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Protective and detrimental roles of IL-10 in HIV pathogenesis
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ABSTRACT. Successful pathogen clearance depends on a finely orchestrated equilibrium between inflammatory
immune responses and immunoregulatory mechanisms that limit collateral tissue damage. The cytokine interleukin
10 (IL-10) has been shown to play a critical role in this balance in numerous infectious diseases. Studies in animal
models have revealed that IL-10 gene-knockout or signaling blockade can enhance resistance to pathogens, and
substantially facilitate viral clearance. These same interventions in other infections however, result in more severe
disease due to the inability of the immune system to adequately contain the pathogen load, and to control immune-
mediate damage. This IL-10-regulated balance is also apparent in human infectious diseases. This review sum-
marizes evidence that IL-10 impacts many aspects of HIV pathogenesis, including the regulation of HIV-specific
CD4 and CDS8 T cell functions, as well as modulation of HIV-replication in PBMC subsets. Genetic polymorphisms
in the IL-10 gene promoter that lead to decreased IL-10 expression have been associated with more rapid disease
progression in late stages of HIV infection, suggesting that the anti-inflammatory effects of IL-10 may be protective
in the setting of chronic immune activation. We conclude with a discussion of important questions remaining, and

the potential for therapeutic intervention based on manipulation of the IL-10 pathway.
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immune activation

In the setting of chronic infections, the immune system
must adapt to the ongoing presence of inflammatory
responses driven by the persisting pathogen in order to
control its replication at an acceptable level while limiting
immune-mediated damage (immunopathology) (reviewed
in 1). The majority of humans are chronically infected by
several viruses, e.g. from the Herpesviridae group, with
no apparent clinical manifestations [1]. In contrast, in
HIV infection, the lack of pathogen clearance leads to
continuous viral replication and disease progression in
the large majority of infected individuals, with the rare
exception of subjects who control the virus in the absence
of therapy (HIV controllers or long-term non-progressors
[2]). Numerous studies have shown that pathogens apply
diverse strategies to avoid immune control, although the
critical mechanisms determining pathogen persistence ver-
sus clearance, after the acute phase of infection, remain
largely unknown (reviewed in [1, 3]). One important
factor leading to impaired viral control in the setting of
chronic viral infections is T cell exhaustion, defined as the
progressive functional impairment of pathogen-specific,
T cell responses upon persistent exposure to antigen [4].
Studies of gene-expression profiles of exhausted cytotoxic
T cells (CTL) in murine models [5] and humans [6],
suggest that T cell exhaustion is due to both active

suppression and passive defects in metabolism and cell
signaling. Consistent with this model, recent studies have
highlighted that HIV successfully evades immunity by
exploiting inhibitory regulatory networks that play an
important role in maintaining peripheral tolerance to
self-antigen and avoiding excessive immune activation
under physiological conditions (reviewed in [7]).

In this article, we review studies that examine the
involvement of the major immunoregulatory cytokine
interleukin-10 (IL-10) in HIV-specific T cell dysfunction
and disease progression. We also discuss important,
unanswered questions, and the potential for therapeutic
intervention based on manipulation of this inhibitory
pathway, including the specific therapeutic challenges
relating to maintaining the balance between successful
antiviral immunity and collateral immunopathology
during HIV infection.

THE IL-10 PATHWAY AND ITS ROLE
IN INFECTIOUS DISEASES

IL-10 is a type II cytokine and the prototypic member of
a family of cytokines that includes IL-19, IL-20, IL-22,
IL-24, 1L-26, IL-28 and IL-29 (reviewed in [8]). IL-10 is
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primarily an anti-inflammatory cytokine, with critical
functions in preventing inflammatory and autoimmune
diseases; it has emerged as a key immunoregulator during
infection with viruses, bacteria, fungi, protozoa, and
helminthes (reviewed in [9-11]). Inflammatory bowel
disease and other excessive inflammatory responses
occurring in IL-10"" mice indicate that IL-10 is critically
involved in limiting deleterious inflammatory responses
in vivo [12, 13].

