gly dose (Figure 3-1A) and in naïve cells peaked following the 

second rsIL-7gly at d12-14.  CM cells were more rapidly responsive, exhibiting 

two peaks, each 5-7 days post rsIL-7gly administration (Figure 3-1A).  For both 

subsets, the percentage of proliferating cells returned to baseline by day 21 

(Figure 3-1A).  It is noteworthy that whereas the responsiveness to rsIL-7gly was 

similar between CD4+ and CD8+ CM, among naïve cells, CD8+ cells were 

considerably more responsive than their CD4+ counterparts.  rsIL-7gly 

administration was also associated with a transient increase in the proliferation of 
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CD4+ and CD8+ TrM and EM, although for the EM subset, this responsiveness 

was typically weaker and more variable (Figure 3-1A).   As EM generally exhibit 

low levels of IL-7 receptor (CD127) on their cell surface (10, 22, 53, 131, 172, 

183, 184, 212, 233, 242, 281, 301), this proliferation likely reflects subsequent 

differentiation of rsIL-7gly responding CM and TrM, rather than a direct effect on 

pre-existing EM themselves.  Importantly, irrespective of the T cells subset 

assessed, no significant difference was observed in Ki67 expression between the 

uninfected and SIV+ ART treated macaque indicating that in macaques with 

successful ART rsIL-7gly is able to induce proliferation in our target cell 

populations, CD4+ naïve and CM cells (grey line compared to black line, Figure 

3-1).    

 

We next assessed the ability of rsIL-7gly administration to influence the number 

of peripheral blood T cell subsets in the uninfected and ART treated SIV+ 

macaques.  As shown in Figure 3-2, the fold change in the CD4+ CM peripheral T 

cells was comparable in the uninfected and ART treated SIV+ macaques, however 

for the other CD4+ T cell subsets the levels of T cells were higher in the 

uninfected macaques (Figure 3-2A).  The CD8+ T cells exhibited evidence for an 

increased response in the uninfected macaques compared SIV+ ART treated 

macaques for all four of the cell subsets assessed (Figure 3-2B). Overall the 

elevation in CD4+ and CD8+ T cell levels was quite transient in the naïve and 
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EM T cell subsets, but were retained to some degree throughout the 21-day 

follow-up in the CM and TrM T cell subsets (Figure 3-2A-B).  In the following 

experiments, while we recognize the importance of naïve cells to CD4+ 

reconstitution, the major focus will be to assess the CM compartment as these 

cells are the most responsive to rsIL-7gly (!Ki67 35% vs !Ki67 12% in naïve 

cells; 1.9 fold increase at day 28 vs 1.5 fold increase in naïve cells) in SIV+ ART 

treated macaques. 

 

Timing of rsIL-7gly administration in ART treated SIV+ Rhesus macaques – 

Dosing Interval Assessment and IL-7 treatment at 6-week intervals 
We sought to determine the optimal spacing between sequential rounds of rsIL-

7gly treatment so as to maximize expansion of CD4+ CM, the core subset of the 

depleted memory T-cell compartment of SIV-infected macaques.  The absolute 

number of T cells in each macaque after reaching stable levels on ART and prior 

to rsIL-7gly is presented to enable a more comprehensive understanding of the 

data regarding the change in absolute CD4 T cell numbers (Table 3-1).  Six SIV-

infected macaques were treated first with two doses of rsIL-7gly seven days apart, 

and then the T-cell proliferative response to a third dose of IL-7 after either 2, 4 or 

6 weeks was determined (Table 2-1, rsIL-7gly 2,4,or 6 week intervals).  Plasma 

SIV levels were not materially affected by the rsIL-7gly administration in these 

animals, although transient minor increases in plasma viral loads were observed at 

day 7 in three of six macaques (increasing from approximately 1x10^2 to 1x10^3) 
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(Table 3-2).   All six macaques exhibited robust proliferation in the CD4+ CM 

cells in response to rsIL-7gly on day 0 and day 7 as expected (Figure 3-3A-C).  

Administering rsIL-7gly six weeks after the previous exposure elicited robust 

proliferation in CD4+ and CD8+ CM subsets following the third rsIL-7gly dose in 

RM2-05 and RM2-06 (Figure 3-3A).  In both macaques following the initial two 

doses (day 0 and day 7) there was a transient increase in CD4+ CM T cell levels 

indicating some benefit from the rsIL-7gly (Figure 3-3D).  In addition, the CM T 

cell levels increased after the third dose 6 weeks later (Figure 3-3D).  However, 

they were transient in one of the macaques (RM2-06) although the second 

macaque (RM2-05) retained elevated levels 112 days post treatment (Figure 3-

3D).  These data suggest that a 4-6 week interval between rsIL-7gly doses would 

be optimal to consistently maximize proliferation, though not necessarily levels, 

of CD4+ CM T cells.  Indeed, rsIL-7gly treatment at this interval also elicits 

robust proliferation in CD8+ naïve and CM cells as well (Figure 3-3A) indicating 

that rsIL-7gly is fully functional in all target populations.  Administration of the 

third rsIL-7gly dose at more closely spaced intervals, either 2 or 4 weeks, was 

associated with varied proliferative responses ranging from robust (RM2-01 

DKi67= 20.0%; RM 2-03 DKi67= 15.3%) to attenuated (RM2-02 DKi67= 2.3%; 

RM2-04 DKi67= 7.8%) in the CD4+ CM subset.  One macaque from the 4 week 

interval (RM2-04) (Figure 3-3B) and one macaque from the 2 week interval 

(RM2-02) (Figure 3-3C) showed an attenuated proliferative response suggesting 
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that administering rsIL-7gly at either of these intervals is not optimal to maximize 

proliferation in the CD4+ CM compartment.  This finding is corroborated by 

similar trends in the CD8+ CM and naïve subsets, which are also less responsive 

to rsIL-7gly at these intervals (Figure 3-3B and 3-3C) than when rsIL-7gly is 

given at 6-week intervals (Figure 3-3A).  Once again transient increases in the 

absolute levels of peripheral CD4+ CM T cells could be observed prior to day 21 

in all four animals (Figure 3-3E and 3-3F).  Following the third dose levels of 

CD4+ CM cells remained elevated beyond the end of the 112-day study period in 

one macaque from each group (RM2-03; Figure 3-3E and RM2-01; Figure 3-3F).   

Interestingly, RM2-01, a macaque that received rsIL-7gly on days 0, 7, and 21 

displayed the highest increase in T cell levels at day 112 (RM2-01= 1.77 fold 

increase CM cells) when compared to the other five macaques (range from 0.55-

1.64 fold increase).  We hypothesized that if consistently eliciting robust rsIL-

7gly induced proliferation after each dose is necessary for optimal expansion of 

T-cell levels over time with multiple doses then providing rsIL-7gly at 6-week 

intervals, as we did with RM2-05 and RM2-06, would be predicted to result in the 

greatest long-term T-cell increases in peripheral blood.  By contrast, RM2-01 was 

given closely spaced rsIL-7gly doses and had the highest increase in T cell levels, 

leading to an alternative hypothesis, that closely spacing, or clustering doses, may 

be beneficial even if the proliferative response to each dose is more varied.  
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To test whether the 6-week interval administered to RM2-05 and RM2-06 would 

elicit long-term benefits after repeated exposures, we administered one dose of 

rsIL-7gly to three ART treated SIV+ macaques at 6 week intervals (Table 2-I, 

rsIL-7gly 6-week intervals, 3 total doses).  The absolute number of T cells in each 

macaque after reaching stable levels on ART and prior to rsIL-7gly is shown in 

Table 3-1.  This dosing regimen was not associated with any increase in the SIV 

plasma viremia in these SIV+ ART treated macaques (Table 3-2).  Peak Ki67 

expression occurred 5-7 days post injection and returned fully to baseline by day 

14 (Figure 3-4).  As predicted from the first dosing study (Figure 3-3), the second 

and third IL-7 administrations given at 6-week intervals resulted in increased 

Ki67 expression that was generally comparable to the initial IL-7 response in the 

CD4+ CM subset (Figure 3-4A).  The absolute number of CD4+ CM T cells 

increased as well, averaging 2-2.5 fold increases from baseline levels, in the 

peripheral blood synchronous with increased Ki67 expression (Figure 3-4C).  

rsIL-7gly administration resulted in only a small increase in Ki67 expression in 

the CD4+ naïve cell subset (Figure 3-3A).  The absolute number of CD4+ naive T 

cells did however increase in the blood following each dose (Figure 3-4C).  In 

peripheral blood CD8+ T cells Ki67 expression was elevated in both naïve and 

CM cells at time points just following the rsIL-7gly administration (Figure 3-4B).  

In both subsets the increase in the absolute number of T cells was generally 

transient and returns to basal levels by 21 to 42 days post rsIL-7gly administration 
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(Figure 3-4C and 3-4D).  These data indicate that administration of rsIL-7gly in 

six week dosing intervals results in induced proliferation of the CD4+ CM subset, 

however this therapy failed to elicit long-term increases in CD4+ T cell levels. 

 

Assessment of rsIL-7gly utilizing a three dose cluster strategy in ART treated 

SIV+ macaques 

Our final dosing strategy administered 9 total doses over 12 weeks (84 days) to 

two macaques with ART controlled SIV infection.  Two macaques on stably 

suppressive ART were given three clusters of closely spaced rsIL-7gly doses 

mimicking the treatment received by RM2-01 in the dosing interval study.  Each 

cluster consisted of 3 doses one week apart with a three-week “wash-out” period 

between each cluster.  The absolute number of T cells in each macaque after 

reaching stable levels on ART and prior to rsIL-7gly is shown in Table 3-1.  As in 

the previous two dosing strategies, treatment with rsIL-7gly was not directly 

associated with any increases in plasma viral levels (Table 3-2).  The initial three 

dose cluster of rsIL-7gly administration elicited increased Ki67 expression in CM 

CD4+ (Figure 3-5A) and CD8 + T cells (Figure 3-5B).  The increase in the 

percentage of Ki67+ cells resulted in a corresponding increase in the absolute 

number of proliferating CM cells (CD4+: Figure 3-5C and CD8+: Figure 3-5D).  

Peak Ki67 expression was attained approximately 7 days post rsIL-7gly 

administration and remained elevated until day 28 suggesting that clustered 

dosing elicited proliferation over a longer time than a single dose of rsIL-7gly 
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(Figure 3-5A and 3-5B). Unlike the previous study (Figure 3-4), rsIL-7gly 

induced proliferation in both CD4+ (Figure 3-5A) and CD8+ (Figure 3-5B) naive 

T cells, though Ki67 expression was higher in the CD8+ N cells.   Interestingly, 

the rsIL-7gly induced Ki67 increase in CD4+ and CD8+ subsets was attenuated in 

the second and third dose clusters (Figure 3-5A-D).  This attenuated rsIL-7gly 

response could be observed in each of the T cell subsets with the naïve cells being 

most affected.  The observed reduction in the Ki67 response appeared to be 

unrelated to CD127 (IL-7R) expression as the percentage of CD127+ cells was 

similar at the initiation of each cluster  (data not shown).  Therefore, the clustered 

dose strategy for administering rsIL-7gly resulted in a robust increase in the 

number of proliferating cells during the first three dosages that was strongly 

reduced during the next six rsIL-7gly administrations. 

 

The ability of rsIL-7gly administered in the clustered doses to impact peripheral 

blood T cell levels was assessed within the different T cell subsets.  The clustered 

dosing regimen successfully increased peripheral blood T cell levels in both 

CD4+ and CD8+ T cells within each of the virally suppressed SIV+ macaques in 

the naïve and CM subsets to levels seen in healthy macaques (Figure 3-6A and 3-

6B; black lines).  Comparing the increase in T-cell number to macaques receiving 

only ART demonstrates that the effect is rsIL-7gly mediated (Figure 3-6A and B, 

black lines compared to grey line).  This dosing regimen successfully increased 
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the T-cell levels in the blood compared to ART alone, particularly the CD4+ CM 

cells, for the entirety of the 112-day study (Figure 3-6A).  In addition, despite low 

levels of induced Ki67 expression (Figure 3-5A) naïve CD4+ T cells also 

increased in the circulation (Figure 3-6A).   Likewise, CD8+ CM and naïve cells 

showed sustained long-term increases in absolute T-cell number (Figure 3-6B).  

In summary, these data indicate that clustering doses of rsIL-7gly in SIV+ ART 

treated macaques induced proliferation in a broad range of peripheral T-cell 

subsets.  Furthermore, the ability to induce a sustained rsIL-7gly related increase 

in T cell levels appears to be independent of the optimal induction of a Ki67 

response in peripheral T-cell.  

 

Assessment of BrDU retention in SIV+ ART and rsIL-7gly treated in weekly 

dosing clusters in peripheral blood. 

To determine whether the rsIL-7gly administrations impacted the retention of 

proliferating cells we utilized the molecule bromo-deoxy uridine (BrDU) that is 

incorporated into the DNA of dividing cells and detected by flow cytometry.  

