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Abstract
HIV immune activation plays an important role in the immunopathogenesis of the disease. The
mechanisms driving this immune activation are partially defined and likely are the result of
multiple factors. The introduction of combination antiretroviral therapy (cART) has improved the
life expectancy of HIV infected individuals, however there is evidence that in the setting of
“undetectable” HIV-RNA plasma levels, there is some level of persistent immune activation in
these patients. A better understanding of the immune activation pathways should be of value in
developing complementary therapies to restore the immune systems’ of patients with HIV
infection. This review discuss the cytokine mediated pathways of immune activation of the CD4
and CD8 T cell pools during HIV infection.
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1. Pathogenesis of HIV infection
HIV infection targets the immune system leading to a state of immunodeficiency in a setting
of immune activation. The molecular mechanisms causing the pathogenesis of HIV infection
are still incompletely understood and are probably a composite of multiple factors. The
acute phase of HIV infection or SIV infected rhesus macaques (RM), is characterized by a
substantial drop in peripheral CD4 T cell counts and a substantial depletion of memory
CD4+CCR5+ T cells [1–5]. In the chronic phase, a continued decline of CD4 T cells
associated with ongoing HIV replication leads to the development of AIDS. The depletion
of CD4 T cells by HIV direct infection only partially explains the CD4 T cell pool depletion
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and a variety of bystander mechanisms have been described as contributing factors to CD4+
T cell death [6–9].

Early observations had shown that the selective depletion of the CD4 T cells was
accompanied by an aberrant immune activation of all the components of the immune system
in patients with HIV infection [10–12]. In the setting of an adaptive immune response
against the virus, virtually all the cellular components of the immune system: B cells, NK
cells, monocytes, macrophages and T cells (HIV and non-HIV-specific CD4 and CD8 T
cells) show evidence of immune activation [10, 12–20]. Especially, in the T cell
compartment, immune activation is evidenced by increased T cell proliferation [21–25] and
increased expression of cell surface activation markers such as HLA-DR and CD38 [26–28].
In some studies this immune activation has been found to be a better correlate of clinical
disease progression than CD4 T cell counts or HIV-RNA levels [13, 29], leading to the
hypothesis that immune activation is a critical component in the pathogenesis of the disease.
The studies of SIV infection in natural hosts, Sooty mengabeys (SM) and African green
monkeys (AGM) have contributed to a better understanding of the role of immune activation
in retroviral infections. In these animals, primary acute infection is associated with a modest
and transient decline of peripheral blood CD4 T cells in association with a severe depletion
of CD4 T cells in mucosal tissues such as gut-associated lymphatic tissues (GALT) and lung
[30, 31]. The chronic phase of infection is characterized by low levels of immune activation
despite high levels of viremia. In contrast in non-human primates who develop an AIDS-like
illness following SIV infection (such as rhesus macaques (RM)) the chronic phase of
infection is characterized by chronic immune activation similar to that observed in human
HIV infection [32].

There is substantial evidence that immune activation plays an important role in the
immunopathogenesis of HIV disease, however, what triggers this immune activation; or how
the natural hosts are able to down-regulate this response in the chronic phase of the infection
are still unresolved questions.

The introduction of combination antiretroviral therapy (cART) has improved the life
expectancy of HIV infected individuals. An increasing body of data has clearly
demonstrated that despite “undetectable” HIV-RNA plasma levels (generally <50 copies/ml)
following initiation of therapy there remains evidence of persistent immune activation, albeit
at a lower level. This persistent immune activation takes a variety of forms. Its clinical
significance is strongly suggested by the increased risks of all-cause mortality associated
with elevated levels of soluble markers of inflammation and coagulation such as, IL-6,
sCD14 and D-dimer [33]. A better understanding of the pathways involved in immune
activation pathways during HIV infection should be of value in the development of adjunct
therapies that might lead to a more quiescent immune system.

2. T cell immune activation
It is likely that multiple forces are responsible for the disruption of the immune systems of
patients with HIV infection (Figure 1). An unresolved paradox in patients with HIV
infection is that while both CD4 and CD8 T cells are activated, one sees depletion of the
CD4 T cell pool and expansion of the CD8 T cell pool. A direct cytopathic effect of HIV
infection on CD4 T cells may explain part of this difference, however, the low number of
cells actively infected at any given point makes this an unsatisfactory explanation of the
great dichotomy seen between these two subsets [6–8].

