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Abstract
HIV persists in cellular and anatomical reservoirs during Highly Active Antiretroviral Therapy
(HAART). In vitro studies as well as in vivo observations have identified cytokines as important
factors regulating the immunological and virological mechanisms involved in HIV persistence.
Immunosuppressive cytokines might contribute to the establishment of viral latency by dampening
T cell activation and HIV production, thereby creating the necessary immuno-virological
condition for the establishment of a pool of latently infected cells. Other cytokines that are
involved in the maintenance of memory CD4+ T cells promote the persistence of these cells during
HAART. Conversely, proinflammatory cytokines may favor HIV persistence by exacerbating low
levels of ongoing viral replication in lymphoid tissues even after prolonged therapy. The ability of
several cytokines to interfere with the molecular mechanisms responsible for HIV latency makes
them attractive candidates for therapeutic strategies aimed at reducing the pool of latently infected
cells. In this article, we review the role of cytokines in HIV persistence during HAART and
discuss their role as potential eradicating agents.
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1. Introduction
Cytokines play a major role during HIV pathogenesis by regulating viral replication as well
as innate and adaptive immune responses [1]. Their role during chronic untreated HIV
infection has been extensively studied and a large variety of cytokine dysregulations
contributing to HIV disease progression have been identified during the past 30 years [2].
The development and implementation of Highly Active Antiretroviral Therapy (HAART) at
the end of the 90s demonstrated that combinational therapies are extremely efficient at
reducing viral replication: up to 90% of HIV-infected individuals receiving HAART display
viral RNA plasma levels below the limit of detection of commercially available tests [3].
Despite this unquestioned success, effective therapy requires life-long adherence and does
not eradicate HIV. There are two well-described barriers to HIV eradication: (i) HIV persists
as a free virus as a result of residual levels of viral replication that may occur in anatomical
reservoirs such as the gastrointestinal tract, lymph node and central nervous system. (ii) HIV
persists in long-lived cellular reservoirs as a proviral DNA integrated into the host genome
[4,5]. Interestingly, cytokines may play a crucial role in our failure to eradicate HIV by
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promoting both mechanisms of HIV persistence in HIV-infected subjects receiving
suppressive HAART. In addition, cytokines may be critically involved in the establishment
of a latent viral reservoir within the first weeks of HIV infection. It is important to
distinguish the role of cytokines in the establishment and in the maintenance of the viral
reservoir: while the inhibition of viral replication is a prerequisite for the establishment of
latency, opposite effects might contribute to HIV persistence by promoting ongoing viral
replication at low levels in anatomical reservoirs, even after prolonged HAART.

2. Impact of cytokines on HIV infection of resting CD4+ T cells
Two major forms of viral latency coexist in vivo [6]: preintegration latency refers to
unintegrated HIV DNA that is unstable and will either degrade or will integrate into the host
cell genome, usually following cell activation [7–9]. This form of latency is established after
partial or complete block of the viral life cycle at steps prior to the integration of viral DNA.
Postintegration latency refers to the presence of integrated HIV DNA in cells that are not
actively producing viral particles. This latent state is extremely stable and is limited only by
the lifespan of the infected cell and its progeny. Cytokines may modulate the mechanisms
responsible for the establishment of these two forms of viral latency.

Low levels of integrated HIV DNA can be detected following in vitro infection of resting
CD4+ T cells [10]. Nevertheless, resting CD4+ T cells are considered to be relatively
resistant to HIV infection in vitro when compared to activated CD4+ T cells [7,11].
Interestingly, in vitro exposure of resting CD4+ T cells to common gamma-chain (γc)
cytokines (IL-2, IL-4, IL-7 and IL-15) increases the susceptibility of these cells to HIV
infection with minimal impact on T cell activation [12,13]. This effect is likely to result
from progression to the G1b phase of cell cycle, which may promote reverse transcription
[14] and integration [9]. Overall, and in sharp contrast with the well-documented roles of
several chemokines [15,16], little is known about the mechanisms by which γc cytokines
may establish HIV latency in resting CD4+ T cells (Fig. 1).

