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Abstract

From early in the HIV epidemic it was appreciated that many inflammatory markers such as
neopterin and TNF-a were elevated in patients with AIDS. With the advent of modern technology
able to measure a broad array of cytokines, we now know that from the earliest points of infection
HIV induces a cytokine storm. This review will focus on how cytokines are disturbed in HIV
infection and will explore potential therapeutic uses of cytokines. These factors can be used
directly as therapy during HIV infection, either to suppress viral replication or prevent deleterious
immune effects of infection, such as CD4+ T cell depletion. Cytokines also show great promise as
adjuvants in the development of HIV vaccines, which would be critical for the eventual control of
the epidemic.
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1. Acute HIV infection

1.1 Animal models of acute simian immunodeficiency virus (SIV)

1.1.1. Pathogenic infection models—The most common simian model of HIV
infection is the macaque, with infected animals showing declines in CD4+ T cell counts and
rapid progression to AIDS after infection [1]. The model has been used to test the effects of
antiretroviral therapy and vaccination, and germane to the current review, as a model to
understand HIV pathogenesis. The early period of SIV infection has been extensively
studied in an attempt to understand how the virus gains a foothold in the host and alters the
immune environment. Soon after SIV inoculation the virus disseminates and is found
throughout the body of infected animals between 7 — 12 days after mucosal inoculation [2].
There is massive infection of CD4+ T cells, particularly within gut-associated lymphatic
tissue [3]. For some time it has been known that acute SIV infection is associated with early
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elevations in both pro- and anti-inflammatory cytokines. In 1996 Benveniste et al.
demonstrated that peripheral blood mononuclear cells (PBMCs) from acutely infected
cynomolgous macaques show increased mRNA levels of IL-1p, IL-6, IL-10, and TNF-a.,
and that for most analytes these changes are transient, lasting only weeks[4]. In rhesus
macaques (RMs) IFN-a is detectable as early as four days after intravenous (1V) inoculation
of virus, though the presence of the cytokine does not prevent dissemination of the virus [5].
The peak in secretion of TNF-a and IFN-y occurs by seven to eight days post IV
inoculation of SIV[6], and p-chemokines as well as cytokines can be found in lymphoid
tissues as early as a week after IV SIV inoculation [7]. Of note, cytokine responses in tissues
such as lung mononuclear cells can precede those in peripheral blood by several days [8].

1.1.2. Non-pathogenic infection models—Shortly after the identification of SIV as the
causative agent of immune deficiency in captive macaque populations, it became clear that
African green monkeys (AGM) in the wild are also infected with this virus and do not
appear to suffer immune deficiency [9]. It is now appreciated that “natural” hosts of SIV,
including sooty mangabeys (SMs), have co-evolved with the virus, and in spite of high level
viremia do not mount a vigorous immune response to the virus during the chronic phase of
infection and do not suffer immune collapse [10]. It is hoped that study of these animals will
reveal clues as to why they do not suffer the catastrophic effects of humans infected with
HIV. While the chronic phase of infection in natural hosts is relatively immune quiescent,
these animals mount an immune response to acute SIV infection, and several groups have
compared the acute cytokine responses to SIV infection of pathogenic (RM) and non-
pathogenic (SM and AGM) hosts. Acute AGM infection is characterized by early TGF-p
elevation 1 day post-infection, followed by IL-10 elevation by 6-10 days. In contrast, RM
infection shows lower TGF-p expression and delayed IL-10 elevation during acute infection,
consistent with a more pronounced pro-inflammatory response in pathogenic infection [11].
In addition to blunted adaptive immune responses to SIV, SMs also show decreased innate
immune activation. It was originally reported that plasmacytoid dendritic cells from SM
produce markedly less IFN-a after stimulation with SIV than pDC from humans stimulated
with HIV or RM stimulated with SIV [12]. This defect appears specific for SIV in SM, as
the IFN-a response to influenza virus stimulation is normal. More recent work using
immunohistochemical analysis of RM, SM, and AGM infected with SIV showed that IFN-
a/P is produced in all hosts, but is truncated in the non-pathogenic infection [13]. Consistent
with this notion, IFN-stimulated gene (ISG) expression rises during infection of these hosts,
often to a level comparable to that of pathogenic infection in RMs, but the expression of
ISGs is only transient in the natural host [14, 15]. In addition to comparing different animal
models of infection, there have been several studies analyzing attenuated SIV infection of
non-natural hosts. The most commonly used attenuated SIV contains deletion within the Nef
gene, with infected monkeys not suffering immune dysfunction. Nef-deleted virus leads to
decreased pro-inflammatory cytokine levels during acute infection in most studies [5, 7, 16].

In summary, non-pathogenic infection with SIV induces a slightly blunted immune response
compared to SIV infection of non-natural hosts. Most markedly, the initial immune
activation is rapidly curtailed in natural hosts of SIV, allowing avoidance of subsequent
immune pathology. This finding has sparked interest in immune therapy of HIV designed to
block the ongoing inflammation associated with chronic infection, with the hopes of
avoiding CD4+ T cell exhaustion and depletion, as well as preventing accelerated aging and
HIV-associated co-morbidities such as heart and kidney disease.

1.2. Studies of early infection in humans

The acute stage of HIV infection has been broken into sequential phases based on the
appearance of HIV RNA and p24 protein and the evolution of anti-HIV antibody responses
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[17]. Study of the earliest events in primary HIV infection is difficult, as patients often do
not present to health care providers until several weeks into their disease course.
Furthermore, patients with symptomatic acute HIV infection are more likely to seek medical
care, and symptomatic infection has been associated with higher set point viral load[18],
further complicating interpretation of many studies of acute HIV infection. The earliest work
examining cytokine responses of symptomatic acute HIV revealed elevated IFN-a,
neopterin, Bo-microglobulin, IL-1B, IFN-y, and TNF-a levels in acute infection [19-22].
The magnitude of cytokine elevations in acute EBV infection or nonspecific viral syndrome
is equal to or greater than that for acute HIV for many analytes [23, 24]. Observation of
mRNA expression levels of selected cytokines in PBMCs shows early increases in IFN-y
secretion, coincident with oligoclonal expansion of CD8* T cells [25]. Subsequent gene
array analysis has revealed extensive activation of both pro- and anti-inflammatory genes in
lymph node tissues of subjects with acute HIV infection, and this activation is more
pronounced than at later stages of disease [26].

