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Regulatory T cells (Tregs) play a pivotal role in the maintenance of tolerance as well as in the control of immune activation, par-
ticularly during chronic infections. In the setting of HIV infection, the majority of studies have reported an increase in Treg fre-
quency but a decrease in absolute number in all immune compartments of HIV-infected individuals. Several nonexclusive mech-
anisms have been postulated to explain this preferential Treg accumulation, including peripheral survival, increased
proliferation, increased peripheral conversion, and tissue redistribution. The role played by Tregs during HIV infection is still
poorly understood, as two opposing hypotheses have been proposed. A detrimental role of Tregs during HIV infection was sug-
gested based on the evidence that Tregs suppress virus-specific immune responses. Conversely, Tregs could be beneficial by lim-
iting immune activation, thus controlling the availability of HIV targets as well as preventing immune-based pathologies. De-
spite the technical difficulties, getting a better understanding of the mechanisms regulating Treg dynamics remains important,
as it will help determine whether we can successfully manipulate Treg function or number to the advantage of the infected host.
The aim of this review is thus to discuss the recent findings on Treg homeostasis and function in the setting of HIV infection.

Human immunodeficiency virus (HIV) causes a gradual loss of
immune competence, leading to AIDS. HIV-associated de-

fects in cell-mediated immunity (CMI) are of particular impor-
tance, as these impairments lead to poor control of HIV replica-
tion and of other pathogens whose clearance depends on CMI.
Importantly, a number of immune deficits caused by HIV infec-
tion can be partially restored in vitro, suggesting the existence of
active regulatory mechanisms. Several mechanisms are involved
in the regulation of the immune system; among these, regulatory
T cells (Tregs), a subset of CD4� T cells, play a pivotal role that has
been recognized for several years. In addition to their role in con-
trolling peripheral tolerance, Tregs promote the establishment of
multiple persistent infections (viral, bacterial, parasitic, and fun-
gal) (reviewed in reference 10). In most studies, Treg frequency
was found to be substantially increased during the chronic phase
of HIV infection (4, 7, 12, 19, 28, 63, 65, 71, 80, 82, 96). Thus, Tregs
may contribute substantially to inefficient CMI during HIV infec-
tion. However, Tregs may also play a beneficial role, as their role in
controlling immune activation may limit cellular targets available
for HIV infection, as well as decrease the pathology associated
with immune activation in HIV infection. To date, the mecha-
nism(s) underlying the relative accumulation of Tregs during
HIV/simian immunodeficiency virus (SIV) infection is poorly un-
derstood, and its role in the setting of HIV infection is still under
debate. The aim of this review is to discuss the recent findings on
Treg origin and function in the setting of HIV infection.

Treg PHENOTYPE AND SUPPRESSIVE MECHANISMS

Tregs are a subset of CD4� T cells, constituting approximately 1 to
10% of circulating CD4� T cells (6). Initially characterized in the
mouse by the constitutive expression of the interleukin-2R� (IL-
2R�) chain (CD25) (76), Tregs were shown in further studies to
express low levels of the IL-7R� chain (CD127) (52, 81). In 2003,
Fontenot and colleagues reported that the transcriptional factor
forkhead box P3 (FOXP3) plays a crucial role in Treg differentia-
tion, function, and biology in both mice and humans (32). Lack of
functional FOXP3 is associated with the development of immu-
nodysregulation polyendocrinopathy enteropathy X-linked syn-

drome (IPEX), a severe autoimmune disease that leads to death in
the first year of life in humans (11, 20, 97). Additional markers are
frequently associated with human Treg function, including cyto-
toxic-T-lymphocyte-associated antigen (CTLA-4) (74), L-selectin
(CD62L) (31), �E-integrin (CD103) (15, 79), the glucocorticoid-
induced tumor necrosis factor receptor (GITR) (84), and the gly-
coprotein A repetitions predominant (GARP) receptor (91, 95).
However, none of the above-mentioned markers (including
FOXP3) are exclusively expressed by Tregs, as they are also tran-
siently upregulated in activated effector T cells, making identifi-
cation of Tregs difficult in the setting of chronic immune activa-
tion induced by uncontrolled infections (34, 37, 77, 84).