Increased activation of CD4 and CD8 T cells can be measured by proliferation, in vitro and
in vivo, through examination of the expression of nuclear antigens such as Ki67,
measurement of DNA content, or labeling with DNA precursors [21, 23, 34–37]. Studies of
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in vitro and in vivo labeling in patients with HIV infection have shown that proliferation of
both the CD4 and CD8 T cell pools is directly related to the level of HIV viremia and
significantly decreases after initiation of cART [21–23, 25, 38]. These earliers studies
however, do not explain the selective depletion of CD4 T cells and expansion of CD8 T
cells. One hypothesis suggested by this observation is that different pathways of activation
are triggered in CD4 and CD8 T cell subsets with different end results. Among the possible
pathways that have been studied are those associated with T cell homeostasis and those
involved in the response to infection/inflammation (pathogen-induced factors).

2.1. CD4 T cell immune activation is driven by the homeostatic response to lymphopenia
as well as HIV-induced inflammation

Homeostatic responses of the CD4 T cell pool are likely regulated to only allow a limited
degree of expansion for each individual cell so as to preserve diversity of the repertoire [39,
40]. In lymphopenic conditions such as HIV-induced lymphopenia, post-bone marrow
transplant and idiopathic CD4 T cell lymphopenia, there is a homeostatic response reflected
by robust proliferation of T cells in response to increased levels of homoestatic cytokines
such as IL-7 [41–46]. This process, triggered in response to alterations in the pool size, is
designed to restore of steady-state levels of CD4 T cells. [44, 47].

We have recently tested the hypothesis that CD4 T cell activation in the setting of HIV
infection is the net result of homeostatic forces derived from CD4 depletion coupled with
the influence of an inflammatory environment that is generated and maintained by HIV-
replication (Figure 1). By measuring ex-vivo proliferation in a large cohort of HIV infected
individuals, we found that CD4 T cell proliferation was driven by the combination of CD4
depletion and HIV viral load. The strong associations between CD4 T cell proliferation and
CD4 T cell depletion suggest that homeostatic forces represent an important factor in the
CD4 T cell immune activation seen in patients with HIV infection [41, 48, 49]. The role of
HIV viral load is discussed in the next section.

To better understand the contribution of homeostatic forces to the immune activation of the
CD4 T cell pool, we analyzed the spontaneous ex vivo proliferation of CD4 T cells from
healthy controls and HIV infected patients. Our data demonstrated that CD4 T cell
proliferation was highly controlled by the CD4 counts and this regulatory mechanism was
active during HIV infection (Figure 2). Interestingly, we also found that HIV-induced
lymphopenia was the principal force driving proliferation of naïve CD4 T cells. In contrast,
memory CD4 T cell proliferation was associated with both CD4 T cell depletion and HIV-
RNA levels [50]. These same associations were also observed in studies utilizing the in vivo
labeling of proliferating cells with BrdU [51]. These data are consistent with a recent report
that, in humans, the maintenance of the naïve CD4 T cells pool is mainly mediated by
expansion of peripheral naïve T cells, and also provides evidence of the important role of
peripheral homeostasis in HIV infection [52, 53]. In addition, recent reports in the
pathogenic model of SIV infection (RM) have suggested independent pathways of
homeostasis in the naïve and memory T cell compartments in the context of chronic SIV
infection [54].

2.2. CD8 T cell immune activation is predominantly driven by HIV-replication and its
associated inflammatory environment

The study to define the forces driving proliferation of CD8 T cells showed that levels of
HIV-RNA were the main influence. In contrast to CD4 T cells, there was no evidence of
homeostatic forces contributing to the proliferation of CD8 T cells [48]. This was in
agreement with early studies demonstrating that proliferation of the T cells in HIV infected
patients was a function of the level of viremia and was significantly reduced after treatment
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with cART [21, 23, 25, 55]. The studies of in vitro [50] and in vivo [51] proliferation of the
CD8 T cell subsets, showed that the rates of proliferation of naïve CD8 T cells, unlike naïve
CD4 T cells, only correlated with HIV-RNA levels, rather than both HIV-RNA levels and
homeostatic forces. In addition, an analysis of the relative contributions of CD4 and/or CD8
T cell counts to the proliferation of the CD8 T cell pool in healthy controls (Figure 2 and
[50]), revealed that CD8 T cell proliferation was not influenced by the size of either the CD4
or CD8 T cell pools. These results highlight intrinsic differences in the homeostatic
regulation of the CD4 and CD8 T cell pool and suggest that the size of the CD8 T cell pool
is not generally under tight homeostatic control [47, 50, 53]. In addition, these results
showed evidence of the great capacity of the CD8 T cell pool to expand in response to
inflammation/viral infection.