3. Role of cytokines in the establishment of the latent viral reservoir
Although the majority of viral DNA is non integrated during untreated HIV infection [17],
integrated HIV DNA is readily detected in PBMCs of subjects recruited at the earliest stage
of the disease [18]. The generation of a small pool of latently infected cells harbouring
replication competent HIV occurs very early after HIV infection [19–22]. The precise
mechanisms responsible for the establishment of this small pool of latently infected CD4+ T
cells are not fully elucidated. Cytokines may contribute to this phenomenon, as the steep rise
in the HIV viral load coincides with a large burst of inflammatory cytokines during acute
HIV infection [2]. IFN-α and IL-15 are the first cytokines elevated within 5 days after
detection of viremia, followed by TNF-α, CXCL10, and IFN-γ, and then by IL-12 [23].
Following this initial burst of proinflammatory cytokines, an anti-inflammatory response is
observed with a delayed peak of IL-10 production [23,24], along with the upregulation of
the IL-1 receptor antagonist (IL-1RA) [23]. The development of this anti-inflammatory
response, which characterizes the transition from the acute to the chronic phase of the
infection, may contribute to the generation of a reservoir of longlived latently infected cells:
negative signals, notably mediated by immunosuppressive cytokines, may allow the
generation of quiescent memory cells harbouring HIV integrated DNA by reducing the
availability of cellular transcription factors essential for active viral gene expression, thereby
establishing viral latency in long-lived memory CD4+ T cells. The key players during this
immunosuppressive phase are immunomodulatory cytokines such as IL-10 and transforming
growth factor-beta (TGF-β) secreted by regulatory T cells, NKT cells and myeloid cells
[25]. Both cytokines have the ability to inhibit HIV transcription by reducing T cell
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activation but can also dampen virus-specific immunity, which may contribute to viral
persistence: in the LCMV model, up regulation of IL-10 production by antigen-presenting
cells is associated with impairment of T cell functions allowing viral persistence [26,27]. In
addition to its immunomodulatory effect, IL-10 may directly contribute to HIV latency by
inhibiting activation and viral production in infected CD4+ T cells. Although the
administration of IL-10 to chronically HIV-infected subjects results in little or no impact on
viral replication [28], inhibition of HIV replication by IL-10 has been clearly demonstrated
in vitro [29]. Furthermore, high IL-10 plasma levels have been associated with the control of
viral replication during pregnancy [30]. Altogether, these studies suggest that IL-10 may
contribute to viral persistence, although the potential role of IL-10 on the establishment of
the latent viral reservoir has not been formally demonstrated yet. Finally, as TGF-β also
plays an important role in the suppression of activation of CD8+ T cells during acute
infection [31], this other well-described immunosuppressive cytokine may also favor the
establishment of the latent viral reservoir.

Additional cytokines present at high levels in the plasma of recently HIV infected subjects
may contribute to the early establishment of the HIV reservoir. Among those, IL-1RA,
which has been shown to inhibit IL-1-mediated HIV replication [32], may suppress viral
replication during acute infection and promote the establishment of HIV latency. Finally, the
γc cytokine IL-15, which is involved in the maintenance of the memory T cell pool, is also
up regulated during acute HIV infection and may play a role in the establishment of the
latent reservoir. If a possible role of IL-15 in that process still needs to be determined, IL-7,
another γc cytokine, has been used to establish HIV latency in vitro [33]. Since both
cytokines are known to promote the generation and maintenance of memory T cells through
the up-regulation of Bcl-2 expression [34], they may also counteract the pro-apoptotic
signals characteristic of infected CD4+ T cells and promote the establishment and
maintenance of long-lived latently infected cells. Of note, the role of Bcl-2 in HIV latency is
the cornerstone of a recently developed in vitro model of HIV latency [35], suggesting that
IL-7 and IL-15 may contribute to the persistence of HIV-infected cells through the
upregulation of pro-survival pathways.