Deficits in Treg number and function are frequently described
for autoimmune and inflammatory diseases (reviewed in refer-
ences 53 and 57). Moreover, Tregs regulate immune activation in
the setting of chronic infections, including HIV infection (10, 49,
75). In addition to the so-called “natural” Tregs that arise and
mature in the thymus, a growing body of evidence demonstrates
that human Tregs can be induced in the periphery from both naïve
(23) and memory (43) conventional CD4� T cells (the so-called
“induced” Tregs).

Tregs can suppress immune activation through a vast array of
mechanisms, which include both contact-independent and -de-
pendent mechanisms (94). Contact-dependent mechanisms are
critical in vitro, since physical separation between Tregs and con-
ventional T cells abrogates Treg suppression (70). Within these
contact-dependent mechanisms, CTLA-4 is a major mediator of
suppression (61, 85). Recently, Tregs were also shown to inhibit
activation of conventional T cells by mechanisms involving cyclic
AMP (cAMP), a known inhibitor of T cell growth, differentiation,

Published ahead of print 18 July 2012

Address correspondence to Claire A. Chougnet, claire.chougnet@cchmc.org.

M.E.M.-F. and P.P. contributed equally to this article.

Copyright © 2012, American Society for Microbiology. All Rights Reserved.

doi:10.1128/JVI.00993-12

MINIREVIEW

10262 jvi.asm.org Journal of Virology p. 10262–10269 October 2012 Volume 86 Number 19

http://dx.doi.org/10.1128/JVI.00993-12
http://jvi.asm.org


and proliferation (reviewed in reference 94). Additionally, the ec-
tonucleotidases CD39 and CD73 are expressed on human Tregs,
and their activity contributes to Treg suppressive functions (24,
45). Transforming growth factor � (TGF-�), IL-10, and IL-35 are
the cytokines most often described as involved in Treg function
(reviewed in reference 94), although the role of IL-35 in human
Tregs remains controversial (8, 21). Additionally, Treg suppres-
sive activity can be exerted by interaction with antigen-presenting
cells that in turn lead to the production of indoleamine 2,3-dioxy-
genase (IDO), a key immunomodulatory enzyme that promotes
peripheral immune tolerance by inhibiting T cell activation and
proliferation through tryptophan catabolism (reviewed in refer-
ence 41). However, whether all these mechanisms act individually
or synergistically, as well as whether their efficacy is different in
different compartments, is not yet clear.

RELATIVE ACCUMULATION OF Tregs DURING HIV/SIV
INFECTION

Several studies have shown that the frequency of Treg increased in
patients with chronic progressive HIV infection in the circulating
blood (12, 19, 64, 71, 80, 96) as well as in lymphoid tissues (gut,
tonsils, and rectal mucosa) and the thymus of HIV-infected indi-
viduals (4, 7, 28, 65, 82). However, it is important to note that, in
these patients, the absolute numbers of circulating Tregs were
reduced (4, 12, 26, 36, 40, 44, 71, 80, 86, 89, 93), suggesting a
relative resistance of Tregs to the cell-depleting effects of HIV
infection. This relative increase in Treg frequency is controlled to
a certain extent by suppressive highly active antiretroviral therapy
(HAART) (28, 71, 96), although two studies reported opposite
results (19, 63). The majority of studies with patients who were
HIV-infected long-term nonprogressors (LTNP) or elite control-
lers reported decreases in Treg frequencies in peripheral blood
(68, 80, 82) and rectal mucosa (82) in these individuals compared
to that in progressors. However, Chase et al. observed an increase
in the proportion of FOXP3� cells in the peripheral blood of elite-
controller subjects compared to that in HAART-treated patients
(19), but a different gating strategy used to define Tregs could
explain the latter finding. Importantly, LTNP patients exhibit ab-
solute numbers of Tregs similar to those of progressors but lower
numbers than healthy controls (80, 82). As expected, absolute
numbers of Tregs are similar in elite controllers and healthy con-
trols (80).