BrDU was administered for four days following the first of the nine rsIL-7gly 

doses in the clustered rsIL-7gly dosing study (Table 2-1), as a means of labeling 

dividing cells.  We assessed the rate at which the label was lost in memory T cells 

in the blood following rsIL-7gly dosing.  To determine the rate of loss, the 

amount of BrDU detected in the T cells was normalized between macaques by 

setting the percentage of BrDU+ cells at one day post labeling at 100%.  In the 
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CD4+ memory cells, the BrDU label declined to 50% of the original amount by 

14 to 28 days post-labeling in SIV+ macaques treated with ART only (depicted in 

grey) but reached 50% at 42 and 63 days post-labeling in macaques treated with 

rsIL-7gly (depicted in black) (Figure 3-7A).  rsIL-7gly administration had a 

greater impact on memory CD8+ T cells which retained the label past the end of 

the follow up period in macaques treated with rsIL-7gly but not in those treated 

with ART alone (Figure 3-7B).  Therefore, in this relatively small number of 

SIV+ ART treated macaques, the addition of rsIL-7gly to these macaques 

increased the retention of the CD4+ and CD8+ memory cells that had been 

labeled during the first clustered weekly dosing.  

 

Discussion: 

Current HAART regimens reduce the viral burden but in some patients can be 

insufficient to restore CD4+ T cells to healthy levels (4, 167).  These discordant 

patients are most likely to benefit from therapy options designed to compliment 

the existing HAART regimens to restore the host’s system to a more “normal” 

state.  IL-7 has been proposed as one candidate to reconstitute the immune 

system, by increasing CD4+ T-cell levels, complimenting anti-viral drugs during 

HAART (7, 92, 148, 206).  Importantly for the use of IL-7 as a therapeutic, 

previous studies in the macaque model, as well as our work, have shown that in 

both treatment naïve and ART treated macaques, IL-7 has little discernable 



57 

 

impact on plasma viremia (24, 92, 111, 204).  These studies have also contributed 

a great deal to documenting the expansion of pathogenically and therapeutically 

relevant cell populations including the CD4+ naïve and CM subsets (24, 92, 111, 

160, 184, 204).  In non-human primate models, the effect of IL-7 occurred in both 

the CD4+ and CD8+ T cell compartments (24, 65, 92, 111, 160, 184, 204).  The 

effects of IL-7 in these studies were not limited to the peripheral blood and 

included both lymph nodes and other organs (eg spleen, lung, kidney and gut) (25, 

160, 184).  Most of these studies however used nonglycosylated rmIL-7 (24, 65, 

92, 111, 160, 184, 204) and in some instances, the animals developed neutralizing 

antibodies (24, 65, 204).  In our studies with rsIL-7gly all the macaques were 

monitored for neutralizing antibody production and none was detected.  More 

recently, clinical studies in humans have also been undertaken, one in cancer 

patients by Sportes et al (266) and two in HIV+ patients conducted by Levy et al 

(149) and Sereti et al (251). Both Sportes et al and Levy et al document 

significant though transient expansion of CD4+ and CD8+ T cells lasting from 28 

days (266) to 48 weeks (149).  Notably, in agreement with the non-human primate 

model (24, 65, 92, 111, 160, 184, 204), the human studies indicate IL-7 

administration effectively expands both naïve and memory T cells (149, 266).  

Although both human studies reported increased cell cycling, the study by Sportes 

et al also indicated a role for IL-7 mediated T cell survival effects, detected as 
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elevated levels of the anti-apoptotic protein BCL-2, as opposed to proliferative 

effects, as the principle contributor to CD4+ T cell expansion.   

 

Our approach in these studies was to use the SIV/macaque model to further 

elucidate the efficacy of immune therapy using low doses of rsIL-7gly in a 

context where ongoing virally mediated killing was minimized.  We sought to 

characterize further in the animal model rsIL-7gly’s impact on different T cell 

subsets using different dosing intervals. Based on previous studies indicating that 

IL-7 induced both cycling (12, 25, 126, 152, 272) and cell survival (25, 117, 228, 

235, 249), to increase cell number, we first conducted a study to determine the 

optimal spacing between doses.  Our results indicated that to consistently 

maximize rsIL-7gly induced proliferation doses should be administered at 4 to 6-

week intervals, however both the duration of the initial proliferative response and 

the degree to which cell numbers increased was greater when rsIL-7gly doses 

were administered in clusters.  To test these hypotheses we conducted trials of 

two dosing strategies, one to maximize proliferation, administering rsIL-7gly 

every six weeks and the other clustering rsIL-7gly at weekly intervals.  We 

repeated each dosing regimen for three cycles assessing the effect of rsIL-7gly on 

CD4+ and CD8+ naive and CM cells after each dose. When we administered 

rsIL-7gly at 6-week intervals, we elicited robust proliferation, but little long-term 

increase in T-cell number.  This observation suggests that the cumulative effect of 
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clustering rsIL-7gly doses may be important to maintaining the self-renewing 

capacity of CM cells.  Two further observations from these studies support the 

hypothesis that mechanisms other than inducing detectable increases in 

proliferation may contribute to increasing absolute cell number in macaques.  

First, CD4+ naïve cells increased absolute count in the periphery with little 

detectable change in Ki67 expression. Second, when IL-7 was administered in a 

three-dose cluster, despite observing a muted Ki67 response to the second and 

third rounds of IL-7 treatment, in the same macaques, the absolute T-cell count 

continued to increase with each sequential cluster of IL-7 administration.  These 

results suggest that IL-7 has therapeutic benefits contributing to expanding the 

peripheral T-cell pool that are not the direct result of detectable proliferation.  

 

The importance of maintaining the self renewing capacity of the CM CD4+ T cell 

population with regard to disease progression has been described in previous 

studies (208, 225, 285).  These data suggest IL-7 administration can effectively 

regenerate the CD4+ CM subset directly countering a major mode of viral 

pathogenesis.  Further, the results from our BrDU labeling studies indicate that 

the cells dividing during the first round of rsIL-7gly have a longer retention time 

in the peripheral blood.  This indicates a role for rsIL-7gly in preventing apoptosis 

and prolonging the lifespan of memory CD4+ T cells suggesting that rsIL-7gly 

may be able to slow the rate of depletion and consequently disease progression in 
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the SIV/macaque model.  A recent study by Beq et al has further demonstrated 

that by inducing trafficking to mucosal sites, like the intestine, rsIL-7gly may 

actually be able to repair SIV induced damage at these sites as well (25).  IL-7 

administration impacts naïve T-cell population levels in addition to memory cell 

populations.  Increasing the absolute number of naïve T cells allows IL-7 to fully 

compliment existing HAART regimens in patients that are associated with fewer 

naïve cells relative to memory cells in adults (288).  It could also potentially 

provide ancillary immunological benefits, such as increased resistance to newly 

encountered pathogens or increased memory precursor populations that may be 

beneficial for patients.   

 

In summary, with the work presented in this thesis we have demonstrated that 

SIV+ macaques with an ART controlled infection respond to rsIL-7gly in a 

manner similar to what has been observed in SIV-negative macaques with 

transient proliferative bursts and a potential for a sustained increase in multiple 

CD4+ T cell subsets at multiple tissue sites.  Further by optimizing the interval 

between doses we successfully elicited long-term increases in CD4+ T cell levels.  

Therefore these studies provide further evidence that IL-7 can be used effectively 

as an immunotherapeutic to increase the absolute number of CD4+ T cells to 

assist in the recovery of the immune system dysfunction induced by the SIV or 

HIV infections.
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Table 3-1: Absolute T cells/mL of blood in uninfected and SIV+ macaques prior to 
rsIL-7gly. 

 

Pre-rsIL-7gly CD4+    

T cell Levels 

Pre-rsIL-7gly CD8+       

T cell Levels 

 

Total Naïve CM Total Naïve CM 

Average Levels in 

8 Uninfected 

Macaques 
962.14 640.73 211.14 498.7 256.57 5.75 

       

rsIL-7gly dosing 

interval study 

      

RM2-01 863.11 535.93 188.10 730.90 331.60 37.49 

RM2-02 899.21 454.50 210.09 836.88 225.44 23.22 

RM2-03 564.89 340.90 146.72 635.96 221.53 32.79 

RM2-04 1054.71 403.29 340.12 1633.35 355.89 92.75 

RM2-05 665.58 383.13 161.67 662.30 146.10 19.76 

RM2-06 519.35 285.78 149.23 1347.99 234.05 38.19 

       

rsIL-7gly Dosing 

at 6-week Intervals 

      

RM2-01 595.70 318.56 125.84 610.35 96.26 31.16 

RM2-03 469.04 245.15 115.86 547.27 98.30 23.61 

RM2-04 987.36 398.56 318.91 1627.83 209.24 64.87 

       

rsIL-7gly clustered 

dosing 

      

RM2-05 728.45 401.50 149.85 568.73 161.43 13.71 

RM2-07 955.59 543.38 241.46 624.31 179.51 19.60 
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TABLE 3-2- Effect of rsIL-7gly administration on SIV plasma viral load 

 
Monkey number -7 d 7d 14d 21d 28d 63d 77d 105d 

rsIL-7gly 2, 4 or 6 week 

Intervals 

        

RM2-01 60 490 240 340 150 110 70 - 

RM2-02 30 340 30 30 30 30 40 - 

RM2-03 740 620 590 440 340 320 200 - 

RM2-04 50 40 30 150 30 40 50 - 

RM2-05 30 260 120 50 30 30 30 - 

RM2-06 8800 1500 4300 4400 3700 6500 1300 - 

         

rsIL-7gly 6 week 

Intervals 

        

RM2-01 190 490 70 80 30 810 30 70 

RM2-03 310 40 140 230 330 250 110 70 

RM2-04 30 90 170 30 30 40 50 30 

         

Clustered rsIL-7gly 

Doses 

        

RM2-05 100 30 120 110 30 30 30 30 

RM2-07 30 70 50 30 - 1000 1000 3800 

         

 

 

TABLE 3-2- Plasma viral load (SIVgag copies eq/mL) was monitored over the 

course of rsIL-7gly administration in all the cohorts using a real time PCR based 

assay.  The limit of detection was 30copies/mL.   
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Figure 3-1: rsIL-7gly induces robust proliferation in uninfected and SIV+ 
macaques 
 

Figure 3-1: rsIL-7gly induces robust proliferation in SVneg and SIVpos 
Rhesus macaques: 
rsIL-7gly was administered where indicated [!].  The nuclear antigen Ki67 was 

used to assess proliferating cells, pre-rsIL-7gly levels of proliferation were 

determined by averaging the percentage of Ki67+ cells in each subset over three 

timepoints.  The difference in Ki67 expression from pre-rsIL-7gly levels was 

determined for each subsequent timepoint and is presented as the mean±standard 

error of the mean (SEM).  The dashed horizontal line indicates pre-rsIL-7gly Ki67 

levels. (A) Change in percent Ki67+ cells in CD4+ subsets; (B) change in percent 

Ki67+ cells in CD8+ subsets.  Uninfected macaques (N=8; grey), SIV+ART 

treated macaques (N=6; black) 
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Figure 3-2: rsIL-7gly increases T cell levels in uninfected and SIV+ macaques 

 
 

Figure 3-2: Change in absolute T-cell number in response to rsIL-7gly in 
uninfected and SIV+ART treated macaques: 
rsIL-7gly was administered where indicated [!].  Pre-rsIL-7gly T-cell levels were 

determined by averaging the number cells in each subset over three timepoints.  

The fold change from baseline was determined for each subsequent timepoint.  

The dashed horizontal line indicates pre-rsIL-7gly levels. The data is presented as 

the mean±SEM.   (A) Fold change in CD4+ subsets; (B) Fold change in CD8+ 

subsets.  Uninfected macaques (N=8; grey), SIV+ART treated macaques (N=6; 

black). 
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Figure 3-3: Administration of rsIL-7gly induces maximal Ki67 responses at 
4-6 week intervals 

 
Figure 3-3: Increased Ki67 expression patterns for determining rsIL-7gly 
dosing Intervals.  rsIL-7gly induced proliferation (Ki67+) cells was assessed by 

flow cytometry at 2-week intervals in groups of 2 macaques. The change from 

baseline for CM (red) and naïve (green) cells was calculated for each subsequent 

point.  rsIL-7gly administration is indicated by [!]. (A) Change in percent Ki67+ 

cells in RM2-05 and RM 2-06. (B) Change in percent Ki67+ cells in RM2-03 and 

RM 2-04 (C) Change in percent Ki67+ cells in RM2-01 and RM 2-02.  The fold 

change was also determined for the absolute number of CD4+ CM T cells in each 

of the macaques.  (D) Percent change in RM2-05 and RM2-06 (E) percent change 

in RM2-03 and RM2-04 (F) percent change in RM2-01 and RM2-02.  
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Figure 3-4: Administration of rsIL-7gly at 6-week intervals transiently 
increases T cell proliferation and number in SIV+ ART treated macaques 

 
Figure 3-4: IL-7 administration during fully controlled SIV infection at 6 
week intervals transiently increase T-cell number and proliferation.   
We assessed the change in Ki67+ T cells from pre-grm-IL-7 levels at each time 

point.  Basal Ki67 levels were determined by averaging three rsIL-7gly time 

points. rsIL-7gly administration is indicated by [!].  CM (red); naïve (green). (A) 

CD4+ T cells (B) CD8+ T cells.  We then determined the effect of rsIL-7gly on 

the absolute number of T cells over time.  The fold change was determined from 

the basal level of each T-cell subset; CM (black); naïve cells (grey). (C) Absolute 

number of CD4+ T cells (D) Absolute number of CD8+ T cells  
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Figure 3-5: Administering clustered doses of rsIL-7gly transiently increases 
T cell proliferation in ART treated SIV+ macaques 

 
Figure 3-5: Three clustered doses of rsIL-7gly increases proliferation in 
peripheral T cells.  Two macaques treated with stable ART therapy were 

administered rsIL-7gly at weekly intervals for three weeks followed by a three-

week wash out period.  Proliferation in peripheral T-cell subsets was monitored 

by flow cytometry assessing the fraction of Ki67+ cells.  Each rsIL-7gly dose is 

indicated by [!].  The change in Ki67 expression from baseline levels is shown. 