IL-10 has a broad range of cellular sources and targets
(reviewed in [9, 14]). Multiple cell types of the adaptive
immune system can produce IL-10: different CD4 T cell
subsets including TH1, TH2 and TH17; both traditional,
“natural” CD25+FoxP3+CD4+ Tregs cells and “inducible”
Fox-P3-Trl Tregs; CD8 T cells and B cells. Additionally,
IL-10 is expressed by various cell populations of the innate
immune system, including dendritic cells (DCs), mono-
cytes/macrophages, natural killer cells (NKs), mast cells,
and polymorphonuclear leukocytes. The IL-10 receptor is
widely expressed on most hematopoietic cells and is
composed of an o (or R1) subunit specific to IL-10, and a
B (or R2) subunit in common with several other cytokine
receptors including receptors for 1L-22, 1L-26, IL-28 and
IL-29. Thus, it is likely that different cellular subsets are
involved in the production and activity of IL-10, and the
role of each may vary significantly, at different stages of an
immune response, between tissues compartments, and
amongst different pathological conditions. The ability of
IL-10 to inhibit cytokine production by T cells and NK
cells is thought to be largely indirect, by alteration of mono-
cyte/macrophage functions [15]. IL-10 decreases MHC
Class II and CD80/CD86 expression on monocytes and
macrophages, and limits production of proinflammatory
cytokines, including TNF-a and INF-y. However, IL-10
can also stimulate the proliferation of B cells and enhance
their maturation into plasma cells [16], and may enhance
the cytotoxicity of CD8 T cells. Thus, IL-10 can have
complex, pleiotropic effects on the immune system, involv-
ing multiple cell types and immune compartments
(reviewed in [14]).

The impact of IL-10 on disease outcome in the setting
of infection is complex and depends on the pathogen
and model studied. IL-10 gene-knockout or signaling
blockade can enhance resistance to infection by Listeria
monocytogenes [17], Mycobacterium avium [18] and
Trypanozoma cruzi [19], and IL-10 plays a key role in
facilitating the establishment of chronic Leishmania
major infection [20]. However, the absence of IL-10 sig-
naling results in severe immunopathology in Toxoplasma
gondii [21] and malaria models [22]. Recent studies in
murine LCMV infection [23, 24] have yielded important
results on the role of IL-10 in the establishment of chronic
viral infection. Treating mice with an IL-10Ra-blocking
antibody shortly after acute infection, or infecting IL-107"
mice, results in enhancement of T cell responses and
rapid viral clearance of an LCMV strain that is usually
associated with viral persistence [23, 24]. Therefore,
IL-10 appears to be a critical modulator of early antiviral
responses and, at least in some settings, is a critical deter-
minant for resolving versus persisting infection. These
findings in murine models suggest that manipulation
of the IL-10 pathway might be clinically useful in the
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treatment of chronic infections in humans. Elevated
IL-10 levels have been observed for a number of chronic
infectious diseases in humans, including visceral leish-
maniasis [25], leprosy [26] and tuberculosis [27]. The
observation that the Herpes viruses EBV [28] and CMV
[29] encode for IL-10 analogues, suggest that IL-10
can facilitate viral persistence in humans. IL-10 gene pro-
moter polymorphisms, associated with increased IL-10
production, are associated with increased susceptibility
to chronic HCV infection [30, 31]. Based upon these
data, in particular the results in the LCMV model [23,
24] and studies of antitumoral immunity, interventional
studies to block IL-10/IL-10Ra have been proposed as
a strategy to enhance underlying immunity in chronic
viral infections and cancer, as well as a potential adjuvant
in vaccination regimens [32] (reviewed in [11]).