Little is known about Treg accumulation during the acute
phase. Ndhlovu et al. reported an expansion of CD4� CD127lo

FOXP3� T cells during the acute phase (62), and the levels of these
cells inversely correlated with CD8 activation. Kared et al. re-
ported that CD4� CD25hi T cell frequency was lower during pri-
mary HIV infection than in chronically infected patients but did
not compare these patients to healthy subjects (41). Using the
African green monkey model of nonpathogenic infection, Korn-
feld et al. observed a very early (24 h postinfection) and strong
induction of FOXP3 expression, which correlated with increased
levels of CD4� CD25� T cells in the blood (46). In the pathogenic
model of SIV infection of rhesus macaques, two groups showed
relative accumulations of Tregs in the first 2 weeks postinfection
in both mucosal tissues and peripheral lymph nodes (2, 38). How-
ever, important differences exist depending on the model em-
ployed, as a rapid loss of Tregs was found in the highly pathogenic
model of infection of pigtailed macaques with immunosuppres-

sive SIV (18, 73), suggesting that the effect of HIV/SIV on Treg
frequency is dependent on multiple factors.

POTENTIAL MECHANISMS THAT EXPLAIN SELECTIVE
ACCUMULATION OF Tregs DURING HIV INFECTION
(i) Preferential survival. Tregs are susceptible to HIV infection
both in vitro (33, 60, 66, 67) and in vivo (18, 25). However, muco-
sal Tregs appear less susceptible to productive SIV infection than
non-Tregs and could thus be selectively spared from SIV/HIV-
mediated cell death (2). In agreement with this hypothesis, expo-
sure of Tregs to HIV selectively promoted their survival via a CD4-
gp120-dependent pathway (9, 65). Of note, HIV DNA harboring
cells appeared more abundant in the Treg subset than in non-
Tregs in patients on prolonged HAART (92). Similar results were
found in mucosal Tregs from SIV-infected macaques (2), suggest-
ing that Tregs could constitute a viral reservoir. The different
mechanisms of Treg accumulation are summarized in Fig. 1.

(ii) Increased proliferation. Treg expansion under circum-
stances of antigen persistence has been described for infections
with other pathogens, such as Helicobacter pylori (54), Leishmania
major (10), and hepatitis C virus (87). Increased expression of
Ki67, a marker of the cell cycle, was found in mucosal Tregs after
SIV infection, suggesting that local expansion of Tregs could be
an underlying mechanism of increased Treg frequency in lym-
phoid tissues (2). In agreement with this hypothesis, we and
other groups have reported increased Ki67 expression in circu-
lating Tregs from untreated, chronically infected patients. This
increase was controlled by HAART (12, 50, 71, 98). Of note, a
direct effect of HIV on Treg expansion has been hypothesized,
as direct interaction of HIV with Tregs induced their expansion
and promoted the expression of FOXP3, CD25, and CTLA-4
(3). Accordingly, our lab and others observed that in vitro ex-
posure of CD4� T cells to HIV increased Treg frequency (65;
also unpublished data).

(iii) Tissue redistribution. Some researchers have hypothe-
sized that redistribution of Tregs from blood to lymphoid tissues
could explain the increased frequencies in tissues. Ji and Cloyd
showed that HIV-1 binding induced the upregulated expression
of the homing receptors CD62L and integrin-�4�7 by CD4�

CD25� Tregs, which in turn could result in more rapid Treg mi-
gration to peripheral and mucosal lymphoid tissues where HIV
replication occurs (38). In agreement with this hypothesis, Treg
prevalence correlated better with viral load in tissues than with
plasma viremia (14). However, using characterization of Tregs by
flow cytometry, we and others have also found increased Treg
frequencies in the peripheral blood of infected subjects compared
to those in the peripheral blood of uninfected subjects (12, 19, 63,
71, 80, 96), which does not strongly support increased Treg hom-
ing as a mechanism for their accumulation in tissue.