3. Cytokine and immune activation pathways
In the course of chronic HIV infection, homeostatic forces and HIV-induced inflammation
differentially affect CD4 and CD8 T cell immune activation. These differences are reflected
in the ways that these T cell pools respond to the inflammatory and homeostatic
environments (Figure 1).

3.1. HIV-induced lymphopenia: the role of IL-7
It has been shown that levels of IL-7 in serum and tissue during HIV-induced lymphopenia
are strongly correlated with the degree of CD4 T cell depletion [41]. IL-7 is a member of the
common gamma-chain (γc) family of cytokines that includes IL-2, IL-15 and others. IL-7 is
present in most tissues and produced by a variety of cells, including: fibroblastic reticular
cells (FRC) in the T cell zone of lymphoid organs; thymic, liver and intestinal epithelial
cells; fibroblasts; keratinocytes; and dendritic cells [56–58]. Studies have shown that IL-7
plays a crucial role in naïve and memory T cell homeostasis by regulating survival,
proliferation and repertoire diversity [39, 43]. IL-7 signals through the IL-7 receptor
(IL-7R), an heterodimer consisting of the common-gamma chain receptor (γc or CD132)
and the IL-7 receptor alpha chain (IL-7Rα or CD127). Engagement of IL-7R by IL-7
activates Janus kinase-signal transducers and activators of transcription (JAK-STAT)
(mainly JAK1, JAK3 and STAT5), phosphatidylinositol 3-kinase (PI3K) and Src family
kinases signaling pathways [59, 60].

Consistent with the observation that homeostatic forces can drive proliferation of the CD4 T
cell pool during HIV infection, we found increased mRNA expression of genes associated
with γc cytokine signaling (such IL2RG, SOCS1 and STAT5) in naïve and memory CD4 T
cells from patients with HIV-associated CD4 lymphopenia. In contrast, the CD8 T cell
subsets showed decreased expression of these transcripts [50]. In addition, naïve CD4 and
CD8 T cells were able to respond to in vitro stimulation with IL-7 as measured by STAT-5
phosphorylation. However, memory CD8 T cells showed an impaired response to IL-7
consistent with the reported decrease of CD127 on this subset [61, 62]. Memory CD4 T cells
were able to phosphorylate STAT-5 in response to in vitro stimulation. These observations
are again consistent with the hypothesis that CD4 and CD8 T cell subsets respond
differently to homeostatic forces [50].

It have been suggested that HIV-induced lymphopenia and the associated increased levels of
IL-7 play a role in the up-regulation of the expression of the death receptor Fas on naïve T
cells and an increased sensitivity to Fas-mediated apoptosis in T cells that express CD127
[63–66].

An important component of CD4 T cell homeostasis is the circulation of cells through
lymphoid organs where they have the opportunity to encounter their cognate antigen and/or
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to receive survival signals from homeostatic cytokines [67]. Lymphoid organs of patients
with chronic HIV infection and non-human primate modes of pathogenic SIV infection
demonstrate increased fibrosis suggesting that these relationships may be altered in the
setting of HIV infection [68–70]. Such alterations in lymphoid tissue mediated homeostasis
including exposure to IL-7 and other survival signals may play a role in the depletion of
CD4 and CD8 naïve [71] and memory [72] T cells. Of note is the fact that this process can
be at least partially reversed by cART [73].

3.1.1. γc-cytokines and therapy—Given these data it is not surprising that γc using
cytokines have been studied as possible therapeutic agents in patients with HIV infection in
general, and patients with persistent lymphopenia in particular. Extensive studies with IL-2
have demonstrated that this cytokine is capable of increasing levels of naïve and central
memory CD4 T cells with minimal effects on the CD8 T cell pool (Figure 3) [74, 75]. While
capable of inducing “bursts” of HIV viremia in patients not on effective cART, IL-2
administration was not associated with increases in plasma levels of HIV. The cells induced
by IL-2 exhibit increased expression of CD25 and FOXP3 and thus are similar to regulatory
T cells [76]. Phase III trials of this cytokine, however, demonstrated that these increases
were of no clinical benefit [77]. The reason for this paradox is still unclear but likely reflects
the fact that any benefits derived from CD4 T cell expansion were countered by the well-
known “cytokine-storm” side effects of IL-2. More recently IL-7 has entered the clinical
arena and has been shown capable of inducing increases in numbers of not only CD4 T cells,
but CD8 T cells as well [78, 79]. Whether or not theses increases will prove to be of clinical
benefit is under study. As in the case of IL-2 the “blips” of viremia observed during IL-7
administration appear to be transient and similar to the viruses present prior to therapy [80].
IL-15 has been extensively studied in non-human primate SIV models of HIV infection.
Studies of IL-15 in acute SIV infection have demonstrated increases in the levels of SIV
[81] while studies in chronic SIV infection have shown little, to no effect [82, 83]. Of note is
the fact that the route and duration of IL-15 administration may lead to drastically different
effects on the immune system. In this regard, continuous I.V. infusion of low-dose IL-15 has
been associated with a 100-fold increase in the levels of effector memory CD8 T cells [84].