UPREGULATION OF THE IL-10 PATHWAY
IN HIV INFECTION

The early description of defective proliferative T cell
responses to recall antigens such as tetanus toxoid in
HIV-infected individuals [33], led investigators to
hypothesize that factors inhibiting immune responses
may be expressed at higher levels in HIV infection and
contribute to immune deficiency. Gene Shearer’s group
tested the hypothesis that this cytokine plays a role in
HIV-associated immune dysfunction [34], and showed
that expression of IL-10 was increased in PHA-
stimulated PBMC from HIV-infected persons as com-
pared to HIV-negative controls, and that these elevated
IL-10 levels correlated with a more advanced disease
stage [35], a lower capacity to produce IL-2, and the fre-
quent presence of syncytium-inducing virus [35, 36].
Other studies have shown that plasma IL-10 levels
increased with disease progression and decreased follow-
ing antiviral therapy [37]. Our recent study [38] further
clarified the categories of subjects in whom the IL-10
pathway is upregulated, and also determined the cellular
sources of IL-10 in peripheral blood. Spontaneous IL-10
expression, measured as either plasma IL-10 protein or
IL-10 mRNA in PBMC, correlated positively with viral
load, and diminished following successful antiretroviral
therapy. IL-10 levels in “elite controllers” were similar
to those in HIV-negative controls, and were significantly
lower than in viremic individuals.

These data raise the question of the source of IL-10 in vire-
mic subjects, given the wide range of cell populations capa-
ble of producing this cytokine. In the murine LCMV model,
studies by Brooks et al. [23] and Erjnaes et al. [24] reached
different conclusions, either favoring the hypothesis that
DC from chronically infected mice induce IL-10 upregula-
tion by CD4 T cells, or that regulatory T cells are the major
source of IL-10 during chronic LCMV infection, respec-
tively. Trabattoni ef al. [39] showed that monocytes are a
major source of IL-10 in HIV-infected persons and that they
produce this cytokine in significantly higher amounts than
in HIV-negative controls. This is consistent with our own
assessment of IL-10 production by intracellular cytokine-
staining of cells obtained directly ex vivo from HIV infected
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subjects, which show that CD14+ monocytes appear to
be the primary source of IL-10 in untreated infection
(unpublished data). However, IL-10 production by other
cell subsets has been poorly characterized. Our published
results provided a detailed assessment of IL-10 mRNA
expression in several, highly purified cellular subsets
obtained by cell sorting [38]. Consistent with previous stud-
ies [39], our assays suggested that CD14+ monocytes are a
major source of IL-10 in both HIV-infected and HIV-
uninfected individuals. However, analysis also indicated
upregulation of IL-10 mRNA in multiple cell populations,
and that CD14+ monocytes showed a less dramatic upre-
gulation of IL-10 mRNA in HIV-infected subjects com-
pared to other cellular subsets, including CD19+ B cells,
T cells and NK cells. These data indicate that multiple cell
types potentially contribute to IL-10-mediated immune
suppression in the presence of uncontrolled HIV viremia.