4. Role of cytokines in the maintenance of latently infected CD4+ T cells
during HAART

The timing of HAART initiation has a critical impact on the extent of CD4+ T cell
reconstitution and on the size of the latent reservoir: individuals who start HAART at an
early stage of HIV infection, when CD4+ T cell depletion is limited, usually display
preserved immune function and harbour a latent reservoir of limited magnitude [36].
Conversely, HIV infected subjects who initiate HAART at a later stage of the disease often
display incomplete restoration of the CD4 compartment despite viral suppression, higher
levels of immune activation and a higher frequency of latently infected cells after prolonged
HAART [37,38]. Up to 30% of HIV-infected subjects receiving HAART do not recover
normal CD4 counts even after prolonged treatment [39]. This persistent lymphopenia is
accompanied by a variety of immune alterations that likely contribute to HIV persistence in
spite of undetectable viremia. In particular, high levels of IL-7, a cytokine that plays an
important role in the homeostasis and survival of CD4+ T cells [40,41] have been measured
in the plasma of immunological non-responders [37]. The impact of IL-7 on HIV persistence
during HAART is still unclear. In vitro studies have shown that IL-7 may induce HIV
replication in PBMC from virally suppressed subjects [42] and in thymocytes from a SCID-
hu mouse model of HIV persistence [43], suggesting that IL-7 may disrupt viral latency
during HAART. However, using an in vitro model of viral latency in central memory cells,
Bosque et al. recently demonstrated that IL-7 induces homeostatic proliferation of latently
infected cells in the absence of viral reactivation or cell differentiation [44]. This
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observation is consistent with our previous study in which we reported that the proliferation
of CD4+ T cells isolated from virally suppressed subjects in response to IL-7 stimulation led
to the maintenance of the HIV latent reservoir in its size and genetic diversity [36].
Altogether, these observations suggest that IL-7 may have a dual role on HIV persistence by
promoting both viral production and proliferation of latently infected cells. Studies aimed at
evaluating the immunological and virological impacts of IL-7 on distinct cellular reservoirs
(central and transitional memory CD4+ T cells) are warranted.

5. Role of cytokines in residual viral replication during HAART
Residual levels of viral replication during HAART constitute another potential mechanism
for HIV persistence. Incomplete restoration of the CD4 compartment as well as persistent
levels of immune activation are suspected to promote viral production during HAART
[38,45–50]. The origin of these residual levels of immune activation has not been clearly
identified yet, but may result from the continuous translocation of microbial products from
the gut, even after prolonged therapy [45,51]. Persistent microbial translocation during
HAART may result from incomplete restoration of Th17 CD4+ T cells [52], which are
directly targeted and depleted by HIV [53], thereby leading to insufficient productions of
IL-17 and IL-22, two cytokines involved in mucosal defences of the lung and intestines
[54,55]. Taken together, these studies suggest an attractive model in which IL-17 and IL-22
produced by Th17 cells may play a major role by maintaining the integrity of the intestinal
barrier, thereby limiting microbial translocation, immune activation and viral persistence.
However, in virally suppressed subjects achieving effective CD4+ T cells restoration
associated with enhanced Th17 cells accumulation, persistent CD4+ T cell proviral burden
and residual immune activation in the gut are still observed [56], strongly suggesting that
other mechanisms are at play.

CD4+ T cells residing in lymphoid tissues are naturally exposed to proinflammatory
cytokines and this phenomenon is amplified during HIV infection. For instance, exposure of
intestinal cells to HIV particles induces the expression of the proinflammatory cytokines
IL-6 and TNF-α [57]. In line with this observation, HIV infected subjects displaying high
levels of viral replication in the mucosa are characterized by increased levels of IL-6, TNF-
α, IFN-γ and IL-12 at this site [58]. Abnormally high levels of several cytokines associated
with HIV disease progression during untreated HIV infection may contribute to HIV
persistence during HAART by promoting residual levels of viral production. For instance,
IL-6 and TNF-α have been independently shown to reactivate HIV replication in several in
vitro models of viral latency [59,60]. More importantly, the combination of the
proinflammatory cytokines TNF-α, IL-2 and IL-6 induces viral reactivation in resting CD4+

T cells isolated from virally suppressed subjects [61], suggesting that these cytokines may
contribute to the residual levels of viral production observed in virally suppressed subjects.
In addition, successful HAART is associated with persistent CD8+ T cell activation along
with IL-12 production [62], a cytokine that enhances viral replication in mitogen stimulated
PBMCs [63,64].