CM (red); green (naïve) (A) CD4+ T cells  (B) CD8+ T cells.  We also 

determined the absolute number of proliferating cells in each macaque in each 

subset (C) CD4+ Tcells (D) CD8+ T cells.  
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Figure 3-6: Administering clustered doses of rsIL-7gly increases T cell 
number in ART treated SIV+ macaques 

 
Figure 3-6: rsIL-7gly administration results in long-term increases in 
absolute T-cell number during fully controlled SIV infection.  
Where applicable rsIL-7gly administration is indicated [!].  The mean absolute T-

cell count of four macaques treated with ART alone (mean ± SEM) (grey square; 

1*102 copies/mL <VL < 1*106 copies/mL) as well as RM2-05 (closed circle) and 

RM2-07 (open circle) is shown in each figure.  (A) Percent change in CD4+ T-

cell subsets (B) percent change in CD8+ subsets  
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Figure 3-7: rsIL-7gly increases the half-life of BrDU labeled cells in the 
peripheral blood 

 
 

Figure 3-7: rsIL-7gly induces increases the percentage of BrDU+ cells in 
tissues and increases the half-life of labeled cells 
BrDU was used to label cells dividing in response to rsIL-7gly administration 

following the first of nine doses.  The percentage of BrDU+ cell immediately post 

labeling was set to 100% to normalize the rate of decline in all the macaques. 

Where applicable rsIL-7gly administration is indicated [!].  ART controls (mean 

+/- SEM) (grey square) as well as RM2-05 (closed circle) and RM2-07 (open 

circle) are shown.  The percentage of BrDU label retained in CD4+ memory cells 

in the peripheral blood (B) The percentage of BrDU label retained in CD8+ 

memory cells in the peripheral blood 
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CHAPTER FOUR 
 
 

IL-7 TREATMENT IN ART TREATED SIV+ MACAQUES INCREASES NAÏVE 
B CELL LEVELS BUT NOT CD3+CD4-CD8- T CELLS 

 
Introduction and Rationale: 

While the primary immune system damage from an SIV infection in macaques is 

depletion of the CD4+ T cells, a second source of immune system damage is 

aberrantly high levels of immune activation (75, 123, 258).  Clinically, HIV+ 

patients are particularly prone to opportunistic infections including pneumocystis 

carinii, candidiasis and cytomegalovirus (Morbidity and Mortality Weekly Report 

2004 No. RR-15).  In addition, vaccine responses in HIV+ patients are attenuated 

(79, 101, 185, 241, 269, 278) making it difficult to protect these patients from 

common co-infections with approved vaccines such as influenza [Morbidity and 

Mortality Weekly Report 2004 No. RR-15] and tuberculosis [Morbidity and 

Mortality Weekly Report 2004 No. RR-15].  As part of the ongoing work in our 

laboratory, we have begun to examine the dysfunction in alternate immune cell 

subsets that may be crucial to host defense.  

  

CD3+CD4-CD8-pangd- (CD3+CD4-CD8-/double negative) T cells are an 

alphabeta T cell subset that has not been studied as closely as either single 

positive T cells or B cells. They are usually extrathymic in origin and are thought 

to originate as activated single positive T cells that lose expression of either the 
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CD4 or CD8 co-receptor (86, 276).  Studies in mice have establish a role for these 

cells in peripheral tolerance although they have been implicated in anti-tumor 

activity (299), prevention of graft versus host disease (GVHD) in allogenic bone 

marrow transplants (85) and as a potential regulatory T-cell subset (48, 86, 276).  

CD3+CD4-CD8- T cells have cytotoxic properties directly killing activated CD4+ 

and CD8+ T cells via Fas/FasL interaction in a contact dependent manner (299) 

generally targeting single positive T cells with the same TCR antigen specificity 

(276).  As part of their role in the contraction phase of the immune response, 

double negative T cells acquire Ag-MHC complexes from APCs to kill antigen 

specific T cell clones (48, 276).  The effect of HIV infection on their number and 

proliferation is imprecisely defined in humans, though the percentage of 

CD3+CD4-CD8- cells has been shown to increase with infection (168). Studies in 

natural SIV hosts including African green monkeys and sooty mangabeys, 

indicate that in non-pathogenic models double negative T cells potentially retain 

T-helper cell functionality and are resistant to SIV infection (Sodora unpublished, 

(17)).  Therefore, the potential for these SIV-resistant multifunctional T cells to 

respond to a cytokine immune therapy such as IL-7 was of particular interest to 

our laboratory.   

 

 B cell studies have documented dysfunction in naïve and memory B cells during 

HIV infection with dysfunctions including: hypergammaglobulinemia [reviewed 
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in (178)], depletion of B cell number (186), qualitative changes in the phenotype 

of the cells (eg naïve and memory or activation state) (42, 59, 180, 181, 186, 278), 

diminished B cell functional responses (118, 141, 164, 179, 278), reduced vaccine 

effiacay (79, 101, 185, 241, 269) and increased susceptibility to apoptosis (181).  

Some of these dysfunctions are reparable with effective antiviral treatment (164, 

180, 181) though memory B cells remain depleted throughout the chronic phase 

of an HIV infection (59).  In collaboration with Dr. Kelly Cole at the University 

of Pittsburgh and her student, David Kuhrt, we undertook a longitudinal study 

examining B-cell dynamics during acute SIV infection prior to the initiation of 

ART and rsIL-7gly treatment that has been submitted for publication (Journal of 

Virology).  These studies indicated an immediate and precipitous decline in the 

memory B cell population.  We hypothesized that rsIL-7gly administration would 

benefit the B cell compartment in ways similar to the effect on T cells, increasing 

cell number in both naïve and memory subsets.  
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Results: 

Viral load variation during acute SIV infection in 10 Rhesus Macaques 

distinguished three levels of viral control: 

One of the secondary aims of our study was to determine whether rsIL-7gly 

administration was beneficial to overall immune system health by ascertaining its 

effect on other immune cell populations, for this we chose to investigate 

CD3+CD4-CD8- T cells as well as B cells cells.  To address this question the 

impact of rsIL-7gly administration on both CD3+CD4-CD8- number and B cells 

during stable ART treatment.  A varying degree of viral control was observed 

during acute infection in our cohort of ten macaques enrolled in the rsIL-7gly 

clustered dosing regimen (RM2-02, RM2-05, RM2-06, RM2-07, RM2-08, RM2-

09, RM2-10, RM2-11, RM2-12 and RM2-13) (Figure 4-1).  Three macaques 

RM2-02, RM2-05 and RM2-07 were able to spontaneously reduce viral 

replication and developed set point plasma viremia ranging from 1*103 to 1*105 

copies/ml (Figure 4-1).  This set point was at least two logs lower than the 

macaques with the highest set points (RM2-08, RM2-12 and RM2-13) that ranged 

from 1*107 to 1*108 copies/ml (Figure 4-1).  SIV vaccine studies that elicit a 

similar reduction in viral load have demonstrated that this is sufficient to attenuate 

the rate of disease progression (14, 43, 109, 119, 124, 134, 265).   

 

CD3+CD4-CD8- T cells in peripheral blood of Rhesus macaques  
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 In our macaque model we identified the CD3+CD4-CD8- T cells from macaque 

peripheral blood cells as shown in Figure 4-2.  Briefly, to ensure the cleanest 

identification of double negative T cells, CD20+ B cells were excluded from the 

analysis, as were CD3+CD4+ T cells.  Within the CD3+CD4- subset there are 

three possible populations of cells: CD3+CD8+ single positive T cells, 

CD3+CD8intermediatepangd+ and CD3+CD8-pangd- T cells. To distinguish 

these populations, the pangd+ T cells were excluded from the analysis and only 

CD8- cells were included in the double negative T cell population.  This gating 

strategy ensured minimal contamination of the double negative population by 

either pangd+ or single positive CD8+ T cells (Figure 4-2).   

 

During Acute Infection CD3+CD4-CD8- proliferation correlates with reduced 

viral set point 

Peak viremia in these macaques occurred approximately 14 days post infection 

and was associated with a decreased percentage of proliferating CD3+CD4-CD8- 

cells in the peripheral blood (Figure 4-3A).  Following the peak in viral 

replication, the macaques with low viral set point (N=3) display an increase in 

proliferation in the CD3+CD4-CD8- cells that remains elevated (range= 10.1% to 

20.3% at day 98) through the first 100 days of infection (Figure 4-3A).  Macaques 

with high viral set points (N=3) fail to increase the percentage of proliferating 

CD3+CD4-CD8- cells from its nadir point and remain suppressed through 100 

days post-infection (Figure 4-3A).   It was therefore not surprising that the 
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macaques in the mid set point group (N=4) increase the percentage of 

proliferating CD3+CD4-CD8-Ki67+ cells above baseline levels as viral set point 

but to an intermediate level between the low and high viral set point groups 

(range= -7% to 12% at day 98) (Figure 4-3A).  In addition, a modest inverse 

correlation (R2 = 0.27) was observed between CD3+CD4-CD8- proliferation and 

set point viremia (Figure 4-3B). Furthermore, this increase in proliferation in the 

low set point group did not translate into an increase in the absolute level of 

CD3+CD4-CD8- cells which remained relatively constant over the 100 days post-

infection for all three viral set point groups (Figure 4-3C).  

 

Effect of rsIL-7gly administration on CD3+CD4-CD8-s during ART controlled 

chronic infection  

Following acute infection, the macaques were placed on ART consisting of 

PMPA (30mg/kg/d) and FTC (50mg/kg/d) (see materials and methods).  Two 

macaques with fully suppressed viral replication on ART (RM2-05 and RM2-07) 

were given three dose clusters of rsIL-7gly at weekly intervals followed by a 

three-week washout period (Table 2-1).  This regimen was repeated three times.  

Four macaques were used as control animals and received only ART treatment 

(RM2-02, RM2-06, RM2-10 and RM2-11) (Table 2-1).  In contrast to the CD4 

and CD8 T cells assessed in Chapter 3, the rsIL-7gly did not elicit any increase in 

CD3+CD4-CD8- proliferation (Figure 4-4A).  In addition, rsIL-7gly did not alter 

the absolute number of circulating CD3+CD4-CD8- cells in the peripheral blood 
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(Figure 4-4B).   These results indicate that this regimen of rsIL-7gly therapy, 

which appeared functional for CD4+ and CD8+ T cells, did not influence 

CD3+CD4-CD8- proliferative abilities or peripheral blood levels of these SIV+ 

ART treated macaques . 

 

Effect of rsIL-7gly administration on naïve and memory B cells during ART 

controlled chronic infection 

Given the role of IL-7 in de novo production and maintenance of B cells in the 

murine system (6, 83, 174, 203) we sought to assess whether rsIL-7gly 

administration in primates would be able to increase the number of B cells during 

chronic infection.  We were able to phenotypically subdivide the B cells based on 

the expression of surface markers in-vivo (naïve: CD20+ CD27- and memory: 

CD20+ CD27+).  rsIL-7gly administration induced minimal proliferation in both 

naïve (Figure 4-5A) and memory (Figure 4-5B) B cells in RM2-05 and RM2-07.  

Therefore it was surprising that rsIL-7gly administration did increase the absolute 

number of naïve B cells in these SIV+ ART treated macaques (Figure 4-6A), 

although the absolute number of memory B cells was not affected (Figure 4-6B).  

It is possible that the rsIL-7gly induced naïve cell proliferation could in turn 

influence the levels of SIV-envelope specific antibody titers.  Plasma antibody 

titers were measured at day 126-post infection (prior to rsIL-7gly in treated 

macaques) and day 233-post infection (post rsIL-7gly in treated macaques) in 

both rsIL-7gly treated and untreated cohorts.  Macaques in both cohorts increased 
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their plasma antibody titer over time (Figure 4-6C).  However, the change in 

antibody titer was not significant in the ART suppressed control macaques that 

were not given rsIL-7gly (p=0.6631), but was significant in our two macaques (p 

< 0.0001) in the rsIL-7gly treated ART suppressed cohort (Figure 4-6C).  These 

results suggest rsIL-7gly administration was associated with increased anti-SIV 

antibodies in addition to increasing naïve cell numbers.  