IL-10 AND CD4 T CELL RESPONSES
IN HIV INFECTION

In order to investigate whether the observed increase in
IL-10 expression in HIV infection had a functional
impact on T helper cell dysfunction, a hallmark of HIV
infection, Clerici et al. [34] measured T cell proliferation
in response to “flu” antigens and HIV Env peptides in the
presence or absence of IL-10-blocking antibody. These
experiments demonstrated an increase in the proliferative
responses in HIV-infected individuals upon blockade of
the IL-10 pathway. Further studies showed that IL-10
blockade could restore Env-specific T cell proliferative
responses in subjects with relatively preserved CD4
T cell counts, but was lost in individuals with advanced
HIV infection [36]. These interesting functional results
led to few follow-up studies until recent papers involving
the LCMV model, showing the importance of the IL-10
pathway in controlling viral persistence, regenerated
interest in the role of IL-10 in viral infections [23, 24].
Our data [38] demonstrated that blockade of the IL-10
pathway with an anti-IL-10Ra antibody significantly
increased, not only HIV-specific CD4 T cell proliferation,
but also effector functions, as shown by increased secre-
tion of the cytokines IFN-y and IL-2 by HIV-specific
CD4 T cells. It is notable that enhancement of HIV-
specific T cell proliferative responses upon IL-10Ra
blockade occurred only in individuals with uncontrolled
viral replication, and did not occur in ‘elite controllers’ or
individuals with suppressed viral replication with suc-
cessful antiretroviral therapy (ART). Significant positive
correlations were observed between the fold-increase in
HIV p24-specific proliferation following IL-10Ra block-
ade and plasma viral load or IL-10 mRNA. The variable
enhancement of T cell responses following IL-10Ra block-
ade observed in individuals with similar HIV viremia is
consistent with a significant heterogeneity in the degree of
T cell exhaustion and activity of different inhibitory path-
ways among HIV-infected subjects, as previously observed
for other inhibitory networks acting on HIV-specific CD4 T
cells [40, 41]. Additionally, some data suggest that IL-10
differentially modulates apoptosis of the CD4 and CDS
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T cell subsets. Studies by Clerici et al. [42] showed that
IL-10 enhanced programmed cell death of CD4 T cells
in HIV-infected subjects. Results from Estaquier ef al.
confirmed these data by demonstrating that IL-10 blockade
decreased apoptosis of the CD4 T cell subset [43], whereas
CD8 T cell death was not reduced. Whether the impact of
IL-10 on HIV-specific T cells follows the same patterns
remains to be determined.

IL-10 AND HIV-SPECIFIC CD8 T CELL
DYSFUNCTION

Data obtained in the mouse LCMV model showed that
virus-specific CTL responses were improved, both quanti-
tatively and qualitatively, in animals treated with anti-
IL-10Ra antibody as compared to mice treated with isotype
control antibody [23, 24]. Experiments performed with
PBMC from HIV-infected individuals likewise showed
that HIV epitope-specific CD8 T cell (CTL) proliferative
responses could be improved by IL-10Ra blockade in
vitro [38]. Whether this quantitative increase is also associ-
ated with an improvement in effector CTL functions and/or
a qualitative change in the proliferating HIV-specific CTL
subset remains to be seen.

IL-10 AND HIV REPLICATION

Besides its effect on immune responses, IL-10 can directly
modulate HIV replication in CD4 T cells, monocytes and
dendritic cells in complex ways. One study reported
CCRS5 upregulation and increased HIV infection by the
macrophage/CCR5-tropic  BalL strain in IL-10-treated
monocytes [44], whereas another study found that IL-10
increased replication of a T-tropic CXCR4 strain in
MDDC, but inhibited viral replication in macrophages
[45]. Investigation of blood samples from pregnant HIV
+ women showed that IL-10 blocked HIV replication in
polyclonally-activated CD4 T cells [46]. The complexity
of the IL-10 effects was also illustrated in another report
[47]: anti-interleukin 10 (anti-IL-10) reduced CCRS
expression, without influencing CXCR4. Similarly, rIL-
10 induced up-regulation of CCRS, but not of CXCR4.
The multiple effects of IL-10 on monocytic and dendritic
cell phenotype and functions (reviewed in 9) may contrib-
ute to the apparently contradictory findings. It is important
to note that molecules modulated by IL-10 include both
HIV  co-receptors and adhesion/signaling molecules
involved in the immunological and virological [48] synap-
ses (including ICAM-1, CD80/CD86) [49]. Thus, IL-10
may directly modulate efficacy of cell-to-cell viral trans-
mission too. Additionally, the HIV proteins Tat [50, 51],
and gpl120 [52, 53] can directly induce IL-10 expression
in APCs. Previous reports have indicated that upregulation
of IL-10 by monocytes may be due to a direct effect of
HIV Env [52], and that the Env of different HIV strains
could induce varying degrees of IL-10 secretion by
MDDC [53]. However, we found no significant increase
in IL-10 mRNA in pDC and mDC in chronically-infected
subjects in our recent study [38].
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POLYMORPHISMS OF THE IL-10 GENE
AND HIV INFECTION