IL-18, another proinflammatory cytokine that is present at high levels in the serum of
chronically infected individuals [65], may also contribute to HIV persistence during
HAART. IL-18 is secreted mainly by monocytes/macrophages and plays an important role
in innate and adaptive immune response against viruses and intracellular pathogens [66].
IL-18 enhances HIV replication in monocytic and T cell lines infected with HIV [67,68] as
well as in human CD4+ T cells [69]. Viral suppression following HAART initiation is
accompanied by a marked decline in the levels of IL-18, while virological treatment failure
is associated with persistently increased levels of IL-18 during therapy [70], suggesting that
this cytokine may promote viral replication during HAART.
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IFN-γ, which is produced by NK cells and T cells in response to a combination of cytokines
such as IL-12 and IL-18, is detected at high levels in subjects displaying high levels of viral
replication in the mucosa [58]. Interestingly, IFN-γ levels increase in some subjects and
remain high after HAART initiation [71]. Despite its well-characterized antiviral activity,
IFN-γ can indirectly favour HIV replication: as a potent pro-differentiation agent, IFN-γ
promotes the differentiation of CD4+ T cells, thereby generating more targets for HIV
infection, which may in turn enhance viral replication in lymphoid tissues.

Altogether these results suggest that the continuous production of proinflammatory
cytokines in lymphoid tissues creates an environment that may favour residual levels of viral
replication even after prolonged HAART (Fig. 2).

6. Cytokines and HIV eradication
Cytokines have been proposed as potential therapeutic agents to eradicate HIV for almost 15
years [61]. The capacity of several cytokines to simultaneously regulate HIV replication and
restore immune functions makes them attractive candidate to be used in eradication strategy.
A limited number of studies conducted in non-human primates and humans have evaluated
the impact of cytokine administration on HIV persistence during HAART.

Whereas the first studies investigating the administration of IL-2 in HIV infected patients
focused on the immunological consequences of this intervention, Chun et al. determined the
impact of IL-2 therapy on the size of the pool of resting CD4+ T cells harbouring replication
competent virus [72]. IL-2 was administered intravenously or subcutaneously to 12 subjects
receiving suppressive HAART in doses of 3 to 18 million units per day for 5 days followed
by a rest period of at least 8 weeks. Results from this non-randomized study indicated that
using the standard micro-culture assay, replication competent virus was isolated from the
resting CD4+ T cells from all 12 patients who were receiving HAART alone, whereas
replication competent virus was not detected in 6 out of 12 patients who received HAART
plus IL-2. Using a larger number of CD4+ T cells, replication competent virus was still
undetectable in 3 of these subjects. Importantly, a similar analysis conducted with lymph
nodes obtained from 2 of these patients revealed that replication competent could not be
isolated from this compartment either. These provocative findings suggested that the
intermittent administration of IL-2 with continuous HAART may lead to a substantial
reduction in the pool of resting CD4+ T cells harbouring replication competent HIV.
Disappointingly, HAART interruption in these subjects led to a rapid rebound in HIV
viremia [73], indicating that HIV was not eradicated, even though replication competent
virus could not be isolated before HAART withdrawal by using extremely sensitive assays.
These results were in line with those from larger studies concluding that intermittent IL-2
administration during HAART does not prevent viral rebound upon treatment
discontinuation [74] and does not translate into clinical benefits [75].

The possibility that IL-2 used in combination with the anti-CD3 antibody OKT3 could
deplete the latent HIV reservoir during HAART was examined in small study enrolling 3
subjects [76,77]. The administration of OKT3 and IL-2 induced a strong and transient
increase in the plasma levels of IL-6, TNF-α and IFN-γ. The percentage of blood CD4+ and
CD8+ T cells increased to almost 100% and the frequencies of cells expressing the
proliferation marker Ki67 increased 10-fold in lymph nodes. Although an increase in plasma
HIV viremia was observed in one of the study subjects upon treatment, this extremely potent
T-cell stimulation method failed to reduce viral reservoirs and depleted the pool of CD4+ T
cells, thereby disrupting T-cell homeostasis [77,78]. Even when intensification therapy with
didanosine and hydroxyurea was added to baseline suppressive HAART before treatment
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with OKT3 and IL-2, all patients developed plasma virus rebound after treatment
interruption [79].