A major advance in understanding the natural history of cytokine responses in acute HIV
infection came with through study of paid plasma donors [24]. These subjects give plasma
regularly for a fee, and panels from these subjects have been identified with samples
spanning pre-infection times through seroconversion. Notably, the subjects are documented
to be afebrile at each plasma donation visit. TNF-related apoptosis-inducing ligand (TRAIL)
and TNF receptor type 2 levels are elevated soon after the peak in viral replication, 7 and 12
days after the first detectable plasma virus, respectively [27]. Utilizing multiplex bead
arrays, our group has been able to characterize at the protein level the timing of a broad
array of cytokines that arise early in infection (Figure 1), revealing successive waves of
cytokines that arise during acute infection [28]. The major weakness of the plasma donor
studies is the lack of clinical outcome data associated with these subjects, precluding the
ability to use cytokine levels to predict set point viral load or CD4" T cell depletion rate.
Nonetheless, it is now appreciated that the earliest stage of HIV infection induces a striking
cascade of systemic cytokine levels greater than seen in other acute viral infections [28-30].

1.3. Mucosal cytokine responses

HIV is a blood-borne pathogen that can gain access to humans through a variety of routes,
predominantly via the bloodstream directly in injection drug users or via mucosal surfaces
during sexual transmission, which accounts for the vast majority of infections worldwide.
Because of the importance of mucosal transmission, there has been much interest in the
cytokine environment of the mucosa before and soon after HIV exposure. Intravaginal
cytokine levels and inflammation appear to be important factors influencing the
effectiveness of microbicides designed to block HIV transmission. Initial enthusiasm for the
use of nonoxynol-9, a spermicide with /n vitro activity against HIV [31], proved unfounded
in subsequent clinical trials[32]. Of note, nonoxynol-9 causes genital tract inflammation,
which may be a side-effect that could counterbalance any direct anti-HIV activity of the
compound [33]. A more recent attempt in the RM model demonstrated that down-
modulating pro-inflammatory responses in the vaginal tract can prevent SIV infection after
challenge with multiple intra-vaginal exposures [34].

The mucosal environment directly after HIV inoculation could be important in either
blocking subsequent viral expansion or in recruiting target cells to the area, allowing
expansion of the infection. In a macaque vaginal infection model pro-inflammatory
cytokines are up-regulated in the mucosa prior to appearance of detectable virus or induction
of IFN-a or IFN—p [35]. A recent study of at-risk women in South Africa showed that
increased inflammatory cytokines in cervico-vaginal lavage fluid is associated with the
presence of sexually transmitted infection [36]. Genital tract inflammation is associated with
higher systemic viral load and more rapid CD4" T cell depletion, but remarkably does not
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change significantly between pre- and post-HIV infection samplesin this cohort of African
women. In addition, cervico-vaginal IL-1f, IL-6, and IL-8 concentrations during acute HIV
correlate with low CD4* T cell counts during this period [37], again suggesting a role for
mucosal pro-inflammatory cytokines in amplifying the initial infection and immune
consequences.

1.4. Early cytokines and subsequent HIV clinical course

The massive immune activation associated with acute HIV infection raises the question of
whether this profound early perturbation could affect subsequent disease course. Early
depletion of CD4* T cells from gut-associated lymphatic tissue occurs [38], and preservation
of HIV-specific CD4* T cell responses predicts subsequent control of HIV replication [39].
It is possible that early cytokine responses help determine the balance between detrimental
immune activation and loss of viral control vs. efficient promotion of antiviral immune
responses favoring control of replication. Early IFN-a and chemokine responses do not
appear to predict rapid vs. slow progressors in SIV infection[40], though higher peak IFN-a
is seen in some macaques that do not rapidly progress to AIDS [5]. IL-17 secreting natural
killer T (NKT) cells peak in lymphatic tissue two weeks after 1V infection of RM, and the
levels are higher in macaques that subsequently do not control viral replication [41]. A study
of women in South Africa measured levels of 30 cytokines during acute HIV and followed
the women for one year. Remarkably, the levels of five cytokines predict two-thirds of the
variation in viral load set point, with IL-12p40, I1L-12p70, and IFN-y associated with lower
viral load and IL-7 and IL-15 associated with higher viral load [42]. These findings are
exciting as they allow the prospect of manipulating the cytokine environment of early HIV
to alter disease course. If successful, the major challenge in implementing such therapies
would be in identifying subjects during early HIV infection.

2. Cytokine perturbations in chronic HIV infection

2.1. HIV effects on cytokine production

As the acute phase of HIV infection quickly induces anti-viral immunity and cytokine
production, these immune responses continue through the early phase and into the chronic
phase of infection [28, 43]. Although cytokines may be required for induction of immune
responses to control viremia, HIV infection leads to chronic activation, persistent cytokine
production, and increased inflammation, leading to loss of immune cell replicative capacity
and eventual immune senescence [44-46]. These responses are believed to be caused not
only by HIV but also by loss of immune control and co-infection with other viral, fungal or
bacterial infections [47, 48]. During the chronic stage of HIV infection there is an increase
in the inflammatory cytokine TNF-a and its receptor TNF-RII, indicating prolonged
inflammation [43, 44]. IL-6 is elevated in late-stage AIDS [49] but not earlier in HIV
infection [44], and elevated IL-6 levels are associated with increased risk of death [50]. It is
known that successful therapy and eradication of circulating HIV virus does not completely
normalize the inflammatory response [44].

