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Abstract

HIV infection leads to a profound T cell dysfunction well before the clinical 
onset o f AIDS. This study investigated whether alterations in the Janus kinase 
(Jak)/signal transducer and activator of transcription (STAT) pathway in CD4+ and 
CD8+ T cells from HIV-infected patients induced by the growth promoting cytokines IL- 
2, IL-4, IL-7, IL-10, and IL-15 may be involved. IL-2 and IL-15 induced STAT5 
phosphorylation (P-STAT5) in CD4+ T cells but there was a clear separation of cells into 
P-STAT5- and P-STAT5+ populations to similar proportions in HIV- and HIV+ patients. 
In response to IL-7, the proportion of P-STAT5- cells was significantly higher in HIV+ 
patients compared to HIV- controls. The IL-7 dependent P-STAT5- CD4+ T cells 
appeared to correlate with a lack o f IL-7Ra chain expression. However, the P-STAT5- 
cells observed did not correlate significantly with other cytokine receptor components. 
Cytokine-induced P-STAT5 in the CD8+ T cells from HIV+ patients was clearly 
detected. However, IL-2 and IL-15 stimulation revealed a P-STAT5- CD8+ T cell 
population, which was not detected in HIV- subjects. P-STAT5- CD8+ T cells were 
observed in all HIV+ patients studied in response to IL-2 and IL-15, irrespective of 
HAART. Defects in the IL-2 and IL-15 mediated signaling pathways appeared to exist 
downstream of cytokine receptor expression. In response to IL-7, P-STAT5- cells were 
observed in both HIV+ and HIV- patients. However, their proportion was higher in HIV+ 
patients and returned towards that of HIV- controls under HAART and correlated 
inversely with IL-7Ra chain expression. The presence o f P-STAT5- CD8+ T cells did 
not correlate with the expression of other cytokine receptor chains. The P-STAT5- T 
cells observed in response to these cytokines may represent cells at distinct differentiation 
stages and functional capacities that arise in response to chronic HIV infection and may 
contribute to the eventual insufficiency of the cell mediated immune response.
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I. Introduction

1.1. Overview of immune system components

The human immune system is a dynamic arrangement o f components that do not 

operate independently of each other (1-3). It has been categorized into innate and 

adaptive immunity (1-3). Innate immunity (antimicrobial peptides, phagocytes, natural 

killer cells, and complement) acts rapidly and has an important role in the initial control 

of acute viral infections (4). For example, humans with a defective natural killer cell 

response develop severe infections with the herpes family of viruses (5). In addition, 

cells of the innate immune system, such as dendritic cells, are necessary to activate 

adaptive immunity (2,3). Adaptive immunity consists o f B cell (antibody production) 

and T cell (cytotoxic, helper) responses to specific antigens (Figure 1). B cells arise from 

bone marrow while T cell maturation occurs in the thymus. When mature T lymphocytes 

leave the thymus, they are considered naive cells until exposed to antigenic peptides in a 

Major Histocompatibility Complex (MHC)-restricted context. Clonal expansion and 

differentiation of antigen-specific lymphocytes results in a strong and selective capacity 

to recognize and eliminate an extremely diverse range of pathogens.

There exists a complex communication network between innate and adaptive 

immunity, which is essential for proper functioning of the immune response (Figure 1). 

This interaction occurs through the action of soluble signaling molecules called cytokines 

(6). Cytokines are low molecular weight, soluble proteins that are produced in response 

to antigen and function like chemical messengers for regulating the innate and adaptive 

immune response. These mediators act in pleiotropic, antagonistic, and synergistic

1
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Figure 1. Overview of immune system components. Flow diagram emphasizing the 
fact that immune system components do not operate independently o f each other. 
Communication is elicited through secretion of small signalling molecules called 
cytokines.
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manners. Cytokines are especially important for regulating inflammatory and immune 

responses. They transmit signals to enhance or suppress immune responses by directing 

the differentiation, proliferation, and survival of immune cells. A thorough 

comprehension of the power that cytokines hold over the immune response is necessary 

for understanding and advancing our battle against infectious diseases such as Human 

Immunodeficiency Virus (HIV).

In adaptive immune responses, the cytotoxic T lymphocytes represent a subset of 

CD8+ cells that can eliminate virus-infected cells by recognizing viral protein fragments 

(peptide epitopes) on the infected cell surface presented by MHC I (8,9). Similarly, 

CTLs are able to lyse tumour cells (9). Briefly, viral proteins are processed 

intracytoplasmically by the proteasome complex o f the infected cell and peptides are 

transported to the endoplasmic reticulum where they bind nascent MHC class I 

molecules. The MHC-peptide complexes are then presented on the cell surface. The 

process by which CTL recognize and lyse target cells is specific and restricted by the 

interaction of the T cell receptor (TCR) with the MHC molecule/epitope/(32- 

microglobulin complex. This recognition event leads both to the lysis o f the infected 

cells and to the release of cytokines as described in section 1.3.3. CTLs exert their 

effector function through multiple mechanisms (9). Two involve direct cell-cell contacts 

between the effector CTL and the target cell leading to target cell death. Another is 

mediated by their secretion of cytokines such as IFN-'Y and tumor necrosis factor-*, 

following TCR engagement (10,11). Tumor necrosis factor-* engages its receptor on 

the target cell and triggers target-cell apoptosis (10). IFN-Y induces transcriptional

3
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activation o f the MHC class I antigen presentation pathway leading to enhanced 

presentation of endogenous peptides by MHC class I, and enhanced cytotoxicity (12). 

Target cell cytotoxicity is known to be mediated by two different mechanisms (13). 

Briefly, one involves interaction between the TNF/TNF receptor family molecules 

Fas/FasL. Fas ligand is expressed on the surface of CTLs and binds to the Fas receptor 

(Fas, CD95) on the target cell. This binding triggers apoptosis through the classical 

caspase cascade. The other pathway involves the exocytosis of cytotoxic molecules from 

the CTL (perforin, granzymes) which bring about the apoptosis of the target cell.

T helper (Th) or CD4+ T cell immune responses can be subdivided according to 

which type of T helper cell is induced (14). Type-1 helper responses are critical for 

controlling intracellular infections via CD8 T cell-mediated mechanisms whereas type-2 

helper responses mainly protect against pathogens neutralized by Abs. These CD4+ T 

cells produce distinct sets of cytokines that promote the growth and differentiation of 

different effector cells of the immune system. The temporal balance between cytokines 

produced in response to infection is thought to govern the type o f immune response 

elicited and eventually serves to turn off the immune response once the pathogen is 

eliminated. In several infectious diseases including HIV, the profile o f the cytokines 

produced may influence progression of the disease. Type I cytokines include interleukin 

(IL)-2, IFNy, and IL-12, which are necessary for inducing cellular immunity, Type II 

cytokines include IL-4, IL-10, IL-5, and IL-13, promote B cell activation, differentiation 

and antibody synthesis (14). Since cytokines are critical in mobilizing the immune
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response against HIV but also have the ability to up and down regulate HIV replication, 

their role in HIV pathogenesis continues to be intensively investigated (15).

1.2. Human Immunodeficiency Virus

HIV is genetically related to the lentivirus genus o f the Retroviridae family (16). 

Lentiviruses are characterized by structural genes: gag, pol, env, and a complex 

combination of additional non-structural genes including tat, rev, nef, vif, vpr, (Figure 

2A). The typical genome of the lentivirus genus is 9 kilobases long. The Gag proteins 

drive the assembly and release of virus particles and encapsidate the viral RNA genome. 

The pol-Qncoded enzymes, including the protease, reverse transcriptase and integrase, 

cleave the Gag and GagPol polyprotein precursors at the time of virus release, convert the 

viral RNA genome to double-stranded DNA following virus entry, and catalyze the 

integration of viral DNA into the host cell chromosome, respectively. The envelope 

glycoproteins direct virus binding to the target cell and also fusion between viral and 

cellular membranes. In addition to the products of the gag, pol and env genes, HIV-1 and 

other lentiviruses encode several novel regulatory and accessory proteins, the functions of 

which are unique to this group of retroviruses. Each o f the virally encoded proteins is 

exquisitely adapted to take advantage of the host cell to promote viral propagation. The 

main targets of HIV are the CD4+ T cell and monocytes/macrophages; however, HIV has 

been shown to be capable of infecting other cell types such as CD8+ T cells, B cells, and 

dentritic cells (17,18). HIV enters CD4+ T cells through interaction of viral glycoprotein 

gpl20 with CD4 receptor found on the surface of these cells, in conjunction with 

chemokine co-receptors. The life cycle consists of several stages: viral entry, generation

5
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Figure 2. HIV genome, virion structure and life cycle.
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of the viral DNA by reverse transcription (RT), integration o f the viral DNA in the 

nucleus, synthesis of viral RNA, translation and assembly of viral proteins into virions, 

and release of viral particles for further rounds of infection. A simplified description of 

the HIV replicative cycle is presented in Figure 2B.

1.3. Pathogenesis of HIV

HIV targets the immune system and causes the fatal disease, AIDS (Acquired 

Immune Deficiency Syndrome) (19). There are currently over 38.6 million people living 

with HIV, including 4.1 million adults and children who became newly infected in the 

last year alone, making AIDS the worst tragedy of modem times (20). Unfortunately, 

despite more than 20 years of intensive studies, many aspects o f HIV pathogenesis are 

still unclear. Current therapeutic strategies mainly involve a combination of three or 

more antiretroviral agents from three major categories (nucleoside reverse-transcriptase 

inhibitors, non-nucleoside reverse-transcriptase inhibitors and protease inhibitors), 

referred to as highly active antiretroviral therapy (HAART). HAART has become the 

standard regimen since the late 1990s bringing about a dramatic improvement in the 

number of patients attaining undetectable viral loads, increased CD4 counts, and survival. 