In a pilot study combining HAART and cytokine therapy during early HIV infection, the co-
administration of IL-2 and IFN-γ resulted in a reduction on the proviral load and contributed
to immune reconstitution [80]. Nevertheless, this aggressive treatment was not able to
eradicate HIV as demonstrated by evidences of low levels of viral replication in the lymph
nodes of the subjects and a rapid viral rebound in those who interrupted HAART.

Altogether, these studies indicate that IL-2 used either alone or in combination with an anti
CD3 antibody or with IFN-γ failed at eradicating HIV. There are several potential reasons
for these findings. First, it is possible that such therapies did not reactivate all latently
infected cells. Second, the HAART regimen may not be potent enough to completely inhibit
ongoing viral replication, which should be a pre-requisite to any therapeutic intervention
aimed at eradicating HIV through a reactivation strategy. In addition, potential HIV
sanctuary sites such as the central nervous system might not have been affected by these
interventions. Finally it is now well described that IL-2 does not necessarily promote
antiviral immune responses: the expansion of regulatory T (Treg) cells during IL-2 therapy
might indeed compromise the elimination of HIV infected cells by inhibiting the cytotoxic
capacity of CD8+ T cells [81].

IL-7, another member of the γc cytokine family, constitutes an alternate and attractive
candidate to achieve HIV eradication. Using the SCID-hu model, Scripture Adams et al.
demonstrated that IL-7 induces substantial expression of latent HIV while having minimal
effects on the cell phenotype [43]. While their study directly pertained to activation of latent
virus in the naive quiescent cell subset, their observations suggested that latent virus in
memory CD4+ T cells would behave similarly. Using resting CD4+ T cells isolated from
virally suppressed subjects, Wang et al. confirmed these findings and found that IL-7 was
significantly more effective at enhancing HIV proviral reactivation in CD8-depleted PBMCs
than either IL-2 alone, or IL-2 combined with PHA [42]. Importantly, the phylogenetic
analyses of the viral particles released after stimulation indicated that IL-7 induces distinct
proviral quasispecies than those recovered upon treatment with phytohemagglutinin and
IL-2. Two clinical trials aimed at evaluating the safety and efficacy of IL-7 administration in
HIV infected individuals brought more insight into the role of IL-7 in HIV persistence
[82,83]. Both studies reported that IL-7 increases the number of circulating CD4+ and CD8+

T cells, predominantly of central memory phenotype. Interestingly, both studies also
reported the occurrence of viral blips in virally suppressed subjects, particularly in those
who received the highest doses of IL-7 (more than 10 µg/kg). This observation suggested
that IL-7 can induce the production from latently infected cells, although the possibility that
IL-7 administration enhances viral production from productively infected cells persisting in
cryptic reservoirs could not be excluded. Indeed, a recent study by Imamichi et al. aimed at
identifying the sources of HIV detected during transient viremic episodes following IL-7
administration demonstrated that the HIV sequences detected during these viral blips were
closely related to those present before and after cytokine administration [84]. This suggested
that the low level viremia induced by IL-7 likely reflects predominantly transient induction
of virus from a preexisting pool of productively infected cells rather than activation of silent
quasispecies.

In a recent report, Levy et al. observed that the administration of IL-7 to virally suppressed
subjects results in modest increases in total levels of intracellular HIV DNA, proportional to
CD4+ T cell expansions [85]. In line with these observations, Bosque et al. recently
demonstrated using an in vitro model of HIV latency that IL-7-induced homeostatic
proliferation of central memory latently infected CD4+ T cells fails to efficiently reactivate
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HIV production [44]. These results suggest that IL-7 may expand or at least maintain the
pool of latently infected cells during HAART. Indeed, we previously reported that
incomplete T-cell recovery and elevated IL-7 levels are associated with increased levels of
T-cell proliferation, and with stability of the HIV reservoir in its size and genetic diversity
[36]. These findings suggest that T cell division of latently infected cells without viral
production is likely to occur in virally suppressed subjects receiving IL-7 therapy and
challenge the use of IL-7 as an eradication agent.