 

Discussion: 

HIV/SIV infection is associated with depletion of CD4+ T cells during an 

aggressive acute infection and over time (36, 151, 169, 219).  In the studies 

presented in this dissertation, our primary objective was to assess whether rsIL-

7gly therapy was able to reconstitute the damage to the CD4+ T-cell 

compartment.  However, our laboratory also has a long-standing interest in the 

function and maintenance of alternative immune cells stemming from studies in 

the Sodora laboratory as well as collaborators.  Two cell types that we are 

particularly interested in are CD3+CD4-CD8- double negative T cells and B cells 

which are discussed in this chapter. 

 

Do CD3+CD4-CD8-s Appear to Associate with Severity of Acute Infection? 

These studies examined the dynamics of the CD3+CD4-CD8- population 

longitudinally during acute infection and suggest that there could be an inverse 
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correlation between CD3+CD4-CD8- proliferation and established set point 

viremia (Figure 4-3B).  SIV+ macaques in the highest set point cohort displayed 

CD3+CD4-CD8- proliferation that remained below pre-infection levels for the 

duration of the acute infection (Figure 4-3A).  One potential explanation of this 

association is that the CD3+CD4-CD8- proliferative capacity is important for 

containing/controlling viral replication in this model.  It was surprising that 

despite the elevated levels of Ki67 expression in the low-set point macaque 

cohort, there was no net increase in CD3+CD4-CD8- numbers in the blood of 

macaques that controlled virus replication (Figure 4-3C).  This could be due to 

any number of factors including that possibility that the newly created CD3+CD4-

CD8- T cells are trafficking to tissues other than the peripheral blood.  

CD3+CD4-CD8- cells may be able to contribute to shaping the dynamics of virus 

replication in several ways.  They have been shown to serve as a viral reservoir 

(121) suggesting they may contribute to increasing latent virus.  However, it is 

more likely that the immunosuppressive properties of CD3+CD4-CD8- T cells 

contribute to reducing the pool of activated SIV target cells.  CD3+CD4-CD8- 

cells also have documented anti-viral properties in a murine cytomegalovirus 

system (MCMV) system  (110) which speculatively suggests that CD3+CD4-

CD8- double negative T cells may have anti-SIV properties as well as possibly 

reducing SIV target cells.  In addition, a recent study by Beaumier et al (17) 
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indicates that these cells may retain sufficient helper function to be able to 

compensate for the depleted CD4+ T cells. 

 

 

IL-7 and B cell development 

In the murine model, IL-7 is critical for the de novo production and peripheral 

survival of B cells (6, 83, 174, 203).  The role of IL-7 in B-cell development was 

originally identified in IL-7 deficient mice that showed a reduced number of 

mature B cells (218, 286).  During HIV infection, studies by our collaborators [D. 

Kuhrt submitted AIDS research and Human Retroviruses (140)] and others (278) 

have demonstrated that acute infection is critical for the establishing the 

dysfunction in B cells. The results of these studies indicate there is a precipitous 

decline in the absolute number of B cells rapidly following infection decreasing 

within the ten animal cohort from a mean of 1157cell/mL of blood to 378 

cells/mL within the first ten days of infection (140).   However, unlike CD4+ T 

cells, the absolute number of CD20+ B cells regained pre-infection levels in the 

absence of ART by 80-90 days post infection (140).  Interestingly, similar to 

CD4+ T cells, the dynamics of B cell subsets, naïve, IgG/IgA or IgM secreting 

memory cells were differentially impacted by SIV infection (140).  All the subsets 

sustained severe depletion within the first 10 days, however, the IgG/IgA 

secreting memory and naïve (CD20+CD27-) B cells recovered pre-infection 
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levels in the absence of ART while the IgM secreting memory cells remained 

significantly depleted (140).  One possible reason for the failure of IgM secreting 

memory cells to regain pre-infection levels is that the percentage of Ki67+ cells in 

this population slowly declined over the course of infection in contrast to IgG/IgA 

memory cells which were able to significantly increase proliferation following 

their depletion (140).  It is possible to speculate that the shift in memory B cell 

population toward IgG/IgA secreting cells away from IgM secreting cells which 

have been shown to be critical for antibody production in response to viral 

mutants and opportunistic infections may increase the immunocompromised 

status of the host.  Endogenous IL-7 levels during chronic HIV have been 

inversely correlated with B cell dysfunction (high plasma IL-7 correlates with low 

function) in clinical studies (164) though a causative role for high levels of IL-7 in 

B cell dysfunction has not been identified.   ART treatment in our cohort was 

partially successful in restoring the B cell populations to ‘normal’ levels, initiating 

a transient increase in naïve cells (408 cells/mL when ART initiated peaking at 

562 cells/mL) and a sustained increase in memory B cells (571 cells/mL to 954 

cells/mL) (140).  However, the IgM secreting population showed no increase in 

absolute cell number indicating that the IgG/IgA memory subset underwent the 

bulk of the expansion (140).  We hypothesized that rsIL-7gly therapy may be able 

to help normalize particularly the naïve B cell subset when administered in 

conjunction with successful ART.   
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Effect of rsIL-7gly Administration on CD3+CD4-CD8-s and B cells: 

rsIL-7gly was administered to two macaques in three dose clusters (Table 2-1) 

during chronic ART controlled infection.  In contrast to our hypothesis, rsIL-7gly 

had negligible impact on CD3+CD4-CD8- proliferation and cell number in the 

blood (Figure 4-4).  An impact on these parameters outside the blood at secondary 

sites cannot however be discounted.  In addition, rsIL-7gly administration did not 

elicit increased Ki67 expression in naïve or memory B cells when viral replication 

is fully suppressed (Figure 4-5A and 4-5B).  However, the absolute number of 

peripheral blood naive B cells did increase in response to rsIL-7gly treatment 

(Figure 4-6A).  Memory B cells remained at levels comparable to ART controls 

(Figure 4-6B).  This suggests that rsIL-7gly may be able to elicit increased 

production of de novo B cells.  rsIL-7gly treatment may also increase the titer of 

anti-SIV antibodies (Env specific) (Figure 4-6C).  The sum of these observations 

suggests that rsIL-7gly may be able to increase both naïve B-cell number and 

antibody production when SIV infection is controlled with ART.   

 

Summary: 

rsIL-7gly administration appears to have limited impact on double negative T 

cells.  The ability of rsIL-7gly to increase the levels of naïve B cells could 
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potentially provide clinical benefit by increasing resistance to OIs, and this should 

be investigated in future IL-7 therapy trials in HIV+ humans. However, overall 

rsIL-7gly appears to have the most potential as a CD4+ targeted immunotherapy.   
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Figure 4-1: Plasma viral load during acute SIV infection in 10 SIVmac239 
infected rhesus macaques 

 
 

Figure 4-1: Plasma viral load during acute SIV infection.  Ten Indian origin 

rhesus macaques were intravenously inoculated with SIVmac239.   The number 

of SIVgag copies/mL was quantified over the first 105 days of infection to 

measure the viral load in the plasma.  Three macaques exhibited a low viral set 

point below 105 copies/mL (Blue lines; RM-2-02, RM2-05 and RM2-07).  Four 

macaques displayed viral loads between 106-107 copies/mL (Black lines; RM2-

10, RM2-06, RM2-09 and RM2-11) and three macaques had viral loads above 

107 (Red lines; RM2-08, RM2-12 and RM2-13). 
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Figure 4-2: Gating strategy to identify CD3+CD4-CD8- T 
cells

 
Figure 4-2: Gating strategy to identify CD3+CD4-CD8- T cells.  Small 

lymphocyte were identified using the forward and side scatter parameters.  CD3- 

lymphocytes were then excluded as were CD4+ T cells.  To cleanly identify 

double negative cells, CD8high and pangd+ Tcells were then separated.  The final 

step was to ensure that CD20- B cells were excluded from the final analysis.  
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Figure 4-3: Double negative T cell number and proliferation during acute 
infection may be associated with viral load 

 
 

Figure 4-3: CD3+CD4-CD8- number and proliferation during acute infection 
may associate with viral load. Using flow cytometry we assessed the number of 

CD3+CD4-CD8- T cells over acute infection.  The nuclear antigen Ki67 was used 

as a marker for proliferation.  The mean±SEM is shown for each group.  The 

difference in Ki67 expression was determined from baseline (average of three 

pre-infection timepoints).   Left Y-axis; Mean±SEM CD3+CD4-CD8- 

proliferation or absolute number (black line) Right Y-axis; Mean±SEM viral load 

for each group (grey line).  (A) Change in CD3+CD4-CD8- proliferation (B) 

Correlation between peak CD3+CD4-CD8- proliferation and viral loads.  (C) Left 

Y-axis; Mean±SEM Fold change in CD3+CD4-CD8- number (blue line) Right Y-

axis; Mean±SEM viral load for each group (grey line). 
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Figure 4-4: rsIL-7gly administration does not induce proliferation in 
circulating CD3+CD4-CD8- T cells 

 
 

Figure 4-4: rsIL-7gly administration does not alter CD3+CD4-CD8- 
proliferation or number during ART controlled SIV infection. To assess the 

impact of rsIL-7gly on CD3+CD4-CD8-s the cytokine was administered where 

indicated [!].  Proliferation was assessed using the nuclear antigen Ki67.  ART 

control animals are shown as the cohort mean and standard error of the mean 

(grey line).  (A) Change in percent Ki67+ CD3+CD4-CD8- in RM2-05 (black 

closed circle) and RM2-07 (black open circle).   (B) Fold change in absolute cell 

number in RM2-05 (black closed circle) and RM2-07 (black open circle) 
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Figure 4-5: Effect of rsIL-7gly administration on proliferation in peripheral 
B cells 

 
 

Figure 4-5: rsIL-7gly administration Induces minimal proliferation in 
peripheral B cells.  rsIL-7gly was administered where indicated [!] in three dose 

clusters spaced three weeks apart.  Ki67 was used to measure proliferation in 

naïve and memory B cells circulating in the periphery.  ART treated control 

animals are shown as the cohort mean +/- SEM (grey line). (A) Change in percent 

Ki67+ naïve B cells in RM2-05 (black closed circle) and RM2-07 (black open 

circle).   (B) Change in %Ki67+ memory B cells in RM2-05 (closed circle) and 

RM2-07 (open circle) 
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Figure 4-6: Effect of rsIL-7gly administration on the absolute number of 
peripheral B cells 

 
Figure 4-6: rsIL-7gly  Administration Increases the absolute number of naïve 
but not memory B cells.  rsIL-7gly was administered where indicated [!] in 

three dose clusters spaced three weeks apart.  Flow cytometry was used to 

monitor the number of naïve and memory B cells circulating in the periphery.  (A) 

Fold change in absolute naïve B cells (grey line; ART treated controls; closed 

circle; RM2-05 and open circle RM2-07). (B) Fold change in absolute memory B 

cells (grey line; ART treated controls; closed circle; RM2-05 and open circle 

RM2-07). (C) Reciprocal plasma titer of anti-SIV envelope specific antibodies pre 

and post rsIL-7gly treatment.  Significance was calculated using the Mann-

Whitney T-test and exact p values are shown.  
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CHAPTER FIVE 
 
 

ASSESSING THE IMPACT OF SIV INFECTION OF IL-7 FUNCTION IN-VIVO 
IN THE SIV+ RHESUS MACAQUE MODEL 

 
 

Introduction and Rationale: 

The studies presented in chapter 3 and 4 unexpectedly generated several anecdotal 

lines of evidence that active SIV infection impaired the response of peripheral T 

cells to rsIL-7gly administration.  We hypothesized that during untreated 

infection, the loss of IL-7 function in-vivo may be contributing to the failure of 

the central memory T cell compartment.  Dysfunction in the IL-7 signaling axis 

has been documented as HIV/SIV has been shown to decrease IL-7R (CD127) 

expression and cause dysfunction in the activation of downstream signaling 

intermediates (1, 22, 23, 27, 28, 45, 87, 131, 132, 139, 171, 173, 183, 200, 211, 

212, 216, 233, 242, 253, 291, 300).  HAART is able to partially restore the IL-

7/IL-7R axis (53, 54, 162, 230).     

 

Overview of IL-7 Signaling Pathways: 

Cytokine signaling is canonically associated with three intertwined signaling 

pathways, JAK/STAT, PI3K and MAPK.  JAK/STAT signaling downstream of 

the IL-7R (Figure 5-1) has been extensively studied and is reviewed 

comprehensively by Jiang et al (116).   JAK3 is constitutively associated with the 
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common gamma chain (CD132) and upon dimerization with the IL-7 specific 

alpha chain (CD127) phosphosrylates tyrosine 449 (Y449) creating a docking site 

for downstream molecules including STAT5 and PI3K (116).  JAK3 also 

phosphorylates STAT family proteins, predominately STAT5 in IL7 mediated 

signaling, which form dimers and larger complexes that are translocated to the 

nucleus to initiate signaling (20, 116, 122, 259).  JAK/STAT signals are 

predominately involved in regulating the activity of numerous proteins involved 

in cell survival (Bcl-2, BAX, BAD) (116, 117, 126, 249, 294).   In contrast to the 

well-defined role of JAK/STAT signaling, IL-7 activates only two branches of the 

MAPK pathway, SAPK/JNK and p38MAPK, but not the canonical MEK/ERK 

signaling pathway (13, 56, 259).  Although IL-7 activates p38 and JNK their 

contribution to IL-7 induced proliferation and survival does not appear to be 

criticial (13, 20, 56, 228, 290). 

