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Abstract

Tight regulation of immune responses is not only critical for preventing autoimmune dis-

eases but also for preventing immunopathological damage during infections in which over-

active immune responses may be more harmful for the host than the pathogen itself.

Regulatory T cells (Tregs) play a critical role in this regulation, which was discovered using

the Friend retrovirus (FV) mouse model. Subsequent FV studies revealed basic biological

information about Tregs, including their suppressive activity on effector cells as well as the

molecular mechanisms of virus-induced Treg expansion. Treg suppression not only limits

immunopathology but also prevents complete elimination of pathogens contributing to

chronic infections. Therefore, Tregs play a complex role in the pathogenesis of persistent

retroviral infections. New therapeutic concepts to reactivate effector T-cell responses in

chronic viral infections by manipulating Tregs also came from work with the FV model. This

knowledge initiated many studies to characterize the role of Tregs in HIV pathogenesis in

humans, where a complex picture is emerging. On one hand, Tregs suppress HIV-specific

effector T-cell responses and are themselves targets of infection, but on the other hand,

Tregs suppress HIV-induced immune hyperactivation and thus slow the infection of conven-

tional CD4+ T cells and limit immunopathology. In this review, the basic findings from the FV

mouse model are put into perspective with clinical and basic research from HIV studies. In

addition, the few Treg studies performed in the simian immunodeficiency virus (SIV) monkey

model will also be discussed. The review provides a comprehensive picture of the diverse

role of Tregs in different retroviral infections and possible therapeutic approaches to treat

retroviral chronicity and pathogenesis by manipulating Treg responses.

Author summary

Regulatory T cells (Tregs) play a very complex role in retroviral infections, and the balance

of beneficial versus detrimental effects from Tregs can change between the acute and

chronic phase of infection. Therefore, the development of therapeutics to treat chronic

retroviral infections via modulation of Tregs requires detailed information regarding both

the positive and negative contributions of Tregs in a particular phase of a specific infec-

tion. Here, we review the molecular mechanisms that initiate and control Treg responses
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in retroviral infections as well as the target cells that are functionally manipulated by

Tregs. Basic findings from the Friend retrovirus mouse model that initiated this area of

research are put into perspective with clinical and basic research from HIV studies. The

targeted manipulation of Treg responses holds a bright future for enhancing immune

responses to infections, vaccine responses, and for cure or functional cure of chronic ret-

roviral infections.

Regulatory T-cell responses in retroviral infections

Seminal experiments in 1995 proved the existence of a subset of T cells termed regulatory T

cells (Tregs), with immunosuppressive properties critical for the control of autoimmune dis-

eases [1]. Tregs have been demonstrated to suppress both the proliferation and function of

effector T-cell subsets. They express the forkhead box protein 3 (Foxp3) transcriptional factor,

which is the master regulator of the suppressive program (reviewed in [2]). In addition, Tregs

generally express CD25, the high-affinity receptor for interleukin 2 (IL-2), which is essential

for their development and maintenance [3–5]. Tregs have been subdivided into many subsets,

but we will primarily discuss the two main subpopulations of Tregs, thymic Tregs (tTregs; pre-

viously called natural Tregs) [6], and peripherally derived Tregs (pTregs; previously called

induced Tregs). tTregs arise as Foxp3+ Tregs directly from the thymus, are generally specific

for self-antigens, require continuous antigenic stimulation for survival, and act to preserve

self-tolerance [1, 7–9]. pTregs are converted to Foxp3-expressing Tregs from conventional

CD4+ T cells in the periphery [10, 11] and thus are likely to be specific for a foreign antigen.

In addition to suppression of autoimmune reactivity, Tregs have also been shown to play an

important role in immune evasion by cancer cells [12–14]. Therefore, the removal or blockage

of Tregs is currently under investigation as a tumor therapy [14]. In 2001, experiments in mice

infected with the mouse retrovirus Friend virus (FV) demonstrated for the first time that Tregs

were also involved in infectious diseases [15], a finding that seemed paradoxical at the time.

Subsequent studies demonstrated that Tregs were part of the normal immune response to

pathogenic challenges with a number of various pathogens, including viruses, bacteria, and

parasites (reviewed in [11, 16–18]). Such Treg responses are essential control mechanisms that

appear to have evolved to prevent pathological damage from overly exuberant immune

responses. The immunosuppressive activity of Tregs during infections both slows and damp-

ens adaptive immune responses. For example, depletion of Tregs during acute FV infection

doubles the number of virus-specific CD8+ T cells at the peak of infection and reduces viral

loads by more than 10-fold [19]. Therefore, there is a trade-off between rapid and complete

control of infection on one hand and minimizing inflammatory tissue damage on the other.

An adverse consequence of Treg activity, especially suppression of the CD8+ T cell response, is

the establishment and maintenance of chronic infection, as demonstrated in the FV model

and suggested in HIV infection.

Kinetic studies in the FV model indicated that Tregs become activated and significantly

expanded between one and two weeks post-infection (wpi) [20]. Interestingly, the expansion

of CD4+ Tregs during FV infection is compartmentalized in tissues with high viral replication

[21]. In those tissues (spleen, lymph nodes [LN], and blood), activated Tregs remain at high

frequencies throughout the course of chronic FV infection, correlating with the presence of

dysfunctional virus-specific CD8+ T cells [22]. In contrast, mouse livers contain relatively few

Tregs with significantly greater proportions of functional CD8+ T cells and 10-fold less chronic

infection [22].
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The effect of HIV infection on the frequency of Tregs has been extensively studied. Human

Tregs are usually defined as CD3+/CD4+/CD25hi/CD127lo/Foxp3+ T cells. In chronic, progres-

sive HIV or simian immunodeficiency virus (SIV) infections, CD4+ Tregs are more frequent

in the LN and gut-associated lymphoid tissue (GALT), where these viruses replicate most effi-

ciently. Treg frequency correlates with viral loads and disease progression in HIV-infected

individuals [23–26]. Treg increases occur early during the course of infection, as shown in the

SIV monkey model [27]. Moreover, Tregs are activated during chronic HIV infection, with

higher expression of molecules associated with activation, such as CD39 or cytotoxic T lym-

phocyte–associated protein 4 (CTLA-4) [23, 28, 29]. However, in contrast to FV infection, it

should be noted that the overall number of Tregs decreases during chronic HIV infection,

although Tregs remain selectively spared compared with other CD4 subsets [23, 29]. Highly

active antiretroviral therapy (HAART) only partially abolishes the effect of HIV infection on

abnormal Treg frequency and phenotypic characteristics [23, 29–31]. The effect of HIV infec-

tion on a subset of Tregs, the follicular regulatory T cells (Tfr), remains uncertain. These cells

were first described in 2011 and control germinal center responses [32, 33]. Both human and

murine Tfr display a unique transcriptional pattern overlapping that of both follicular T helper

cells (Tfh) and Treg, notably coexpressing B cell lymphoma 6 protein (Bcl-6), Foxp3, and B

lymphocyte–induced maturation protein 1 (Blimp-1). These C-X-C chemokine receptor 5

positive (CXCR5+) Tfr regulate the magnitude and character of the antibody (Ab) response by

limiting the size of the Tfh compartment, inhibiting the selection of germinal center B cells, or

both. Due to the high interest in the mechanisms regulating the development of broadly neu-

tralizing Ab to HIV (reviewed in [34]), the function and homeostasis of these cells during HIV

and/or SIV infection have been studied by several groups, but the data reported thus far are

contradictory. Indeed, the frequency of LN or splenic Tfr was described in chronically SIV-

infected rhesus macaques as decreased [35], unchanged [36], or increased [37] and as

increased in HIV-infected individuals [38].

Mechanisms of Treg expansion and/or accrual during retroviral

infection

A critical issue in the study of Tregs is determining the mechanisms by which they become

activated and expand during retroviral infections. Defining the molecular mechanisms of

virus-induced Treg expansion might pave the way toward developing therapeutics to limit

immunosuppressive Treg responses during infection. Such therapeutics might also be used to

eliminate persistent infections. Conversely, the knowledge of how viruses induce Treg expan-

sion could be used to therapeutically induce Tregs to treat autoimmune diseases or immuno-

pathogenic responses.

Virus-induced Treg expansion

Because Tregs express a normal T-cell receptor (TCR), it was originally thought that they might

simply recognize and respond to viral antigens. That hypothesis, however, could not explain

how or why the immune system would recognize one antigen as stimulatory and another as

suppressive. In contrast with the theory of pathogen-specific recognition by Tregs, we were

unable to demonstrate their presence in FV-infected mice despite many attempts using major

histocompatibility complex (MHC) class II tetramers and TCR transgenic FV-specific CD4+ T

cells [39, 40]. In fact, FV-specific TCRs are specifically excluded from the Treg repertoire in

mice [39, 40]. Instead, FV-induced Tregs display a very broad distribution of TCR variable β
(Vß) chain usage, suggesting that they recognize a wide variety of different self-antigens [39].

This is not too surprising because tTregs are generally specific for self-antigens, require
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continuous antigenic stimulation for survival, and act to preserve self-tolerance [1, 7–9]. There-

fore, tTregs are quite different from conventional CD4+ T cells, which circulate and survive in a

naïve state without TCR stimulation. tTregs are distinct from pTregs, which are converted to

Foxp3-expressing Tregs from conventional CD4+ T cells in the periphery and may be virus spe-

cific [10, 11]. Virus-specific Tregs have been described in a few human infections, including

HIV and hepatitis C virus (HCV), but they appear to be so infrequent in those infections that

their biological relevance is questionable [41–44]. A side-by-side comparison of the TCR reper-

toires of Tregs versus conventional CD4+ T cells in HIV-infected individuals has not been done,

although the analysis of purified Tregs from HIV-infected patients showed an overrepresenta-

tion of some Vα and Vβ families when compared to the Treg repertoire in uninfected individu-

als [45]. However, such overrepresentation does not appear to be Treg specific because it was

also reported in unfractionated CD4+ T cells from HIV-infected individuals [46].

Mechanisms of virus-induced Treg expansion

Two distinct mechanisms of Treg expansion have been defined in the FV model, one IL-

2-dependent (Fig 1) and the other IL-2-independent (Fig 2). Tregs express high levels of the

Fig 1. IL-2-dependent expansion of Tregs during FV infection. Depicted in brown are Treg activation events dependent on FV infection. No direct interactions

between viral antigens and Tregs are required. Depicted in gray are required homeostatic signaling events for FV-induced Treg expansion. Homeostatic signaling

levels are sufficient although FV infections may up-regulate expression of some membrane receptors. APC, antigen-presenting cell; FV, Friend virus; GITR,

glucocorticoid-induced TNF receptor-related protein; GITRL, GITR ligand; IL-2, interleukin 2; TCR, T-cell receptor; TNFα, tumor necrosis factor α; Treg,

regulatory T cell.

https://doi.org/10.1371/journal.ppat.1006776.g001
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IL-2 receptor (CD25), IL-2 is an essential differentiation factor for Tregs [47], and it is gener-

ally required for Treg function [3–5]. Therefore, it is not surprising that IL-2 is a required sec-

ondary signal involved in the expansion of most FV-induced Tregs [39]. In FV infections, IL-2

is predominantly produced by FV-specific effector CD4+ helper T cells responding to the

infection [40]. It was recently shown that this IL-2-dependent Treg expansion is also depen-

dent on interactions with B cells [48]. B cell–dependent Treg signaling occurrs via tumor

necrosis factor (TNF) receptor superfamily member 18 (glucocorticoid-induced TNF recep-

tor-related protein [GITR]) ligation with GITR ligand (GITRL) on B cells [48]. Of note,

GITR–GITRL interactions are also required to control autoimmunity through regulation of

Treg homeostasis [49]. The expanded Tregs in FV infection are tTregs as defined by their

expression of the markers Foxp3, CD25, HELIOS, and Neuropilin 1 [39], as well as the fact

that responding Tregs arise from preexisting tTreg populations and no conversion of conven-

tional T cells into Tregs occurs [39].