A number of studies in humans have shown correlations
between prevalence or severity of various diseases and
polymorphisms in the IL-10 or IL-10R genes. Five single-
nucleotide polymorphisms (SNPs) tagging the promoter
haplotypes of the IL-10 gene, as well as three bi-allelic
polymorphisms located in the proximal promoter region
of the IL-10 gene have been widely studied [54, 55].
Relative to the transcription initiation site, the promoter
polymorphisms are located at positions -1082 (A to G
transition), -819 (C to T transition) and -592 (C to A trans-
version). The -592C>A variant has been associated with
lower IL-10 production and the -1082A>G variant with
higher production of IL-10 [54]. The -592C>A variant has
been associated with more rapid disease progression in late
stages of HIV infection [56], and the -1082A>G polymor-
phism with slower CD4 decline and longer survival in HIV
+ individuals [57], suggesting that IL-10 may have a pro-
tective effect on HIV disease progression. A recent study
extended investigations to a total of 21 SNPs and confirmed
by haplotype trend regression that the -1082A/-592A hap-
lotype was associated with faster progression to AIDS in
Americans of European descent [58], but not in African
Americans. Recently, a study by Naicker ef al. [59] showed
in a South African cohort of high-risk women who were
HIV negative at the time of enrollment that individuals
with genotypes associated with high IL-10 production at
two promoter SNPs (-1082G and -592C) were less likely
to become HIV infected, but had significantly higher
median plasma viral loads during the acute phase. How-
ever, as the infection progressed, the association between
genotype and median viral load was reversed. Thus, IL-10
may influence HIV susceptibility and pathogenesis, with
the effects following transmission differing according to
the infection phase and reflecting the net result of positive
(e.g. on viral replication and immune activation) and nega-
tive effects.

UNRESOLVED ISSUES, PERSPECTIVES
AND THERAPEUTIC IMPLICATIONS

There is currently a strong interest in novel therapies
targeting immunoregulatory pathways in order to enhance
immune responses against persistent viruses and cancer
cells, or to boost the efficacy of vaccines. In spite of
important advances in our knowledge of the IL-10 net-
work in various physiological and pathological conditions,
our understanding of the role of this cytokine in HIV
infection is still incomplete and several important issues
need to be addressed.

First, promising data obtained in well-established murine
models cannot be extrapolated to immunodeficiency
virus infections in primates. Significant differences exist
between the murine and human immune system (for
review, see [60, 61]). Studies in the simian immunodefi-
ciency virus (SIV) model in monkeys are therefore
necessary before considering interfering with inhibitory
pathways in human HIV infection.
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Second, the alterations in the activity of the IL-10 path-
way in tissues, in the setting of HIV infection, remain
almost entirely to be defined. In SIV infection, one
study demonstrated marked upregulation of IL-10 RNA
in isolated intraepithelial lymphocytes (IEL) and lamina
propria lymphocytes (LPL) isolated from jejunal tissue
[62]. IL-10 mRNA expression was also shown to be
upregulated in the colonic mucosa of HIV-infected indi-
viduals as compared to HIV-negative controls [63], but the
cell types responsible for this increase in IL-10 were not
identified. Investigation of the gut-associated lymphoid
tissue (GALT) is of major interest, as involvement of
this compartment plays a critical role in HIV pathogene-
sis and many studies have demonstrated CD4 T cell-
derived IL-10 as a key mediator in intestinal immune
homeostasis [64].

Third, the role of the IL-10 pathway during acute infec-
tion needs to be better delineated, as events during acute
HIV infection are thought to be critical for subsequent
disease course. A recent study in a plasma donor cohort,
in which samples were available before and during the
earliest stages of infection, showed that HIV-1 infection
is followed by an early cytokine storm, in which IL-10
peaks slightly later than several pro-inflammatory cyto-
kines [65]. Interestingly, a study in primary SIV infection
showed that expression of an anti-inflammatory profile,
including IL-10 and TGF-B, as well as an increase in
Tregs, occurred early after infection in African green
monkeys, which do not develop AIDS, as compared to
the pathogenic infection of rhesus macaques [62], in
which expression of IL-10 and TGF-§ was comparatively
delayed. A protective role of IL-10 in acute HIV/SIV
infection would represent a major difference compared
to observations in the LCMV model.