2.2. Cytokine effects on HIV control or viral persistence

Cytokines may play a role in AIDS-associated pathologies; they are a product of an
activated immune response engaged in trying to control viral infection. In early HIV
infection induction of cytokines coincides with the oligoclonal expansion of antigen specific
CD8* T cells and decrease in viremia[25]. Cytokines produced, including IL-2, TGF-B, IL-4
and IFN-vy, are required in the support of expansion of antiviral T cells and antibody
responses, but they may also play a role in activation of HIV-infected cells and increased
viral replication [51].
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Supernatants of HIV vaccine-induced cytotoxic T lymphocytes (CTLs) stimulated with
gp120 show increased production of TNF-a and increased HIV-1 transcripts after co-culture
[52]. This early paper raised the possibility that increased antiviral immune responses would
be accompanied by deleterious virus enhancing cytokine responses. Studies have been done
to investigate the effects of 1L-12, IL-15 and IL-2 on /n vitro p24 production in HIV infected
cells [53]. These cytokines have differential effects on p24 and viral replication in cell lines
and /n vitromodels of acute and latent HIV infection and allude to the potentially competing
effects of cell activation and the ability of cytokines to suppress viral infection. However,
development of poly-functional, multi-cytokine-producing T cell responses is associated
with better immune control, especially in the mucosa[54]. Poor functional profiles of T cells
from HIV progressors during chronic HIV infection include having lower production of
IFN-y, MIP-1B, TNF-a, and IL-2 compared to non-progressors; the quantity of these multi-
functional cells inversely correlates with viral load while the quantity of CD8" HIV-specific
T cells does not [55].

Early HAART is important in preserving T cell function[56]; prolonged activation of CD8*
T cells and detection of elevated levels of IFN-a and IL-12 occur with successful therapy
and this has been seen in longitudinal studies of acute HIV infection up to 6 months after
HIV-positive diagnosis [57]. Long-term, chronic HIV infection is characterized by increases
of inflammatory cytokine responses, including TNF-a, IL-1pB, IL-6, and IL-10[49, 58].
Other pro-inflammatory cytokines are observed, including IL-18, potentially increasing viral
replication in CD4* T cells [59]. These and other cytokines have been found to be associated
with cardiovascular disease and cognitive dysfunction even in individuals on antiretroviral
therapy [60, 61]. HIV infection causes ongoing systemic inflammation, likely implicated in
co-morbid complications during the course of chronic HIV infection.

2.3. Cytokine associations with HIV co-morbidities

After initial HIV infection, the subsequent disease course depends on factors such as early
treatment interventions and good immune control of viral replication. Although systemic
inflammation is reduced by HAART treatment, it is not eliminated, and the detection of
inflammatory cytokines have been associated with increased morbidity [44, 62]. HIV-related
immune dysfunction involving low CD4* T cell counts, high viral HIV RNA, and co-
infection complications worsen prognosis and drive increases in inflammatory cytokines
[63]. These complications can lead to a range of co-morbidities including cardiovascular
disease [64—-66], loss of bone development [67], liver dysfunction [68], HIV-associated
nephropathy (HIVAN) [69], and cognitive dysfunction [70] (Table 1A and B). These HIV-
related co-morbidities are believed to be partly caused by dysregulated cytokine
production[71].

Early in the AIDS epidemic it was noted during post-mortem studies that there is increased
prevalence of cardiac disease in patients with AIDS. Hypotheses for this increase were
attributed to viral or opportunistic co-infections[72, 73], autoimmune responses to cardiac
proteins, or drug related toxicity [74]. The etiology of cardiac disease in AIDS patients is
unclear; however, HIV gene transcripts have been identified in cardiac tissues and /n vitro
studies have shown that HIV-1 can infect cardiac myocytes[75]. Although it was
hypothesized that HIV-infection itself could cause cardiac pathology, /n vitro infection
studies have shown that although HIV-1 infects cardiomyocytes, this infection does not
yield in the production of new HIV-1 virions and therefore may not be the direct cause of
pathology[76]. Instead, systemic immune activation and the inflammation of interstitial
cardiac immune cells, including macrophages and T cells, could cause increases in cytokine
production and cardiac related pathology[76]. With HIV infection and loss of immune
function, systemic lipopolysaccharides (LPS) and free radicals increase, inducing the
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production of systemic inflammatory cytokines, including IL-1, IL-6, and TNF-a[77], and
leading to increases in immune associated cardiac fibrosis and cardiac disease[76].

Establishment of cerebral effects during HIV infection may occur during the first weeks of
infection, but it is not until late infection with the loss of immune control and increase in
viral load that major neurological disorders occur. Viral RNA can be found in the central
nervous system (CNS) of acutely infected individuals as early as 8 days after the estimated
date of infection [78], suggesting that viral or host factors may play a role in the ability of
virus to cross the blood brain barrier. Immune cells enter the cerebral spinal fluid (CSF)
during acute infection, and elevated chemokines including monocyte chemotactic protein
(MCP)-1 and IP-10, not only indicate monocyte activation[78], but also disruption of the
regulating endocrine function in neuronal and glial cells[79]. This generalized activation can
lead to increased production of matrix metalloproteinases (MMP-2 and MMP-9), resulting
in the degradation of neuronal laminins and leading to neuronal damage and neurocognitive
dysfunction [80]. While elevated expression of cytokines in the CSF is clearly associated
with neurological inflammation, systemic levels of cytokines have also been implicated in
neurocognitive dysfunction. Associations can be made, but mechanism of function is
difficult to establish. It can be postulated that increases in the circulating inflammatory
cytokines TNF-a, IL-6 and IL-1 by HIV-1 infected cells, increased plasma gp120, other
viral co-infections, or increased LPS levels due to microbial translocation can activate
vascular endothelium and up-regulate cell adhesion molecules. This would enable more
efficient movement of activated macrophages through the blood brain barrier or could
directly affect neuronal subpopulations [81](Figure 2). On the other hand, the
immunomodulatory cytokines IL-10 and IL-4 or tissue inhibitors of MMP (TIMP) may help
to reverse the inflammatory effects and repair immunopathology [80]. The mechanisms of
cytokine action in HIV infection in neuropathology and neurocognitive dysfunction need to
be further elucidated.