A second mechanism of Treg induction, which is self-antigen specific but IL-2-indepen-

dent, accounts for about 10% of the Treg expansion during FV infection (Fig 2) [39, 50]. Anal-

yses of TCR Vß chain usage showed that a subpopulation of Tregs expressing the Vß5 chain of

Fig 2. IL-2-independent expansion of Tregs during FV infection. Depicted in brown are Treg activation events dependent on FV infection. No direct interactions

between exogenous viral antigens and Tregs are required. Depicted in gray are required homeostatic signaling events for FV-induced Treg expansion. FV infection

indirectly up-regulates expression of TNFR2. FV, Friend virus; IL-2, interleukin 2; mb, membrane bound; Sag, superantigen; TNFR2, tumor necrosis factor receptor

2; Treg, regulatory T cell; Vβ5, T-cell receptor variable β chain 5.

https://doi.org/10.1371/journal.ppat.1006776.g002
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the TCR expanded disproportionately after FV infection [39]. This Treg subpopulation is spe-

cific for an endogenous retroviral superantigen (Sag) encoded by the mouse mammary tumor

virus 9 (MMTV9). MMTV9 Sag binds to all CD4+ T cells expressing Vß5 chains and delivers a

potent primary TCR signal that causes deletion of conventional CD4+ T cells during thymic

selection in order to prevent autoreactivity [51, 52]. However, tolerogenic Foxp3+ Tregs are

not deleted [53], and Sag stimulation results in the up-regulation of TNF receptor 2 (TNFR2)

on the cell surface of Vß5+ Tregs in the periphery [50]. If TNFR2 on these Tregs binds the

membrane-bound form of TNFα [50], it provides signal 2 for Treg activation. Interestingly,

the membrane-bound form of TNFα is transiently up-regulated on recently activated effector

CD8+ T cells, which in the case of FV infection are FV-specific CD8+ T cells [50]. Therefore, it

is the effector CD8+ T cells, which eventually become the targets of Treg-mediated suppres-

sion, that provide the second signal for the activation and proliferation of Vß5+ Tregs. Appar-

ently, the combination of a potent Sag signal combined with TNFR2 signaling is strong

enough to negate the normal requirement for IL-2. This IL-2-independent mechanism does

not appear restricted to FV infection because the Vß5 subset of Tregs also disproportionately

expands in mice persistently infected with lymphocytic choriomeningitis virus (LCMV) [54].

Treg subpopulations in humans also express TNFR2 [55–57], but it remains to be determined

whether Tregs that are specific for endogenous retroviral antigens also exist in humans. Along

this line, it is interesting that human endogenous retroviral (HERV)-specific conventional T

cells expand in HIV-infected individuals [58].

Mechanisms promoting the expansion of Tregs during HIV infection are not clearly under-

stood, but it appears to be more a relative sparing than a real expansion, i.e., fewer CD4+ Tregs

are killed by HIV than conventional CD4+ T cells. The field has not yet come up with a satis-

factory explanation of why absolute numbers of Tregs decrease even though, based on all the

mechanisms studied so far, an expansion would be expected. First, ex vivo and in vitro studies

suggest that the proportion of pTregs may increase during HIV infection. One potential mech-

anism for this enhanced conversion is that HIV or SIV infection induces semimature dendritic

cells (both myeloid and plasmacytoid DCs) that have been shown to enhance Treg differentia-

tion from conventional CD4+ T cells [59, 60]. In vitro culture with myeloid DCs from HIV-

infected individuals also promotes Treg expansion [61]. Virus-infected DCs are also involved

in Treg expansion in FV infection, although there is no conversion of conventional T cells into

pTregs [62]. Second, Treg proliferation appears augmented during chronic HIV infection, as

Tregs from chronically infected patients express higher levels of Ki-67 than those from unin-

fected individuals [29, 63]. Finally, Tregs also seem less prone to HIV-induced apoptosis [26,

64, 65], which is consistent with the fact that Tregs express lower levels of proapoptotic mole-

cules than their conventional CD4+ T-cell counterparts in the gut of SIV-infected rhesus

macaques [66]. However, all these ideas are based on ex vivo or in vitro studies because the

tools to ascertain whether these pathways are operational in vivo are lacking in humans and

nonhuman primates.

Targets of Treg suppression during retrovirus infection

CD8+ T-cell targets

CD8+ T cells are extremely potent effector cells that not only secrete potent inflammatory cyto-

kines but also kill infected cells through the release of cytotoxic granules, including perforin

and granzymes. Therefore, they have the potential to cause significant collateral damage dur-

ing a host immune response and were the first antiviral cells recognized as targets for Treg-

mediated suppression [15, 67]. Studies using adoptively transferred TCR-transgenic, FV-spe-

cific CD8+ T cells [67], as well as studies in which mice could be selectively depleted of Tregs
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[19, 21], indicated that Tregs begin to suppress CD8+ T-cell proliferation and effector func-

tions during the late phase of acute FV infection [21]. Tregs mainly affect the exocytosis path-

way of CD8+ T-cell killing rather than the first apoptosis signal receptor (Fas; or CD95)/Fas

ligand (FasL) pathway [68]. Treg-mediated suppression is maintained during chronic FV

infection and contributes to the exhausted phenotype of CD8+ T cells [69]. Therefore, selective

depletion of Tregs during chronic FV infection reactivates residual FV-specific CD8+ T cells to

secrete multiple cytokines, produce cytotoxic granules, and develop in vivo cytotoxicity result-

ing in significantly reduced chronic viral set points [69]. Interestingly, the chronic exhaustion

of FV-specific CD8+ T cells is also influenced by the expression of inhibitory receptors [70,

71], a separate immune checkpoint mechanism that can act independently of Treg responses

[70, 71]. Importantly, the suppressive activity of FV-induced Tregs on CD8+ T cells is not anti-

gen specific. After becoming activated and expanded during FV infection, Tregs can suppress

ovalbumin-specific CD8+ T cells or mixed lymphocyte reactions in vitro [15, 72], and they also

impair mouse CMV-specific T-cell responses in vivo [73].

There is substantial experimental evidence that both Tregs and inhibitory receptor expres-

sion play key roles in T-cell exhaustion and immune dysfunction during chronic HIV and SIV

infections [70, 74–76]. Early in vitro studies using Tregs from HIV-1+ patient samples showed

that both HIV- and CMV-specific CD8+ T-cell responses were suppressed [77–79]. Impor-

tantly, in vivo studies have also illustrated Treg effects on CD8+ T cells. For example, studies

done by the Apetrei-Pandrea group used the human IL-2/diphtheria toxin fusion protein

(Ontak) to deplete Tregs in SIV-infected controller macaques [80]. Following this treatment

(leading to a>75% loss in Treg proportion), major CD4+ T-cell activation occurred, leading

to the reactivation of latent SIV. However, Treg depletion also significantly boosted SIV-spe-

cific CD8+ T-cell frequencies, resulting in the rapid clearance of reactivated virus. These data

demonstrate the complex in vivo role of Tregs in controlling SIV-specific immune responses.

These results also support the concept that the early emergence and persistent accrual of Tregs

in LN during pathogenic SIV and/or HIV infection likely impairs the protective antiviral

CD8+ T-cell response, as suggested by previous associative studies (Fig 3) [26, 27, 81]. Also of

interest in this context is the fact that CD8+ T cells restricted by the human leukocyte antigen

(HLA) allele groups associated with delayed HIV disease progression (notably HLA-B�27 and

HLA-B�57) were not suppressed ex vivo by Tregs [82]. This resistance to suppression implies

that Treg accrual plays a role in HIV-1 disease progression by hampering CD8+ T-cell

responses. As described in FV infection, Treg functions are not virus specific in HIV infection

because they also control CD8+ T-cell responses against other viruses, such as CMV [31, 83].

Therefore, their increased frequency likely contributes to the development of AIDS-associated

infections in untreated patients. Accordingly, a higher percentage of circulating CD4+/

FOXP3+ Tregs was shown to be predictive of CMV end-organ disease [84].

CD4+ T-cell targets

Effector CD4+ T cells, responsible for providing help for effector B and T-cell responses and

the development of immunological memory, are also targeted by Tregs in the FV model. Tregs

can suppress the proliferation and cytokine production by type I helper T cells during FV

infection [85]. In addition, they also control the cytotoxicity of virus-specific CD4+ T cells dur-

ing acute FV infection but only in circumstances in which CD8+ T cells are absent. If cytotoxic

CD8+ T cells are present, Treg depletion does not result in a substantial induction of CD4+ T-

cell cytotoxicity [86]. However, in acutely FV-infected mice lacking both CD8+ T cells and

Tregs, a massive expansion of cytotoxic CD4+ T cells occurs. These CD4+ T cells can kill FV

antigen-labeled targets in an MHC class II–dependent exocytosis process. Such CD4+ T cell–
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mediated cytotoxicity appears to be a mechanism to compensate for the lack of CD8 function-

ality in chronically FV-infected mice [87]. In chronic FV infections in which CD8+ T cells are

dysfunctional, cytotoxic CD4+ T cells take over and kill virus-infected targets in a Fas/FasL-

mediated pathway [88].

During HIV/SIV infection, Tregs decrease CD4 functionality, inhibiting both HIV-specific

and polyclonal responses (reviewed in [89–91]). However, the role of Tregs is complex (Fig 3)

because low Treg frequency during HIV infection is associated with increased immune activa-

tion [92–94], and such activation facilitates HIV infection of target cells. Therefore, Tregs also

limit virus spread. This has been shown by in vivo Treg depletion of SIV-infected controller

macaques as mentioned above [80] and also in the nonpathogenic model of SIV infection in

African Green Monkeys [95]. It has also been shown in vitro that Tregs limit the HIV infection

of activated conventional CD4+ T cells [96], macrophages [97], and DCs [98].

Tfr, which suppress Tfh necessary for B cell help in germinal centers [99] and subsequent

Ab responses [100, 101], have been the subject of several recent studies [34, 102, 103]. Tfr nor-

mally differentiate from tTregs rather than conventional antigen-specific T cells [104],

although exceptions have been observed [105]. The frequency of Tfr in LN is inversely corre-

lated with the frequency of Tfh and germinal center B cells in LN [35, 36], and also with the

avidity of plasma Abs recognizing SIV envelope proteins [35]. Ex vivo HIV infection of human

Tfr increased their expression of molecules associated with regulatory activity, namely CTLA-

Fig 3. Duality of Treg effects in retroviral infections. Deterimental effects are depicted in brown, and beneficial effects are depicted in gray.

Arrows indicate effects, while blocked lines indicate blocked activities. FV, Friend virus; LP-BM5, murine retrovirus LP-BM5; SIV, simian

immunodeficiency virus; Treg, regulatory T cell.

https://doi.org/10.1371/journal.ppat.1006776.g003
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4, lymphocycte activation gene 3 (LAG-3), GITR, and galectin-3, and also enhanced produc-

tion of IL-10 and transforming gowth factor β (TGF-β). Consequently, these infected Tfr are

very efficient at inhibiting Tfh proliferation and Tfh production of cytokines for B cell help

[37]. Similarly, transcriptional analysis of LN Tfr after SIV infection revealed a profile of

increased activation [36]. In the same line, HIV-1-infected individuals with broadly neutraliz-

ing Abs had a lower frequency of Tregs and a higher frequency of circulating memory Tfh

compared with those who did not develop such Abs [106]. This increased response was not

specific for HIV antigens because the individuals with broadly neutralizing Abs also had a

higher frequency of auto-Abs [106].

Natural killer cell targets

Natural killer (NK) cells are important innate lymphoctyes that produce proinflammatory

cytokines and can kill tumor cells and infected cells following their activation. It has been

shown that Tregs indirectly regulate NK cell maturation by restraining IL-2 availability [107].

Therefore, Tregs can regulate the ability of NK cells to react to missing self-antigens on target

cells, essentially acting as an IL-2 sink [108]. In a related manner, Tregs regulate NK responses

during FV infection. Normally, NK cell responses to acute FV infection are rather weak, and

NK cells contribute only marginally to virus control [109]. However, a large part of this impo-

tence is because FV-induced Tregs suppress NK cell proliferation, maturation, and effector

cell differentiation during the acute phase of FV infection [110]. Because Tregs express high

levels of the high-affinity IL-2 receptor CD25 while NK cells only express the low-affinity IL-2

receptor CD122, Tregs can outcompete NK cells for IL-2 consumption. This lack of IL-2 avail-

ability reduces the activation and differentiation of NK cells in FV-infected mice. When Tregs

are depleted or IL-2 is experimentally directed to the CD122 receptor of NK cells, full activa-

tion of NK cells and significant anti-FV activity are observed. These results indicate that tar-

geted immunotherapy can abrogate the suppression of NK cells by Tregs and enhance virus

control. To date, nothing has been published about the influence of Tregs on NK cell responses

in HIV-infected humans.