However, the genetic variability of HIV makes resistance to drugs and vaccines an 

important problem (21). In addition, many aspects of the virus and its ability to impair 

the cellular immune response, and dismpt the cytokine network are not yet completely 

understood (15,19).
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Chronic HIV infection is characterized by a progressive decline in CD4+ T cells, 

an increase in CD8+ T cells numbers and progressive immune dysfunction, eventually 

leading to AIDS (19). Primary infection is a period of rapid viral replication that 

immediately follows exposure to HIV and lasts for few weeks (22-28). As illustrated in 

Figure 3, during the primary infection with HIV, there is an initial rise in viral load and 

CD4+ T cell numbers decline. Concurrent with a rise in CTL response against HIV, 

virus replication is controlled. However, almost invariably the immune response is 

unable to clear the virus, chronic infection is established, and a period of clinical latency 

ensues. During chronic infection, CD4+ T cells numbers and T cell function continue to 

progressively decline, eventually leading to opportunistic infections and AIDS. As 

mentioned, the advent o f HAART has dramatically prolonged the clinical latency period 

and slowed progression to AIDS, but this is not a cure. Eventually, as a result of complex 

and incompletely understood pathogenic mechanisms the immune system is 

overwhelmed leading to AIDS and death.

Investigators in the HIV/AIDS field have struggled with two sets of apparently 

contradictory findings (29). On one hand, early observations that HIV targets, infects and 

kills CD4+ T cell as it disseminates throughout the lymphoid tissues during disease, led to 

the hypothesis that CD4+ T cell destruction results in the loss of immune effectors and 

regulatory functions, and is a key marker for disease progression. This suggested that the 

pathogenesis o f AIDS was mainly related to the direct, virus-mediated killing of CD4+ T 

cells. On the other hand, the long period o f time between infection and development of
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Figure 3. Course o f progressive HIV infection, describing the changes in plasma HIV 
viral load (blue line), peripheral blood CD4+ T cell count (green line), and CTL 
responses (red line).
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AIDS, a time when only a small fraction of total CD4+ T cells appear to become infected 

and the elevated death rates observed in both CD4+ and CD8+ T cells support a 

pathogenic model in which other ‘indirect’ factors are involved. These include the 

disruption of the cytokine network, anergy and apoptosis o f T cells (31-33).

Evidence has surfaced recently that even despite seemingly effective HAART, T 

cell responses in HIV infection have been associated with defects in cytokine production 

(19), perforin expression (34-36), alterations in phenotypic maturation (37,38), as well as 

the decreased proliferative capacity of HIV-specific CD8+ T cells (36,39). Defects in T 

cell function arising during chronic HIV infection are not well understood. One potential 

mechanism involves the action of viral proteins, released into the intracellular milieu, on 

uninfected bystander cells. For instance N ef and Vpr have been shown to induce cell 

death in uninfected cells (40).

1.3.1. CD8+T cells

As mentioned, CD8+ T cells represent a major arm of the cellular immune 

response and their differentiation into effector cells usually requires Th cell stimulation 

(41-43). The importance o f CTLs in clearing virus infections is well established and has 

been demonstrated for several viruses (9). Evidence o f the critical role of CD8+ 

lymphocytes in the control of HIV-1 replication was first reported in 1986 with the 

observation that isolated PBMC from asymptomatic infected individuals produced virus 

after removal of CD8+ T cells (44). These CD8+ T cells suppressed HIV-1 replication in

10
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a dose-dependent manner when added back to the cell culture in vitro. Studies using the 

rhesus macaque animal model have shown that CD8+ T cell depletion from Simian 

Immunodeficiency Virus (SlV)-infected macaques resulted in a dramatic increase in viral 

load (45,46). Early on, it was established that HIV+ patients have very high levels of 

activated HIV-1-specific CTLs (19). Therefore, the main role o f CD8+ T cells in the 

context of HIV infection is to suppress viral replication and clear virally-infected cells. 

However, CD8+ T cell responses are insufficient to prevent the establishment of chronic 

HIV infection and are eventually overwhelmed, leading to AIDS in the majority of 

patients (19). Several reasons for this have been proposed. First, depletion of essential 

helper CD4+ T cells by HIV may be an important cause for the progressive loss of CTL 

function (47). These cells are critical for maintaining optimum virus specific CTL 

responses. A direct correlation between the HIV-specific CTL response and helper 

response has been reported (48). Defects in CTL function induce a reduction in perforin 

and IFN-y expression have also been reported (34,49,50). It has also been shown that 

alterations in the maturation o f HIV-specific CTLs may limit their effectiveness (37,51). 

Thirdly, CTLs are not able to maintain complete control over HIV replication as a result 

of the continual generation of viral escape mutants (52-55). Moreove, Viral proteins such 

as Nef are known to downregulate MHC I infected cells, which may allow the virus to 

escape CD8+ T cell recognition (56,57).

1.3.2. CD4+T Cells

As mentioned, CD4+ Th cells are crucial in coordinating cellular and humoral 

immune responses against pathogens (58). It is clear that HIV replicates in activated

11

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



human CD4+ T cells in vitro, that the viral envelope protein utilizes CD4 as its principle 

receptor, and that circulating CD4+ T cells decrease in number as disease progresses 

(47). A central, yet incompletely resolved issue of HIV disease is the mechanism 

responsible for CD4+ T cell loss. Several mechanisms have been proposed to explain 

HIV-mediated depletion of CD4+ T cells (59). One involves the loss o f CD4+ T cells 

directly due to viral replication. However indirect mechanisms involving HIV proteins 

released into the extracellular environment such as gpl20, Tat, N ef and Vpr have been 

shown to induce anergy and cell death in uninfected cells (57). Soluble gpl20 induces 

apoptosis through interaction with cellular receptors such as CD4, CXCR4 andCCR5, via 

both Fas-dependent (upregulation of Fas/FasL, decreased FLIP) and Fas-independent 

(increased Bax, decreased Bel-2) apoptotic pathways (60). Tat, is endocytosed by 

neighbouring cells and upregulates caspase 8 and FasL to induce apoptosis (61). 

Moreover, Vpr, or its C terminus, can cause membrane disruption and induce cell death in 

CD4+ T cells (40).

The potential role of alterations in the cytokine expression profile during the 

course of HIV infection has been intensively investigated (14,62-64). Early studies in 

HIV infection suggested an overproduction of type 2 cytokines (IL-4, IL-10, IL-5, IL-13) 

and decreased production of type 1 cytokines (IL-2, IFNy, and IL-12) (62). However, 

there are contradictory observations regarding production o f type 2 cytokines (14,63). 

Nevertheless, There appears to be a general agreement that IL-12 production is decreased 

in HIV infection (14). In one study cells from peripheral blood and lymph nodes of 

HIV-infected individuals were isolated at different stages o f disease (65). Expression of
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IFNy and IL-4 mRNA was barely detectable whereas IL-10 was increased in CD4+ T 

cells and the level of IL-10 mRNA was inversely associated with IFNy throughout the 

course of infection (65). A similar pattern of cytokine expression was observed after 

antigenic or mitogenic stimulation of purified CD4+ T cell populations obtained from 

HIV+ patients at different stages o f disease with HIV envelope synthetic peptides (Env) 

in vitro (66,67). In a recent study, impaired production o f cytokines was found to be a 

predictor of mortality in HIV+ patients and the preserved capacity to produce cytokines 

was associated with prolonged survival (68). This does suggest a clinical relevance to 

impaired cytokine production in HIV pathogenesis. Another study has demonstrated that 

a balanced typel/type2 response is associated with long term non progressive HIV 

infection (69).

The role of CD4+ T cells in the development of a CD8+ T cell response to viral 

infection, tumours, and autoimmune diseases has been well documented (70-72). CD4 

helper T cells are required for the generation, maintenance, and survival of CD8+ T cell 

and by their secretion o f specific cytokines including IL-2 promote CD8+ T cell 

expansion and enhances their production of cytotoxic molecules (73,74). Under 

conditions of diminishing T cell help and chronic antigenic stimulation, CD8+ T cells are 

thought to degenerate into an anergic and preapoptotic state characterized by alterations 

in their differentiation phenotype, and impaired function (34,37,75-78). This loss of the 

T cell response may lead to immunodeficiency, leaving infected individuals more 

susceptible to opportunistic infections and development of AIDS. Despite intense 

investigation, the mechanisms responsible for the impairment of lymphocyte function by

13
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HIV are still not well understood. Disruption of the cytokine network regulating CD8+ 

and CD4+ T cell immune responses may be involved (79).

1.3.3. Cytokines

In response to several infections including HIV, the profile o f cytokines produced 

may influence the progression of the disease (80). Cytokines not only activate the cells 

of the immune system, but also influence the expression o f various critical molecules on 

the cell surface and modulate HIV replication in infected cells (15,79). Studies 

conducted mostly in animal models indicate that maintenance o f the peripheral T cell pool 

is largely dependent on 3 cytokines: interleukin (IL)-2, IL-7, and IL-15 (81). The 

functions o f these cytokines have been shown to overlap, particularly in situations in 

which the host is lymphopenic (82), at least in part due to their shared receptor subunits 

and signaling pathways (83,84). Therefore, they are attractive and vulnerable targets for 

viruses such as HIV.