(iv) Increased peripheral conversion. Several groups reported
data suggesting increased peripheral conversion driven by HIV/
SIV infection. First, HIV-exposed plasmacytoid dendritic cells
(pDCs) convert allogeneic non-Tregs into CD4� CD25�

FOXP3� Tregs, while unexposed pDCs do not (56). Second,
lymph node DCs from untreated HIV-infected subjects in-
duced a phenotype of Tregs in normal allogeneic T cells, an
ability that was lost after antiretroviral therapy (ART) (47).
Third, our lab recently demonstrated that tissue myeloid den-
dritic cells (mDCs) from chronically SIV-infected rhesus ma-
caques were more efficient at inducing expression of CD25 and
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FOXP3 in autologous FOXP3� CD25� CD4� T cells than
mDCs of uninfected macaques (72). However, the contribu-
tion of mDC-mediated Treg conversion to the increased fre-
quency of Tregs may depend on the stage of infection and/or
the body compartment, as we recently found that blood mDCs
infected in vitro with HIV were not able to convert non-Tregs
into Tregs (P. Presicce, submitted for publication).

Mechanisms that could be involved in increased DC-mediated
conversion during HIV infection are not well characterized. HIV-
exposed pDCs acted through IDO (56), and IDO expression is
increased in many organs of SIV-infected rhesus macaques with
high viral loads compared to that in macaques with low viral loads
(14). Another molecule involved in Treg conversion is TGF-�
(reviewed in reference 83). TGF-� levels are high during HIV
infection (4, 30) and could thus promote increased conversion.
Interestingly, although CD103 mDC� has been reported to be
critical for Treg conversion in gut-associated lymphoid tissue
(GALT) (22, 88), our recent data showed that the increased capac-
ity of mDCs from SIV-infected macaques to induce FOXP3 was
not directly associated with the presence of CD103� DCs, suggest-
ing that other molecules may be involved in this conversion (72).
Potential candidates are PD-L1, whose expression is increased on
mDCs during HIV/SIV infection (13), and IDO, also increased in
HIV-exposed mDCs (78).

THE DARK SIDE OF Tregs IN HIV INFECTION: THE
SUPPRESSION OF HIV-SPECIFIC EFFECTOR RESPONSES

Ex vivo depletion of Tregs from peripheral blood mononuclear
cells (PBMCs) or lymphoid cell suspensions enhances T cell re-
sponses to HIV or SIV antigens (1, 35, 41, 44, 63, 96). (Fig. 2). In
addition, several correlative studies suggest that Tregs dampen
HIV/SIV responses. During the acute phase of pathogenic SIV
infection, increased Treg frequency correlated with inefficient
SIV-specific CD8� responses (29). Furthermore, a high-perforin-
to-FOXP3 ratio was associated with nonprogressive disease, sug-
gesting that the immune control of virus replication represents a
balance between CMI and Treg-mediated counterregulation of
such responses (65). Confirming this hypothesis, an important
study recently showed that HIV-specific CD8� T cells bearing
protective HLA alleles (HLA B*27 and B*57) are able to evade
Treg suppression (27), suggesting that Treg suppressive activity is
a major mechanism that impairs development of protective effec-
tor responses.

All the above-mentioned data also suggest that Tregs retain
their suppressive function during HIV infection. This is in agree-
ment with in vitro data showing that HIV- or gp120-exposed Tregs
have maintained, or even enhanced, suppressive activity (9, 60).
Interestingly, Thorborn et al. demonstrated increased sensitivity