3.2. The role of Type-I IFN and the HIV-induced inflammatory environment
Type-I IFNs are a group of cytokines that exhibit anti-viral and immunoregulatory
properties in the setting of a viral infection [85]. In HIV infection, Type-I IFNs have also
been associated with immunopathogenesis. In vitro, plasmacytoid dendritic cells from
healthy controls can be induced by infectious or non-infectious HIV to secrete Type-I IFNs
[86] that can lead to an increased expression of death receptors (DR5/TRAIL) on primary
CD4 T cells [86, 87]. Type-I IFN-dependent increases of the enzyme 2,3-dyoxigenase (IDO)
in plamacytoid dendritic cells have been detected in the lymphoid tissues of patients with
HIV infection [88, 89]. IDO catalyzes the degradation of an essential amino acid
(tryptophan) which is important for the metabolism of T cells [90].

Taken together, these observations have led to the hypothesis that chronic exposure to Type-
I IFN can play a role in the pathogenesis of HIV infection. The role of the chronic exposure
to Type-I IFNs and immunopathogenesis of HIV infection have also been noted in studies of
non-pathogenic SIV infection (SM and AGM). The acute infection in these animals is very
similar to that observed in pathogenic models of SIV infection (RM) in which a robust
Type-I IFN response dominates this first phase of the infection. In the chronic phase, while
SM and AGM are able to down-regulate the inflammatory response and interferon
production, SIV infected RM are not and show a sustained Type-I IFN response and
progression to AIDS [32]. This downregulation of Type-1 IFN response is seen in the non-
pathogenic models despite high viral replication and is associated with decreases in immune
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activation and increases in transcriptional profiles of regulatory cytokines [91–93]. In
humans with chronic HIV infection a strong transcriptional profile of genes associated with
Type-I IFN signaling has been described [94–97]. To understand any differences in the
effects of HIV infection and interferon exposure in the immune activation of CD4 and CD8
T cells we analyzed the transcriptional profile of genes associated with Type-I IFN signaling
in naïve and memory CD4 and CD8 T cell subsets. Both, CD4 and CD8 T cells from
viremic HIV infected individuals showed increased mRNA transcripts associated with Type-
I IFN signaling. Interestingly, naïve and memory CD4 T cells demonstrated enhanced
STAT1 phosphorylation in response to Type-I IFN in vitro. This was not observed in CD8 T
cell subset [50]. These results highlight differences in the ability of CD4 and CD8 T cells
from patients with HIV infection to respond to Type-I IFN. This enhanced responsiveness of
CD4 T cells to Type-I IFN may have detrimental consequences on CD4 T cell homeostasis
and survival.

Given this and the data on the impact of homeostatic cytokines in the setting of HIV
infection, we can postulate a scenario whereby exposure to homeostatic cytokines creates a
state within the CD4 (but not the CD8) T cell pool where chronic exposure to Type-I IFN
leads to depletion of the pool. In contrast the CD8 pool has little response to homeostatic
forces and undergoes expansion in the setting of an antigen-driven and inflammatory
stimuli.