Systemic cytokines have been associated with the above and many other HIV related co-
morbidities. For the most part, these studies have been conducted in the context of one
disease or of one type of co-morbidity. The reality is that the inflammation of HIV infection
can affect multiple disease pathways and one disease cannot be studied exclusively.
Therapies that address not only the infection to improve overall immune responses and
reduce viral burden but also modulate sources of inflammation and reduce pathology will
enable a holistic treatment of multiple aspects of HIV-related diseases that occur late in HIV
infection.

3. Potential therapeutic roles of cytokines in HIV
3.1. IFN-a Therapy

IFN-a is a well-known antiviral and pro-inflammatory cytokine with wide ranging effects
on the immune system. From early in the AIDS epidemic, there has been evidence for
dysfunction in the IFN system of HIV infected patients, yet there have been a considerable
number of /n vitro studies showing that IFN-a can block HIV replication [82, 83]. Thus, the
known antiviral effects of IFN-a and knowledge of its dysfunction in HIV infection has led
to studies investigating its use as a potential therapeutic. IFN-a has been used as therapy for
HIV mono-infection, but most of the more recent studies utilizing IFN-a as a therapeutic
involve patients who are HIV/HCV co-infected (reviewed in [84]). However, the first in
vivo studies of IFN-a as a therapeutic were undertaken in the very early days of the
pandemic, with treated Kaposi’s sarcoma (KS) patients showing tumor regression and
reduced HIV p24 levels. These studies and others resulted in FDA approval in 1988 for IFN-
a treatment of AlDS-associated KS [85-90].
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Following these early studies, there have been multiple studies where IFN-a was used in
combination with anti-retroviral drugs [91-99]. These studies showed mixed results,
probably related to differing preparations of IFN-a or utilizing p24 levels (though some
utilized HIV-1 RNA) as a biomarker for HIV replication. Additionally, the actual anti-
retroviral effect of IFN-a. HIV replication could not be determined due to the co-treatment
with antiretroviral drugs. However, in general these studies were supportive of the potential
efficacy of IFN-a therapy. There have been three studies where IFN-a was given alone
where the antiretroviral effects of IFN-a therapy could be assessed [100-102]. These studies
showed a dose dependent decrease in viral load, and the two more recent studies showed
tolerable side effects.

As standard of care for HCV infection, IFN-a is currently administered as pegylated-IFN-a
(pIFN-a., polyethylene glycol attached IFN-a). The earlier studies discussed above all
utilized non-pegylated IFN-a.. However, there have been three studies utilizing pIFN-a
(summarized in Table 2). First, in a study by the Primoferon A study group, transient and
early dosing of pIFN-a along with HAART was evaluated in 12 patients with primary HIV
infection for tolerance and efficacy [103]. This study showed that pIFN-a was well tolerated
and resulted in early control of infection as determined by HIV-1 RNA as well as by
incorporation of HIV DNA in PBMC. Following this study, Portales et al. published a study
where pIFN-a treatment resulted in restored NK cell lytic activity [104]. Although pIFN-a
was not able to restore NK cell numbers to levels similar to uninfected subjects, perforin
expression was restored. This increase was seen as both a percentage of NK cells expressing
perforin as well as intracellular concentration of perforin. The authors concluded that there
was potential for pIFN-a treatment in conjunction with other cytokines that are capable of
reconstituting cell numbers to achieve both functional and numerical restoration of immune
populations. Finally, a recently published safety and tolerability study by Asmuth et al. is the
first to study pIFN-a monotherapy as a treatment for anti-retroviral naive HIV infected
patients without HCV co-infection or associated malignancy [105]. pIFN-a treatment
resulted in a median decrease in HIV-1 RNA of 0.61 logyg and was well tolerated. Although
these studies are preliminary, they show evidence for efficacy of pIFN-a as a front line
therapy for HIV together with other anti-retroviral drugs or potentially with other cytokine
therapies.