 

The second major IL-7 induced pathway mediated by PI3K (Figure 5-2) has also 

been studied in depth and is canonically involved in cell proliferation through 

regulation of proteins involved in cell cycle checkpoints (12, 20, 126, 128, 152, 

207).  Upon IL-7 binding to the receptor, PI3K is recruited to the receptor, likely 

to Y449 as the docking site after JAK3 phosphorylation (116).  PI3K 

phosphorylates the lipid substrate phosphatidylinositol-(4,5)-biphosphate (PIP2) 

to make phosphatidylinositol-(3,4,5)-triphosphate (PIP3) which serves as a lipid 



91 

 

anchor on the cell membrane to recruit additional downstream signaling 

intermediates such as AKT (13, 20, 88, 116, 255).  AKT activation leads to the 

upregulation of genes involved in metabolism (GLUT-1 and CD71) (13, 128, 

272), cell cycle control (p27kip1, GADD45A, p130, GSK3, cyclinD) (12, 13, 88, 

152, 272), and cell survival (FOXO transcription factors, BAD, BCL-2, BIM) 

(235, 280, 298).  The ubiquity of JAK/STAT and PI3K signaling in cytokine 

networks raises the possibility that cross-talk with other cytokines may be 

contributing to inhibiting IL-7 function.  Thus, the goal of these studies was to 

assess the responsiveness of peripheral T cells in macaques with untreated SIV 

infection to determine whether these cells were able to respond correctly to IL-7 

mediated homeostatic signals.  The work presented here assesses the capacity of 

IL-7 to signal via the JAK/STAT pathway. 
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Results: 

In-vivo Response to Homeostatic Signals is Impaired in SIV-infected Rhesus 

Macaques  

In these studies we used both chronically infected macaques, animals SIV 

infected for more than 100 days and clinically stable, as well as end-stage 

macaques, SIV+ for more than 100 days that exhibited signs of sAIDS and 

required euthanasia.  Viral loads in both cohorts ranged from 10
5
-10

8
 copies/mL.  

We did not observe any significant rsIL-7gly associated change in viral load, 

although end stage macaques had minor increases (less than 1 log variance) 

immediately prior to death 7-14 days post rsIL-7gly administration.  End-stage 

macaques were additionally characterized by a basal Ki67 expression level less 

than 20% in CD4+ CM cells (chronically infected macaques >20%) and were 

more severely depleted of CCR5+ CD4+ cells than chronically infected animals.  

One possible explanation for the collapse in the CM compartment during chronic 

SIV infection is decreased responsiveness to homeostatic stimuli.  To test this 

hypothesis, two doses of IL-7 were administered 7 days apart to: 1. Uninfected 

macaques; 2. Chronically SIV infected macaques; and, 3. SIV+ macaques 

exhibiting signs of end-stage disease.   

 

Our hypothesis was that macaques with the most severe disease (end-stage) would 

be least responsive to rsIL-7gly administration in-vivo.  Uninfected macaques 

demonstrated robust Ki67 induction in both the CM and naïve cell compartments 
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as expected (Figure 5-3).  As we predicted, chronically SIV infected macaques 

exhibited significantly reduced Ki67 induction compared to uninfected macaques 

in both the CM and naïve compartments (Figure 5-3A).  Surprisingly, macaques 

with end-stage infection showed a more robust Ki67 response than macaques with 

chronic infection (Figure 5-3).  Additionally, the peak of the Ki67 response 

occurred earlier in the macaques with end-stage disease than in uninfected 

macaques though the increase in levels of Ki67 at the peak of each response was 

attenuated in the end-stage animals with uninfected ranging from a 15%-60% 

increase and end stage macaques range from 11-30% (Figure 5-3A).  CD8+ T 

cells were more responsive in general than the CD4+ T cells in both uninfected 

and SIV infected macaques irrespective of disease state (Figure 5-3B).  rsIL-7gly 

administration elicited significantly less Ki67 in both CD8+ naïve and CM 

subsets in chronically SIV infected macaques (red line) when compared to 

uninfected macaques (black line) (Figure 5-3B).  The end-stage macaques (blue 

line) again showed a more robust Ki67 response when compared to the 

chronically infected macaques (red line) though the response was attenuated 

particularly in duration, when compared to the uninfected macaques (black line) 

(Figure 5-3B).  As we observed in the CD4+ T cells the peak of the response 

occurred earlier in the end-stage animals after a single injection of rsIL-7gly 

(Figure 5-3).  
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To determine whether the reduction in the magnitude and duration of Ki67 

expression impacts rsIL-7gly induced increases in T cell count the absolute 

number of CD4+ and CD8+ T cells was monitored during treatment.  rsIL-7gly 

administration transiently increased the absolute number of T cells in the 

peripheral blood when given to uninfected macaques (black lines) from two (CM) 

(Figure 5-4B) to five (naïve) fold (Figure 5-4A).  Counter to our hypothesis, rsIL-

7gly also increased approximately two fold CD4+ CM (Figure 5-4B) and N 

(Figure 5-4A) cells beyond the end of the study period in chronically infected (red 

lines) animals.  Surprisingly, despite eliciting early increases in Ki67 expression, 

rsIL-7gly transiently increased both the naïve (Figure 5-4A) and CM (Figure 5-

4B) cells in end-stage macaques peaking between day 14 and 21.    The data in 

Figure 5-4 suggests that in some cases (eg CD4+ CM) the chronically infected 

macaques increase T cell numbers slightly better than the uninfected macaques.  

However, the difference in outcome in terms of cell number may actually reflect 

the comparatively few CD4+ T cells in the SIV+ macaques in relation to the 

number of cells in an uninfected macaque.  The comparatively small number of 

CD4+ T cells in the SIV infected macaques requires a smaller increase in the 

absolute number of T cells to double, for example, than relatively abundant CD4+ 

T cells in an uninfected animal making it easier to see a full fold change in a 

smaller cell population.  This caveat potentially minimizes rsIL-7gly effects on T 

cell levels in uninfected macaques when directly compared to SIV+ macaques.  
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When we examined CD8+ T cells, naïve CD8+ T cells (Figure 5-4A) in 

particular, increased to a higher level than their CD4+ counterparts in uninfected 

macaques.  CD8+ CM cells were the only subset in this cohort to remain elevated 

beyond the end of the study period (Figure 5-4B).  Despite the rsIL-7gly induced 

expansion of CD4+ CM cells in some macaques, SIV infection, regardless of 

infection status, impaired expansion of naïve (Figure 5-4A) and CM (Figure 5-

4B) CD8+ T cells.    We also observed that this inhibition tended to be more 

severe as disease progressed particularly in the CD8+ compartments. As 

discussed above, using fold change as a measure of efficacy is susceptible to 

variation in population starting size between cohorts.  However, CD8+ T cells are 

present in uninfected, SIV+ and end-stage macaques at similar levels 

circumventing the caveat discussed above.  This suggests that in this case, the 

CD8+ T cell levels may be a better indicator of homeostatic disruption in the 

periphery than their CD4+ counterparts.  The attenuation of the CD8+ T cell 

response in the SIV+ animals indicates that the IL-7 non-responsiveness is due to 

the altered immune system (indirect) and not the direct SIV infection of the cells.  

In sum, these observations suggest that the response of SIV infected macaques to 

rsIL-7gly is substantially different from the response of uninfected macaques with 

regard to the ability of rsIL-7gly to elicit proliferation in peripheral T cells.  
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IL-7 response in SIV infected macaques is not diminished by reduced expression 

of CD127 

To assess the integrity of rsIL-7gly signaling downstream of the receptor a cross 

sectional study of uninfected and chronically infected macaques at the Oregon 

National Primate Research Center was undertaken.  To assess whether IL-7R 

expression was comparable to uninfected macaques during chronic SIV infection 

on CD4 T cells we determined the percentage of CD127+ cells by flow 

cytometry.  There was no significant difference between uninfected and SIV+ 

macaques in the percentage of cells expressing CD127 in both the CD4+  (Figure 

5-5A) and CD8+ (Figure 5-5B) CM and naïve compartments.  These data suggest 

that the attenuated proliferative response seen in the peripheral T cells is due to a 

defect in intracellular response rather than to the down-modulation of IL-7 

receptor expression.   

 

IL-7 signaling through STAT5 is impaired during SIV infection 

One of the two major pathways shared by homeostatic cytokines that use the 

common gamma chain in their receptor complex (e.g. IL-2, IL-7 and IL-15) is the 

JAK/STAT pathway [reviewed extensively by (116).  To determine whether this 

signaling pathway is impaired in CD4+ cells during SIV infection we asked 

whether ex-vivo stimulation with rsIL-7gly activated STAT5.  PBMCs were 

stimulated ex-vivo with rsIL-7gly (16ng/1e
6
 cells) for 15 minutes and 

phosphorylated STAT5 (STAT5P) detected by flow cytometry.  Following rsIL-
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7gly stimulation, naïve CD4+ T cells (CD28moderate, CD95low, CCR7moderate) 

from chronically infected macaques increased STAT5P+ cells significantly more 

than uninfected macaques (Figure 5-6A).  By contrast, in these same animals, the 

percentage of STAT5P+ total memory CD4+ T cells (CD95+) tended to be lower 

than the levels attained by SIV- macaques (Figure 5-6A).   The total memory 

compartment includes CM, TrM and EM subsets.  However, when we refined the 

analysis to exclude CD127dim memory subsets (TrM (CD28
hi

, CD95
hi

, CCR7
dim

) 

and EM (CD28
dim

, CD95
hi

, CCR7
dim

)) and compared STAT5 activation in only 

CD4+ CM (CD28
hi

, CD95
hi

, CCR7
hi

) cells we did observe significant attenuation 

in their response during chronic infection (Figure 5-6B).     These results support 

our hypothesis that active SIV replication is associated with altered IL-7 signaling 

in peripheral CD4+ memory cells.  

 

One possible source of the attenuation is inhibition of rsIL-7gly signaling by 

negative feedback inhibition resulting from high levels of endogenous gamma 

chain cytokines.  We quantified plasma concentration of gamma chain cytokines 

associated with homeostasis as well as a cytokine associated with immune 

activation In T cells (IL-8) using Luminex technology.  The combined plasma 

concentration of the major common gamma chain cytokines, IL-2, IL-7 and IL-

15, was not significantly different in uninfected and infected macaques (Figure 5-

7A).  However, the median concentration of IL-7 in uninfected macaques (4.1 
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pg/mL) was significantly higher than the median concentration (2.0 pg/mL) in the 

SIV+ macaques.  By contrast, the plasma concentration of IL-2, a cytokine critical 

for antigen specific T cell responses, was elevated in the SIV+ macaques (median 

concentration 14.8 pg/mL) compared to the uninfected macaques (median 

concentration 5.4 pg/mL; p=0.054) (Figure 5-7A).  These results led us to assess 

endogenous level of an immune activation related cytokine, IL-8, which indeed 

was significantly higher (89.6 pg/mL) in the SIV+ macaques compared to 

uninfected macaques (24.1 pg/mL)(Figure 5-7B).  These data suggest that the 

reduction in IL-7 induced STAT-5 phosphorylation in CD4+ CM T cells during 

chronic SIV infection is likely to be caused by aberrantly high levels of immune 

activation, and we did not uncover any evidence for a negative feedback 

inhibition from high endogenous levels of homeostatic cytokines.   

 

Discussion: 

One of the unresolved questions in the HIV field is why an aggressive acute 

infection takes years to manifest as overt AIDS.  The rhesus macaque model has 

shown that one of the key correlates of disease progression during untreated SIV 

infection is depletion of CD4+ EM T cells at mucosal sites (208, 225).  Recent 

work has suggested however, that the rate of disease progression is associated 

with the rate at which the CD4+ CM T-cell compartment looses its ability to 

replenish the EM compartment (208).  IL-7 has emerged recently as a master 
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regulator of T-cell homeostasis and is of particular interest in these studies for its 

role in maintaining the CM T-cell compartment.  These observations led us to 

question whether the homeostatic functions of IL-7 in particular were 

compromised during SIV infection.  We hypothesized that this dysfunction would 

increase as the disease progressed from a chronic infection to simian AIDS.  

 

Does a dysfunction exist in response to IL-7 during SIV infection? 

To test whether IL-7 responsiveness in T cells was impaired during untreated SIV 

infection we administered rsIL-7gly to 14 untreated SIV+ rhesus macaques.  

These animals were subdivided into macaques during the chronic phase of 

infection (infected for more than 100 days and clinically stable in the absence of 

ART) and end-stage (infected for more than 100 days and requiring necropsy).  