Fourth, what is the role of Tregs in IL-10 activity in HIV
infection and how would IL-10 blockade affect Treg dif-
ferentiation and function? This is an important question
given the impact of Tregs in multiple infectious disease
models and the incomplete understanding of their role in
HIV infection and the IL-10 pathway.

Fifth, would blockade of the IL-10 pathway lead to a
qualitative improvement in T cell responses in vivo,
both in peripheral blood and lymphoid tissues, in spite
of the fact that multiple inhibitory molecules and com-
plex defects contribute to T cell exhaustion in chronic
infections [5, 66]? What would be the effect on B cell
and antibody responses, which are stimulated by IL-10?
Sixth, would the detrimental effect of IL-10 blockade on
immune activation offset any potential benefit from the
restoration of HIV-specific responses or lead to excessive
inflammation and autoimmunity? This is a concern given
that many studies suggest that continuous immune acti-
vation is a crucial factor in the progressive destruction of
the immune system (for review, see [67]) and that studies
of IL-10 gene promoter polymorphisms suggest a protec-
tive effect of high IL-10 levels, at least in later stages of
HIV disease. Of note, a placebo-controlled trial investi-
gating the tolerance and impact of recombinant IL-10
therapy on parameters of disease progression in HIV-
infected individuals did not show any significant changes
in either viral load or CD4 T-cell counts during four
weeks of treatment [68].
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Seventh, would immune intervention in a pathway such
as IL-10 be beneficial to subjects with optimal viral sup-
pression under antiretroviral therapy, which is the current
optimal standard of care that can be achieved in the large
majority of individuals with current drug regimens?
Eighth, as multiple inhibitory molecules contribute to T
cell impairment in chronic viral infections, including
HIV, would simultaneous blockade of IL-10 and another
pathway enhance efficacy without excessive toxicity, as
suggested by the results obtained with combined
PD-L1/IL-10 blockade in the LCMV model?

Ninth, what is the potential use of blockade of the IL-10
pathway as vaccine adjuvant? IL-10 blockade has shown
promise when used in combination with therapeutic
vaccination in a murine model of chronic infection in a
setting where the natural T cell response to the pathogen
is exhausted [32]. In this regard, local inhibition of IL-10
by siRNA at the site of vaccine delivery has given
promising early results [69].

Finally, it appears that the IL-10 pathway is complex, is
differentially regulated in tissue compartments, and has
pleiotropic effects on the immune system. A potentially
better alternative to a relatively blunt, costly and cumber-
some tool such as a blocking antibody would be the iden-
tification of intracellular targets for small molecules that
would act downstream of the IL-10 receptor, potentially
with more selective effects.

CONCLUSION

In spite of major advances in antiretroviral therapy that
have had a tremendously positive impact on HIV patient
care, ways of generating effective HIV-specific immune
responses in HIV-infected or uninfected subjects are essen-
tially lacking. There is a critical need for understanding
how effective immune responses function against this
virus. Blockade of inhibitory pathways in HIV infection,
combined with antiretroviral drugs and/or therapeutic vac-
cination, might offer new therapeutic approaches in the
near future. Data obtained on the IL-10 pathway so far sug-
gest that this cytokine has both beneficial and detrimental
effects in HIV disease. Although the potential for targeting
this pathway for therapeutic purposes in HIV infection is
uncertain, the significance of studies of this major immuno-
regulatory cytokine in HIV/AIDS are directly relevant to
our understanding of the pathogenesis and treatment of
other chronic infections and cancers.

Disclosure. None of the authors has any conflict of interest to
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