3.2. IL-2 Therapy

The common gamma chain cytokines, IL-2, -7, -15, and -21, are critically importantto T
cell biology, where they influence proliferation, function and cell homeostasis. In HIV
infection there is dysregulated cytokine production, with reduced IL-2 and IL-15 and
increased IL-7. Despite these cytokine perturbations, the use of HAART in treatment of HIV
has drastically reduced mortality rates [106]. However, there are drawbacks to long-term
HAART which could potentially be alleviated with cytokine therapy. Since IL-2 producing
CD4* T cells are the primary target in HIV infection, IL-2 therapy would seem to be a good
candidate, and in fact has been explored the most. There have been multiple phase | studies
utilizing IL-2 reaching as far back as mid 1980’s [107], as well as multiple phase Il studies
from the late 1990’s and early 2000’s (reviewed in [108]). These studies determined that
intermittent IL-2 alone or in combination with anti-retroviral therapy results in increased
CD4* T cells. Also, two more recent studies in small patient populations demonstrated that
intermittent 1L-2 treatment leads to long-term increases in CD4* T cell counts and that IL-2-
induced prolongation of cell survival is critical to the observed increases [109, 110]. From
the early phase | and Il studies, multiple phase 111 studies have been undertaken exploring
the use of IL-2 therapy in 4 different settings: 1) IL-2 with ART vs. ART alone, 2) The role
of IL-2 in purging the viral reservoir, 3) the role of IL-2 in deferring the start of continuous
ART, and 4) IL-2 and ART interruption.
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3.2.1. IL-2 in conjunction with ART—The Subcutaneous Recombinant, Human
Interleukin-2 in HIV-Infected Patient with Low CD4" Counts under Active Antiretroviral
Therapy (SILCAAT) study, and the Evaluation of Subcutaneous Proleukin in a Randomized
International Trial (ESPRIT) study are the two most well-known trials to investigate IL-2
treatment in conjunction with ART [111, 112]. Both were randomized, endpoint trials
investigating the clinical benefit of IL-2 treatment in conjunction with ART. Patients from
both trials were randomized into two arms; IL-2 plus antiretroviral therapy, or antiretroviral
therapy alone and followed for 7-8 years. Both trials showed significant and substantial
increases in CD4* T cell counts when compared to antiretroviral treatment alone that was in
agreement with earlier phase 1l studies. However, both trials failed to demonstrate clinical
benefits to patients treated with IL-2 and ART as measured by risk of opportunistic disease
and death. Immediately following these two trials, two studies were undertaken to explain
why the increase in CD4* counts did not translate to a clinical benefit. Weiss and colleagues
investigated how IL-2 treatment affected the phenotypic, functional, and molecular
characteristics of CD4* T cell populations [113]. They found that IL-2 therapy resulted in
expansion of T cells expressing markers functional characteristics of regulatory T
cells(Tregs). The expansion of the Treg compartment in IL-2 treated patients would leave
them with an impaired T cell response despite having higher numbers of CD4* T cells. This
finding would support the hypothesis that IL-2 treatment resulted in an expanded population
of CD4" T cells that do not participate in host defense. The second study by Fontas et al.
focused on subgroups of patients determined by their baseline CD4*T cell counts [114].
They found that only patients with a baseline CD4* T cell count of <200 showed significant
clinical benefit with IL-2 treatment. These data would support the importance of proper
balance in the T cell compartment, where individuals with higher cell counts would see a
greater expansion of the Treg compartment, resulting in a T cell compartment that was
refractory to host defense. There were also two studies published at the same time as and
shortly after the release of the SILCAAT/ESPRIT study results that supported another
hypothesis for the failure of the studies. Porter et al. and Barbai et al. both demonstrated that
IL-2 cycling results in increases in acute-phase proteins, specifically C-reactive protein
(CRP) [115, 116]. CRP typically increases in the blood in response to inflammation and is
associated with increased cardiovascular disease. Therefore, increases in CRP as a result of
IL-2 cycling could potentially explain the increase in cardiovascular side effects observed it
the IL-2 arm of the ESPRIT trial, and support the second hypothesis that negative effects of
IL-2 neutralized any improvements in host defense. Despite the negative results of the
SILCAAT/ESPRIT trials, cytokine therapy remains viable. In fact, Read et al. published that
the T cell repertoire (including CD4*CD25* Tregs) in the gut remains unchanged following
IL-2 therapy, leaving room for future therapies that target gut or other mucosal T cell
populations [117]. Additionally, as pointed out above, patients that had low baseline CD4* T
cell counts or were non-responsive to ART showed significant clinical benefit from IL-2
therapy. These data are supported by a study designed to look specifically at
immunologically non-responder (INR) HIV-infected patients [118]. This study demonstrated
that PBMC from INRs showed significant increases in cytokine function and killing of
Mycobacterium avium following IL-2 treatment. Since the previous studies did not
specifically target INRS, it remains to be determined if IL-2 therapy will be a beneficial
treatment for those patients that do not respond or respond poorly to ART.

3.2.2. IL-2 and purging the viral reservoir—IL-2 is critically important to both T cell
survival as well as T cell activation and is a strong activator of T cells that promotes viral
replication /in vitro[119]. The ability to activate T cells could allow for the reactivation of
latently infected cells, thus leaving them susceptible to elimination while on ART. Three
important studies were undertaken to determine if IL-2 treatment could aide in purging the
viral reservoir [120-122]. Initial findings by Chun et al. showed lower levels of replication-
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competent virus in patients receiving intermittent IL-2 plus ART. However, IL-2 therapy
had no effect on proviral DNA in peripheral blood [122], and patients showed a considerable
rebound in HIVV RNA following cessation of ART therapy [121].

3.2.3. IL-2 and deferring continuous ART—Because of the potential side effects of
long term ART, it was hypothesized IL-2 therapy could potentially allow for the delay in
ART commencement in patients with stable CD4* T cell counts. An early study by Youle et
al. demonstrated increased CD4*T cell counts in treatment naive patients given IL-2 without
increased plasma RNA levels [123]. This study and others provided the basis for the Study
of aldesleukin with and without antiretroviral therapy (STALWART). STALWART was
designed to see how CD4*T cell counts responded to IL-2 alone or antiretroviral therapy
given around IL-2 treatments [124]. Patients who were treatment naive or without treatment
for at least a year were randomized to 3 arms: no treatment, IL-2 for 5 consecutive days
every 8 weeks, or the same IL-2 regimen with 10 days of ART around each IL-2 cycle.
Similar to other studies, IL-2 treatment provided a boost in CD4*T cell counts in both the
IL-2 and IL-2 plus antiretroviral therapy arms that were of equal magnitude. The boost in
CD4*T cell counts with I1L-2 was successful in delaying ART, but there was also an
increased risk for opportunistic disease. It is important to note that ANRS 119, another trial
comparing IL-2 treatment prior to ART, achieved similar results, with increased CD4*T cell
counts allowing deferment of ART initiation. However, there were reduced rates of
progression in this study [125]. With these data in mind, the association of IL-2 treatment
with increased opportunistic events may not necessarily preclude use of IL-2 for deferment
of ART, especially since such a small number of IL-2 treated patients experienced
opportunistic events (12/176). Therefore as long-term follow up has been extended for
STALWART study participants, additional findings may encourage ART deferment with
IL-2 treatment.