FIG 1 Potential mechanisms that may explain selective accumulation of Tregs during HIV infection. Treg accumulation could be due to different, as well as
synergistic, mechanisms. (1) Preferential survival. HIV infects both Tregs and conventional CD4� T cells (Tcon), but Tregs could be less susceptible to cell death
than Tconvs. (2) Increased proliferation. HIV could increase the expansion of Tregs by inducing these cells to enter into the cell cycle. (3) Tissue redistribution.
HIV infection could induce upregulation of molecules, such as CD62L and integrin-�4�7, that are involved in T cell chemotaxis, leading the migration of Tregs
from the blood to the lymphoid tissues, where these cells accumulate. (4) Peripheral conversion. Interaction of HIV-exposed DCs with non-Tregs could lead to
conversion into induced Tregs (iTreg).
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FIG 2 Potential role of Tregs during HIV infection. (A) Increased Treg frequency during HIV infection can lead directly to decreased T cell activation, thus
decreasing the availability of target cells for HIV replication. Tregs can also decrease the capacity of DCs to transmit the virus to CD4� T cells as well as decrease
viral replication in macrophages. Importantly, Tregs can decrease viral replication by directly affecting the HIV replication cycle. On the other hand, Tregs can
decrease CD4 and CD8 HIV-specific responses either directly or indirectly by decreasing the maturation of DCs, thus impairing DC capacity to induce immune
responses. Tregs also contribute to immune dysfunction by secreting large amounts of TGF-�, thus contributing to lymphoid tissue fibrosis. (B) Based on the
literature, a potential model for Tregs’ role is that they may have an overall beneficial effect during early acute HIV infection, before HIV-specific immune
responses are fully activated, by controlling T cell activation and decreasing the availability of target cells for HIV replication and transmission. In contrast, during
the late acute and chronic phases, increased Treg frequency may have an overall-negative role, as the Treg suppressive effect on HIV antiviral immune responses
predominates.
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of effector cells to Treg-mediated suppression in asymptomatic
HIV-1-infected patients (90). Recently, Angin et al. observed that
the suppressive function of purified Tregs (from the blood or
GALT) from chronically infected subjects was as strong as that of
purified Tregs from elite controllers or uninfected controls (5).

Tregs could decrease HIV-specific responses via several mech-
anisms. The role of CTLA-4 is suggested by the fact that in vivo
CTLA-4 blockade increased CD4� and CD8� T cell effector func-
tion during the chronic phase when given in combination with
ART (35). However, the results of this study are not easy to inter-
pret, as anti-CTLA-4 antibody does not specifically act on Tregs.
Furthermore, the same antibody did not increase effector immune
responses during the acute phase (17). Recently, we and others
found an upregulation of CD39 expression by Tregs of HIV-in-
fected subjects (63, 71, 80). Blockade of CD39 relieved, although
not completely, the suppressive effect of Tregs on effector T cells
(63). Of note, a CD39 gene polymorphism that leads to low levels
of CD39 expression is associated with relative protection against
the development of AIDS (63), although the contribution of low
CD39 expression levels specifically by Tregs in this resistance is
not clearly established, as CD39 is also expressed by other cells,
such as B cells and platelets.

Another detrimental facet of Treg biology is their involvement
in the exacerbated collagen deposition within T cell zones that
destroys the lymphatic tissue architecture and hampers CD4 re-
constitution in the lymphoid tissues of infected hosts. Estes et al.
showed that Tregs were a major source of TGF-� in SIV-infected
rhesus macaques (30) and thus contributed heavily to the devel-
opment of fibrosis in these animals.

THE BRIGHT SIDE OF Tregs IN HIV INFECTION: THE
ANTIVIRAL EFFECT

In contrast to the studies reviewed above, Tregs have been associ-
ated with a favorable outcome of HIV infection (Fig. 2). The ob-
servation that Treg frequency is higher in mucosal tissues than in
the peripheral blood of untreated HIV-infected individuals sug-
gests that Tregs could reduce the availability of HIV target cells in
these tissues (28, 65). Several experimental observations support
this hypothesis. The timing of Treg accumulation could play a
crucial role in the early events of HIV infection. Tregs accumulate
in both nonpathogenic and pathogenic SIV infections. However,
Treg accumulation in the nonpathogenic model occurred within
24 h postinfection, while this accumulation was not observed be-
fore 2 weeks after infection in the pathogenic model (46, 55).
Conversely, early interference with the Treg suppressive function
using an anti-CTLA antibody worsened infection in rhesus ma-
caques (17). Importantly, low Treg frequency during chronic HIV
infection is associated with increased immune activation (26, 67).
Interestingly, chronically infected individuals with strong Treg
function in vitro had significantly lower levels of plasma viremia
than individuals with weak Treg function (44). Finally, data from
exposed uninfected cohorts also suggest that increased Treg fre-
quency correlates with decreased T cell activation and decreased
HIV infection (16, 48).