Interleukin fILV2

IL-2 plays a central role in the development and regulation of different 

components of the immune response (85-87). It is secreted mainly by Ag-activated T 

cells, mediates their clonal expansion, upregulates perforin expression, and promotes the 

differentiation of CD8+ T cells into armed effector cells capable of lysing virus infected 

targets. IL-2 mediates its biological effects via interaction with its cell surface receptor 

consisting of three components, the IL-2Ra, p and y chains (85-89). In humans, growth 

signals are transduced via the a, p, y trimolecular complex or high affinity receptor and p,

14
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y heterodimers making up the intermediate affinity receptor (86). IL-2R subunit 

expression has been evaluated in human peripheral blood mononuclear cell (PBMC) 

subsets (90). Unstimulated CD8+ T cells express low levels o f IL-2R p, yc and 

undetectable levels o f a  chain. All three chains are upregulated upon Ag or mitogenic 

activation as is their IL-2 responsiveness. Deficiencies within the IL-2 system that have 

long been recognized in HIV infection, including poor reactivity to this cytokine 

(75,78,91), may contribute to the eventual failure of HIV-specific CD8+ T cells in HIV 

infection and lead to AIDS progression. It has been demonstrated that the CD8+ T cells 

derived from a subset of patients with high virus load expressed higher levels of all three 

IL-2R components relative to HIV- controls yet were defective in their response to IL-2 

at the level o f cell cycle entry, and may be indicative of defective IL-2-dependent signal 

transduction (75,78). In patients undergoing successful HAART, the CD8+ T cells 

expressed IL-2R levels approaching that of HIV- controls, yet exhibited a strong capacity 

to enter into cycle following stimulation with IL-2 (78). In addition, HIV specific CD4+ 

T cell proliferation defects were found to be associated with reduced production of IL-2, 

which could be partially corrected in vitro by the addition of IL-2 (92,93). The presence 

of CD4+ T lymphocytes that secrete IL-2, or a subset o f CD4+ T lymphocytes that 

secrete both IFN-y and IL-2, is associated with good clinical outcome in HIV+ patients 

(94-96). Thus, production of IL-2 by CD4+ T cells is important for the maintenance of a 

functional immune system in infected individuals.

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



Interleukin-15:

IL-15, a product of antigen-presenting cells such as monocytes/macrophages and 

dendritic cells but not T cells, utilizes a distinct a  chain but shares the IL-2R(3 and yc 

chains for its receptor (97). IL-15 shares certain biological activities with IL-2, such as 

exerting important growth promoting effects on memory and effector CD8+ T cells, 

including the enhancement of CD8+ memory cell survival, upregulation of perforin, 

Granzyme A, B and IFN-y expression, and inhibition of T cell apoptosis (98-102). Its 

production is reduced in the PBMC of untreated HIV-infected patients (103). However, 

evidence generated to date does not support a role for defective responsiveness to this 

cytokine. IL-15 has been reported to be more potent than IL-2 in activating and 

stimulating the proliferation of naive and memory CD8+ T cells as well as memory CD4+ 

T cells in PBMCs from HIV+ patients. Some data have indicated that IL-15 may be 

useful in expansion o f CTL in SIV-infected macaques (104) as well as CD8+ T cells (76) 

and NK/CD4+ lymphocytes (105) in HIV-1-infected subjects. In a recent study 

investigating its effect on HIV-specific CTLs, it was demonstrated that such cells respond 

to IL-15 ex vivo and during prolonged in vitro culture (106). It was shown that IL-15 

inhibited spontaneous Fas-induced apoptosis, upregulated the antiapoptotic molecule Bcl- 

2, enhanced the survival of HIV-specific CTLs in culture and induced their activation, 

IFN-y production and cytotoxic activity.

Interleukin-7:

The cytokine IL-7 is constitutively produced by stromal cells from the bone 

marrow and thymus, and plays a crucial role in T cell homeostasis (107). IL-7 is under
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intense investigation in the context of HIV due to its importance in the development, 

regeneration and function of T cells (108). It is able to support the growth of CD4+ and 

CD8+ T cells, thymocytes as well as lymphoid progenitors through signal transduction 

via the IL-7Ra and shared yc chains (109,110). It has also been shown to be an 

important component for the establishment and maintenance o f T cell memory (111-114). 

IL-7 levels are elevated in patients with progressive disease and correlated inversely with 

both CD4+ and CD8+ counts but regressed to below detection limits in patients that 

responded to HAART (108). IL-7Ra (CD 127) expression has been evaluated on CD8+ T 

cells from HIV+ patients (115,116). In HIV- controls, 65% of CD8+ T cells expressed 

the receptor. Receptor expression was downregulated (21%) in untreated HIV+ patients 

but returned towards that of normal controls in patients undergoing effective HAART, 

correlating inversely with virus load (115). The downregulation o f IL-7Ra expression in 

CD8+ effector T cells may impact on their responsiveness to this cytokine as was 

suggested by the finding that the sensitivity to IL-7 is reduced in both CD8+ and CD4+ T 

cells derived from HIV+ patients (116). In another study, IL-7Ra expression was 

evaluated in T-cell subsets from HIV+ patients (117). The loss o f IL-7Ra was analysed 

in relation to CD4+ T cell counts and IL-7 concentrations. IL-7Ra was down regulated 

on T cells and correlated with depletion of CD4+ T cells and with increased 

concentration of serum IL-7 (117). Decreased IL-7Ra expression was associated with 

low Bcl-2 expression and with reduced T cell survival, when cultured in vitro in the 

presence o f IL-7. Particularly, T cells with a memory phenotype showed a decreased IL- 

7Ra expression in association with CD28 down-regulation (117).
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Interleukin-10:

IL-10 is a pleuripotent cytokine produced by a variety of cells including T cells, B 

cells and monocytes, and is capable of mediating both immunosuppressive and 

stimulatory effects (118). Importantly, it exhibits these dual effects on human CD8+ T 

cells (118). IL-10 suppresses their alloantigen-induced proliferative response indirectly 

through inhibition o f the co-stimulatory functions of antigen presenting cells (APC). In 

contrast, it displays direct growth promoting effects on activated CD8+ T cells when 

added in combination with low doses of IL-2. In keeping with these effects, when 

injected just after a booster vaccination in a murine anti-tumor vaccine model, it was able 

to boost anti-tumor immunity by potentially enhancing the number o f responding tumor- 

specific CD8+ T cells (119). IL-10 has been studied in the context o f HIV infection 

extensively and, owing to its immunosuppressive function, it may play an important role 

in HIV immune unresponsiveness (65,66,120,121). For example, IL-10 was found to be 

upregulated in the PBMC of HIV+ patients with <400 CD4+ cells/pl compared to those 

with >400 CD4+ cells/pl and uninfected controls (66). Furthermore, antigen responses of 

lymphocytes from HIV+ patients can be enhanced in vitro by neutralization of IL-10 

(67,122). However, a detailed study on the growth promoting and inhibitory effects of IL- 

10 or the status o f its receptor subunits (IL-10R1 and R2) on CD8+ T cells from HIV+ 

patients has not been undertaken. Moreover, IL-10 prevents Fas-mediated apoptosis of 

CD8+ T cells from HIV-infected persons while having no preventive effect on CD4+ T 

cell death. It has been proposed that in HIV+ patients, IL-10 may cause detrimental 

effects by contributing to decreased production of Thl cytokines such as IL-2 and IL-12,
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and by inhibiting antigen-presenting cell function and cell-mediated immune responses 

(118,123-127)

Interleukin-4:

The effect o f IL-4 on the development of cytolytic function appears to be variable, 

both in vitro and in models of tumor or viral immunity in vivo (128,129). Some work in 

which IL-4 has been ablated by gene targeting or delivered exogenously, for example 

using recombinant viruses, indicated that IL-4 reduced CTL activity and/or viral 

clearance (129,130). Adoptive transfer of type 1- or 2-polarized CD8+ T cells (termed 

Tel or Tc2, respectively) also showed that IL-4-producing Tc2 cells were less efficient 

than Tel cells in tumor rejection (128,131). By contrast, other studies have suggested 

that IL-4 either had no effect or enhanced the CTL response and viral or tumor clearance 

in vivo (132). IL-4 produced by CD4+ T cells has multiple immune response-modulating 

functions, including induction of IgE production in B lymphocytes and the differentiation 

of precursor T helper (Th) cells toward the Th2 subset that promotes humoral immunity 

(14). With respect to HIV infection, IL-4 differentially regulates 2 major HIV-1 

coreceptors, the chemokine receptors CCR5 and CXCR4 (133-135). CCR5 is a 

coreceptor used by nonsyncytia-inducing/macrophage-tropic/R5 viruses, which are more 

likely to be transmitted through sexual contact and are present early after infection in 

nearly all HIV-1-infected persons (136). In contrast, CXCR4 is a coreceptor used by 

syncytia-inducing T cell line-tropic/X4 variants, which are usually present in the latter 

stages of infection (137). IL-4 down-regulates CCR5 expression and thus inhibits
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replication of R5 HIV in human T cells and macrophages (133,134), while it up-regulates 

the expression of CXCR4 and enhances the replication ofX4 variant (135).