Antigen-presenting cell targets

Tregs also mediate their suppressive action by acting directly on antigen-presenting cells, such

as DCs, decreasing DC maturation and subsequently T-cell activation [111]. The formation of

Treg–DC conjugates in vivo and in vitro also suggests that DCs may be primary targets of

Treg suppression [111–115]. Because DCs facilitate HIV dissemination to the lymphoid organs

by enabling HIV infection of CD4+ T cells [116, 117], we analyzed how Tregs affect viral trans-

mission from DC to effector T cells. In an in vitro model, Tregs significantly decreased HIV

transmission from DC to T cells, notably impairing actin polymerization and the trafficking of

HIV viral particles to the immunological synapse [98].

Myeloid-derived suppressor cells

Using mice infected with the immunodeficiency-inducing retroviral complex known as

LP-BM5, the Green lab demonstrated an increased proportion of both IL-10-producing Tregs

and immunosuppressive myeloid-derived suppressor cells (MDSCs) [118]. In adoptive trans-

fer experiments, it was further shown that these two different immunosuppressive cell subsets

reciprocally modulated each other’s function. MDSCs modulated IL-10 production by Tregs,

and in the absence of Tregs, MDSC suppression of T cells was increased.
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Effect of HIV infection on Treg functionality

Because Tregs are themselves susceptible to HIV infection (Fig 3) [119], one question that has

been addressed by several groups is whether their functionality, on a per cell basis, was altered

by HIV infection. Of note, bulk Tregs isolated from chronic HIV-1 progressors are as func-

tional as those from uninfected individuals or HIV controllers [94, 120, 121]. However, bind-

ing of inactivated HIV or HIV glycoprotein 120 (gp120) to CD4 on Tregs enhanced not only

their survival but also their suppressor activities [26, 64, 65]. In contrast, one study reported

that productively infected Tregs were less functional on a per cell basis than uninfected, but

HIV-exposed, Tregs [122]. Therefore, there may be a different effect from productive infection

compared to exposure to defective HIV particles circulating during HIV infection.

Mechanisms of suppression

Knowledge about the molecular mechanisms underlying Treg-mediated suppression of retro-

virus-specific T-cell responses is limited. In FV infection, suppression occurs in a direct cell-

to-cell contact–dependent manner independently of the presence of antigen-presenting cells

[72]. Immunosuppressive cytokines such as IL-10 and TGF-β secreted by CD4+ Tregs did not

contribute to Treg-mediated immunosuppression in either in vitro or in vivo experiments [67,

72]. Furthermore, Tregs that respond to FV infection do not secrete granzymes, excluding

granzyme-mediated killing of effector T cells [123]. This is in line with findings that Tregs

inhibit effector T-cell proliferation and function [21] but do not induce apoptosis in T cells

during FV infection. The exact mechanism of suppression by Tregs in FV-infected mice is still

under investigation. Tregs have been reported to control T-cell activation and proliferation via

a contact-dependent mechanism involving cyclic andenosine monophosphate (cAMP) [124],

a mechanism that might also be operative during FV infection.

During HIV infection, CTLA-4 (CD152), CD39, and cAMP have been intensively studied

as mechanisms of suppression. CTLA-4 coinhibitory molecules are expressed by Tregs from

HIV-infected individuals at higher levels than in uninfected individuals [23]. CTLA-4 block-

ade early during SIV infection of rhesus macaques led to an increase in T-cell activation and

viral replication [125]. However, interpretation of these data must be cautious because the

Treg role was not specifically addressed in this study. Moreover, Kaufmann et al. showed that

Tregs did not play a major part in the in vitro CTLA-4-mediated inhibition of HIV-specific

responses because CTLA-4 blockade was still operative in the absence of Tregs and most HIV-

specific CTLA-4+/CD4+ T cells were not Tregs [126].

The proportion of CD39+ Tregs also increases during chronic HIV infection [23, 28, 29],

and in vitro blockade of CD39 reverses Treg suppression of HIV-specific CD8+ T cells [28].

This suppressive mechanism may be particularly important in vivo because both CD4+ and

CD8+ T cells from chronically HIV-infected individuals express high levels of the adenosine

A2A receptor CD39 [28, 127]. Importantly, a CD39 gene polymorphism leading to low CD39

expression is associated with a slower progression to AIDS [28]. However, this association can-

not be solely ascribed to CD39+ Tregs because type 1 regulatory T cells (Tr1) or CD8+ regula-

tory cells also express CD39, and both cell types are frequent in HIV-infected individuals [128,

129].

As mentioned above, cAMP also participates in Treg suppression. Upon stimulation with

HIV gp120, human Tregs were shown to accumulate cAMP in their cytosol. Furthermore, the

tolerizing effect of HIV gp120 in a xenogeneic graft-versus-host disease model was strictly

dependent on the induction of cAMP in human Tregs [64]. In agreement with this hypothesis,

Tregs from HIV-1-infected individuals express high levels of intracellular cAMP [127]. We

also showed that Treg cAMP was important to control HIV replication in activated effector T
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cells because suppression was abolished by chemically decreased cAMP levels in Tregs. A simi-

lar effect was found in DCs [98]. Blocking gap junction formation between Tregs and effector

T cells and inhibiting protein kinase A in effector T cells also abolished Treg suppression, indi-

cating a requirement for cell-to-cell contact [96].

Treg immunotherapy in lentiviral infections: The pros and cons

Because Tregs can blunt effector immune responses during retroviral infections, it is important

to determine whether Treg responses can be manipulated in vivo to overcome suppression and

induce immunity. Several approaches have been studied in the FV model. As mentioned earlier,

Tregs express GITR, and treatment of mice during acute FV infection using blocking anti-

GITR Ab significantly increased virus-specific CD4+ and CD8+ T-cell numbers and function,

reduced pathology, and produced long-term increases in CD8+ T-cell functionality [130]. A

caveat to this study is that all of the effects could not be attributed to Tregs but might also have

been direct activation of the CD8+ T cells. In another study, it was shown that CD8+ T cells

could be rendered resistant to Treg-mediated immunosuppression by stimulating them with an

agonistic Ab specific for the CD137 (4-1BB) costimulatory molecule [131]. Interestingly, this

CD137 agonistic Ab could also be used to reprogram Tregs to become cytotoxic CD4+ T cells

with antitumor activity [132]. In those studies, the reprogrammed cells expressed the T-

box transcriptional factor Eomesodermin and granzyme B without loss of Foxp3 expression.

Treg responses have also been successfully manipulated to enhance the efficacy of therapeu-

tic vaccines during chronic FV infection. Therapeutic vaccination of chronically FV-infected

mice with functionalized calcium phosphate (CaP) nanoparticles temporarily reactivated cyto-

toxic CD8+ T cells and significantly reduced viral loads [133]. Transient ablation of Tregs dur-

ing this nanoparticle-based vaccination strongly enhanced antiviral immunity and further

decreased chronic viral set points [134]. In the context of HIV infection, Tregs also seem detri-

mental to the efficacy of therapeutic vaccines [135, 136], suggesting that adding a Treg blocker

along with the vaccine might lead to higher clinical benefit although, to our knowledge, this

strategy has not yet been tested.

During HIV infection, another exciting prospect is that Treg manipulation could be used to

purge the HIV reservoir. In the last 15 years, it has become evident that even the most highly

efficient antiretroviral therapy will not cure HIV, due to the persistence of integrated, replica-

tion-competent proviruses within host cellular DNA (rev. in [137]). Therefore, developing

“shock and kill” strategies has emerged as a priority in the field of HIV research. The underly-

ing concept of these strategies is that if it were possible to induce viral expression from the

latent reservoir, then it might be feasible to trigger immune-mediated clearance of the infected

cells through CTLs, NK cells, or immunotoxins. However, a critical limitation of these strate-

gies is that effective and safe latency reversing agents have not yet been identified, and exhaus-

tion of the HIV- and/or SIV-specific CTLs hampers their capacity to properly eliminate

reactivated virus (rev. in [137]). In this context, manipulation of Treg numbers and/or func-

tions could be advantageous, based on the results of Treg depletion in simian models. Indeed,

as mentioned above, transiently decreasing Treg numbers by Ontak treatment led to both

reactivation of latent HIV and boosted SIV-specific CD8+ T-cell frequencies in virally sup-

pressed rhesus macaques. The result was rapid clearance of the reactivated virus [80], thus

achieving both goals of the “shock and kill” approach at the same time. This treatment was

safe, without signs of untoward autoimmune disease ([80] and 2017 discussion between Drs

Apetrei, Pandrea, and Chougnet). Transient Treg ablation might be more efficacious in this

context than the manipulation of Treg function because Tregs themselves have been suggested

to be a reservoir for latent HIV [138, 139], although that has not been confirmed by all studies
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[140]. Of note, in an HIV-infected patient being treated for melanoma with Ipilimumab, an

anti-CTLA-4 Ab known to effect Tregs, transient decreases in HIV-1 RNA were detected fol-

lowing infusions of the Ab [141].

Besides HIV, Treg-mediated suppression of antiviral effector cells is a matter of concern in

other chronic virus infections such as HCV, hepatitis B virus (HBV), human papillomavirus

(HPV), and Epstein-Barr virus (EBV) [74] and limits responses to therapeutic vaccines in

patients infected by these chronic viruses. Notably, patients with large lesions due to HPV-

induced vulvar intraepithelial neoplasia also had high frequencies of HPV-specific CD4+/

CD25+/Foxp3+ T cells and displayed a lower HPV-specific interferon γ (IFNγ)/IL-10 ratio

after therapeutic vaccination [142]. Therefore, therapeutic manipulation of Tregs to reactivate

or enhance virus-specific immunity and subsequently reduce chronic infection levels could

have widespread clinical applications.

In considering therapeutic manipulation of Tregs, the Janus nature of Tregs during HIV

infection should not be forgotten. Tregs limit generalized immune activation during HIV

infection [92–94], and in the era of suppressive HAART, persistence of immune activation is

highly associated with the noninfectious causes of HIV-driven increased mortality (rev. in

[143] and [144]). Relevant to this concept, low Treg frequency in HIV elite controllers is

strongly associated not only with immune activation but also with accelerated atherosclerosis

and other morbidities linked to inflammation [145, 146]. Therefore, depletion or ablation of

Treg function to boost immune responses or purge the reservoir may end up producing delete-

rious consequences. In this context, increasing Treg frequency could be beneficial to HIV

patients because Tregs limit atherosclerosis (rev. in [147, 148]). The ongoing statin clinical tri-

als in HAART-treated patients will be informative in this context. Statins are given to

HAART-treated patients, including normolipidemic patients (REPRIEVE Phase IV clinical

trial), with the goal of decreasing HIV-associated cardiovascular risk. Importantly, we and oth-

ers have shown that statin treatment increases Treg frequency [149, 150], which likely contrib-

utes to their pleiotropic anti-inflammatory properties. Analysis of Treg dynamics in statin-

treated HIV-infected patients, in relation to immune activation and clinical outcome, may

provide important information about the exact role of Tregs in HIV infection.

Conclusions

Given the complex roles that Tregs play in retroviral and other infectious diseases, the success-

ful application of therapeutics to treat infectious diseases via modulation of Tregs will obvi-

ously require extremely detailed information regarding both the positive and negative

contributions of Tregs in a particular infection. We now know that the balance of beneficial

versus detrimental effects from Tregs can change during the course of a retroviral infection,

especially between the acute and chronic phase of infection. Therefore, it is important to rec-

ognize not only which infectious agent induced the Treg response but also the phase of the

infection. The discovery of molecular mechanisms that initiate and control Treg responses in

infectious diseases is key to the understanding and manipulation of these complex processes.