In vitro, Tregs were shown to directly control HIV infection in
susceptible targets, such as macrophages infected by a pseu-
dotyped HIV (51) or infected conventional T cells (58), thus pro-
viding a potential mechanism for the correlative studies described
above. In particular, we showed that cAMP was critical for this
antiviral effect, acting either by direct transfer of cAMP through

gap junctions or by the extracellular pathway, which involves
CD39 activity (58). Notably, our data also suggest that Tregs may
restrain HIV infection and replication at several levels, including
mechanisms independent of their effect on CD4� proliferation.
As cAMP can restrain HIV replication at both pre- and postint-
egration levels (reviewed in reference 59), Tregs may control HIV
replication in T cells through direct interference with one or sev-
eral steps of the HIV life cycle.

In vivo studies directly evaluating the role of Tregs in HIV/SIV
infection are scarce. To date, only one paper describes the effect of
denileukin diftitox (Ontak), a fusion protein that combines a re-
combinant IL-2 and a cytocidal diphtheria toxin moiety that de-
pletes CD25� cells in SIV-infected African green monkeys. Ani-
mals treated during the chronic phase showed significantly higher
levels of immune activation and a significant increase in viral rep-
lication compared to control animals (69), suggesting that Tregs
can control virus infection in vivo. However, it is important to
note that the data from this study are difficult to interpret, as the
frequency of FOXP3� cells was not significantly decreased in the
denileukin diftitox-treated animals, suggesting that denileukin
diftitox may have acted through another mechanism. Notably, the
higher level of immune activation induced by denileukin diftitox
treatment may have increased the numbers of available cellular
targets for HIV infection. In another study, denileukin diftitox
treatment of humanized Rag2�/� gammaC�/� mice infected with
a highly pathogenic HIV isolate reduced levels of productively
infected cells in lymphoid organs. However, these results are dif-
ficult to generalize, as FOXP3� Tregs are preferentially infected
and depleted in this model (39).

Interestingly, in addition to their effect on viral replication,
Tregs may protect the host against immune-mediated damage.
This aspect of Treg biology is not well studied but is suggested by
one study in which Tregs were shown to attenuate HIV-associated
neurodegeneration (51).

CONCLUSION

In recent years, our knowledge of Treg biology during HIV infec-
tion has progressed considerably. Taken together, data from mul-
tiple studies suggest that Tregs act as a double-edged sword during
HIV infection. A Treg-mediated decrease in HIV infection could
play a beneficial role during early HIV infection, when effector
immune cells are not yet activated, suggesting that the Treg anti-
viral effect during acute infection could be beneficial to the host, as
the earliest events in acute infection affect the subsequent viral set
point and predict disease progression (55). During the chronic
phase, Tregs appear to maintain some protective role by limiting
HIV infection; however, the overall “antiviral” effect of Tregs dur-
ing the chronic phase may be offset by their dampening effect on
HIV/SIV-specific CD8 effector cells, as well as their production of
fibrosis-inducing TGF-�1. Further in vivo studies will be needed
to ascertain the role of Tregs during the different phases of infec-
tion, but the paucity of reagents suitable for Treg depletion in vivo
makes these studies difficult to perform. Further studies are also
needed to elucidate Treg origin in the setting of HIV/SIV infec-
tions. Despite the technical difficulties, gaining a better under-
standing of the mechanisms regulating Treg dynamics and their
role during HIV infection remains an important question, as this
knowledge will help in determining whether we can successfully
manipulate Treg function or number to the advantage of the in-
fected host.
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