3.2.4. IL-2 and ART interruption—Due to high cost and toxicities, there is still the
possibility that patients will voluntarily interrupt ART treatment. Despite the fact that the
SMART trial showed increased incidence of clinical events with treatment interruption,
there have been multiple studies investigating if IL-2 therapy in conjunction with ART
interruption increased the time to restarting ART. The Therapy Interruption with and
without use of Interleukin-2 (TILT) study was an early study conducted to determine if IL-2
therapy during ART would increase time before therapy restart [126]. The study results
showed that after 105 weeks, patients with IL-2 therapy had a 34% chance of restarting ART
compared to 66% for patients not receiving IL-2. The authors concluded that although
treatment interruption is not recommended, the use of IL-2 could lengthen the time before
ART would need to be restarted. However, contrary to this data, the ICARUS study showed
treatment interruption with 1L-2 was inferior to IL-2 treatment with continuous HAART in
maintaining CD4" counts[127]. More recently, two additional studies were conducted to
evaluate IL-2 treatment with treatment interruption. Although the studies utilized different
endpoints, the two studies had conflicting results. Bosch et al. published the results of the
AIDS Clinical Trials Group A5132 study that looked at IL-2 treatment with repeated short-
term treatment interruptions [128]. The study contained 2 arms, A) Two 4 week treatment
interruptions with IL-2 during the last 2 weeks of treatment interruption and the first week
back on therapy; B) Two 4 week treatment interruptions with IL-2 during the first 5 days of
treatment re-initiation. Treatment was then interrupted for 12—-48 weeks after the second 12
week treatment re-initiation. Study results showed no difference between the treatment
groups as determined by viral load set-point during the third treatment interruption.
However, Levy et al. concluded following the ILIADE trial that IL-2 therapy during
HAART is useful in delaying ART due to the persistence of lower activated CD4*CD25* T
cells [129]. This study showed both a significant increase in CD4*T cells with 1L-2
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treatment while on HAART, as well as a slower decline CD4* T cells in the treatment
group. In addition, this study performed an immunological sub-study to assess the
phenotype and level of activation of the CD4*T cells and found that lower activated cells, as
measured by CD38 and HLA-DR expression, persisted longer and had a slower decline in
the treatment group, resulting in the circulation of cells that were less prone to HIV
infection. It is important to note that the evidence supporting IL-2 therapy with treatment
interruption is contradictory, however, this study represents the need to find better
biomarkers to measure efficacy and that CD4* T cell count alone is not sufficient.
Specifically, it is possible that in other studies both with treatment interruption as well as the
other uses for I1L-2 therapy discussed above may well have had better outcomes if more than
CDA4*T cell counts alone were used as an endpoint biomarker. Therefore, it may be
premature to rule out the further use of IL-2 therapy in treatment for HIV, and further
characterization both phenotypically and functionally of CD4* T cells will be necessary to
completely assess the effects of IL-2 therapy as well as other potential therapies including
other -y-chain cytokines (IL-7, IL-15), and IFN-a therapy.

3.3 Other Potential Immunotherapies

In addition to utilizing IL-2 as a potential cytokine therapy, other members of the common
gamma chain cytokine family, IL-7 and IL-15, have also been considered for therapy due to
their ability to regulate proliferation and survival T cell populations (Figure 3).

3.3.1. IL-7—IL-7 is constitutively produced by lymphoid stromal tissue [130], is important
in T cell homeostasis and survival [131], and was shown to be elevated in subjects with
HIV-induced CD4" T cell depletion [130]. Despite findings that IL-7 can increase HIV
replication [132, 133], there have been several studies in the SIV macaque model showing
the potential immune benefits of IL-7 therapy without adverse effects on plasma viremia
[134, 135]. In addition, recent studies where cancer patients were treated with rhlL-7
showed beneficial results for immune reconstitution with limited side effects [136-138].
These early studies provided a rationale for two clinical trials investigating IL-7 therapy in
HIV infection. The first study by Levy et al. was designed to assess safety and
immunological effects of IL-7 therapy in HIV infected patients with low CD4*T cell counts
despite suppressed viral load with ART[139]. This study found that IL-7 was well tolerated
and resulted in sustained increases in functional CD4" and CD8* T cells, primarily of the
naive and central memory phenotype, which are prone to immunological exhaustion in
chronic HIV infection. The second study by Sereti et al. published in the same year was also
a dose escalating trial that evaluated safety and efficacy of a single dose of rhiL-7. Similar to
the Levy study, this study also showed an increase in CD4" and CD8™ T cells primarily of
the central memory and less so of the naive phenotype. They also found evidence of
recruitment of CD4* and CD8" T cell recruitment into the cell cycle and that IL-7 treatment
affected maturation of circulating B cells. In addition, there was no indication of increase
Tregs upon treatment with I1L-7, in contrast to IL-2 therapy, and could play a role in whether
IL-7 is more effective than IL-2 as an immunotherapy in HIV infection. In both studies,
there were small transient increases, or blips, in the viral load of some of the study cases, but
no sustained increases in viral load. These episodic blips of viral load were investigated in a
recent study by Imamichi and colleagues [140]. This study was designed to find the source
of the HIV during viremic blips following IL-7 therapy. This study demonstrated that the
plasma viruses detected during the viremic blips were both similar to viral quasi species
present before and after IL-7 treatment, and genetically indistinguishable from provirus
detected during sampling. The authors concluded that the burst in viral load probably
resulted from amplification of virus already present, and not from previously silent latent
reservoirs. Thus, although there are few in human studies of IL-7 therapy as a treatment for
HIV, these early studies show the potential for targeted reconstitution of specific cell
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populations known to be depleted in HIV infection, resulting in immunological benefit
without the side effects seen with IL-2 therapy. However, the ultimate success of I1L-7
therapy clearly needs to be further investigated.