For example, the presence of endogenous retroviruses that express specific antigens may

strongly affect individual Treg responses. We also know that virus-induced Tregs alter not

only the response against the virus that initiated the response but also subsequent responses to

other infections. Therefore, the patient’s history of infections can affect the homeostatic level

of Treg-mediated suppression. Numerous other factors that need further study may also play

important roles in Treg responses, including sex, age, underlying medical conditions, drug

use, stress, etc. It is extremely important that further investigations continue to delineate the

important factors influencing the impact of Tregs on both pathology and antiviral immunity
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in retroviral infections so that personalized medicine can be developed. Discovery of the spe-

cific mechanisms that Tregs use for immunosuppression may even allow differential blockade

of detrimental functions while maintaining beneficial functions. The targeted manipulation of

Treg responses holds a bright future for treating not only autoimmune diseases but also in

enhancing vaccine responses, immune responses to infections, and in eradication of chronic

infections.

References
1. Sakaguchi S, Sakaguchi N, Asano M, Itoh M, Toda M. Immunologic self-tolerance maintained by acti-

vated T cells expressing IL-2 receptor alpha-chains (CD25). Breakdown of a single mechanism of self-

tolerance causes various autoimmune diseases. J Immunol. 1995; 155(3):1151–64. PMID: 7636184

2. Sakaguchi S, Yamaguchi T, Nomura T, Ono M. Regulatory T cells and immune tolerance. Cell. 2008;

133(5):775–87. https://doi.org/10.1016/j.cell.2008.05.009 PMID: 18510923.

3. Furtado GC, Curotto de Lafaille MA, Kutchukhidze N, Lafaille JJ. Interleukin 2 signaling is required for

CD4(+) regulatory T cell function. The Journal of experimental medicine. 2002; 196(6):851–7. Epub

2002/09/18. https://doi.org/10.1084/jem.20020190 PMID: 12235217; PubMed Central PMCID:

PMC2194060.

4. Malek TR, Bayer AL. Tolerance, not immunity, crucially depends on IL-2. Nature reviews Immunology.

2004; 4(9):665–74. https://doi.org/10.1038/nri1435 PMID: 15343366.

5. Chinen T, Kannan AK, Levine AG, Fan X, Klein U, Zheng Y, et al. An essential role for the IL-2 receptor

in Treg cell function. Nature immunology. 2016; 17(11):1322–33. https://doi.org/10.1038/ni.3540

PMID: 27595233; PubMed Central PMCID: PMCPMC5071159.

6. Abbas AK, Benoist C, Bluestone JA, Campbell DJ, Ghosh S, Hori S, et al. Regulatory T cells: recom-

mendations to simplify the nomenclature. Nature immunology. 2013; 14(4):307–8. Epub 2013/03/20.

https://doi.org/10.1038/ni.2554 PMID: 23507634.

7. Levine AG, Arvey A, Jin W, Rudensky AY. Continuous requirement for the TCR in regulatory T cell

function. Nature immunology. 2014; 15(11):1070–8. https://doi.org/10.1038/ni.3004 PMID: 25263123;

PubMed Central PMCID: PMCPMC4205268.

8. Vahl JC, Drees C, Heger K, Heink S, Fischer JC, Nedjic J, et al. Continuous T cell receptor signals

maintain a functional regulatory T cell pool. Immunity. 2014; 41(5):722–36. https://doi.org/10.1016/j.

immuni.2014.10.012 PMID: 25464853.

9. Legoux FP, Lim JB, Cauley AW, Dikiy S, Ertelt J, Mariani TJ, et al. CD4+ T Cell Tolerance to Tissue-

Restricted Self Antigens Is Mediated by Antigen-Specific Regulatory T Cells Rather Than Deletion.

Immunity. 2015; 43(5):896–908. https://doi.org/10.1016/j.immuni.2015.10.011 PMID: 26572061;

PubMed Central PMCID: PMCPMC4654997.

10. Arce-Sillas A, Alvarez-Luquin DD, Tamaya-Dominguez B, Gomez-Fuentes S, Trejo-Garcia A, Melo-

Salas M, et al. Regulatory T Cells: Molecular Actions on Effector Cells in Immune Regulation. J Immu-

nol Res. 2016; 2016:1720827. https://doi.org/10.1155/2016/1720827 PMID: 27298831; PubMed Cen-

tral PMCID: PMCPMC4889823.

11. Maizels RM, Smith KA. Regulatory T cells in infection. Advances in immunology. 2011; 112:73–136.

https://doi.org/10.1016/B978-0-12-387827-4.00003-6 PMID: 22118407.

12. Chaudhary B, Elkord E. Regulatory T Cells in the Tumor Microenvironment and Cancer Progression:

Role and Therapeutic Targeting. Vaccines (Basel). 2016; 4(3). https://doi.org/10.3390/

vaccines4030028 PMID: 27509527; PubMed Central PMCID: PMCPMC5041022.

13. Takeuchi Y, Nishikawa H. Roles of regulatory T cells in cancer immunity. Int Immunol. 2016; 28

(8):401–9. https://doi.org/10.1093/intimm/dxw025 PMID: 27160722; PubMed Central PMCID:

PMCPMC4986235.

14. Tanaka A, Sakaguchi S. Regulatory T cells in cancer immunotherapy. Cell Res. 2017; 27(1):109–18.

https://doi.org/10.1038/cr.2016.151 PMID: 27995907; PubMed Central PMCID: PMCPMC5223231.

15. Iwashiro M, Messer RJ, Peterson KE, Stromnes IM, Sugie T, Hasenkrug KJ. Immunosuppression by

CD4+ regulatory T cells induced by chronic retroviral infection. Proceedings of the National Academy

of Sciences of the United States of America. 2001; 98(16):9226–30. https://doi.org/10.1073/pnas.

151174198 PMID: 11459933; PubMed Central PMCID: PMC55402.

16. Mills KH. Regulatory T cells: friend or foe in immunity to infection? Nat Rev Immunol. 2004; 4(11):841–

55. Epub 2004/11/02. https://doi.org/10.1038/nri1485 PMID: 15516964.

17. Belkaid Y. Regulatory T cells and infection: a dangerous necessity. Nature reviews Immunology.

2007; 7(11):875–88. https://doi.org/10.1038/nri2189 PMID: 17948021.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006776 February 15, 2018 13 / 22

http://www.ncbi.nlm.nih.gov/pubmed/7636184
https://doi.org/10.1016/j.cell.2008.05.009
http://www.ncbi.nlm.nih.gov/pubmed/18510923
https://doi.org/10.1084/jem.20020190
http://www.ncbi.nlm.nih.gov/pubmed/12235217
https://doi.org/10.1038/nri1435
http://www.ncbi.nlm.nih.gov/pubmed/15343366
https://doi.org/10.1038/ni.3540
http://www.ncbi.nlm.nih.gov/pubmed/27595233
https://doi.org/10.1038/ni.2554
http://www.ncbi.nlm.nih.gov/pubmed/23507634
https://doi.org/10.1038/ni.3004
http://www.ncbi.nlm.nih.gov/pubmed/25263123
https://doi.org/10.1016/j.immuni.2014.10.012
https://doi.org/10.1016/j.immuni.2014.10.012
http://www.ncbi.nlm.nih.gov/pubmed/25464853
https://doi.org/10.1016/j.immuni.2015.10.011
http://www.ncbi.nlm.nih.gov/pubmed/26572061
https://doi.org/10.1155/2016/1720827
http://www.ncbi.nlm.nih.gov/pubmed/27298831
https://doi.org/10.1016/B978-0-12-387827-4.00003-6
http://www.ncbi.nlm.nih.gov/pubmed/22118407
https://doi.org/10.3390/vaccines4030028
https://doi.org/10.3390/vaccines4030028
http://www.ncbi.nlm.nih.gov/pubmed/27509527
https://doi.org/10.1093/intimm/dxw025
http://www.ncbi.nlm.nih.gov/pubmed/27160722
https://doi.org/10.1038/cr.2016.151
http://www.ncbi.nlm.nih.gov/pubmed/27995907
https://doi.org/10.1073/pnas.151174198
https://doi.org/10.1073/pnas.151174198
http://www.ncbi.nlm.nih.gov/pubmed/11459933
https://doi.org/10.1038/nri1485
http://www.ncbi.nlm.nih.gov/pubmed/15516964
https://doi.org/10.1038/nri2189
http://www.ncbi.nlm.nih.gov/pubmed/17948021
https://doi.org/10.1371/journal.ppat.1006776


18. Veiga-Parga T, Sehrawat S, Rouse BT. Role of regulatory T cells during virus infection. Immunological

reviews. 2013; 255(1):182–96. Epub 2013/08/21. https://doi.org/10.1111/imr.12085 PMID: 23947355;

PubMed Central PMCID: PMC3748387.

19. Zelinskyy G, Dietze K, Sparwasser T, Dittmer U. Regulatory T cells suppress antiviral immune

responses and increase viral loads during acute infection with a lymphotropic retrovirus. PLoS Pathog.

2009; 5(8):e1000406. Epub 2009/08/29. https://doi.org/10.1371/journal.ppat.1000406 PMID:

19714239; PubMed Central PMCID: PMCPMC2727466.

20. Zelinskyy G, Kraft AR, Schimmer S, Arndt T, Dittmer U. Kinetics of CD8+ effector T cell responses and

induced CD4+ regulatory T cell responses during Friend retrovirus infection. Eur J Immunol. 2006; 36

(10):2658–70. Epub 2006/09/19. https://doi.org/10.1002/eji.200636059 PMID: 16981182.

21. Zelinskyy G, Dietze KK, Husecken YP, Schimmer S, Nair S, Werner T, et al. The regulatory T-cell

response during acute retroviral infection is locally defined and controls the magnitude and duration of

the virus-specific cytotoxic T-cell response. Blood. 2009; 114(15):3199–207. Epub 2009/08/13.

https://doi.org/10.1182/blood-2009-03-208736 PMID: 19671923.

22. Myers L, Messer RJ, Carmody AB, Hasenkrug KJ. Tissue-specific abundance of regulatory T cells cor-

relates with CD8+ T cell dysfunction and chronic retrovirus loads. Journal of immunology. 2009; 183

(3):1636–43. Epub 2009/07/10. doi: jimmunol.0900350 [pii] https://doi.org/10.4049/jimmunol.0900350

PMID: 19587016; PubMed Central PMCID: PMC2775420.

23. Schulze Zur Wiesch J, Thomssen A, Hartjen P, Toth I, Lehmann C, Meyer-Olson D, et al. Comprehen-

sive analysis of frequency and phenotype of T regulatory cells in HIV infection: CD39 expression of

FoxP3+ T regulatory cells correlates with progressive disease. J Virol. 2011; 85(3):1287–97. Epub

2010/11/05. https://doi.org/10.1128/JVI.01758-10 PMID: 21047964; PubMed Central PMCID:

PMCPMC3020516.

24. Andersson J, Boasso A, Nilsson J, Zhang R, Shire NJ, Lindback S, et al. The prevalence of regulatory

T cells in lymphoid tissue is correlated with viral load in HIV-infected patients. Journal of immunology.

2005; 174(6):3143–7. PMID: 15749840.

25. Kinter A, McNally J, Riggin L, Jackson R, Roby G, Fauci AS. Suppression of HIV-specific T cell activity

by lymph node CD25+ regulatory T cells from HIV-infected individuals. Proceedings of the National

Academy of Sciences of the United States of America. 2007; 104(9):3390–5. https://doi.org/10.1073/

pnas.0611423104 PMID: 17360656.

26. Nilsson J, Boasso A, Velilla PA, Zhang R, Vaccari M, Franchini G, et al. HIV-1-driven regulatory T-cell

accumulation in lymphoid tissues is associated with disease progression in HIV/AIDS. Blood. 2006;

108(12):3808–17. Epub 2006/08/12. https://doi.org/10.1182/blood-2006-05-021576 PMID: 16902147;

PubMed Central PMCID: PMCPMC1895475.

27. Estes JD, Li Q, Reynolds MR, Wietgrefe S, Duan L, Schacker T, et al. Premature Induction of an

Immunosuppressive Regulatory T Cell Response during Acute Simian Immunodeficiency Virus Infec-

tion. The Journal of infectious diseases. 2006; 193(5):703–12. https://doi.org/10.1086/500368 PMID:

16453267.

28. Nikolova M, Carriere M, Jenabian MA, Limou S, Younas M, Kok A, et al. CD39/adenosine pathway is

involved in AIDS progression. PLoS Pathog. 2011; 7(7):e1002110. Epub 2011/07/14. https://doi.org/

10.1371/journal.ppat.1002110 PMID: 21750674; PubMed Central PMCID: PMC3131268.