Interleukin-12:

IL-12 is a 70 kDa heterodimeric cytokine produced primarily by cells of the 

monocyte/macrophage lineage and exerts a profound positive impact on the development 

of cell-mediated immunity (138,139). The biological activity o f IL-12 is mediated via 

interaction with its high affinity receptor composed of IL-12R-01 and 02 subunits that are 

expressed primarily on T cells and NK cells (138). IL-12 is a powerful inducer of Thl 

responses, whereas it inhibits Th2 responses. It has been shown that IL-12 synthesis was 

markedly reduced following cellular activation as was the responsiveness to this cytokine 

in the PBMC of HIV-infected patients as well as in SIV-infected macaques 

(120,121,140,141). However in vitro, it considerably boosted HIV-specific CTL function 

in the PBMC of HIV+ patients (142). In another study, the CD8+ T cells from HIV+ 

patients had a reduced sensitivity to IL-12 yet IL-12R expression was elevated in these 

cells (116), suggestive o f signal transduction defects, similar to what has been observed 

in IL-2 (75,78).

1.3.4. JAK-STAT signaling pathway

The Janus Kinase (Jak)/ Signal Transducer and Activator of Transcription (STAT) 

pathway represents one of the main and best studied pathways involved in cytokine 

responses (143). Studies have demonstrated an essential role played by the Jak/STAT 

signaling cascade in driving multiple biological and cellular functions in response to
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cytokines such as differentiation, proliferation, and apoptosis (144). There are currently 

four Jaks (Jakl, Jak2, Jak3 and Tyk2) that have been identified in mammals. Jaks are a 

family o f cytosolic tyrosine kinases that are constitutively associated with many cytokine 

receptors. The STAT family has seven identified members (STAT1, STAT2, STAT3, 

STAT4, STAT5a, STAT5b and STAT6), and their recruitment is a critical component to 

the induction of cytokine responses. As illustrated in Figure 4, the interaction of a 

cytokine with its receptor triggers within minutes Jak/STAT signal transduction cascade, 

which involves the phosphorylation of Jak kinases that are constitutively associated with 

the cytoplasmic tail of the cytokine receptor complex, subsequent receptor 

phosphorylation, STAT recruitment to the phosphorylated receptor, STAT 

phosphorylation by Jaks, STAT dimerization, nuclear translocation and transactivation of 

target genes containing GAS (IFN-y activated site) DNA motifs. However, only a few 

studies have investigated Jak kinases and STATs in HIV-positive patients. Recent 

investigations have suggested that defects within the Jak/STAT signaling pathway may 

be implicated in the dysregulation of cytokine responses and HIV pathogenesis. It has 

been demonstrated that STAT5a, STAT5b and STATla expression was reduced in CD3 

T cells purified from HIV+ patients. However, the functional status of these proteins was 

not addressed in this study (145). Another study showed that STAT1 and a C-terminal 

truncated, potentially dominant negative mutant of STAT5 was constitutively activated 

primarily in the CD4+ T cell compartment of most HIV+ patients studied (146). It has 

also been shown that CD8+ T cells from a subset of HIV+ patients naive to therapy were 

unable to functionally activate STAT5a and STAT5b proteins in response to ex vivo
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Figure 4. The sequence of events in the JAK/STAT signaling pathway. (1) Upon 
cytokine binding, receptor subunits dimerize bringing the Jaks, which are constitutively 
associated with the cytoplasmic tails of receptors, into close proximity. The Jaks 
transphosphorylate each other and receptor chains on conserved tyrosine residues. 
Cytoplasmic STAT proteins are recruited through their SH2 domain to the 
phosphorylated tyrosine residues on receptors and are phosphorylated by the Jaks on C- 
terminal tyrosine residues. (2) Activated STATs dissociate from the receptor chains and 
dimerize through interactions between a phosphorylated tyrosine on one and an SH2 
domain on the other. (3) STAT dimers then translocate to the nucleus where they initiate 
transcription of genes containing STAT responsive elements.
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stimulation with IL2 (75). This defect was not the result o f alterations in IL-2R 

expression but correlated with impaired Jak-3 activation, the upstream kinase in this 

pathway. Furthermore, this defect appeared to be restored following HAART.
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II. Rationale and Objectives

Whether Jak/STAT defects arise in response to cytokines other than IL-2 critical 

in the growth and differentiation of CTL, particularly those sharing the common yc chain 

receptor (IL-2, IL-15, IL-7, and IL-4) has not been investigated. Also, whether cytokine 

signaling defects arise in the CD4+ T cell compartment of HIY+ patients remained to be 

evaluated.

Unfortunately, standard molecular methods to investigate signal transduction are 

difficult to carry out mainly due to the limitation on the number o f cells obtainable from 

patient blood samples. Furthermore, such techniques (immunoblotting, 

immunoprecipitation) are essentially impossible to perform in rare PBMC populations 

such as virus-specific CTLs (< 1% PBMC). These facts lead to the following specific 

objectives.

1. Optimization of a sensitive and specific assay to detect Jak/STAT signaling within 

PBMC sub-populations (CD8, virus-specific CTLs and CD4) at the single cell 

level.

2. Evaluation of cytokine-induced JAK/STAT signaling in the PBMC subsets from 

HIV-infected patients.

3. Phenotypic characterization and studies into the mechanism responsible for HIV- 

induced alterations in cytokine-dependent Jak/STAT signaling.
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III. Materials and Methods

111.1. Patient Study Groups

Previous work by Kryworuchko et al., (75) has documented IL-2 dependent 

STAT5 signaling defects in CD8+ T cells from a subset o f HIV+ patients naive to 

therapy and their apparent restoration under HAART. Therefore, a similar set of patients 

was studied. Patient stratified into three groups: Group 1 included 8 patients that had 

discontinued therapy for more than 6 months and had high viral loads (mean, 1.09 x 105 

copies/ml [range, 0.59-2.92 x 105]) and low CD4+ T cell counts (<300 [100-289] 

cells/pl). Group 2 included 8 patients on sustained HAART (>1 year). At the time of 

sampling, group 2 subjects had a low viral load (<50 copies/ml) and relatively higher 

CD4+ counts (527 [489-725]). Group 3 included 9 HIV-negative controls. Patient 

samples were obtained from the Immunodeficiency Clinic at the Ottawa Hospital in 

collaboration with Dr. Jonathan Angel.

111.2. Antibodies and reagents

All monoclonal antibodies (Abs) used for flow cytometry unless otherwise 

indicated were mouse Abs purchased from BD Pharmingen, BD Biosiences, or 

Transduction Laboratories (San Diego, CA.). Anti-CD4 PerCP (SK3; 2pg/mL) (antibody 

clone; final concentration used), anti-CD8 PE CY5 (HIT8A; lpg/mL), anti-CD28 PE 

(CD28.2; 3pg/mL) [BD Biosiences], anti-IL-2R[alpha] (M-A251; 2pg/mL), anti-IL- 

2R[beta] (MIK-P2; 2pg/mL), anti-IL-15R[alpha] (151303; 2pg/mL), anti-IL7R[alpha] 

(40131; 2pg/mL) (Immunotech, Marseilles, France), anti-IL-2R[gamma] (TUGH4; 

2(ig/mL) (Pharmingen) were used. Isotype control Abs included mouse IgGl (MOPC-
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31C) rat IgG2a and IgG2b (Pharmingen) used at the appropriate concentration. Abs used 

for intracellular staining included anti-phospho-(P)STATl (Y701) Alexa Fluor® 488 

(4a;0.09 pg/mL), anti-pSTAT5 (Y694; 0.048 pg/mL) Alexa Fluor® 488 (47; 0.09 

pg/mL), and anti-P-STAT6 (Y641) PE (18; 0.09 pg/mL). Stat3 (Y705) Alexa Fluor® 488 

(49/p-Stat3; 0.09 pg/mL)

III.3. Cell Isolation, Culture and Stimulation

Peripheral blood mononuclear cells (PBMCs) were isolated from blood by density 

gradient centrifugation over Ficoll-Paque™ (Amersham Biosciences, Piscataway, NJ), as 

previously described (75). Briefly, heparinized blood was obtained from HIV+ and HIV- 

donors, approximately 50 ml, and layered onto Ficoll-Paque™ at a ratio of 11:4 

(blood:Ficoll-Paque). Next, centrifugation was performed at 400g for 30 minutes with 

the brake off in a Megafuge centrifuge, (Baxter Scientific Products, Minneapolis). 

Subsequently, the interphase containing PBMCs was collected and washed three times in 

phosphate buffered saline (PBS) (Sigma-Aldrich). PBMCs were subsequently cultured in 

Iscove’s Modified Dulbecco’s Medium (IMDM) (Sigma-Aldrich, St. Louis, MO) 

supplemented with 10% fetal bovine serum (FBS) (Invitrogen/Life Technologies, Grand 

Island, NY), penicillin (100 U/mL), gentamicin (100 pg/mL), and HEPES (100 mM). 

PBMCs (4x105) were stimulated for 15 minutes at 37°C and 5% CO2 with IL-2 (34 

ng/mL), IL-4 (4 ng/mL), IL-7 (1.5 ng/mL), IL-15 (2 ng/mL), or IL-10 (1 ng/mL), in 

parallel with unstimulated cells. All recombinant human cytokines were purchased from 

R&D Systems Inc (Minneappolis, MN).
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III.4. Flow Cytometry

111.4.1. Cell surface staining

The cell surface expression of cytokine receptors in CD8+ and CD4+ T cells was 

determined by flow cytometry. Briefly, PBMCs (2xl05) were resuspended in 200 pL 

PBS and stained with the indicated anti-cytokine receptor chain specific or isotype- 

matched control Abs at the concentrations indicated in section II.2. Following a 10 min 

incubation at room tempture, lineage specific anti-CD4-PerCP, anti-CD8 PE Cy5 were 

added for a further 10 min incubation. The cells were subsequently washed with PBS 

containing 0.1% bovine serum albumin (PBS-BSA) and analyzed by flow cytometry 

using a FACScan Flow Cytometer (BD Bioscience) and fluorescence data analysed 

using CellQuest software (BD Bioscience) or the WinMDI version 2.8 software package 

(Joseph Trotter, BD Bioscience). For standardization and calibration o f the instrument, 

fluorescent Calibrite™ beads (BD Biosciences) were used.