3.3.2 IL-15—As of yet there have been no human studies focusing on IL-15 treatment of
HIV. However, as with IL-2 and IL-7, IL-15 is important for T cell homeostasis and in
particular for memory CD8* T cells ([141]and reviewed in [142]), and it is an important
cytokine in development and maintenance of natural killer cells [143]. In addition, there is
considerable evidence pointing to the importance of IL-15 in HIV infection. IL-15 was
shown to enhance /n vitro priming of CD8* and CD4* T cells for IFN-y production and
release of B-chemokine from T cells [144] and natural killer cells [145], and natural Killer
cell activity against HIV is augmented by IL-15 through a TRAIL-mediated mechanism
[146]. More recently, IL-15 stimulated NK cells were shown to interfere with HIV
replication [147]. The importance of 1L-15 in modulating both T cell and NK cell immunity
to HIV as well as recent trials with 1L-15 to induce immune reconstitution in cancer
(reviewed in [148]) has led to multiple /n vivo studies with IL-15 in non-human primates
designed to assess the immunological benefits of IL-15 therapy (reviewed in [149]). These
studies along with the /in vitro data provide encouraging insight into the usefulness of 1L-15
as an immune therapeutic in HIV infection that will require future studies and human trials.

4. Cytokines as adjuvants in HIV vaccine development

4.1. Cytokine adjuvants for viral vaccines

Early research into immune correlates of protective efficacy against viruses has shown that a
strong IFN response is required to control viral infections[150]. Factors required for
protection against viral infections include both cell-mediated and humoral immune
responses against the viral infection. In 1990 it was discovered that immune compromised
individuals who were more susceptible to HBV infection and less likely to develop
protective HBV responses after vaccination could achieve better immunity with the addition
of IFN-a and IFN-y during vaccination [151][152]. Vaccine development has evolved to
utilize this mode of adjuvanting vaccines with cytokines, which has been shown to enhance
anti-viral immune responses in other vaccine development models. Enhancement of anti-
HSV immunity can be accomplished by incorporating IL-2 to target IFN-y producing T cell
responses. This induces stronger responses even with lower quantities of vaccine, albeit only
inducing non-protective immunity [153, 154]. From the cancer vaccine field we have
learned that at low dose GM-CSF can enhance vaccine responses, but at high dose can
induce myeloid suppressor cells and impair vaccine responses [155].

4.2. Animal models for HIV vaccines

Although animal models have limitations in identifying HIV-protective immune responses
in humans, animal studies are useful in identifying vaccine regimens that are capable of
inducing and enhancing immune responses found to be essential in HIV viral control.
Investigators commonly use murine models to show proof of concept in vaccine models.
Many murine studies have incorporated cytokines as vaccine adjuvants and elucidated that
incorporation of GM-CSF and IL-12 in peptide vaccines target the Th1 and suppress Th2
arms of the immune response [156, 157]. Timing the introduction of the cytokine adjuvant
appears important in enhancing the antigen specific immune responses. Barouch et al. found
that introduction of an IL-2 plasmid-1g fusion protein only after priming with gp120 plasmid
enhanced immune responses [158].

The bulk of HIV vaccine research has been performed in the non-human primate model.
Early studies found that it was possible to induce protective immunity after vaccinating with
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inactive virus in adjuvant [159], although this protection was not long-lived. Enhancement
of vaccination could be achieved by incorporating gene constructs for cytokines that support
anti-viral immunity as shown in earlier murine studies. An IL-2 enhanced DNA vaccine
induced augmented immune responses [160] and allowed control of viremia and prevention
of AIDS in RMs [161]. IL-2 and IL-15 were compared in their ability to augment influenza
and tetanus toxoid-specific vaccine induced responses in RMs. The highest primary vaccine
responses were seen with IL-2 plus IL-15 co-administration, while the highest boosted
responses were seen in the IL-15 plus vaccine alone group, implying that IL-15 may have
advantages over IL-2 for enhancing vaccine responses [162]. In subsequent studies the
effects of IL-15 on SIV vaccine augmentation have been mostly negative, showing no
enhancement of SIV-specific immune responses or viral control [163, 164]. Combination of
TLR agonists plus IL-15 was shown to lower viral load in treated RMs, and preserved CD4*
T cell counts were associated with higher levels of the innate SIV restriction factor
APOBEC3G in mesenteric lymph node cells [165]. The other common gamma chain
cytokine to be tested in combination SIV vaccines is IL-7, which was shown to expand SIV-
specific CD4" but not CD8* T cells [164].

IL-12 and GM-CSF together as SIV vaccine adjuvants have shown mixed results, with one
study showing vaccine impairment[166]and a second showing improved viral control with
administration of the two cytokines followed by boosting with IL-12[167]. Immunizing with
IL-12 alone as an adjuvant increases both T cell and antibody immune responses [168, 169].
Comparison of IL-12 to IL-15 as a vaccine adjuvant suggests that 1L-12 is more effective in
inducing immune responses and improving outcome after SIV challenge [163] and that
IL-12 appears to boost the effector memory subset of SIV-specific CD8* T cells [170].
Subsequent work has also shown that IL-12 as an adjuvant can boost SIV-specific CD4* T
cells [171], potentially important in early viral control [39].

As the mucosa is the site of infection for most people exposed to HIV, it is important to
induce long lived antiviral antibody and T cell responses there. Vaccination with GM-CSF
plasmid in addition to a DNA/MVA prime boost regimen has been shown to induce
protective high avidity IgG and IgA responses in the mucosa[172], while vaccination with
IL-15 plasmid enhances cellular immune responses and supports the persistence of mucosal
memory CD4* T cell responses [165, 173]. However, after infection increases in IL-15
production fail to impart any protective effect and has been associated with increased
susceptibility of memory CD4* T cells to infection [174]. The timing of the introduction of
cytokines will be important in differential outcomes of cytokine enhanced immunity after
vaccination.