29. Presicce P, Orsborn K, King E, Pratt J, Fichtenbaum CJ, Chougnet CA. Frequency of circulating regu-

latory T cells increases during chronic HIV infection and is largely controlled by highly active antiretro-

viral therapy. PLoS ONE. 2011; 6(12):e28118. Epub 2011/12/14. https://doi.org/10.1371/journal.pone.

0028118 PMID: 22162758; PubMed Central PMCID: PMC3230597.

30. Nobrega C, Horta A, Coutinho-Teixeira V, Martins-Ribeiro A, Baldaia A, Rb-Silva R, et al. Longitudinal

evaluation of regulatory T-cell dynamics on HIV-infected individuals during the first 2 years of therapy.

AIDS. 2016; 30(8):1175–86. Epub 2016/02/27. https://doi.org/10.1097/QAD.0000000000001074

PMID: 26919738; PubMed Central PMCID: PMCPMC4856178.

31. Rueda CM, Velilla PA, Chougnet CA, Rugeles MT. Incomplete normalization of regulatory T-cell fre-

quency in the gut mucosa of Colombian HIV-infected patients receiving long-term antiretroviral treat-

ment. PLoS ONE. 2013; 8(8):e71062. Epub 2013/08/24. https://doi.org/10.1371/journal.pone.

0071062 PMID: 23967152; PubMed Central PMCID: PMCPMC3744540.

32. Campbell DJ, Koch MA. Treg cells: patrolling a dangerous neighborhood. Nat Med. 2011; 17(8):929–

30. Epub 2011/08/06. https://doi.org/10.1038/nm.2433 PMID: 21818088.

33. Papatriantafyllou M. Regulatory T cells: Pursuing a germinal centre career. Nat Rev Immunol. 2011;

11(9):572. Epub 2011/10/06. PMID: 21970029.

34. Borrow P, Moody MA. Immunologic characteristics of HIV-infected individuals who make broadly neu-

tralizing antibodies. Immunological reviews. 2017; 275(1):62–78. https://doi.org/10.1111/imr.12504

PMID: 28133804; PubMed Central PMCID: PMCPMC5299500.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006776 February 15, 2018 14 / 22

https://doi.org/10.1111/imr.12085
http://www.ncbi.nlm.nih.gov/pubmed/23947355
https://doi.org/10.1371/journal.ppat.1000406
http://www.ncbi.nlm.nih.gov/pubmed/19714239
https://doi.org/10.1002/eji.200636059
http://www.ncbi.nlm.nih.gov/pubmed/16981182
https://doi.org/10.1182/blood-2009-03-208736
http://www.ncbi.nlm.nih.gov/pubmed/19671923
https://doi.org/10.4049/jimmunol.0900350
http://www.ncbi.nlm.nih.gov/pubmed/19587016
https://doi.org/10.1128/JVI.01758-10
http://www.ncbi.nlm.nih.gov/pubmed/21047964
http://www.ncbi.nlm.nih.gov/pubmed/15749840
https://doi.org/10.1073/pnas.0611423104
https://doi.org/10.1073/pnas.0611423104
http://www.ncbi.nlm.nih.gov/pubmed/17360656
https://doi.org/10.1182/blood-2006-05-021576
http://www.ncbi.nlm.nih.gov/pubmed/16902147
https://doi.org/10.1086/500368
http://www.ncbi.nlm.nih.gov/pubmed/16453267
https://doi.org/10.1371/journal.ppat.1002110
https://doi.org/10.1371/journal.ppat.1002110
http://www.ncbi.nlm.nih.gov/pubmed/21750674
https://doi.org/10.1371/journal.pone.0028118
https://doi.org/10.1371/journal.pone.0028118
http://www.ncbi.nlm.nih.gov/pubmed/22162758
https://doi.org/10.1097/QAD.0000000000001074
http://www.ncbi.nlm.nih.gov/pubmed/26919738
https://doi.org/10.1371/journal.pone.0071062
https://doi.org/10.1371/journal.pone.0071062
http://www.ncbi.nlm.nih.gov/pubmed/23967152
https://doi.org/10.1038/nm.2433
http://www.ncbi.nlm.nih.gov/pubmed/21818088
http://www.ncbi.nlm.nih.gov/pubmed/21970029
https://doi.org/10.1111/imr.12504
http://www.ncbi.nlm.nih.gov/pubmed/28133804
https://doi.org/10.1371/journal.ppat.1006776


35. Blackburn MJ, Zhong-Min M, Caccuri F, McKinnon K, Schifanella L, Guan Y, et al. Regulatory and

Helper Follicular T Cells and Antibody Avidity to Simian Immunodeficiency Virus Glycoprotein 120. J

Immunol. 2015; 195(7):3227–36. Epub 2015/08/25. https://doi.org/10.4049/jimmunol.1402699 PMID:

26297759; PubMed Central PMCID: PMCPMC4575875.

36. Chowdhury A, Del Rio Estrada PM, Tharp GK, Trible RP, Amara RR, Chahroudi A, et al. Decreased T

Follicular Regulatory Cell/T Follicular Helper Cell (TFH) in Simian Immunodeficiency Virus-Infected

Rhesus Macaques May Contribute to Accumulation of TFH in Chronic Infection. J Immunol. 2015; 195

(7):3237–47. Epub 2015/08/25. https://doi.org/10.4049/jimmunol.1402701 PMID: 26297764; PubMed

Central PMCID: PMCPMC4575868.

37. Miles B, Miller SM, Folkvord JM, Kimball A, Chamanian M, Meditz AL, et al. Follicular regulatory T

cells impair follicular T helper cells in HIV and SIV infection. Nat Commun. 2015; 6:8608. Epub 2015/

10/21. https://doi.org/10.1038/ncomms9608 PMID: 26482032; PubMed Central PMCID:

PMCPMC4616158.

38. Colineau L, Rouers A, Yamamoto T, Xu Y, Urrutia A, Pham HP, et al. HIV-Infected Spleens Present

Altered Follicular Helper T Cell (Tfh) Subsets and Skewed B Cell Maturation. PLoS ONE. 2015; 10

(10):e0140978. Epub 2015/10/27. https://doi.org/10.1371/journal.pone.0140978 PMID: 26501424;

PubMed Central PMCID: PMCPMC4621058.

39. Myers L, Joedicke JJ, Carmody AB, Messer RJ, Kassiotis G, Dudley JP, et al. IL-2-independent and

TNF-alpha-dependent expansion of Vbeta5+ natural regulatory T cells during retrovirus infection. J

Immunol. 2013; 190(11):5485–95. Epub 2013/05/07. https://doi.org/10.4049/jimmunol.1202951

PMID: 23645880; PubMed Central PMCID: PMCPMC3739475.

40. Joedicke JJ, Dietze KK, Zelinskyy G, Dittmer U. The phenotype and activation status of regulatory T

cells during Friend retrovirus infection. Virol Sin. 2014; 29(1):48–60. Epub 2014/01/24. https://doi.org/

10.1007/s12250-014-3396-z PMID: 24452537.

41. Weiss L, Donkova-Petrini V, Caccavelli L, Balbo M, Carbonneil C, Levy Y. Human immunodeficiency

virus-driven expansion of CD4+CD25+ regulatory T cells, which suppress HIV-specific CD4 T-cell

responses in HIV-infected patients. Blood. 2004; 104(10):3249–56. Epub 2004/07/24. https://doi.org/

10.1182/blood-2004-01-0365 PMID: 15271794.

42. Angin M, King M, Altfeld M, Walker BD, Wucherpfennig KW, Addo MM. Identification of HIV-1-specific

regulatory T-cells using HLA class II tetramers. AIDS. 2012; 26(16):2112–5. Epub 2012/08/10. https://

doi.org/10.1097/QAD.0b013e328358cc75 PMID: 22874519; PubMed Central PMCID:

PMCPMC3825094.

43. Li S, Jones KL, Woollard DJ, Dromey J, Paukovics G, Plebanski M, et al. Defining target antigens for

CD25+ FOXP3 + IFN-gamma- regulatory T cells in chronic hepatitis C virus infection. Immunol Cell

Biol. 2007; 85(3):197–204. Epub 2007/01/03. https://doi.org/10.1038/sj.icb.7100020 PMID:

17199111.

44. Ebinuma H, Nakamoto N, Li Y, Price DA, Gostick E, Levine BL, et al. Identification and in vitro expan-

sion of functional antigen-specific CD25+ FoxP3+ regulatory T cells in hepatitis C virus infection. Jour-

nal of virology. 2008; 82(10):5043–53. https://doi.org/10.1128/JVI.01548-07 PMID: 18337568.

45. Angin M, Klarenbeek PL, King M, Sharma SM, Moodley ES, Rezai A, et al. Regulatory T cells

expanded from HIV-1-infected individuals maintain phenotype, TCR repertoire and suppressive

capacity. PLoS ONE. 2014; 9(2):e86920. https://doi.org/10.1371/journal.pone.0086920 PMID:

24498287; PubMed Central PMCID: PMCPMC3911933.

46. Heather JM, Best K, Oakes T, Gray ER, Roe JK, Thomas N, et al. Dynamic Perturbations of the T-Cell

Receptor Repertoire in Chronic HIV Infection and following Antiretroviral Therapy. Frontiers in immu-

nology. 2015; 6:644. https://doi.org/10.3389/fimmu.2015.00644 PMID: 26793190; PubMed Central

PMCID: PMCPMC4707277.

47. Burchill MA, Yang J, Vogtenhuber C, Blazar BR, Farrar MA. IL-2 receptor beta-dependent STAT5 acti-

vation is required for the development of Foxp3+ regulatory T cells. Journal of immunology. 2007; 178

(1):280–90. PMID: 17182565.

48. Moore TC, Gonzaga LM, Mather JM, Messer RJ, Hasenkrug KJ. B Cell Requirement for Robust Regu-

latory T Cell Responses to Friend Retrovirus Infection. MBio. 2017; 8(4). https://doi.org/10.1128/mBio.

01122-17 PMID: 28765225; PubMed Central PMCID: PMCPMC5539430.

49. Ray A, Basu S, Williams CB, Salzman NH, Dittel BN. A novel IL-10-independent regulatory role for B

cells in suppressing autoimmunity by maintenance of regulatory T cells via GITR ligand. Journal of

immunology. 2012; 188(7):3188–98. https://doi.org/10.4049/jimmunol.1103354 PMID: 22368274;

PubMed Central PMCID: PMCPMC3311743.

50. Joedicke JJ, Myers L, Carmody AB, Messer RJ, Wajant H, Lang KS, et al. Activated CD8+ T cells

induce expansion of Vbeta5+ regulatory T cells via TNFR2 signaling. J Immunol. 2014; 193(6):2952–

60. Epub 2014/08/08. https://doi.org/10.4049/jimmunol.1400649 PMID: 25098294; PubMed Central

PMCID: PMCPMC4157120.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006776 February 15, 2018 15 / 22

https://doi.org/10.4049/jimmunol.1402699
http://www.ncbi.nlm.nih.gov/pubmed/26297759
https://doi.org/10.4049/jimmunol.1402701
http://www.ncbi.nlm.nih.gov/pubmed/26297764
https://doi.org/10.1038/ncomms9608
http://www.ncbi.nlm.nih.gov/pubmed/26482032
https://doi.org/10.1371/journal.pone.0140978
http://www.ncbi.nlm.nih.gov/pubmed/26501424
https://doi.org/10.4049/jimmunol.1202951
http://www.ncbi.nlm.nih.gov/pubmed/23645880
https://doi.org/10.1007/s12250-014-3396-z
https://doi.org/10.1007/s12250-014-3396-z
http://www.ncbi.nlm.nih.gov/pubmed/24452537
https://doi.org/10.1182/blood-2004-01-0365
https://doi.org/10.1182/blood-2004-01-0365
http://www.ncbi.nlm.nih.gov/pubmed/15271794
https://doi.org/10.1097/QAD.0b013e328358cc75
https://doi.org/10.1097/QAD.0b013e328358cc75
http://www.ncbi.nlm.nih.gov/pubmed/22874519
https://doi.org/10.1038/sj.icb.7100020
http://www.ncbi.nlm.nih.gov/pubmed/17199111
https://doi.org/10.1128/JVI.01548-07
http://www.ncbi.nlm.nih.gov/pubmed/18337568
https://doi.org/10.1371/journal.pone.0086920
http://www.ncbi.nlm.nih.gov/pubmed/24498287
https://doi.org/10.3389/fimmu.2015.00644
http://www.ncbi.nlm.nih.gov/pubmed/26793190
http://www.ncbi.nlm.nih.gov/pubmed/17182565
https://doi.org/10.1128/mBio.01122-17
https://doi.org/10.1128/mBio.01122-17
http://www.ncbi.nlm.nih.gov/pubmed/28765225
https://doi.org/10.4049/jimmunol.1103354
http://www.ncbi.nlm.nih.gov/pubmed/22368274
https://doi.org/10.4049/jimmunol.1400649
http://www.ncbi.nlm.nih.gov/pubmed/25098294
https://doi.org/10.1371/journal.ppat.1006776


51. Blish CA, Gallay BJ, Turk GL, Kline KM, Wheat W, Fink PJ. Chronic modulation of the TCR repertoire

in the lymphoid periphery. J Immunol. 1999; 162(6):3131–40. Epub 1999/03/27. PMID: 10092762.