111.4.2. Intracellular staining

The intracellular phosphoprotein staining procedure described by Krutzik et al.,

(148) was adapted for use in this study to analyze STAT activation in response to growth 

promoting cytokines in CD4+ and CD8+ T cells from HIV+ patients and HIV- controls. 

Briefly, stimulated and unstimulated PBMCs were fixed with formaldehyde (1.5 %) for 

10 minutes and permeablized with cold methanol (MEOH) (EM Science), vigorously 

mixing and incubated for further 10 minutes at 4 °C. Cells were washed twice with PBS- 

BSA, and anti-P-STAT Abs were added at a final concentration 0.09 pg/mL for all
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STATs Abs except STAT5, which was added at 0.048 pg/mL. After a 5 minutes 

incubation at room temperature in the dark, anti-CD8 PE Cy5 or anti-CD4 PerCP Abs 

were added to the appropriate tubes and incubated for a further 10 minutes under the 

same conditions. The cells were then washed with PBS-BSA, pelleted and resuspended 

in 2 % PFA for subsequent flow cytometric analysis as above.

III.4.3. Detection of cytokine induced STAT-activation in virus-specific CTL

populations.

HIV+ patients were typed for the expression of human leukocytes antigen (HLA) 

A2 and HLA B8 alleles using anti-HLA-A2 and HLA-B8 specific Abs by surface 

staining as described in section III.4.1. HLA A2+ and HLA B8+ patients were 

subsequently screened for the presence of CTL specific for the following viral epitopes. 

The EBY CTL epitopes included BMLF1 (GLCTLVAML), and BZLF1 (RAKFKQLL)

(149). HIV epitopes included gag (SLYNTVATL) (150), and nef (AFHHVAREL) (37). 

HLA-A2 BMLF1 and gag tetramers were purchased from Beckman Coulter. HLA-B8 

BZLF1 and nef tetramer were kindly provided by Dr. Victor Appay (Lausanne, 

Switzerland). PBMCs (4xl05) from HIV+ patients and HIV- donors expressing HLA-A2 

or HLA-B8 epitopes were stimulated for 15 min at 37°C and 5% CO2 with the 

appropriate cytokine in parallel with unstimulated cells. HLA-A2 or -B8 tetramers were 

added for a further 15 min incubation. Subsequently, to detect P-STAT induction the 

protocol followed was the same as in section III.4.2.
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It should be noted that the overlay of flow cytometry histograms and the 

observation of a reproducible population shift in log fluorescence intensity were the 

parameters used to determine the significance o f any changes in expression level 

reported.

III.5. Statistical analysis

Means were compared using the two tailed Student’s T test. Results are 

expressed as mean ± standard deviation (STDev). The correlation between cytokine 

receptor expression and STAT activation was determined by linear regression analysis 

using the Sigma Plot version 9.0 software package.
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IV. Results

IV. 1. Optimization of a sensitive and specific flow cytometric assay to detect

Jak/STAT signaling within PBMC sub-populations at the single cell level.

As mentioned, current molecular methods such as western blot, immunoblot and 

electrophoretic mobility shift assays (EMSA) require relatively large numbers of purified 

cells to be feasible, making it difficult or often impossible for them to be applied to ex 

vivo signaling studies. Flow cytometry offers many advantages over these techniques, 

provided the sensitivity and specificity for the intended investigations are maintained. 

Most importantly, flow cytometry does not require large numbers of cells and permits the 

analysis and quantification of multiple populations and parameters simultaneously. This 

allows for the analysis of rare cell populations without prior purification steps. 

Therefore, the first objective of this study was to optimize a flow cytometry based 

technique that uses Abs specific for tyrosine-phosphorylated (activated) STAT (P-STAT) 

proteins to detect their intracellular induction in a cytokine-dependent manner. As 

described in the Materials and Methods Section III.4.2 the procedure described by 

Krutzik et al., (148) was adapted for this purpose.

As it is generally established in the literature which STATs are activated by which 

cytokines and in what cell type (144), it was important to ensure that the relevant STAT 

proteins are activated in response to the appropriate cytokines by a flow cytometry. 

PBMCs isolated from volunteer HIV- donors were subjected to stimulations with IL-2, 

IL-4, IL-7, IL-15 and IL-10, in parallel with unstimulated controls and stained with anti- 

P-STAT1, 3, 5 or 6 and anti-CD8 or anti-CD4 Abs, as described in the materials and
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methods section III.4.2. Flow cytometric analysis was conducted and histogram overlays 

were then plotted for stimulated and unstimulated cells.

Overall, the results indicated that the anti-P-STAT Abs used were specific 

according to the above criteria. That is, the appropriate STAT proteins were activated in 

response to the appropriate cytokines. Representative data is shown in (Figure 5). In 

CD8+ T cells, IL-2, IL-7, and IL-15 induced STAT5 tyrosine phosphorylation (P- 

STAT5) in contrast to IL-10 (Figure 5A). However, IL-10 stimulation did mediate 

STAT3 and marginally STAT1 tyr-phosphorylation (Figure 5B, C). IL-4 specifically 

induced STAT6 tyr-phosphorylation while IL-10 did not (Figure 5D). Figure 5B also 

shows that there was no STAT1 activation detected in response to IL-4 stimulation.

Specificity in CD4+ T cells was demonstrated with all cytokines in a similar 

fashion and found to correlate with what has been reported in the literature (Figure 6) 

(144). In brief, IL-2, IL-7, and IL-15 specifically induced P-STAT5. IL-4 induced P- 

STAT6, while IL-10 induced P-STAT3. IL-4 was also able to induce P-STAT5, although 

marginally. A summary o f the results for cytokine-dependent STAT activation detected 

in both CD8+ and CD4+ T cells is provided in Table 1.

IV.2 Evaluation of cytokine-induced Jak/STAT signaling in CD8+, CD4+ T cells

and virus specific-CTLs from HIV-infected patients.

IV.2.1. STAT activation in CD8+ T cells from HIV+ patients
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Figure 5. Reactivity and specificity of P-STAT Abs in CD8 T cells. PBMCs were 
stimulated for 15 minutes with IL-2 (34 ng/mL), IL-7(1.5 ng/mL), IL-15 (2 ng/ml), IL-4 
(1.5 ng/mL) and IL-10 (1 ng/mL) in parallel with unstimulated controls. Cells were 
stained with each anti-P-STAT antibody to determine which STATs where activated in 
response to which cytokines. Within the CD8+ cell gate, 5000 events were acquired. 
Histograms were plotted using WinMDI2.8 software (events on y-axis, fluorescence 
intensity on x-axis) and comparison between STAT activation in stimulated and 
unstimulated cells was carried out. (A) STAT5 activation in unstimulated compared to 
IL-2, IL-7, IL-15 and IL-10 stimulated CD8+ T cells (B) STAT1 activation in 
unstimulated compared to IL-10 and IL-4 stimulated CD8+ T cells. (C) STAT3 
activation in unstimulated compared to IL-4 and IL-10 stimulated CD8+ T cells. (D) 
STAT6 activation in unstimulated compared to IL-10 and IL-4 stimulated CD8+ T cells. 
Results are shown for one representative experiment out of at least three performed.
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Figure 6. Cytokine-induced ST AT activation in CD4+ T cells. PBMCs were 
stimulated for 15 minutes with IL-2 (34 ng/mL), IL-4 (4 ng/mL), IL-7 (1.5 ng/mL), IL-15 
(2 ng/mL) and IL-10 (1 ng/mL), with the unstimulated control performed in parallel. 
Within the CD4+ cell gate, 5000 events were acquired. Data is presented as fold change 
for each of the STAT proteins. Comparing geometric mean o f fluorescence intensity in 
stimulated vs unstimulated cells, values were obtained from histogram plots o f log 
fluorescence intensity (WinMDI2.8) in stimulated (STIM) and unstimulated (UNSTIM) 
cells. Results are shown for one representative experiment out of three performed.
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Table 1. Summary of cytokine dependent ST AT activation detected in CD8+ 
and CD4+ T ells *

IL2 IL4 IL7 IL15 IL10

CD8 STAT1 - - - - +/-

STAT3 - - - - +

STAT5 + - + + -

STAT6 - + - - -

CD4 STAT1 - - - - +

STAT3 - - - - -

STAT5 + +/- + + -

STAT6 - + - - -

* + indicates a substantial induction, - indicates no appreciable induction, +/- indicates 
a marginal induction.
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It has been previously shown that CD8+ T cells from a subset of HIV+ patients 

naive to therapy were unable to functionally activate STAT5a and STAT5b proteins in 

response to ex vivo stimulation with IL-2 (75). This defect was not the result of 

alterations in IL-2R expression but correlated with impaired Jak-3 activation, the 

upstream kinase in this pathway. However, this defect appeared to be restored following 

HAART. Whether such defects arise in response to other cytokines critical in their 

growth and differentiation, particularly those sharing the common yc chain receptor (IL-2, 