7. Modulation of antiviral immune response during HAART
It is becoming more and more evident that an efficient eradication strategy should not only
rely on the reactivation of HIV production in latently infected cells but should also promote
the elimination of these cells. Past studies have mostly focused on the capacity of cytokines
to reactivate HIV production from latent reservoirs but the ability of such therapies to
enhance the capacity of the immune system to eliminate infected cells during HAART has
often been neglected. In a recent study, Shan et al. reported that CD8+ T cells from virally
suppressed subjects are generally inefficient at eliminating latently infected cells after viral
reactivation [86]. This important finding suggests that the capacity of the immune system to
eliminate infected CD4+ T cells should be taken into account when evaluating the efficacy
of an eradication strategy. In that context, the usage of IL-2 as a purging agent is
questionable, as it has been demonstrated that IL-2 expands Treg cells, which might inhibit
the killing capacity of HIV-specific CD8+ T cells and impede viral clearance [81]. IL-15
preferentially induces the proliferation of CD8+ T cells rather than Treg cells and, in contrast
to IL-2, is not expected to induce increased tolerance. Moreover, IL-15 has stronger effects
than IL-2 on the activity of NK cells and cytotoxic T lymphocytes [87], making it a
promising candidate for immunotherapies aimed at enhancing the capacity of the immune
system to eliminate infected cells during HAART.

8. Conclusion
In addition to their role in the seeding of the latent reservoir during the earliest stages of HIV
infection, cytokines can promote long-term viral persistence during HAART by
exacerbating ongoing HIV replication and by maintaining a small pool of latently infected
cells. The complexity of the mechanisms of viral persistence and the heterogeneity of the
cellular subsets in which HIV persists reinforce the need for more comprehensive and
detailed studies aimed at determining the effect of cytokines on viral production and HIV
latency at the cell-population level.

Because HIV persists through a variety of mechanisms, an eradication strategy relying on a
single approach is unlikely to be successful. For instance, the use of proinflammatory
cytokines to disrupt viral latency may have detrimental effect by promoting residual levels
of viral replication in cryptic anatomical reservoirs. In addition to these potential opposite
effects on viral persistence, the impact of cytokine-based therapies on the quality of the
CD8+ T cell response needs to be evaluated. The recently developed models of viral
suppression in non-human primates [88–90] constitute a unique tool to evaluate the efficacy
of such curative strategies as they allow to simultaneously assess the virological and
immunological perturbations induced by the administration of cytokine in vivo. These
animal models will be useful to identify the reasons underlying the failure of past attempts,
and will help in the design of more successful cytokine-based eradication strategies.
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Fig. 1.
Establishment of the latent viral reservoir. (A) Pre-activation establishment of the latent viral
reservoir: Resting CD4+ T cells are exposed to HIV particles in a microenvironment
enriched in γc cytokines and chemokines promoting the integration of provirus in the
absence of cell activation. (B) Post-activation establishment of the latent viral reservoir:
immunomodulatory cytokines (IL-10, TGF-β, IL-1RA) may down regulate activation of
productively infected CD4+ T cells, thereby silencing viral transcription. γc cytokines
promote the survival of latently infected cells. Altogether, this cytokinic environment may
favor the establishment of long-lived latently infected CD4+ T cells.
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Fig. 2.
Role of cytokines in HIV persistence. IL-7 plays an important role in the homeostasis of
CD4+ T cells and may ensure the long-term persistence of latently infected cells through
homeostatic proliferation during HAART. Several cytokines expressed at high levels in the
plasma and lymphoid tissues of HIV infected subjects such as TNF-α, IL-2, IL-12 and IL-18
may induce HIV reactivation from latently infected cells and sustain ongoing viral
replication during HAART. As a potent pro-differentiation agent, IFN-γ may induce viral
production in latently infected cells concomitant to cell-differentiation. In addition, by
generating more targets for HIV infection, IFN-γ may in turn enhance viral replication.
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