52. Tomonari K, Fairchild S, Rosenwasser OA. Influence of viral superantigens on V beta- and V alpha-

specific positive and negative selection. Immunological reviews. 1993; 131:131–68. Epub 1993/02/01.

PMID: 8387455.

53. Papiernik M, de Moraes ML, Pontoux C, Vasseur F, Penit C. Regulatory CD4 T cells: expression of IL-

2R alpha chain, resistance to clonal deletion and IL-2 dependency. Int Immunol. 1998; 10(4):371–8.

Epub 1998/06/10. PMID: 9620592.

54. Punkosdy GA, Blain M, Glass DD, Lozano MM, O’Mara L, Dudley JP, et al. Regulatory T-cell expan-

sion during chronic viral infection is dependent on endogenous retroviral superantigens. Proceedings

of the National Academy of Sciences of the United States of America. 2011; 108(9):3677–82. Epub

2011/02/16. doi: 1100213108 [pii] https://doi.org/10.1073/pnas.1100213108 PMID: 21321220;

PubMed Central PMCID: PMC3048095.

55. Govindaraj C, Scalzo-Inguanti K, Madondo M, Hallo J, Flanagan K, Quinn M, et al. Impaired Th1

immunity in ovarian cancer patients is mediated by TNFR2+ Tregs within the tumor microenvironment.

Clin Immunol. 2013; 149(1):97–110. Epub 2013/08/21. https://doi.org/10.1016/j.clim.2013.07.003

PMID: 23948613.

56. Horwitz DA, Pan S, Ou JN, Wang J, Chen M, Gray JD, et al. Therapeutic polyclonal human CD8+

CD25+ Fox3+ TNFR2+ PD-L1+ regulatory cells induced ex-vivo. Clinical immunology. 2013; 149

(3):450–63. Epub 2013/11/12. https://doi.org/10.1016/j.clim.2013.08.007 PMID: 24211847.

57. Leclerc M, Naserian S, Pilon C, Thiolat A, Martin GH, Pouchy C, et al. Control of GVHD by regulatory

T cells depends on TNF produced by T cells and TNFR2 expressed by regulatory T cells. Blood. 2016;

128(12):1651–9. Epub 2016/08/11. https://doi.org/10.1182/blood-2016-02-700849 PMID: 27506541.

58. Jones RB, Garrison KE, Mujib S, Mihajlovic V, Aidarus N, Hunter DV, et al. HERV-K-specific T cells

eliminate diverse HIV-1/2 and SIV primary isolates. J Clin Invest. 2012; 122(12):4473–89. Epub 2012/

11/13. https://doi.org/10.1172/JCI64560 PMID: 23143309; PubMed Central PMCID:

PMCPMC3533554.

59. Manches O, Munn D, Fallahi A, Lifson J, Chaperot L, Plumas J, et al. HIV-activated human plasmacy-

toid DCs induce Tregs through an indoleamine 2,3-dioxygenase-dependent mechanism. J Clin Invest.

2008; 118(10):3431–9. Epub 2008/09/09. https://doi.org/10.1172/JCI34823 PMID: 18776940;

PubMed Central PMCID: PMCPMC2528911.

60. Presicce P, Shaw JM, Miller CJ, Shacklett BL, Chougnet CA. Myeloid dendritic cells isolated from tis-

sues of SIV-infected Rhesus macaques promote the induction of regulatory T cells. Aids. 2012; 26

(3):263–73. Epub 2011/11/19. https://doi.org/10.1097/QAD.0b013e32834ed8df PMID: 22095196.

61. Krathwohl MD, Schacker TW, Anderson JL. Abnormal presence of semimature dendritic cells that

induce regulatory T cells in HIV-infected subjects. J Infect Dis. 2006; 193(4):494–504. Epub 2006/01/

21. https://doi.org/10.1086/499597 PMID: 16425128.

62. Balkow S, Krux F, Loser K, Becker JU, Grabbe S, Dittmer U. Friend retrovirus infection of myeloid den-

dritic cells impairs maturation, prolongs contact to naive T cells, and favors expansion of regulatory T

cells. Blood. 2007; 110(12):3949–58. Epub 2007/08/19. https://doi.org/10.1182/blood-2007-05-

092189 PMID: 17699743.

63. Zhou H, Zhao H, Hao Y, Song C, Han J, Zhang J, et al. Excessive conversion and impaired thymic out-

put contribute to disturbed regulatory T-cell homeostasis in AIDS patients with low CD4 cell counts.

AIDS. 2013; 27(7):1059–69. Epub 2013/01/10. https://doi.org/10.1097/QAD.0b013e32835e2b99

PMID: 23299175.

64. Becker C, Taube C, Bopp T, Becker C, Michel K, Kubach J, et al. Protection from graft-versus-host dis-

ease by HIV-1 envelope protein gp120-mediated activation of human CD4+CD25+ regulatory T cells.

Blood. 2009; 114(6):1263–9. Epub 2009/05/15. https://doi.org/10.1182/blood-2009-02-206730 PMID:

19439734.

65. Ji J, Cloyd MW. HIV-1 binding to CD4 on CD4+CD25+ regulatory T cells enhances their suppressive

function and induces them to home to, and accumulate in, peripheral and mucosal lymphoid tissues:

an additional mechanism of immunosuppression. Int Immunol. 2009; 21(3):283–94. Epub 2009/02/12.

https://doi.org/10.1093/intimm/dxn146 PMID: 19208751; PubMed Central PMCID:

PMCPMC2645780.

66. Allers K, Loddenkemper C, Hofmann J, Unbehaun A, Kunkel D, Moos V, et al. Gut mucosal FOXP3+

regulatory CD4+ T cells and Nonregulatory CD4+ T cells are differentially affected by simian immuno-

deficiency virus infection in rhesus macaques. J Virol. 2010; 84(7):3259–69. Epub 2010/01/15. https://

doi.org/10.1128/JVI.01715-09 PMID: 20071575; PubMed Central PMCID: PMCPMC2838127.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006776 February 15, 2018 16 / 22

http://www.ncbi.nlm.nih.gov/pubmed/10092762
http://www.ncbi.nlm.nih.gov/pubmed/8387455
http://www.ncbi.nlm.nih.gov/pubmed/9620592
https://doi.org/10.1073/pnas.1100213108
http://www.ncbi.nlm.nih.gov/pubmed/21321220
https://doi.org/10.1016/j.clim.2013.07.003
http://www.ncbi.nlm.nih.gov/pubmed/23948613
https://doi.org/10.1016/j.clim.2013.08.007
http://www.ncbi.nlm.nih.gov/pubmed/24211847
https://doi.org/10.1182/blood-2016-02-700849
http://www.ncbi.nlm.nih.gov/pubmed/27506541
https://doi.org/10.1172/JCI64560
http://www.ncbi.nlm.nih.gov/pubmed/23143309
https://doi.org/10.1172/JCI34823
http://www.ncbi.nlm.nih.gov/pubmed/18776940
https://doi.org/10.1097/QAD.0b013e32834ed8df
http://www.ncbi.nlm.nih.gov/pubmed/22095196
https://doi.org/10.1086/499597
http://www.ncbi.nlm.nih.gov/pubmed/16425128
https://doi.org/10.1182/blood-2007-05-092189
https://doi.org/10.1182/blood-2007-05-092189
http://www.ncbi.nlm.nih.gov/pubmed/17699743
https://doi.org/10.1097/QAD.0b013e32835e2b99
http://www.ncbi.nlm.nih.gov/pubmed/23299175
https://doi.org/10.1182/blood-2009-02-206730
http://www.ncbi.nlm.nih.gov/pubmed/19439734
https://doi.org/10.1093/intimm/dxn146
http://www.ncbi.nlm.nih.gov/pubmed/19208751
https://doi.org/10.1128/JVI.01715-09
https://doi.org/10.1128/JVI.01715-09
http://www.ncbi.nlm.nih.gov/pubmed/20071575
https://doi.org/10.1371/journal.ppat.1006776


67. Dittmer U, He H, Messer RJ, Schimmer S, Olbrich AR, Ohlen C, et al. Functional impairment of CD8

(+) T cells by regulatory T cells during persistent retroviral infection. Immunity. 2004; 20(3):293–303.

Epub 2004/03/20. https://doi.org/10.1016/S1074-7613(04)00054-8 PMID: 15030773.

68. Zelinskyy G, Werner T, Dittmer U. Natural regulatory T cells inhibit production of cytotoxic molecules

in CD8(+) T cells during low-level Friend retrovirus infection. Retrovirology. 2013; 10:109. Epub 2013/

10/26. https://doi.org/10.1186/1742-4690-10-109 PMID: 24156479; PubMed Central PMCID:

PMCPMC4015423.

69. Dietze KK, Zelinskyy G, Gibbert K, Schimmer S, Francois S, Myers L, et al. Transient depletion of reg-

ulatory T cells in transgenic mice reactivates virus-specific CD8+ T cells and reduces chronic retroviral

set points. Proceedings of the National Academy of Sciences of the United States of America. 2011;

108(6):2420–5. Epub 2011/01/26. https://doi.org/10.1073/pnas.1015148108 PMID: 21262821;

PubMed Central PMCID: PMC3038736.

70. Dietze KK, Zelinskyy G, Liu J, Kretzmer F, Schimmer S, Dittmer U. Combining regulatory T cell deple-

tion and inhibitory receptor blockade improves reactivation of exhausted virus-specific CD8+ T cells

and efficiently reduces chronic retroviral loads. PLoS Pathog. 2013; 9(12):e1003798. Epub 2013/12/

18. https://doi.org/10.1371/journal.ppat.1003798 PMID: 24339778; PubMed Central PMCID:

PMCPMC3855586.

71. Akhmetzyanova I, Drabczyk M, Neff CP, Gibbert K, Dietze KK, Werner T, et al. PD-L1 Expression on

Retrovirus-Infected Cells Mediates Immune Escape from CD8+ T Cell Killing. PLoS Pathog. 2015; 11

(10):e1005224. Epub 2015/10/21. https://doi.org/10.1371/journal.ppat.1005224 PMID: 26484769;

PubMed Central PMCID: PMCPMC4617866.

72. Robertson SJ, Messer RJ, Carmody AB, Hasenkrug KJ. In vitro suppression of CD8+ T cell function

by Friend virus-induced regulatory T cells. Journal of immunology. 2006; 176(6):3342–9. PMID:

16517701.

73. Duppach J, Francois S, Joedicke JJ, Dittmer U, Kraft AR. Expanded regulatory T cells in chronically

friend retrovirus-infected mice suppress immunity to a murine cytomegalovirus superinfection. J Virol.

2014; 88(23):13892–6. Epub 2014/09/19. https://doi.org/10.1128/JVI.01941-14 PMID: 25231296;

PubMed Central PMCID: PMCPMC4248960.

74. Li S, Gowans EJ, Chougnet C, Plebanski M, Dittmer U. Natural regulatory T cells and persistent viral

infection. J Virol. 2008; 82(1):21–30. Epub 2007/09/15. https://doi.org/10.1128/JVI.01768-07 PMID:

17855537; PubMed Central PMCID: PMCPMC2224364.