IL-15, IL-7, and IL-4) has not been investigated. Furthermore, whether there are 

differences at this level in virus-specific CTL populations is not known. Therefore, 

STAT activation was measured in response to the appropriate cytokine stimulation in 

CD8+ T cells from study group patients. PBMCs from HIV+ as well as HIV- donors 

(4xl05) were stimulated with IL-2 (34 ng/mL), IL-4 (4 ng/mL), IL-7 (1.5 ng/mL), IL-15 

(2 ng/mL), and IL-10 (1 ng/mL) for 15 min, followed by staining CD8+ T cells with the 

relevant anti-P-STAT Abs. Flow cytometric analysis revealed that the CD8+ T cells 

from all subjects could activate the relevant STAT proteins in response to the appropriate 

cytokine stimulation (Figure 7). Specifically, P-STAT5 was activated in response to IL- 

2, IL-15, and IL-7. P-STAT6 and P-STAT3 were observed in response to IL-4 and IL- 

10, respectively. Strikingly however, a distinct population o f CD8+ T cells (P-STAT5-) 

was revealed in HIV+ patients that were unable to activate STAT5 in response to IL-2 

and IL-15 (Figure 7A). This population was not detected in HIV- controls. P-STAT5- 

cells were observed in response to IL-7 in both HIV+ and HIV- patients. In Figure 7B, 

the proportion of P-STAT5- CD8+ T cells was graphed for each patient studied. The P- 

STAT5- CD8+ T cell population was observed in all HIV+ patients studied in response to

35
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Figure 7. STAT activation in CD8 T cells from HIV-infected patients. PBMCs 
(4x105) from HIV+ and HIV- patients were stimulated for 15 minutes with IL-2 (32 
ng/ml), IL-7 (1.5 ng/mL), IL-15 (2 ng/mL), IL-4 (4 ng/mL), or IL-10 (1 ng/mL). (A) 
Histogram overlays for P-STAT expression on gated CD8 T cells is shown for one HIV+ 
and one HIV- subject. Note the bimodal cytokine-induced P-STAT5 expression pattern 
(positive and negative) in the HIV+ subject. The P-STAT5- CD8+ T cell populations are 
demarcated by the dashed box. (B) The % of P-STAT5-negative CD8 T cells detected in 
response to IL-2, IL-15 or IL-7 was plotted. Each graphed symbol represents the value 
obtained after 15 min of cytokine stimulation for a given patient. The mean % P-STAT5 
negative (horizontal bars) for each group is plotted along with standard deviation (vertical 
bar). C) IL-7-induced P-STAT5 in EBV BZLF1 (RAKFKQLL) and HIV nef 
(AFHHVAREL) HLA-B8 restricted epitope specific CTLs. Staining for one B8+ HIV+ 
donor is shown.
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IL-2, IL-15 and comprised (24 ± 8%; Mean ± Standard deviation), (21 ± 7%) 

respectively, of total CD8+ T cells. The proportion of P-STAT5- CD8+ T cells in 

response to IL-7 in HIV+ patients (45 ± 16%) on average was significantly higher (p= 

0.00001) than in HIV-controls (15 ± 6%). Interestingly, this stratification was not 

observed in response to the other cytokines and STATs measured namely, IL-10 and IL-4 

(Figure 7A).

IV.2.2. STAT activation in virus-specific CTL

In view o f the phenotypic and functional differences that have been reported to 

distinguish HIV-specific CTLs from those directed against other viruses (EBV, CMV) 

(34,37), it was of interest to study P-STAT5 activation in virus specific-CTLs. Therefore, 

HIV+ patients were typed for the expression of HLA-A2 and HLA-B8 alleles using anti- 

HLA-A2 and HLA-B8 specific Abs by flow cytometry (data not shown). HLA-A2+ and 

HLA-B8+ patients were then screened using MHC class I-peptide tetramers for the 

presence o f CTL specific for the different HIV and EBV epitopes, as described in 

materials and methods section III.4.3. EBV CTL epitopes included BMLF1 

(GLCTLVAML), BZLF1 (RAKFKQLL). HIV epitopes includes gag (SLYNTVATL), 

nef (AFHHVAREL). Similar to bulk CD8+ T cell P-STAT5+ and P-STAT5- cells were 

detected in HIV+ patient CTLs specific for HIV nef and EBV BZLF1 epitopes in 

response to IL-7. IL-7 induced P-STAT5 expression in one patient out o f five tested is 

shown (Figure 7C).

IV.2.3 STAT activation in CD4+ T cells from HIV+ patients

37
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A study by David et al., (78) suggested that IL-2 dependent signaling defects may 

also exist in the CD4+ T cell compartment of HIV+ patients with high viral load. Also as 

mentioned, STAT1 and a C-terminal truncated, potentially dominant negative mutant of 

STAT5 was constitutively activated primarily in the CD4+ T cell compartment of most 

HIV+ patients studied (146). Therefore, this study aimed to determine if cytokine- 

dependent STAT activation in the CD4+ T cell compartment o f HIV+ patients was 

impaired. PBMCs from HIV+ as well as HIV- patients were stimulated with the above 

mentioned cytokines for 15 min, followed by fixation, permeabilization and staining with 

anti-P-STAT and anti-CD4 specific Abs in a fashion similar to that o f CD8+ T cells. 

Flow cytometric analysis revealed that CD4+ T cells from all subjects studied could 

activate the relevant STAT proteins in response to the appropriate cytokine stimulation 

(Figure 8). Specifically, STAT5 was activated in response to IL-2, IL-15, and IL-7. 

However, P-STAT5- and P-STAT5+ populations emerged in both HIV+ and HIV- donors 

in response to these cytokines. The percentage of P-STAT5- CD4+ T cells was graphed 

for each patient studied. The proportion of P-STAT5- cells in response to IL-7 in HIV+ 

patients (17 ± 4%) was significantly higher (p=0.00004) compared to HIV- controls (6 ± 

1.5%). The proportion o f P-STAT5- cells detected in response to IL-2 (43 ± 7% in HIV- 

and 42 ± 7% in HIV+) and IL-15 (42 ± 7% HIV- and 36 ± 7% in HIV+) were not 

significantly different.

IV.2.4. Impact of HAART on P-STAT5- CD4+ and CD8+ T cells

To determine the impact o f HAART on the observed phenomena, the data was 

stratified to compare the proportion of P-STAT5 negative CD4+ and CD8+ T cells in G1

38
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Figure 8. STAT activation in CD4 T cells from HIV-infected patients. PBMCs 
(4xl05) were stimulated for 15 minutes with IL-2 (32 ng/ml), IL-7 (1.5 ng/mL), IL-15 (2 
ng/mL) IL-4 (4 ng/mL), or IL-10 (1 ng/mL), . HIV infected patients are compared to 
HIV-negative controls. A total o f 5000 events were obtained in the CD4+ cell gate. (A) 
P-STAT5 expression in CD4+ T cells in one HIV+ and one HIV- volunteer is shown 
(B) The percentage of P-STAT5- CD4+ T cells in response to the indicated cytokines in 
each study subject is plotted. Each symbol represents a different donor. Horizontal bar 
represents the mean which is plotted along with standard deviation (vertical bar).
N S , not significant.
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(off therapy >6 months) and G2 (sustained HAART > 1 year) patients. Interestingly, the 

proportion of P-STAT5- CD8+ T cells detected in response to IL-7 was significantly 

higher (p=0.008) in G1 patients (56%, ± 14%) compared to G2 patients (34%, ± 13%) 

(Figure 9A). However, there were no significant differences revealed in the population 

of P-STAT5- CD4+ T cells in response to IL-7 (Figure 9B). In contrast to IL-7, no 

difference in the percentage of P-STAT5- cells was observed in response to IL-2 and IL- 

15 between the two groups of patients in neither the CD8+ nor the CD4+ T cells (Figure 

9A, B). This suggested that in the case of IL-2 and IL-15 these P-STAT5- cells were 

present despite seemingly effective HAART. In the case of IL-7, the % of P-STAT5- 

CD8+ T cells under HAART appeared to be returning towards that of HIV- controls but 

remained higher (p=0.003) in the patients studied.

IV.3 Phenotypic characterization and studies into the mechanism responsible for 

HIV-induced alterations in cytokine-dependent Jak/STAT signaling.

It was of great interest to further characterize the P-STAT5- cells which were 

detected in response to IL-2, IL-15 and IL-7 in order to gain insight into their nature and 

potential molecular mechanism responsible for their generation.

IV.3.1. Cytokine receptor expression in CD8+ T cells

The stratification of CD8+ T cells into P-STAT5+ and P-STAT5- cells in 

response to IL-2, IL-15 and IL-7 could be the result of differences in cytokine receptor 

chain expression levels. This hypothesis was investigated by evaluating cell surface
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Figure 9. Effect of HAART on cytokine induced P-STAT5- CD8+ and CD4+ T cells 
from HIV+ patients. PBMCs (4x10s) were stimulated for 15 minutes with IL-2 (32 
ng/mL), IL-7 (1.5 ng/mL), or IL-15 (2 ng/mL). A total of 5000 events were obtained in 
the CD4+ or CD8+ cell gate and analyzed for P-STAT5 expression by flow cytometry. 
The graph shows the percentage o f P-STAT5- cells in the two groups of patients studied 
(off therapy > 6 month and those on sustained HAART) in response to the indicated 
cytokines. Each symbol represents a different patient. The horizontal bar represents the 
mean and is plotted along with standard deviation (vertical bar).
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expression levels o f IL-2Ra, IL-2RP, ye, IL-7Ra and IL-15Ra chains by flow cytometry 

in CD8+ T cells from the same group of patients. PBMC were stained with the relevant 

cytokine receptor chain- and CD8-specific as well as isotype control Abs, followed by 

flow cytometric analysis, as described in materials and methods, gating on CD8+ T cells. 