We compared IL-7 function in these macaques to a cohort of age and sex matched 

uninfected macaques.  In these macaques we observed that the peak and duration 

of the Ki67 response elicited in both CD4+ and CD8+ T cells was lower in SIV 

infected macaques than in uninfected macaques supporting our hypothesis that IL-

7 function is altered during SIV infection (Figure 5-3).  The rsIL-7gly response 

was equally attenuated in CD8+ T cells suggesting that the mechanism(s) 

contributing to IL-7 dysfunction are not unique to CD4+ T cells.  In contrast to 

our expected results, chronically SIV infected macaques demonstrated increased 

CD4+ naïve and CM T cells in response to rsIL-7gly that persisted over the 
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follow up period, though the CD8+ T cells remained near baseline levels (Figure 

5-4).  This was true during chronic infection when Ki67 induction was attenuated 

in CD8+ T cells (Figure 5-3) and during end stage infection when rsIL-7gly 

administration elicited early, though attenuated, Ki67 expression in these cells 

(Figure 5-3).   

 

One hypothesis to explain the divergence between the cohorts in terms of 

increasing CD4+ CM number and attenuated Ki67 response is that expansion and 

maintenance of the expanded population are dependent on the dual functions of 

IL-7 such that the initial expansion is dependent on induced proliferation and the 

maintenance of the newly expanded population on anti-apoptic signals.  To 

broadly apply this line of reasoning: in an uninfected macaque increased 

proliferation in response to rsIL-7gly increases the number of peripheral T cells.  

These cells are then maintained via intact JAK/STAT signaling.  However low 

basal levels of normal homeostatic proliferation leads to an eventual decay 

resulting in a transient increase when IL-7 is not driving accelerated proliferation.  

By contrast, chronically infected macaques have the highest basal levels of 

proliferation (> 20%) and exhibit only minor increases in %Ki67+ cells (~10%) in 

response to IL-7.  The newly divided cells in these animals might potentially be 

maintained despite the aberrant reduction in JAK/STAT signaling by the high 

basal levels of proliferation driven by immune activation.  In effect, there are now 
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double the cells with >20% of the population dividing thus slowing the decay in 

cell number as it returns to normal.  Finally, to apply this line of reasoning to end-

stage monkeys with low basal levels of proliferation; rsIL-7gly increases 

proliferation by approximately 20% in the peripheral T cells causing the initial 

expansion.   However, JAK/STAT signaling is impaired reducing cell survival 

and the environment has already caused proliferative failure so the low level of 

basal proliferation is insufficient to maintain the newly expanded population size 

resulting in slight and transient increases in T cell number.  In both SIV+ cohorts 

these increases in absolute cell number are in a relatively small population 

causing the fold change to appear larger than the expansion of a similar number of 

cells in a larger population.  

 

Our experiments provide several convergent lines of data indicating that the 

mechanism impairing the IL-7 proliferative response is likely to be systemic.  

First, SIV infected macaques have an attenuated Ki67 response in both SIV target 

cells (CD4+ CCR5+ memory cells) and non-SIV target cells (CD4+ naïve and 

CD8+ T cells) indicating that the loss of IL-7 responsiveness is not the result of 

viral infection in an individual cell.  Second, we observed only minimal changes 

in virus replication suggesting that viral killing is not accelerated in rsIL-7gly 

treated macaques.  Finally, we found elevated plasma concentrations of both IL-2 

and IL-8 during chronic infection (Figure 5-7).  Our studies indicate that plasma 
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concentration of IL-7 in these macaques, as well as the total concentration of 

gamma chain using cytokines, is lower or no different than uninfected macaques 

(Figure 5-7).  Thus, it seems unlikely that systemic lymphopenia is activating 

negative feedback loops, and perhaps more likely that cross-talk is occurring 

between cytokines associated with immune activation and the IL-7 signaling 

pathways to inhibit normal IL-7 function.   

 

IL-7 Signaling: 

Aberrant immune activation resulting from SIV infection may have several points 

of intersection with the IL-7 signaling axis.  In these studies we monitored 

expression levels of CD127, the IL-7 receptor, and the ability of peripheral T cells 

to phosphorylate STAT5 in response to rsIL-7gly ex-vivo.  Previous work has 

demonstrated that signaling in the IL-7/IL-7R axis is disrupted during HIV/SIV 

infection (1, 22, 23, 27, 28, 45, 87, 131, 132, 139, 172, 173, 183, 200, 211, 212, 

216, 233, 242, 253, 291, 300).  Both NHP and clinical studies have shown that 

over time, the percentage of cells expressing CD127 decreases in the CD4+ and 

CD8+ T-cell populations (22, 53, 54, 131, 162, 183, 211, 212, 233, 242).  

However, some of these studies fail to account for the proportional expansion of 

CD127
lo

 EM cells (22, 183, 233, 242).  An elegant study by Colle et al 

demonstrated that PBMCs from HIV+ patients with lower surface expression 

(MFI) of CD127 compared to uninfected donors were still able to upregulate 
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BCL-2 expression and proliferate (54).  This study, and the work presented here, 

indicates that CD127 expression is sufficient to induce signaling.  The next 

downstream stage of IL-7 signaling we assessed was STAT5 phosphorylation.   In 

response to IL-7, the percentage of naïve cells activated is actually augmented 

during SIV infection as opposed to the reduction seen in total memory cells.  One 

possible explanation is that new naïve cells are constantly emigrating to the 

periphery from the thymus and thus have not been exposed the aberrant cytokine 

levels in the periphery as long as memory cells.  The attenuation in STAT5 

activation observed in CD4+ CM cells supports our contention that IL-7 function 

is disrupted in these cells.  The association between JAK/STAT signaling and 

apoptotic regulators also lends support to the idea that the inhibition of IL- 

signaling may affect cell survival as well as proliferation. 

 

What distinguishes the end stage versus chronically infected animals? 

One unresolved question in these studies is why end-stage macaques have an 

early burst of Ki67 expression in response to IL-7 that, though attenuated 

compared to uninfected macaques, is more robust than the chronically infected 

animals.  One possibility is that the proliferative collapse sustained in the CM 

cells of macaques at end-stage (basal Ki67 expression <20%) creates a pool of 

resting cells potentially responsive to rsIL-7gly.  Again speculatively, the collapse 

could stem from cross talk between the MEK/ERK and the PI3K pathway at the 
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checkpoint for G1 to S phase transition which is regulated by both cyclins and 

CDK complexes (9, 13, 20, 116, 295).   During SIV/HIV infection, there are 

several possible sources of aberrantly high MEK/ERK signaling including antigen 

related crosslinking of the TCR (9, 199, 223, 224, 250, 254, 277) and/or 

aberrantly high levels of inflammatory cytokine expression (74, 295).  MAPK 

signaling in response to opportunistic pathogens has also been shown to increase 

the level of inflammatory cytokines being produced suggesting yet another way 

aberrant activation of this pathway may occur (26, 282).  In addition to generic 

effects from non-specific activation, HIV/SIV proteins have been implicated in 

inhibiting cell cycle progression directly via the MEK/ERK pathway including 

env (224, 250, 277) and nef (199, 205), as have opportunistic pathogens 

associated with AIDS (50, 120, 133, 222, 254, 264).  MEK/ERK signaling at high 

levels is generally associated with increased expression of the cell cycle inhibitor 

p27kip1 (47, 214, 223, 255).  However, with sufficient stimulation through JAK3, 

a MEK/ERK induced block can be overcome in peripheral T cells ex-vivo to 

initiate cell cycling (47, 250).  The studies by Chen et al and Selliah et al would 

suggest a precedent for IL-7 mediated JAK3 signaling at high relative 

concentrations overcoming MEK/ERK inhibition in-vivo.  To apply this line of 

reasoning to our studies, as the chronic stage of infection progresses to the end 

stage it is possible that macaques slowly develop a pool of cells that have a 

proliferative block due to aberrant MEK/ERK signaling which accounts for the 
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collapse of CM cell proliferation in the end stage macaques.  IL-7 signaling via 

JAK3 at high concentrations (both from low numbers of T cells and 

administration of exogenous IL-7 creating a high relative concentration per cell) 

may then be sufficient to overcome the MEK/ERK mediated inhibition resulting 

in a detectable “wave” of Ki67 expression as we see in figure 5-3.   

 

 

Implication of this research in the broader pathogenesis field: 

The data presented here indicates that during pathogenic SIV infection, the 

homeostatic response to IL-7 is impaired both in its ability to increase 

proliferation in peripheral T cells and its ability to activate STAT5.  Attenuation 

of major endogenous homeostatic signal in an already lymphopenic system may 

contribute to accelerating the rate at which self-renewing T cells decline 

ultimately accelerating the progression to AIDS.   The aberrations we demonstrate 

in this system suggest it is unlikely that administering IL-7 as an 

immunotherapeutic in the absence of effective HAART treatment would succeed.  

Moreover, the potential consequences of non-specifically expanding immune cells 

in an activated environment are not well understood.  Further work in the 

macaque model will aid in developing our understanding of the IL-7/IL-7R axis 

and the consequences of this deregulation.  
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FIGURE 5-1: Simplified signaling in the JAK/STAT pathway downstream of 
the IL-7R 

 

FIGURE 5-1: JAK/STAT Signaling Overview.  Upon IL-7 binding to the IL-

7R the IL-7 specific alpha chain dimerizes with the common gamma chain.  This 

leads to an autophosphorylation event within the receptor complex that creates 

docking sites for JAK1 and JAK3.  JAK proteins in turn activate STAT proteins, 

STAT5 being the predominate STAT involved in IL-7 signaling, by 

phosphorylating specific tyrosine residues on the STAT.  After phosphorylation, 

STAT proteins form dimers or larger complexes and translocate to the nucleus 

where they activate gene transcription. 
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Figure 5-2: PI3K Mediated Signaling Downstream of the IL-

7R

 

 

Figure 5-2:  Simplified IL-7 signaling through the PI3K pathway. Upon IL-7 

binding to the receptor, PI3K is recruited to the receptor, likely to Y449 as the docking 

site after JAK3 phosphorylation.  PI3K phosphorylates the lipid substrate 

phosphatidylinositol-(4,5)-biphosphate (PIP2) to make phosphatidylinositol-(3,4,5)-

triphosphate (PIP3) which recruits AKT through its PH domain.  AKT activation has 

multiple downstream effects: 1) Phosphorylation of BAD causing its retention in the 

cytosol, 2) upregulation of metabolic genes, 3) phosphorylation of FOXO transcription 

factors particularly FOXO1 and FOXO3 leading to their cytosolic retention inhibiting 

their ability to transcribe target genes; 4) phosphorylation of GSK3 which both blocks 

NFAT and phosphorylates Cyclin D leading to activation of CDK2; and 5) 

phosphorylation of p27kip1 leading to its degradation relieving inhibition of CDK 

proteins.  Relieving inhibition by p27kip1 and cyclins allows active CDKs to 

phosphorylate Rb causing its degradation and release of active E2F that drives S phase 

entry in the cell cycle. 
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Figure 5-3: Ki67 Expression Dynamics Following rsIL-7gly Administration 

 

 

Figure 5-3: Dynamics of Ki67 expression following rsIL-7gly administration 
in macaques with untreated SIV infection. Ki67 expression was monitored in 

T-cell subsets as defined in materials and methods using flow cytometry for 28 

days following rsIL-7gly administration indicated as [!] at day 0 and day 7.  

Basal Ki67 expression (the percent of proliferating cells at day 0) was normalized 

for all cohorts by averaging three timepoints pre-rsIL-7gly administration.  