75. Velu V, Shetty RD, Larsson M, Shankar EM. Role of PD-1 co-inhibitory pathway in HIV infection and

potential therapeutic options. Retrovirology. 2015; 12:14. https://doi.org/10.1186/s12977-015-0144-x

PMID: 25756928; PubMed Central PMCID: PMCPMC4340294.

76. Li W, Green WR. Immunotherapy of murine retrovirus-induced acquired immunodeficiency by CD4 T

regulatory cell depletion and PD-1 blockade. Journal of virology. 2011; 85(24):13342–53. https://doi.

org/10.1128/JVI.00120-11 PMID: 21917983; PubMed Central PMCID: PMCPMC3233148.

77. Aandahl EM, Michaelsson J, Moretto WJ, Hecht FM, Nixon DF. Human CD4+ CD25+ regulatory T

cells control T-cell responses to human immunodeficiency virus and cytomegalovirus antigens. J Virol.

2004; 78(5):2454–9. Epub 2004/02/14. https://doi.org/10.1128/JVI.78.5.2454-2459.2004 PMID:

14963140; PubMed Central PMCID: PMCPMC369239.

78. Kinter AL, Hennessey M, Bell A, Kern S, Lin Y, Daucher M, et al. CD25(+)CD4(+) regulatory T cells

from the peripheral blood of asymptomatic HIV-infected individuals regulate CD4(+) and CD8(+) HIV-

specific T cell immune responses in vitro and are associated with favorable clinical markers of disease

status. The Journal of experimental medicine. 2004; 200(3):331–43. https://doi.org/10.1084/jem.

20032069 PMID: 15280419.

79. Kinter AL, Horak R, Sion M, Riggin L, McNally J, Lin Y, et al. CD25+ regulatory T cells isolated from

HIV-infected individuals suppress the cytolytic and nonlytic antiviral activity of HIV-specific CD8+ T

cells in vitro. AIDS research and human retroviruses. 2007; 23(3):438–50. https://doi.org/10.1089/aid.

2006.0162 PMID: 17411377.

80. He T, Brocca-Cofano E, Policicchio BB, Sivanandham R, Gautam R, Raehtz KD, et al. Cutting Edge:

T Regulatory Cell Depletion Reactivates Latent Simian Immunodeficiency Virus (SIV) in Controller

Macaques While Boosting SIV-Specific T Lymphocytes. J Immunol. 2016; 197(12):4535–9. Epub

2016/11/12. https://doi.org/10.4049/jimmunol.1601539 PMID: 27837106; PubMed Central PMCID:

PMCPMC5441309.

81. Ndhlovu LC, Loo CP, Spotts G, Nixon DF, Hecht FM. FOXP3 expressing CD127lo CD4+ T cells

inversely correlate with CD38+ CD8+ T cell activation levels in primary HIV-1 infection. J Leukoc Biol.

2008; 83(2):254–62. Epub 2007/11/06. https://doi.org/10.1189/jlb.0507281 PMID: 17982112.

82. Elahi S, Dinges WL, Lejarcegui N, Laing KJ, Collier AC, Koelle DM, et al. Protective HIV-specific CD8+

T cells evade Treg cell suppression. Nat Med. 2011; 17(8):989–95. Epub 2011/07/19. https://doi.org/

10.1038/nm.2422 PMID: 21765403; PubMed Central PMCID: PMCPMC3324980.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006776 February 15, 2018 17 / 22

https://doi.org/10.1016/S1074-7613(04)00054-8
http://www.ncbi.nlm.nih.gov/pubmed/15030773
https://doi.org/10.1186/1742-4690-10-109
http://www.ncbi.nlm.nih.gov/pubmed/24156479
https://doi.org/10.1073/pnas.1015148108
http://www.ncbi.nlm.nih.gov/pubmed/21262821
https://doi.org/10.1371/journal.ppat.1003798
http://www.ncbi.nlm.nih.gov/pubmed/24339778
https://doi.org/10.1371/journal.ppat.1005224
http://www.ncbi.nlm.nih.gov/pubmed/26484769
http://www.ncbi.nlm.nih.gov/pubmed/16517701
https://doi.org/10.1128/JVI.01941-14
http://www.ncbi.nlm.nih.gov/pubmed/25231296
https://doi.org/10.1128/JVI.01768-07
http://www.ncbi.nlm.nih.gov/pubmed/17855537
https://doi.org/10.1186/s12977-015-0144-x
http://www.ncbi.nlm.nih.gov/pubmed/25756928
https://doi.org/10.1128/JVI.00120-11
https://doi.org/10.1128/JVI.00120-11
http://www.ncbi.nlm.nih.gov/pubmed/21917983
https://doi.org/10.1128/JVI.78.5.2454-2459.2004
http://www.ncbi.nlm.nih.gov/pubmed/14963140
https://doi.org/10.1084/jem.20032069
https://doi.org/10.1084/jem.20032069
http://www.ncbi.nlm.nih.gov/pubmed/15280419
https://doi.org/10.1089/aid.2006.0162
https://doi.org/10.1089/aid.2006.0162
http://www.ncbi.nlm.nih.gov/pubmed/17411377
https://doi.org/10.4049/jimmunol.1601539
http://www.ncbi.nlm.nih.gov/pubmed/27837106
https://doi.org/10.1189/jlb.0507281
http://www.ncbi.nlm.nih.gov/pubmed/17982112
https://doi.org/10.1038/nm.2422
https://doi.org/10.1038/nm.2422
http://www.ncbi.nlm.nih.gov/pubmed/21765403
https://doi.org/10.1371/journal.ppat.1006776


83. Nikolova M, Wiedemann A, Muhtarova M, Achkova D, Lacabaratz C, Levy Y. Subset- and Antigen-

Specific Effects of Treg on CD8+ T Cell Responses in Chronic HIV Infection. PLoS Pathog. 2016; 12

(11):e1005995. Epub 2016/11/10. https://doi.org/10.1371/journal.ppat.1005995 PMID: 27829019;

PubMed Central PMCID: PMCPMC5102588.

84. Weinberg A, Bosch R, Bennett K, Tovar-Salazar A, Benson CA, Collier AC, et al. Regulatory T cells

and the risk of CMV end-organ disease in patients with AIDS. J Acquir Immune Defic Syndr. 2014; 66

(1):25–32. Epub 2014/01/01. https://doi.org/10.1097/QAI.0000000000000095 PMID: 24378728;

PubMed Central PMCID: PMCPMC3981937.

85. Nair SR, Zelinskyy G, Schimmer S, Gerlach N, Kassiotis G, Dittmer U. Mechanisms of control of acute

Friend virus infection by CD4+ T helper cells and their functional impairment by regulatory T cells. J

Gen Virol. 2010; 91(Pt 2):440–51. Epub 2009/10/16. https://doi.org/10.1099/vir.0.015834-0 PMID:

19828756.

86. Manzke N, Akhmetzyanova I, Hasenkrug KJ, Trilling M, Zelinskyy G, Dittmer U. CD4+ T cells develop

antiretroviral cytotoxic activity in the absence of regulatory T cells and CD8+ T cells. J Virol. 2013; 87

(11):6306–13. Epub 2013/03/29. https://doi.org/10.1128/JVI.00432-13 PMID: 23536666; PubMed

Central PMCID: PMCPMC3648127.

87. Zelinskyy G, Robertson SJ, Schimmer S, Messer RJ, Hasenkrug KJ, Dittmer U. CD8+ T-cell dysfunc-

tion due to cytolytic granule deficiency in persistent Friend retrovirus infection. J Virol. 2005; 79

(16):10619–26. Epub 2005/07/30. https://doi.org/10.1128/JVI.79.16.10619-10626.2005 PMID:

16051854; PubMed Central PMCID: PMCPMC1182617.

88. Malyshkina A, Littwitz-Salomon E, Sutter K, Zelinskyy G, Windmann S, Schimmer S, et al. Fas

Ligand-mediated cytotoxicity of CD4+ T cells during chronic retrovirus infection. Scientific reports.

2017; 7(1):7785. https://doi.org/10.1038/s41598-017-08578-7 PMID: 28798348; PubMed Central

PMCID: PMCPMC5552859.

89. Moreno-Fernandez ME, Presicce P, Chougnet CA. Homeostasis and function of regulatory T cells in

HIV/SIV infection. J Virol. 2012; 86(19):10262–9. Epub 2012/07/20. https://doi.org/10.1128/JVI.

00993-12 PMID: 22811537; PubMed Central PMCID: PMCPMC3457299.

90. Chevalier MF, Weiss L. The split personality of regulatory T cells in HIV infection. Blood. 2013; 121

(1):29–37. Epub 2012/10/09. https://doi.org/10.1182/blood-2012-07-409755 PMID: 23043072.

91. Jenabian MA, Ancuta P, Gilmore N, Routy JP. Regulatory T cells in HIV infection: can immunotherapy

regulate the regulator? Clin Dev Immunol. 2012; 2012:908314. Epub 2012/12/20. https://doi.org/10.

1155/2012/908314 PMID: 23251223; PubMed Central PMCID: PMCPMC3509372.

92. Eggena MP, Barugahare B, Jones N, Okello M, Mutalya S, Kityo C, et al. Depletion of regulatory T

cells in HIV infection is associated with immune activation. Journal of immunology. 2005; 174

(7):4407–14. PMID: 15778406.

93. Oswald-Richter K, Grill SM, Leelawong M, Unutmaz D. HIV infection of primary human T cells is deter-

mined by tunable thresholds of T cell activation. Eur J Immunol. 2004; 34(6):1705–14. Epub 2004/05/

27. https://doi.org/10.1002/eji.200424892 PMID: 15162441.

94. Chase AJ, Yang HC, Zhang H, Blankson JN, Siliciano RF. Preservation of FoxP3+ regulatory T cells

in the peripheral blood of human immunodeficiency virus type 1-infected elite suppressors correlates

with low CD4+ T-cell activation. J Virol. 2008; 82(17):8307–15. Epub 2008/06/27. https://doi.org/10.

1128/JVI.00520-08 PMID: 18579608; PubMed Central PMCID: PMCPMC2519624.

95. Pandrea I, Gaufin T, Brenchley JM, Gautam R, Monjure C, Gautam A, et al. Cutting edge: Experimen-

tally induced immune activation in natural hosts of simian immunodeficiency virus induces significant

increases in viral replication and CD4+ T cell depletion. Journal of immunology. 2008; 181(10):6687–

91. PMID: 18981083; PubMed Central PMCID: PMCPMC2695139.

96. Moreno-Fernandez ME, Rueda CM, Rusie LK, Chougnet CA. Regulatory T cells control HIV replica-

tion in activated T cells through a cAMP-dependent mechanism. Blood. 2011; 117(20):5372–80. Epub

2011/03/26. https://doi.org/10.1182/blood-2010-12-323162 PMID: 21436067; PubMed Central

PMCID: PMCPMC3109711.

97. Liu J, Gong N, Huang X, Reynolds AD, Mosley RL, Gendelman HE. Neuromodulatory activities of

CD4+CD25+ regulatory T cells in a murine model of HIV-1-associated neurodegeneration. Journal of

immunology. 2009; 182(6):3855–65. https://doi.org/10.4049/jimmunol.0803330 PMID: 19265165;

PubMed Central PMCID: PMCPMC2661207.

98. Moreno-Fernandez ME, Joedicke JJ, Chougnet CA. Regulatory T Cells Diminish HIV Infection in Den-

dritic Cells—Conventional CD4(+) T Cell Clusters. Frontiers in immunology. 2014; 5:199. https://doi.

org/10.3389/fimmu.2014.00199 PMID: 24847325; PubMed Central PMCID: PMCPMC4021135.