Results obtained from one HIV- and one HIV+ patient sample are shown in (Figure 10). 

It appeared that the % of IL-7Ra+ CD8+ T cells was reduced in certain HIV+ patients 

(Figure 10A). IL-2Ra chain expression was very low/undetectable in total CD8+ T cells 

from both HIV- and HIV+ patients compared to the isotype control Ab (Figure 1 OB). 

However, IL-2RP and yc were expressed in CD8+ T cells from both HIV- and HIV+ 

patients. Notably, expression above that of isotype control Ab was detected as a single 

population of cells (Figure 10B). IL-15Ra expression was not detectable to any 

appreciable extent on CD8+ T cells (Figure 10B). No significant differences between 

HIV- and HIV+ patients were observed at the level o f IL-2RP, yc and IL-15Ra chain 

expression. Further analysis plotting the % P-STAT5+ CD8+ cells obtained in response 

to IL-7 stimulation vs % IL-7Ra+ CD8+ T cells obtained in the same set of patients 

(Figure 11 A) revealed a strong positive correlation (r2 = 0.95) between these two 

parameters. This suggested that in the case of IL-7, the population of P-STAT5- CD8+ T 

cells observed was likely due to the lack of IL-7Ra chain expression on these cells. 

Therefore, the presence of P-STAT5- CD8+ T cells in response to IL-2, IL-7 or IL-15 did 

not correlate by this method with IL-2Ra, IL-2R3, yc or IL-15Ra chain expression (Fig. 

10B, and data not shown).
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Figure 10. Cytokine receptor expression in CD8+ T from HIV-infected patients.
PBMCs (2xl05) were surface stained with the indicated receptor-specific Abs. A total of 
5000 events were obtained in the CD8+ cell gate and analyzed by flow cytometry, as 
mentioned in material and methods. The expression of IL-7Ra in one HIV+ compared to 
one HIV- patient is plotted. (A) Histogram overlays showing the indicated cytokine 
receptor (thin line) and isotype control antibody (shaded histogram) in one HIV+ and 
one HIV- patient (B).
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Figure 11. Comparison of IL-7-induced P-STAT5 expression vx IL-7Ra expression 
in CD8 T cells from HIV+ patients. The % P-STAT5+ cells vs. % IL-7Ra + cells was 
plotted and analyzed by simple linear regression (Sigma Plot), r2 = coefficient of 
determination
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IV.3.2. Cytokine receptor expression in CD4+ T cells

Similar investigations were conducted to determine whether differences in the 

expression of cytokine receptor chains in CD4+ T cells could explain the stratification of 

CD4+ T cells into P-STAT5- and P-STAT5+ cells in response to IL-2, IL-7 and IL-15. 

The expression o f cytokine receptor chains IL-2R a, (3, yc, IL-7Ra and IL15Ra was 

determined by flow cytometry on CD4+ T cells from HIV+ patients. PBMC were stained 

with the relevant cytokine receptor chain- and CD4-specific Abs as well as isotype 

control Abs. Flow cytometyric analysis in one HIV+ patient sample is shown in (Figure 

12). A small proportion of IL-2Ra+ cells was detectable in CD4+ T cells (Figure 12A) 

representing most likely the IL2Ra+ (CD25) CD4+ regulatory T cells. However, IL-2Rp 

and yc expression in CD4+ T cells in HIV+ patients was detected as a single population 

of cells above that of isotype control (Figure 12B). IL-15Ra was also not detectable on 

CD4+ T cell (Figure 12B). The % IL-7Ra+ vs % P-STAT5+ CD4+ T cells obtained in 

response to IL-7 stimulation was plotted in patients for which samples were available, 

and revealed a positive albeit weaker correlation (r2 = 0.65) between these two 

parameters compared to CD8+ T cells (Figure 13). This suggested that in the case of IL- 

7, and similar to CD8+ T cells, the population of P-STAT5- CD4+ T cells observed may 

also be due to a lack of IL-7Ra chain expression on these cells. However, additional 

patient samples will have to be included to strengthen this correlation. No such 

correlation was observed for IL-2Ra, P, yc and IL-15Ra expression (data not shown). As 

mentioned, IL-2Rp and yc expression in CD4+ T cells was detectable as a single 

population o f cells. Therefore, the presence of P-STAT5- and P-STAT5+ CD4+ T cells
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Figure 12. Cytokine receptor expression in CD4+ T cells. PBMCs (2xl05) were 
unstimulated and surface stained with different receptor chain-specific Abs. A total of 
5000 events were acquired in the CD4+ cell gate and analyzed by flow cytometry. One 
HIV+ patient is represented. The expression o f IL7Ra and IL-2Ra is represented in dot 
plots (A), and IL2R0, yc, IL15Ra are represented as histogram overlays showing cytokine 
receptor (thin line) and isotype control antibody (shaded histogram) staining (B).
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Figure 13. Plot of % IL-7Ra+ vs % P-STAT5+ CD4 T cells as evaluated by flow 
cytometry. The plot was analyzed by simple linear regression (Sigma Plot), r2 = 
coefficient of determination
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in response to IL-2 or IL-15 did not appear to be related, by this method, to the 

expression levels o f IL-2Ra, IL-2R[3, yc or IL-15Ra chains (Figure 12B and data not 

shown).

III.3.3 CD28 expression in P-STAT5- and P-STAT5+ CD8+ T cells

It was hypothesized that the P-STAT5- CD8+ T cells may represent anergic or 

senescent cells with skewed differentiation phenotype and impaired function. 

Senescence is a state in which cells remain metabolically active but are incapable of 

further proliferation (151). One feature identifying senescent CD8+ T cells is the lack 

of the CD28 co-stimulatory molecule, expression of CD57 (37,152-154), and the inability 

of these CD8+ T cells to proliferate in response to antigen (155,156). Therefore, as a first 

step to evaluate whether P-STAT5- cells represent replicatively senescent cells, CD28 

expression was measured on these cells from a subset o f patients for which samples were 

available. PBMCs from HIV+ patients (4xl05) were stimulated with IL-2 (34 ng/mL) for 

15 min, followed by staining with anti-CD28, CD8 and P-STAT5 Abs. Flow cytometric 

analysis revealed that CD28+ and CD28- cells could both be found within the STAT5+ as 

well as the STAT5- cell gates (figure 14A) The % CD28- cells within the P-STAT5- and 

P-STAT5+ cell gates was compared in a total of 4 patients. There was no significant 

difference observed. (Figure 14B).
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Figure 14. CD28 expression in P-STAT5+ and P-STAT5- CD8+ T cells from HIV- 
infected patients. PBMCs were stimulated for 15 minutes with IL-2 (32 ng/ml) and 
stained with CD8, P-STAT5 and CD28-specific Abs and subsequently analyzed by flow 
cytometry. A total of 5000 events were acquired in the CD8+ cell gate. A histogram 
plot is shown for the P-STAT5- and P-STAT5+ gate of CD8+ T cells in one patient (A) 
The % of CD28- cells detected within the P-STAT5- and P-STAT5+ CD8+ T cell gate 
was graphed for each patient. Each symbol represents a different patient (B). The 
horizontal bar represents the mean and is plotted along with standard deviation.
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V. Discussion

The mechanisms by which HIV infection leads to immunodeficiency remains a 

critical unresolved issue (157). Despite mounting evidence that HIV-specific CTL are 

critical for suppressing HIV viral load, eventually CTL responses decline and lose control 

of virus replication, resulting in the progression to AIDS in almost all HIV+ patients (19). 

Due to the progressive HIV-induced CD4+ T cell depletion and resulting diminution of T 

cell help, as well as chronic antigenic stimulation, CD8+ T cells are thought to degenerate 

into a pre-apoptotic state characterized by an altered differentiation pattern and impaired 

functionality (76). Perturbations in cytokine signaling may have an important role to play 

in these defects (15,79). Previous studies have demonstrated deficiencies within the IL-2 

system, including poor reactivity to this cytokine in T cells (78). CD4+ and CD8+ T cells 

derived from a subset of patients with high virus load failed to enter the cell cycle in 

response to higher or equivalent expression of IL-2 receptor components (a, |3, y) 

compared to HIV- controls (78). Under HAART, patient CD8+ and CD4+ T cells 

exhibited a strong capacity to enter the cell cycle in response to IL-2. The potential 

defects that arise in response to cytokines critical in their growth and differentiation, 

particularly those sharing the common y0 chain receptor (IL-2, IL-15, IL-7, and IL-4) as 

well as IL-10 were the focus o f this study. Specifically, the capacity o f these cytokines 

to mobilize the Jak/STAT pathway, central to cytokine signaling, in CD4+ and CD8+ T 

cells derived from groups of patients off therapy and those on sustained HAART, was 

evaluated. Finally, the anomalies in P-STAT5 activation observed in response to IL-2,
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IL-15, and IL-7 were pursued further to gain insight into the nature o f these cells and 

potential molecular mechanisms involved in their generation.

In order to perform these studies, the difficulties associated with the application of 

standard biochemical techniques to rare PBMC sub-populations had to be circumvented. 