Uninfected controls (black N=8); Chronically infected macaques (red N=10); 

End-stage infection (blue N=4). A) Change in Ki67 expression over time for 

CD4+ T-cell subsets B) Change in Ki67 expression over time in CD8+ T-cell 

subsets 
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Figure 5-4: Effect of rsIL-7gly on Absolute T cell Number  

 

Figure 5-4: Change in absolute T-cell levels following rsIL-7gly 
administration during untreated SIV infection. The absolute T-cell levels 

following rsIL-7gly administration at day 0 and day 7, indicated by  [!] are 

shown for all three cohorts.  The absolute counts are shown as the mean fold 

change (+/- SEM) from levels pre-rsIL-7gly administration (average of three 

timepoints) that is set at 1.  Uninfected controls (black N=8), chronically infected 

macaques (red N=10), macaques with end-stage SIV infection (blue N=4). (A) 

Naïve T cells (B) CM T cells. 
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Figure 5-5: IL-7R Expression on Peripheral T cells during SIV Infection 

 

Figure 5-5: IL-7R (CD127) expression on peripheral T-cell subsets during 
chronic SIV infection prior to rsIL-7gly administration.  IL-7R expression 

was assessed using flow cytometry prior to rsIL-7gly administration to determine 

whether IL-7R expression was impaired in chronically infected macaques.  Our 

results indicate that IL-7R expression in the CM and naïve subsets is comparable 

in uninfected control macaques (open symbol) and chronically SIV infected 

macaques (closed symbol).   No significant differences in receptor expression 

were identified using the Mann-Whitney T-test.   
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Figure 5-6: STAT5 Activation in Response to rsIL-7 Stimulation Ex-
vivo

 
Figure 5-6: Phosphorylation of STAT5 in response to both IL-7 and IL-15 
stimulation ex-vivo is impaired in chronically SIV infected macaques.  Total 

PBMCs were stimulated with either IL-7 for 15 minutes ex-vivo and phosflow 

cytometry was used to identify STAT5P in T-cell subsets.  Significant differences 

between uninfected macaques (open symbols) and chronically SIV infected 

macaques (closed symbols) were determined using the Mann-Whitney T-test and 

where appropriate exact p values are shown.  A) Change in percent of STAT5P+ 

naïve or total memory CD4+ T cells following IL-7 stimulation.  B) Change in 

STAT5P+ CD4+ CM T cells following IL-7 stimulation. 
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Figure 5-7: Plasma Concentrations of Common Gamma Chain using 
Cytokines during SIV Infection 
 

 

Figure 5-7: Plasma concentration of endogenous cytokines during SIV 
infection prior to rsIL-7gly Administration. Multiplex luminex technology was 

used to determine the concentration of endogenous homeostatic (IL-2, IL-7 and 

IL-15) and immune activating (IL-8) cytokines.  The concentrations of each in 

uninfected and SIV+ macaques prior to rsIL-7gly administration are shown.  The 

concentration of total gamma chain using cytokines was determined by adding the 

concentration of IL-2, IL-7 and IL-15.  Significant differences between the 

cohorts were determined using the Mann-Whitney T-test and where appropriate 

exact p values are indicated.  Open symbols- uninfected controls; close symbols- 

SIV+ macaques.  
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CHAPTER SIX 
 
 

DISCUSSION AND FUTURE AIMS 
 

 

Overarching Aim of the Thesis: 

During an HIV infection, the CD4+ T-cell compartment is depleted directly by 

the virus and indirectly as a byproduct of aberrantly high levels of immune 

activation. Current antiretroviral strategies target susceptible stages of the virus 

lifecycle (entry, reverse transcription, integration and protease activity) for 

inhibition and are successful in most patients.  Immmunotherapeutics are an 

emergent class of potential interventions to be used as a compliment to current 

HAART.  This concept led to the proposal that homeostatic cytokines, naturally 

responsible for balancing and maintaining T-cell number, could benefit patients.  

IL-7, IL-2 and IL-15 have been proposed as the leading candidates for 

reconstituting the T-cell compartment in HIV+ patients (20, 148, 161, 246).  IL-7 

has however emerged as the strongest candidate for its role in promoting and 

maintaining the naïve and CM T-cell subsets (145, 236, 286).   

 

The overarching goal of this dissertation was to better characterize IL-7 as an 

immunotherapeutic during SIV infection in the rhesus macaque model.  The 

hypothesized benefits of using IL-7 as an immunotherapeutic can be categorized 
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in two ways: 1) direct benefit to the T-cells and 2) ancillary effects improving 

overall immune health.  We show here that IL-7 is able to restore the CD4+ T-cell 

subsets killed by the virus (Chapter 3) most likely through a combination of 

increasing proliferation and survival.  We also show that it is possible IL-7 may 

have ancillary benefits for naïve B cells (Chapter 4).  In the course of these 

studies we also developed an interest in understanding how responsiveness to IL-

7 is impaired by active or sub-optimally suppressed virus replication.  In addition, 

to better understand the mechanisms by which SIV infection attenuates 

responsiveness to IL-7 we undertook the second series of experiments presented 

in chapter 5.  

 

Developing Interleukin-7 as a Candidate Immunotherapeutic in the NHP 
model: 
The primary study presented here was undertaken to ascertain the optimal dosing 

regimen for IL-7 administration in the macaque model.  The earliest studies 

administering IL-7 to NHPs were published in 2003 (92, 204).  These studies 

administered recombinant human IL-7 (rhIL-7) produced in E.coli, which likely 

increased the immunogenicity of the IL-7, though neither study reported 

neutralizing antibody (92, 204).  Neither Fry et al nor Nugeyre et al extensively 

identified T-cell subsets on the basis of phenotypic markers to assess the impact 

of rhIL-7 administration on peripheral T-cell subsets (92, 204).  However, both of 

these early studies are proof-of-principle that administration of IL-7 increases T-
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cell number (92, 204).  Subsequent work in the primate model confirmed the 

results presented by Fry et al (92) and Nugeyre et al (204) using recombinant 

simian IL-7 (rsIL-7) in both macaque (24, 65, 111, 184) and baboons (160).  The 

rsIL-7 used was generated in E.coli and non-glycosylated leading to reported 

immunogenicity and, in some cases, the production of neutralizing antibodies (24, 

65, 184).  The dosing regimens in these early studies were 80-100ug/kg/d (92, 

160, 204) or regimens of 100ug/kg/d every other day (24, 65, 184) (Table 6-1).  

Only one study prior to our work used doses less than 80ug/kg/d (184) or used 

intervals greater than 48 hours between doses (65).  The most recent primate 

study used the same glycosylated recombinant simian IL-7 (rsIL-7gly) (Cytheris) 

that we used in our studies but at a single high dose (25).  We established our 

initial dosing interval at 7 days between rsIL-7gly injections based on a 2007 

NHP study published by Dereuddre-Bosquet et al (65).  In this study the authors 

tested high dose (100ug/kg/d) non-glycosylated rmIL-7 with 2, 4 or 7-day 

intervals between doses.  The highest total levels of Ki67 and Bcl-2 expression 

over time were elicited when rmIL-7 was administered at 2-day intervals (65).  

However, Ki67 expression increased at approximately 7-day intervals even if 

rmIL-7 was administered in the interim (65).   This suggested to us that the cells 

were not responding to rmIL-7 by proliferating more than once every 7 days.  

Based on this study and the extended half-life of rsIL-7gly when compared to 

earlier generations (i.e. rmIL-7) in-vivo (data from Cytheris not shown) we chose 
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to administer rsIL-7gly at 7-day intervals within each cluster.  Our work is unique 

in using low dose administration (30ug/kg/wk) and  “wash-out” periods between 

doses.  The studies presented here are the first systematic attempt to optimize 

recombinant IL-7 administration in the macaque model by testing different 

intervals between exposures.   

 

Efficacy of rsIL-7gly Treatment in Reconstituting the T-cell compartment in 
ART controlled SIV infection: 
Chapter 3 outlines the response of peripheral T cells to administration of 

glycosylated recombinant macaque IL-7 (rsIL-7gly) in the rhesus macaque model.   

In our first short term study we demonstrated that administration of the cytokine 

to uninfected macaques elicited both increased proliferation and absolute cell 

number (Figure 3-1 and 3-2).  The results demonstrate that at low doses 

(30ug/kg/d) and at 7-day intervals rsIL-7gly retains sufficient efficacy to justify 

our choice of dosing within the cluster.  In our studies, a single dose of rsIL-7gly 

elicited peak Ki67 expression approximately 5-7 days after administration and 

returning to basal levels by day 14 (Figure 3-1, 3-3 and 3-4).  However, by 

clustering rsIL-7gly we were able to extend the length of time cells were Ki67+ 

suggesting that we were able to increase the duration of the proliferative response 

so that it was at peak levels from day 7-21 and returned to baseline by day 28 

(Figure 3-1 and 3-5).   The clustered dosing also elicited the most sustainable 

long-term increases in absolute T cell count (Figure 3-6).  Based on the studies in 
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chapter 3 we concluded that in this model, the synergistic effects of clustered 

rsIL-7gly doses was the best regimen to elicit long term increases in naïve and 

CM T cells. 

 

rsIL-7gly Administration Effects B cells as well T cells 
SIV, like HIV, is a disease characterized by dysfunction in multiple immune cell 

subsets.  To determine whether rsIL-7gly may be beneficial for overall immune 

health in we assessed the impact of treatment on CD3+CD4-CD8- T cells which 

may have T-helper or regulatory properties (Chapter 4). Recent studies assessing 

a CD3+ T cell subset in African green monkeys (a natural host of SIV) that does 

not express CD4 and only the CD8-alpha subunit have determined that T cells 

without CD4 could potentially have T-helper cell functionality (17).  Other 

studies in the Sodora laboratory have identified a population of CD3+CD4-CD8- 

T cells in a different SIV natural host species, sooty mangabeys, that are resistant 

to SIV infection and display some characteristics of helper T cells.  In addition, 

studies from mouse models have determined that CD3+CD4-CD8- T cells could 

also have T-regulatory or immunosuppressive properties (48, 86, 276) as well as 

anti-tumor properties (299).  We hypothesized that increasing the population of 

this T cell subset that might have helper T cell function but would be predicted to 

be resistant to SIV/HIV infection would be beneficial to the SIV/HIV infected 

immune system.  However, our data indicates that rsIL-7gly administration had 
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only a minimal effect on either proliferation or cell number for CD3+/CD4-/CD8- 

T cell population (Figure 4-3).   

 

A second immune cell subset assessed in chapter 4 for their response to rsIL-7gly 

administration was B cells.  These data demonstrate that rsIL-7gly was able to 

increase the absolute number of naïve B cells approximately 2-fold in SIV+ ART 

treated macaques (Figure 4-6). We did not observe an increase in memory B cell 

levels (Figure 4-6).  As we observed in chapter 3 for T cells, expansion of naïve B 

cell numbers was attained in the absence of robust Ki67 induction (Figure 4-4).  

This suggests that rsIL-7gly is acting in this model to increase production of naïve 

B cells in the bone marrow.  Definitive studies undertaken to assess directly the 

impact of rsIL-7gly on B cell precursor populations in the bone marrow are 

necessary to address this hypothesis.  In addition, a sampling protocol at higher 

frequency to assess whether the proliferation in naïve B cells occurs at timepoints 

not sampled in this study should be conducted to determine whether the peripheral 

population is proliferating and not being detected in these studies.  Our studies 

indicate that rsIL-7gly is able to expand naïve B cells which could possibly 

increase resistance to novel opportunistic infections and may suggest a broader 

impact for rsIL-7gly than originally anticipated, beyond only impacting T cells. 
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Results from Pre-Clinical NHP studies and Clinical Trials are Highly 
Convergent: 
Our findings with regard to the spacing and efficacy of rsIL-7gly administration 

in the macaque model are highly convergent with recently published human trials.  

In lymphopenic cancer patients two groups have demonstrated that 30ug/kg/d of 

rhIL-7 effectively increased CD4+ and CD8+ T-cell levels though not circulating 

B cells or neutrophils (237, 266).  The key commonality of these studies is that 

IL-7 administration is clustered over a 2-3 week period and the benefits of rhIL-7 

administration (increased lymphocytes) are observed for a period of time after 

rhIL-7 administration is stopped.  In addition, Sportes et al (266) found that Ki67 

expression increased transiently over a 14-day period despite multiple rhIL-7 

doses.  However, in this study the anti-apoptotic protein BCL-2 increased 

continuously over the course of rhIL-7 dosing (266), supporting our hypothesis 

that rsIL-7gly administration in the macaque model is increasing absolute T cells 

via survival as well as proliferation. 

 

Two clinical studies more closely analogous to our pre-clinical macaque studies 

have been conducted in HIV+ patients receiving stable HAART in the last year.  

Levy et al administered 8 doses of rhIL-7 over 16 days (149) while Sereti et al 

(251) administered a single rhIL-7 dose.  The Levy group observed transiently 

increased proliferation and elevated lymphocyte counts over 48 weeks post rhIL-7 

administration in the naïve and memory T-cell compartments (149).   By contrast, 
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the single injection administered by Sereti et al (251) elicited transient increases 

in Ki67 expression and minimally increased absolute T cells over the course of 28 

days.  We expand on the results presented above in both clinical (149, 237, 251, 

266) and pre-clincal studies (24, 25, 65, 92, 111, 184, 204) by demonstrating that 

rsIL-7gly administration increases the half-life of T cells in the peripheral blood.  

In addition to recent work from Beq et al (25) demonstrating rsIL-7gly may 

reconstitute mucosal T cell compartments.  Our results broaden the potential 

impacts of IL-7 immunotherapy. 

 

Contribution of Endogenous IL-7 to HIV Pathogenesis: 
The studies we present here administer rsIL-7gly in the context of an ART 

controlled SIV infection and suggest the use of rsIL-7gly as an 

immunotherapeutic only in that context.  During the initial phase of our studies 

presented in chapters 3 and 4, two macaques (RM2-12 and RM2-13) failed to 

suppress viral replication on ART and were not included in the analyses 

presented. One of these macaques did however receive rsIL-7gly and failed to 

respond to the cytokine by increasing either Ki67 expression or absolute T cells 

levels (data not shown) providing anecdotal evidence that active infection may 

attenuate an IL-7 response.  These observations led us to question how an 

untreated SIV infection intersects with IL-7 function.     
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Previous work has suggested interplay between IL-7 and HIV/SIV viral 

replication that may affect disease outcome.  In-vitro (247) and patient studies 

(154), suggest that one danger of elevated IL-7 levels is an increase in CXCR4 

tropic viruses that correlate with poor patient prognosis (154, 156).  In-vitro 

studies conducted with CXCR4 tropic (71, 248) and primary HIV isolates (260) 

indicate that IL-7 administration increased HIV replication without inducing 

either markers of activation or a pseudo-memory phenotype in resting T cells.  