3.2.1 IFN-alpha and therapy—One seeming paradox in the clinical management of
patients with HIV infection is the fact that this cytokine has both anti-neoplastic and anti-
viral activities when given therapeutically (Figure 4). IFN-alpha is licensed for the treatment
of AIDS-related Kaposi’s sarcoma. Of note is the fact that the clinical efficacy of IFN-alpha
in this setting is directly correlated with the CD4 T cell count of the patient strongly
suggesting that this anti-tumor effect is due to modulation of the immune system rather than
due to a direct anti-proliferative effect of IFNs. Similarly, when given to patients with early
stages of HIV infection, IFN-alpha has an anti-viral effect that is stronger than the anti-
retroviral effect of the first licensed antiretroviral drug, zidovudine (AZT) [98]. Again
supporting the hypothesis that IFN-alpha has potentially positive immunomodulatory effects
in patients with early stages of HIV infection are the observations that the anti-retroviral
effects of IFN-alpha are most pronounced in patients with the highest CD4 counts and that
the loss of activity seen over time is not associated with the emergence of resistant strains of
HIV. In other words, IFN-alpha is not acting as a classic antiviral in this setting. Also of
note is the fact that responses of patients with hepatitis C to IFN-alpha are better in patients
with lower levels of IFN-associated gene activation pre-therapy [99]. In addition, IFN-alpha
may have a therapeutic effect in some patients with HIV infection, but only in those patients
not exhibiting high levels of IFN-alpha in vivo at the time therapy is initiated.

4. Inflammation and Biomarkers: IL-6, sCD14 and D-dimer
The introduction of cART has improved the life expectancy of HIV infected individuals.
While antiretroviral therapies are capable of suppressing plasma levels of HIV to <50
copies/ml for extended periods of time, levels of viral replication return to baseline within
weeks of stopping therapy and thus patients with HIV infection today face the likelihood of
life-long therapy. An increasing body of data are clearly demonstrating that despite plasma
levels of HIV that are “undetectable” there is evidence of persistent virus and persistent
immune activation in patients receiving antiretroviral therapy [100, 101]. This persistent
intracellular reservoir of HIV is felt to be present at several anatomical locations such as the
peripheral lymphoid tissue, gastrointestinal tract and central nervous system [8, 102–105].
The persistent immune activation seen in patients with HIV infection despite HIV-RNA
levels<50 copies/ml is likely associated with this reservoir and is clinically significant.
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Compared to control populations, patients with HIV infection have been shown to have
increased levels of the inflammatory markers IL-6 and sCD14 and the fibrinogen breakdown
product D-dimer. Patients with higher levels of these biomarkers are at an increased risk of
all-cause mortality and significant hepatic, metabolic, renal and cardiovascular morbidity is
observed in these patients despite HIV RNA levels <50 copies/ml [33, 106]. Levels of these
biomarkers are directly correlated with levels of HIV RNA following discontinuation of
cART reflecting the important relationships between viral load, inflammation, coagulation
and end-organ damage in the setting of HIV infection.

In summary, the immune systems of patients with HIV infection are characterized by an
immunodeficiency occurring in the setting of immune activation. The CD4 T cell pool
declines while the CD8 T cell pool expands. Homeostatic cytokines such as IL-7 and pro-
inflammatory cytokines such as IFN-alpha are elaborated and may play a significant role in
some of the pathologic aspects of HIV infection. An interaction between IL-7 and IFN-alpha
signaling may be responsible for the death of CD4 T cells. Both of these cytokines have
been studied as potential therapeutic agents in the setting of HIV-1 infection. While IL-7 has
been shown capable of expanding the CD4 and CD8 pools of T cells the clinical impact of
these expansions is, as yet, unknown. IFN-alpha is a FDA-approved treatment for Kaposi’s
sarcoma and has been shown to have anti-HIV properties but the precise mechanisms
whereby these effects take place have not been determined. Further understanding the role
of these and other cytokines in the setting of HIV-1 infection will not only expand our
knowledge of the pathogenesis and treatment of HIV but also enhance our understanding of
the role of the cytokines in health and disease.
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Figure 1. Cytokines mediated pathways of immune activation in HIV infection
Distinct pathways in the immune activation of the CD4 and CD8 T cell pools in HIV
infection: role of the homeostatic forces (CD4 T cell counts/lymphopenia and IL-7) and
inflammatory forces (HIV-replication and Type-I IFNs)
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Figure 2. Contribution of the homeostatic forces (CD4 T cell counts) and HIV-RNA levels in the
proliferation of CD4 and CD8 T cell pools
HIV infected patients (A) and Healthy controls (B).
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Figure 3. Effect of IL-2 administration in CD4 T cell counts
The error bars represent ±2 SE and approximate the 95 percent confidence intervals. Values
at month 0 (base line) are the means of three values measured before the beginning of the
study.
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Figure 4. Effects of IFN-alpha treatment
(A) Effect of IFN-alpha administration on facial Kaposi’s Sarcoma (KS) lesions. (B) Model-
based mean change in log HIV-RNA during IFN-alpha administration in HIV infected
patients. Abbreviations: AZT, zidovudine.
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