A flow cytometric approach adapated from Krutzik et al., (148) was optimized and used 

to detect the rapid cytokine dependent intracellular STAT activation. In CD8+ T cells, 

IL-2 and IL-15 stimulation revealed a population unable to respond properly (P-STAT5-), 

which was not detected in HIV- subjects. This P-STAT5- population was observed in the 

CD8+ T cells from all HIV+ patients studied in response to IL-2 and IL-15, representing 

24%, and 21%, respectively, of total CD8+ T cells on average. In response to IL-7, P- 

STAT5- cells were observed in both HIV+ and HIV- patients. However, their proportion 

was higher in HIV+ patients (45%) than in HIV- subjects (15%). Interestingly, similar to 

the bulk polyclonal CD8+ T cells, P-STAT5+ and P-STAT5- cells were detected in HIV+ 

patient CTLs specific for HIV nef and EBV BZLF1 epitopes. This data further supports 

the fact that chronic HIV infection leads to alterations in the activation and differentiation 

of CD8+ T lymphocytes (37). Altered cytokine responsiveness may be involved in this 

skewed maturation and impaired function of CD8+ T lymphocytes from HIV+ patients. 

It also points to a potentially novel mechanism by which defects in HIV+ patient CTLs 

arise. The underlying cause responsible for the generation of P-STAT5- CD8+ T cells in 

response to IL-2 and IL-15 is not understood. There are a number of plausible 

hypotheses which could explain the appearance of these cells. One o f the potential 

mechanisms for the existence of P-STAT5- CD8+ T cells was the lack of cytokine 

receptor expression. IL-2Ra, P, yc, IL-15Ra and IL-7Ra chains were investigated in this
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regard. In the case o f IL-2 and IL-15 stimulation, no correlation was found between IL- 

2Ra, p, ye, IL-15Ra chain expression and the existence o f P-STAT5- CD8+ T cells. This 

suggested that the appearance of P-STAT5- CD8+ T cells may involve an impairment of 

signaling molecules downstream of receptor expression, such as Jak-3 and/or Jak-1 

known to mediate STAT5 activation. In support of this, IL-2 was unable to activate 

STAT5 in CD8+ T cells from a subset of untreated HIV+ patients (75). This defect was 

not the result of alterations in IL-2R expression but correlated with an impaired activation 

of the upstream kinase Jak-3. The activation status of Jak-1 and -3 kinase remains to be 

investigated in the P-STAT5- CD8+ T cells detected. Another possibility is that STAT5 

activation may be downregulated by a reduction in the transcription or translation of the 

STAT5 gene. This possibility also remain to be investigated but could for example 

involve the methylation of STAT5A and STAT5B promoters, which has been shown by 

others to down regulate STAT5 transcription (158).

The P-STAT5- CD8+ T cells revealed after stimulation with IL-7 appear to be 

associated with a lack o f IL-7Ra chain expression in these cells. These findings appear to 

be concordant with other studies. Macpherson et al. (115) have shown that IL-7Ra 

expression is diminished in CD8+ T lymphocytes from untreated HIV+ patients but 

returned towards that of normal controls in patients undergoing HAART, correlating 

inversely with virus load. Vingerhoets et al, (116) also suggested that sensitivity to IL-7 

is reduced in both CD8+ and CD4+ T cells from HIV+ patients. Furthermore, a research 

study by Paiardini et al, (159) has demonstrated that in HIV+ patients with high viral 

load, an IL-7Ra- CD8+ T cell population with an effector phenotype is expanded. The
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question of how IL-7Ra is down regulated is still unresolved but may involve 

transcriptional and/or post transcriptional regulatory mechanisms (160,161)

One o f the characteristic features associated with the chronic state of immune 

activation observed in HIV disease is a high proportion o f replicatively senescent and 

anergic T cells. Therefore, it was initially hypothesized that the P-STAT5- CD8+ T cells 

observed may represent such senescent or anergic cells. A senescent cell is a state in 

which cells remain metabolically active but are incapable o f further proliferation (151). 

Replicative senescence seems to be distinct from anergy, a state of antigenic 

unresponsiveness induced in the absence of secondary co-stimulatory signals, despite the 

similar inability of both cell types to secrete IL-2 (155). The phenotypes associated with 

replicatively senescent CD8+ T cells in HIV infection are not well defined but have been 

associated with a lack o f CD28, increased CD57 expression as well as shortening of 

telomeres (37,152-154,162,163). In one study, sequential samples from several 

individuals demonstrated progressive CD8+T cell telomere shortening over time (163). 

In another study, the CD8+ T cells were further sorted, permitting the demonstration that 

within the CD8+ subset, all of the telomere shortening could be accounted for by the cells 

that lacked CD28 expression (162). A common phenotypic feature between anergic and 

senescent cells is the lack of CD28 surface expression (156,164). Therefore, CD28 

expression in P-STAT5+ and P-STAT5- cells in response to IL-2 in HIV+ patients was 

evaluated. However, both CD28+ and CD28- cells could be detected within the P- 

STAT5- cell gate. This did not appear to support the hypothesis that P-STAT5- cells 

were senescent cells as defined by CD28 expression at least in response to IL-2. It is 

possible that these cells may not be classical senescent cells or be at some intermediate
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stage towards senescence. In this regard, studies to characterize these cells further at the 

level of CD57 expression, telomere length and whether P-STAT5- cells are more prone to 

undergo apoptosis are warranted. Interestingly, these cells maintained their 

responsiveness to IL-10 and IL-4 at the level of STAT activation. This may be what 

maintains these cells in the periphery.

An intriguing and somewhat unexpected result o f the present study was that in the 

case of IL-2 and IL-15 stimulation, HAART did not appear to have any impact on the 

generation of P-STAT5-negative CD8+ T cells. Upon initial consideration, it did not 

appeared that these observations were only partially consistent with previous work by 

Kryworuchko et al. (75) However, in the previous study, standard molecular techniques 

such as western blot and EMSA were used to detect STAT5 activation. These assays 

detect an “averaged” signal for the entire purified CD8+ T cell population. Unlike flow 

cytometry, these assays do not permit an effective stratification of the signal from sub­

populations o f cells. Furthermore, the patients studied here were somewhat different. In 

this study, patients off therapy for > 6months were compared to those on sustained 

HAART, while in the paper by Kryworuchko et al. (75) patients completely naive to 

therapy were compared. It is possible that patients off therapy in our study have a 

substantially reduced proportion of IL-2 and IL-15-dependent P-STAT5-negative CD8+ 

T cells compared to patients completely naive to therapy. This lead us to hypothesize 

that the detection o f P-STAT5-negative cells (representing 24 % and 21 % of total CD8+ 

T cells, respectively) may not have been possible by the standard molecular methods 

employed by Kryworuchko et al, previously (75). This is consistent with the fact that only
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a sub-population of patients naive to therapy (6/11) had a detectable impairment in 

STAT5 activation by Western blotting and EMSA in the previous study. This possibility 

would require further substantiation by performing similar flow cytometric investigations 

in patients completely naive to therapy. As mentioned, IL-7-induced STAT5 activation 

appeared to be a function of IL-7Ra expression and appeared to return towards that of 

HIV- controls under HAART.

In CD4+ T cells a very different P-STAT5 expression pattern was observed. 

Although IL-2 and IL-15 clearly induced P-STAT5 in CD4+ T cells, there was a clear 

separation of cells into P-STAT5- and P-STAT5+ populations to similar proportions in 

both HIV- and HIV+ patients. A similar stratification was observed in response to IL-7 

but the proportion o f P-STAT5- cells was significantly higher in HIV+ patients (17%) 

compared to HIV- controls (6%). In parallel, the cytokine receptor expression of the 

three IL-2 receptor chains (a, (3, yc), IL-15Ra and IL-7Ra was determined. A small 

proportion of CD4+ T cells expressed IL2Ra chain in both HIV+ and HIV- patients. 

These cells most likely represent IL2Ra+ CD4+ regulatory T cells. Like CD8+ T cells, 

IL-15Ra chain was undetectable and no significant differences were observed at the level 

of IL-2RP, and the yc chains. However, in the case o f IL-7 stimulation and similar to 

CD8+ T cells it appeared that P-STAT5- cells were likely present due to a concomitant 

lack of IL-7Ra chain expression. However, additional HIV+ samples need to be included 

to strengthen this conclusion. Preliminary investigations in HIV- controls aimed at the 

characterization of these two populations of CD4+ T cells yielded promising results. 

These cells may reflect their naive (CD4+ CD45RA+) and memory cell (CD4+
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CD45RO+) phenotypes. Specifically, Sant, N. et al, (147) showed that the majority of 

CD4+ CD45RO+ T cells activated STAT5 in response to both IL-2 and IL-15 

stimulation. However, the P-STAT5- cells were found only in the CD4+ CD45RA+ T 

cell gate.

Also interesting was the observation that despite the fact that total CD4+ T cell 

counts were higher, HAART did not appear to significantly modulate the proportion of P- 

STAT5- and P-STAT5+ CD4+ T cells in response to IL-2, IL-15 or IL-7. Without more 

detailed investigations into the phenotype of these cells in HIV+ patients (naive v.s' 

memory vs effector) it is difficult to speculate further as to the reason for this.

In conclusion, this is the first study in HIV+ patients to report a stratification of 

CD4+ and CD8+ T cells into P-STAT5+ and P-STAT5- populations in response to IL-2, 

-7, and -15 cytokine stimulation. Understanding, the mechanisms responsible for the 

generation of P-STAT5 negative CD8+ T cells in HIV+ patients, will further our 

understanding of how HIV infection may be able to overwhelm cellular immune 

responses and may provide important information leading the reversal o f these effects.
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