4.3. Human trial data for HIV vaccines

One of the goals for any HIV vaccine is to induce an immune response that will prevent
establishment of infection at the site of entry. The mucosa is the primary site for this
immune response and a successful vaccine will likely need to target both humoral and cell
mediated immunity to be localized in this area. A number of early clinical studies using
protein antigens found that using pro-inflammatory cytokine adjuvants such as IL-1
intranasally effectively induces not only serum and vaginal 1gG but also vaginal IgA [175].

Early safety and immunogenicity trials in humans allow for exploration of candidate
vaccines. Using a plasmid delivery mode, Xin et al. incorporated an IL-15 plasmid and after
intranasal vaccination was able to induce strong Th1 responses. In this study they also found
that there was no enhancement of the immune response if IL-2 or IL-12 plasmids were
added [176]. Although some animal work has been done to investigate the efficacy of
cytokine adjuvanted vaccines in non-human primates, few of these HIV vaccine methods
have moved into human clinical trials. A few safety and immunogenicity trials have been
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conducted. For example, GM-CSF was established as a good candidate for supporting
protective immune responses. It was incorporated into a clinical protocol in the HIV
Vaccine Trials Network [177] and was shown to be immunogenic and safe in a phase I trial.
More recently, a phase | study of an IgG-IL-2 fusion protein has been conducted and shown
to increase immune responses not when given during the antigenic vaccination, but only
when given 48 hours after vaccination[178]. This shows that IL-2 is important in driving an
ongoing immune responses rather than in supporting a new immune response. Although
interesting as proof of concept, the staggered timing of the vaccine schedule would pose a
difficulty in achieving successful vaccination regimens.

5. Conclusions

As the ability to measure multiple cytokines simultaneously has improved, it has become
clear that HIV causes a profound disruption of the cytokine network from the earliest points
of HIV infection, shortly after first detection of systemic virus. This dysregulation of
cytokines can be partially but not completely reversed via suppression of viral replication
through pharmacologic or immunologic control. While HIV likely exploits pro-
inflammatory cytokines to promote viral replication, there are multiple potential avenues to
use these factors to help control HIV replication or ameliorate the damage inflicted by the
virus on CD4* T cells. Examples of cytokines that have been explored in human studies
include IFN-a, IL-2, IL-7, and IL-15. While none are used in current clinical practice, the
therapeutic use of cytokines is a field still in its infancy. Another attractive prospect of
cytokine therapy is as an adjuvant to vaccine approaches. HIV is notoriously difficult to
prevent or even control via vaccines, and several cytokines have shown promise in
augmenting virus-specific immune responses and aiding in control of viral replication in
animal models. In summary, our knowledge of the depth and breadth of cytokine
perturbation is increasing exponentially, and with this new knowledge comes the potential of
harnessing the immune system to limit viral replication and damage to the host immune
system.
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Figure 1.

The proportional fold-change relative to baseline in plasma levels of selected analytes and

viral load in 35 plasma donors with acute HIV infection is shown. Time is plotted in days
relative to TO, the day of first detectable plasma HIV.
Figure reused with permission from the Journal of Virology, originally published in [28].
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Figure 2.

Macrophage-produced cytokines and nitric oxide (NO) induce endothelium-associated cell
adhesion molecules enabling macrophages to move to the brain parenchyma. Cytokines and
NO drive continued activation, MMP disrupts neuronal survival-signals, and T cells kill
infected cells leading to damage and dysfunction.
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pIFN-a treatment blocks viral replication with limited side effects and restores perforin
production/secretion. IL-2 and IL-7 therapy have no direct effect on replication but result in
increased CD4+ T cells, Tregs with IL-2 and naive and central memory with IL-7.
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Therapy Enrolled Patients  Study Clinical Effect to HIV Infected Patients References
IFN-a 12 Primoferon A (ANRS 086) Well tolerated and showed early control of infection as [103]
determined by HIV RNA and HIV DNA incorporation.
IFN-a 63 IFN-a effect on NK cells No increase in NK cell numbers, but significant increase in [104]
lytic function of NK cells.
IFN-a 11 ACTG protocol 5192 Treatment naive patients displayed median decrease of [105]
HIV-1 RNA
IL-2 1695 SILCAAT Significant increase CD4* T cell numbers that was [111, 112]
accompanied by increased association with opportunistic
infection.
IL-2 4111 ESPRIT Significant increase CD4* T cell numbers that was [111,112]
accompanied by increased association with opportunistic
infection.
IL-2 31 SILCAAT and ESPRIT Increased CD4* T cells were primarily CD4*CD25* T [113]
Follow-up regulatory cells.
IL-2 12 IL2 therapy in Immunological Restored lympho-monocyte system ability to kill [118]
Non Responders Myocbacteriumavium.
IL-2 56 COSMIC Trial Increased CD4* T cell counts, but no effect on levels of [122]
integrated proviral DNA.
IL-2 267 STALWART Trial Increased CD4* T cells was successful in delaying ART, [124]
but there was increased risk for Ol.
IL-2 130 ANRS 119-IL-2 before Increased CD4* T cells allowed deferment of ART, with [125]
antiretroviral therapy reduced rates of disease progression.
IL-2 86 TILT: IL-2 and HAART Compared to patients interrupting HAART without IL-2, [126]
interruption there was a significant increase in the time to restart
HAART with IL-2 treatment.
IL-2 41 ICARUS: IL-2 and HAART IL-2 alone was inferior to IL-2 with HAART in maintaining  [127]
interruption CD4* T cells at least 90% of baseline.
IL-7 14 IL-7: Repeated dose escalating  Significant and sustained increase in functional naive and [139]
safety study central memory CD4*/8* T cells.
IL-7 25 ACTG 5214-Single Dose IL-7  Recruitment of CD4%/8" T cells into cell cycle with [198]

safety study

increases in central memory and to a lesser extent naive
cells.

ACTG=AIDS Clinical Trials Group; ANRS= AgenceNationale de Recherchessur le SIDA et les HepatitesVirales; HAART= Highly Active
Antiretroviral Therapy
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