These studies indicate that elevated IL-7 levels in an untreated infection may be 

associated with increased viral replication particularly the more pathogenic 

CXCR4 tropic infection.  Studies published in our laboratory previously suggest 

that during late phase chronic infection rhesus macaques infected with 

SIVmac239 the levels of endogenous plasma IL-7 increase suddenly and 

dramatically, but that there is no corresponding increase in either T-cell 

proliferation or levels (191).  The results from the NHP model are again highly 

convergent with cross sectional data from HIV+ patients which indicates that 

plasma IL-7 levels increase as patients become more lymphopenic (84). 

 

Does SIV infection impair Responsiveness of Peripheral T cells to IL-7? 
We conducted the studies presented in chapter 5 to better characterize the effect 

of SIV infection on the in-vivo function of IL-7.  These studies were conducted in 

uninfected, chronically SIV infected macaques and macaques infected with end-
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stage SIV to gauge the response of peripheral T cells to homeostatic cytokines 

across a spectrum of SIV infection.  The SIV+ cohorts had overlapping viremia 

and numbers of absolute memory T cells, however, the animals at the end stage of 

infection had a uniformly lower percentage of cells cycling prior to rsIL-7gly 

administration.  Both SIV+ cohorts showed distinct deviations from the 

uninfected macaques in response to IL-7 treatment suggesting that SIV infection 

does impair endogenous IL-7 function.  

 

Is intracellular signaling in response to rsIL-7gly impaired during SIV 
infection? 
Numerous studies have documented the downregulation of IL-7R on peripheral T 

cells in the periphery possibly leading to fewer cells able to bind rsIL-7gly upon 

administration (22, 53, 54, 131, 162, 183, 211, 212, 230, 233, 242).  In the work 

presented here by contrast, we did not detect a significant difference in the level 

of IL-7R expression on peripheral T-cell subsets from uninfected or SIV infected 

macaques (Figure 5-5).  One possible explanation of this discrepancy is that the 

majority of the previous studies fail to account for the proportional expansion of 

EM cells which are CD127dim by flow cytometry in the general memory 

population (22, 183, 233, 242).  In addition, Colle et al (54) demonstrated that 

similar levels of IL-7R are expressed on peripheral T cells from viremic patients 

(no HAART) and HAART treated patients with CD4+ levels below 250cells/uL 

blood.  In these patients, following IL-7 stimulation ex-vivo, peripheral T cells 
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from HIV- control patients and the HAART treated patients with reduced CD127 

expression upregulated Bcl-2 levels to similar levels, but Bcl-2 upregulation was 

attenuated in cells from the viremic patients (54).  These convergent lines of 

evidence suggest that even if receptor expression varies between individuals 

viremia itself rather than the level of IL-7R expression causes the aberration in the 

intracellular response to IL-7.   

 

Active SIV infection alters signaling via the JAK/STAT pathway: 
Reports that HIV infection alter intracellular JAK/STAT signaling are numerous, 

inconsistent and include aberrantly high activity of multiple STAT proteins (1, 45, 

132, 173), a reduction in the amount of wild type STAT protein present in cells 

(216) and inhibition of STAT5 signaling (139, 291).  One group has consistently 

reported the presence of a dominant negative STAT5 mutant with the C-terminal 

truncated in peripheral T cells from HIV+ patients though these claims remain 

controversial (29-31, 57).  One source of variability in these systems is that HIV 

strains have divergent impacts on JAK/STAT signaling due to differences in 

receptor cross linking by the viral envelope protein (139). Thus, to determine 

whether JAK/STAT signaling in our system was compromised we compared 

STAT5 phosphorylation in response to rsIL-7gly stimulation ex-vivo in an 

uninfected and chronically SIVmac239 infected macaques from ONPRC.  In our 

studies we detected a reduction in STAT5 activation only in the CD4+ CM 
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compartment (Figure 5-6), suggesting that SIV infection does in some way alter 

signaling downstream of the IL-7R and that the modulation is most likely 

dependent on the stage of T-cell differentiation.  Many of the previous results 

published have been presented as STAT activation within entire PBMC cultures 

(not T-cell subsets) (1, 139, 216, 291) or in cell culture lines (45, 132, 261).  Thus 

our results suggest that another possible source of confusion in elucidating the 

effect of HIV/SIV infection on JAK/STAT signaling is both the type of cell line 

used and the representation of each stage of T cell differentiation in the PBMC 

culture used for the assays.  

 

Surprisingly, in contrast to our previous work (191) our studies suggest that in a 

cross sectional analysis of chronically infected macaques, the endogenous plasma 

IL-7 levels is significantly lower than in uninfected controls.  The results 

presented here do have precedent in human trials (200) though the factors 

contributing to these different results have not yet been identified.  We propose 

that aberrantly high systemic immune activation is the most likely explanation 

that accounts for loss of rsIL-7gly in non-SIV target cell types and inhibition of 

IL-7 signaling in CD4+ memory T cells.  In summary, in chapter 5 we show that 

SIV infection leads to an attenuated proliferative response to rsIL-7gly that in 

addition to compromised JAK/STAT signaling may contribute to the collapse in 

the CD4+ T cell compartment.  
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Final Summary: 
The sum of the work presented in this thesis leads to two interlinking working 

hypotheses.  We propose here two conflicting ideas: 1) SIV infection deregulates 

the IL-7 signaling axis leading to impaired function and 2) IL-7 is a promising 

immunotherapeutic that can be used to recover the T cell compartment.  In 

conclusion I would like to present two working hypotheses demonstrating how in 

actuality these two observations are congruent and depend of the host background 

to determine IL-7 efficacy.  The first working hypothesis (Figure 6-1) addresses 

the role of endogenous IL-7 as the infection progresses.  Based on the work 

presented in Chapter 5 I would suggest that the proliferative response to IL-7 is 

not impaired during SIV infection, rather the loss of JAK/STAT signaling leads to 

impaired survival signals.  Thus, both uninfected macaques and SIV+ macaques 

that have undergone homeostatic failure (end-stage) have detectable bursts of 

proliferation following exposure to exogenous IL-7.  The discrepancy in pro-

survival signaling however, fails to maintain the recently expanded population in 

the SIV+ macaques.   The disruption in the JAK/STAT pathway can be 

hypothesized to stem from interplay between viral proteins (shown anecdotally by 

macaques with incomplete viral suppression on ART) and innate immune 

activation.  However, I would propose that ART shifts the host environment from 

one containing high levels of viral proteins and highly activated to one more like 
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“normal” macaques (Figure 6-2).  Thus, in SIV+ macaques the high background 

levels of proliferation (discussed in chapter 5) prevent any detectable increase in 

the percentage of Ki67+ cells when IL-7 is administered.  Effective ART reduces 

the level of immune activation and helps restore normal levels of T cell turnover 

resulting in lower proliferation prior to the initiation of IL-7 treatment and a 

detectable burst in proliferation (Chapter 3).  In the background of high levels of 

immune activation JAK/STAT signaling is likely impaired (Chapter 5) preventing 

survival and ultimately expansion of cell number in the absence of ART.  With 

effective ART and lower immune activation the cell number and survival increase 

suggesting that the anti-apoptotic function of IL-7 has been restored (chapter 3).  

The NHP models discussed in this dissertation will continue to be necessary steps 

to demonstrating the validity of the hypotheses presented in this dissertation.   

 

FUTURE AIM: Can IL-7 be used to augment immune function in HIV+ 
patients during co-infections and vaccination?: 
One potential benefit of using of IL-7 as an immunotherapeutic may be 

augmenting the generation and maintenance of immunological memory. This 

could help elicit adaptive immune responses to a variety of co-infections 

associated with HIV morbidity including malaria (175), human papillomavirus 

(267), influenza (81) and tuberculosis (46).  IL-7 acts on naïve T cells to increase 

the number of potentially antigen specific cells by increasing thymopoiesis  (195), 

increasing the breadth of the naïve cell repertoire (266) and upregulating Bcl-2 
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expression (275).  However, the ability of IL-7 to expand antigen specific CD4+ 

(147, 271) and CD8+ T cells (93, 171, 194, 270) during an antigen response is 

more likely to provide benefits for long-term immunological health.  IL-7 has 

been shown to expand CD8+ EM T-cell number and function (93, 94, 270) in part 

by priming peripheral T cells to respond to TCR signals (94, 171).  By lowering 

the threshold for T-cell activation IL-7 has been shown to augment the 

immunogenicity of subdominant epitopes within an antigen thus eliciting a 

broader EM cell response that persists in the CM cells generated (171).  In the 

context of IL-7 as an immunotherapeutic, successfully using IL-7 to treat HIV 

infection may be able to expand the T cell repertoire as well as number.  If IL-7 is 

successful as an adjuvant the patient population likely to benefit from optimizing 

administration increases to include patients that are immunosuppressed for 

multiple reasons such as genetic disorders, cancer treatment or organ transplant.  

A recent study indicated that the timing of IL-7 administration is critical to this 

function demonstrating that for optimal generation of long-lived memory 

exogenous IL-7 needs to be administered during the contraction rather than the 

expansion phase of an immune response (194).  It has also been suggested that 

EM cells retaining expression of the IL-7R become long-lived CM cells (10, 130, 

281).    
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The NHP model is a critical test site for determining the optimal dosing strategy 

for IL-7 to elicit long-term immunological memory to novel antigens in this 

scenario.  IL-7 has been tested as a vaccine adjuvant in anti tumor models (55, 

127, 150) though not in the primate system.  To determine whether IL-7 had the 

potential to be used as vaccine adjuvant during immunocompromised states it 

would be necessary to first assess its potential in an immunocompetent host.  To 

test this hypothesis I would administer a sample vaccination (e.g. H1N1 flu 

vaccine) to macaques subsequent to, concurrent with and prior to rsIL-7gly 

administration (Figure 6-3).  To monitor the efficacy of IL-7 as an adjuvant would 

require in-vivo monitoring of labeled cells, particularly at mucosal sites where 

challenge exposures are likely, monitoring of T cell phenotype to determine 

whether long-term memory cells are generated, ex-vivo assessment of antigen 

specific responses using flow cytometry to monitor the strength of the response 

and finally assessment of B cell antibody production and maturation.  The second 

phase of this type of experiment would be to challenge macaques vaccinated with 

and without IL-7 treatment with homologous pathogens (e.g. Swine flu) and 

heterologous challenges (e.g. 1918 Influenza) to determine whether the immunity 

generated in the presence of IL-7 was more or less protective.  In this phase it 

would also be important to monitor the breadth of the immune response to 

determine whether sub-dominant epitopes in the vaccine were eliciting protection.  
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The final experimental sequence would be to conduct vaccinations at the optimal 

IL-7/pathogen interval in SIV infected macaques monitoring the same parameters.  

 

Conclusion: 
In conclusion, IL-7 as demonstrated the potential in the rhesus macaque model to 

be a broad acting therapeutic able to restore the depleted CD4+ T cell 

compartment.  If this work translates as expected into patients, IL-7 as the 

potential to increase the quality of life and hopefully prolong the life of patients 

with a discordant response to HAART.  The NHP model has been and will 

continue to be a valuable tool in developing and testing the novel uses of IL-7 in a 

therapeutic context.  
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TABLE 6-1: rIL-7 administration regimens used in previous studies 

 

TABLE6-1:  This table shows the previously tested dosing intervals for rIL-7 

administration in NHP models.   

Citation rIL-7 
(ug/kg) 

Dose interval Duration of 
dosing 

Supplier 

Lu 80 Daily 8 weeks  
     

Nugeyre 40 2x daily 21 days 

 

 

Fry 100 Daily 9 days  

     

     

Beq 2006 100 Every other 

Day 

26 days  

     

Moniuszko 100 Daily 15 days  

 100 Every other 

day 

15 days  

 10 Every other 

day 

15 days  

     

Dereuddre-Bosquet 100 Daily  Cytheris 

 100 4-day   

 100 7-day   

     

Beq 2009 100 Once n/a Cytheris 
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Figure 6-1: Working Hypothesis Addressing the Function of rsIL-7gly 
during SIV Infection 
 

 

 

Figure 6-1: Model showing how rsIL-7gly can have differing outcomes in 

uninfected and SIV infected macaques during the end stage of infection with 

similar Ki67 expression profiles.  Undividing resting T cells are shown in blue, 

Ki67+ cells are shown in green and SIV+ cells are shown in red.  



132 

 

Figure 6-2: Working Hypothesis Addressing why Effective ART is Crucial to 
Successful rsIL-7gly Therapy 

 

Figure 6-2: A working hypothesis demonstrating why effective ART treatment is 

crucial for rsIL-7gly efficacy in the macaque model. Undividing resting T cells 

are shown in blue, Ki67+ cells are shown in green and SIV+ cells are shown in 

red.  
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Figure 6-3: Assessing IL-7 as a vaccine adjuvant 
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