99. Linterman MA, Pierson W, Lee SK, Kallies A, Kawamoto S, Rayner TF, et al. Foxp3+ follicular regula-

tory T cells control the germinal center response. Nat Med. 2011; 17(8):975–82. Epub 2011/07/26.

https://doi.org/10.1038/nm.2425 PubMed Central PMCID: PMCPMC3182542. PMID: 21785433.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006776 February 15, 2018 18 / 22

https://doi.org/10.1371/journal.ppat.1005995
http://www.ncbi.nlm.nih.gov/pubmed/27829019
https://doi.org/10.1097/QAI.0000000000000095
http://www.ncbi.nlm.nih.gov/pubmed/24378728
https://doi.org/10.1099/vir.0.015834-0
http://www.ncbi.nlm.nih.gov/pubmed/19828756
https://doi.org/10.1128/JVI.00432-13
http://www.ncbi.nlm.nih.gov/pubmed/23536666
https://doi.org/10.1128/JVI.79.16.10619-10626.2005
http://www.ncbi.nlm.nih.gov/pubmed/16051854
https://doi.org/10.1038/s41598-017-08578-7
http://www.ncbi.nlm.nih.gov/pubmed/28798348
https://doi.org/10.1128/JVI.00993-12
https://doi.org/10.1128/JVI.00993-12
http://www.ncbi.nlm.nih.gov/pubmed/22811537
https://doi.org/10.1182/blood-2012-07-409755
http://www.ncbi.nlm.nih.gov/pubmed/23043072
https://doi.org/10.1155/2012/908314
https://doi.org/10.1155/2012/908314
http://www.ncbi.nlm.nih.gov/pubmed/23251223
http://www.ncbi.nlm.nih.gov/pubmed/15778406
https://doi.org/10.1002/eji.200424892
http://www.ncbi.nlm.nih.gov/pubmed/15162441
https://doi.org/10.1128/JVI.00520-08
https://doi.org/10.1128/JVI.00520-08
http://www.ncbi.nlm.nih.gov/pubmed/18579608
http://www.ncbi.nlm.nih.gov/pubmed/18981083
https://doi.org/10.1182/blood-2010-12-323162
http://www.ncbi.nlm.nih.gov/pubmed/21436067
https://doi.org/10.4049/jimmunol.0803330
http://www.ncbi.nlm.nih.gov/pubmed/19265165
https://doi.org/10.3389/fimmu.2014.00199
https://doi.org/10.3389/fimmu.2014.00199
http://www.ncbi.nlm.nih.gov/pubmed/24847325
https://doi.org/10.1038/nm.2425
http://www.ncbi.nlm.nih.gov/pubmed/21785433
https://doi.org/10.1371/journal.ppat.1006776


100. Sage PT, Ron-Harel N, Juneja VR, Sen DR, Maleri S, Sungnak W, et al. Suppression by TFR cells

leads to durable and selective inhibition of B cell effector function. Nature immunology. 2016; 17

(12):1436–46. https://doi.org/10.1038/ni.3578 PMID: 27695002; PubMed Central PMCID:

PMCPMC5502675.

101. Wu H, Chen Y, Liu H, Xu LL, Teuscher P, Wang S, et al. Follicular regulatory T cells repress cytokine

production by follicular helper T cells and optimize IgG responses in mice. European journal of immu-

nology. 2016; 46(5):1152–61. https://doi.org/10.1002/eji.201546094 PMID: 26887860; PubMed Cen-

tral PMCID: PMCPMC4896226.

102. Wing JB, Ise W, Kurosaki T, Sakaguchi S. Regulatory T cells control antigen-specific expansion of Tfh

cell number and humoral immune responses via the coreceptor CTLA-4. Immunity. 2014; 41(6):1013–

25. Epub 2014/12/20. https://doi.org/10.1016/j.immuni.2014.12.006 PMID: 25526312.

103. Thornhill JP, Fidler S, Klenerman P, Frater J, Phetsouphanh C. The Role of CD4+ T Follicular Helper

Cells in HIV Infection: From the Germinal Center to the Periphery. Frontiers in immunology. 2017;

8:46. https://doi.org/10.3389/fimmu.2017.00046 PMID: 28194154; PubMed Central PMCID:

PMCPMC5277018.

104. Maceiras AR, Almeida SCP, Mariotti-Ferrandiz E, Chaara W, Jebbawi F, Six A, et al. T follicular helper

and T follicular regulatory cells have different TCR specificity. Nature communications. 2017; 8:15067.

https://doi.org/10.1038/ncomms15067 PMID: 28429709; PubMed Central PMCID:

PMCPMC5413949.

105. Aloulou M, Carr EJ, Gador M, Bignon A, Liblau RS, Fazilleau N, et al. Follicular regulatory T cells can

be specific for the immunizing antigen and derive from naive T cells. Nature communications. 2016;

7:10579. https://doi.org/10.1038/ncomms10579 PMID: 26818004; PubMed Central PMCID:

PMCPMC4738360.

106. Moody MA, Pedroza-Pacheco I, Vandergrift NA, Chui C, Lloyd KE, Parks R, et al. Immune perturba-

tions in HIV-1-infected individuals who make broadly neutralizing antibodies. Sci Immunol. 2016; 1(1):

aag0851. Epub 2017/08/08. https://doi.org/10.1126/sciimmunol.aag0851 PMID: 28783677; PubMed

Central PMCID: PMCPMC5589960.

107. Gasteiger G, Hemmers S, Bos PD, Sun JC, Rudensky AY. IL-2-dependent adaptive control of NK cell

homeostasis. J Exp Med. 2013; 210(6):1179–87. Epub 2013/05/08. https://doi.org/10.1084/jem.

20122571 PMID: 23650439; PubMed Central PMCID: PMCPMC3674698.

108. Gasteiger G, Hemmers S, Firth MA, Le Floc’h A, Huse M, Sun JC, et al. IL-2-dependent tuning of NK

cell sensitivity for target cells is controlled by regulatory T cells. J Exp Med. 2013; 210(6):1167–78.

Epub 2013/05/08. https://doi.org/10.1084/jem.20122462 PMID: 23650441; PubMed Central PMCID:

PMCPMC3674692.

109. Littwitz E, Francois S, Dittmer U, Gibbert K. Distinct roles of NK cells in viral immunity during different

phases of acute Friend retrovirus infection. Retrovirology. 2013; 10:127. Epub 2013/11/05. https://doi.

org/10.1186/1742-4690-10-127 PMID: 24182203; PubMed Central PMCID: PMCPMC3826539.

110. Littwitz-Salomon E, Akhmetzyanova I, Vallet C, Francois S, Dittmer U, Gibbert K. Activated regulatory

T cells suppress effector NK cell responses by an IL-2-mediated mechanism during an acute retroviral

infection. Retrovirology. 2015; 12:66. Epub 2015/07/30. https://doi.org/10.1186/s12977-015-0191-3

PMID: 26220086; PubMed Central PMCID: PMCPMC4518534.

111. Onishi Y, Fehervari Z, Yamaguchi T, Sakaguchi S. Foxp3+ natural regulatory T cells preferentially

form aggregates on dendritic cells in vitro and actively inhibit their maturation. Proceedings of the

National Academy of Sciences of the United States of America. 2008; 105(29):10113–8. https://doi.

org/10.1073/pnas.0711106105 PMID: 18635688.

112. Tang Q, Adams JY, Tooley AJ, Bi M, Fife BT, Serra P, et al. Visualizing regulatory T cell control of

autoimmune responses in nonobese diabetic mice. Nature immunology. 2006; 7(1):83–92. Epub

2005/11/29. https://doi.org/10.1038/ni1289 PMID: 16311599; PubMed Central PMCID:

PMCPMC3057888.

113. Tadokoro CE, Shakhar G, Shen S, Ding Y, Lino AC, Maraver A, et al. Regulatory T cells inhibit stable

contacts between CD4+ T cells and dendritic cells in vivo. J Exp Med. 2006; 203(3):505–11. Epub

2006/03/15. https://doi.org/10.1084/jem.20050783 PMID: 16533880; PubMed Central PMCID:

PMCPMC2118249.

114. Sarris M, Andersen KG, Randow F, Mayr L, Betz AG. Neuropilin-1 expression on regulatory T cells

enhances their interactions with dendritic cells during antigen recognition. Immunity. 2008; 28(3):402–

13. Epub 2008/03/11. https://doi.org/10.1016/j.immuni.2008.01.012 PMID: 18328743; PubMed Cen-

tral PMCID: PMCPMC2726439.

115. Tang Q, Krummel MF. Imaging the function of regulatory T cells in vivo. Current opinion in immunol-

ogy. 2006; 18(4):496–502. Epub 2006/06/13. https://doi.org/10.1016/j.coi.2006.05.007 PMID:

16765579.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006776 February 15, 2018 19 / 22

https://doi.org/10.1038/ni.3578
http://www.ncbi.nlm.nih.gov/pubmed/27695002
https://doi.org/10.1002/eji.201546094
http://www.ncbi.nlm.nih.gov/pubmed/26887860
https://doi.org/10.1016/j.immuni.2014.12.006
http://www.ncbi.nlm.nih.gov/pubmed/25526312
https://doi.org/10.3389/fimmu.2017.00046
http://www.ncbi.nlm.nih.gov/pubmed/28194154
https://doi.org/10.1038/ncomms15067
http://www.ncbi.nlm.nih.gov/pubmed/28429709
https://doi.org/10.1038/ncomms10579
http://www.ncbi.nlm.nih.gov/pubmed/26818004
https://doi.org/10.1126/sciimmunol.aag0851
http://www.ncbi.nlm.nih.gov/pubmed/28783677
https://doi.org/10.1084/jem.20122571
https://doi.org/10.1084/jem.20122571
http://www.ncbi.nlm.nih.gov/pubmed/23650439
https://doi.org/10.1084/jem.20122462
http://www.ncbi.nlm.nih.gov/pubmed/23650441
https://doi.org/10.1186/1742-4690-10-127
https://doi.org/10.1186/1742-4690-10-127
http://www.ncbi.nlm.nih.gov/pubmed/24182203
https://doi.org/10.1186/s12977-015-0191-3
http://www.ncbi.nlm.nih.gov/pubmed/26220086
https://doi.org/10.1073/pnas.0711106105
https://doi.org/10.1073/pnas.0711106105
http://www.ncbi.nlm.nih.gov/pubmed/18635688
https://doi.org/10.1038/ni1289
http://www.ncbi.nlm.nih.gov/pubmed/16311599
https://doi.org/10.1084/jem.20050783
http://www.ncbi.nlm.nih.gov/pubmed/16533880
https://doi.org/10.1016/j.immuni.2008.01.012
http://www.ncbi.nlm.nih.gov/pubmed/18328743
https://doi.org/10.1016/j.coi.2006.05.007
http://www.ncbi.nlm.nih.gov/pubmed/16765579
https://doi.org/10.1371/journal.ppat.1006776


116. Cameron PU, Freudenthal PS, Barker JM, Gezelter S, Inaba K, Steinman RM. Dendritic cells exposed

to human immunodeficiency virus type-1 transmit a vigorous cytopathic infection to CD4+ T cells. Sci-

ence. 1992; 257(5068):383–7. Epub 1992/07/17. PMID: 1352913.

117. Geijtenbeek TB, Kwon DS, Torensma R, van Vliet SJ, van Duijnhoven GC, Middel J, et al. DC-SIGN, a

dendritic cell-specific HIV-1-binding protein that enhances trans-infection of T cells. Cell. 2000; 100

(5):587–97. Epub 2000/03/18. PMID: 10721995.

118. O’Connor MA, Vella JL, Green WR. Reciprocal relationship of T regulatory cells and monocytic mye-

loid-derived suppressor cells in LP-BM5 murine retrovirus-induced immunodeficiency. The Journal of

general virology. 2016; 97(2):509–22. https://doi.org/10.1099/jgv.0.000260 PMID: 26253145.

119. Moreno-Fernandez ME, Zapata W, Blackard JT, Franchini G, Chougnet CA. Human regulatory T cells

are targets for human immunodeficiency Virus (HIV) infection, and their susceptibility differs depend-

ing on the HIV type 1 strain. Journal of virology. 2009; 83(24):12925–33. https://doi.org/10.1128/JVI.

01352-09 PMID: 19828616; PubMed Central PMCID: PMCPMC2786841.

120. Angin M, Kwon DS, Streeck H, Wen F, King M, Rezai A, et al. Preserved function of regulatory T cells

in chronic HIV-1 infection despite decreased numbers in blood and tissue. J Infect Dis. 2012; 205

(10):1495–500. Epub 2012/03/20. https://doi.org/10.1093/infdis/jis236 PMID: 22427677; PubMed

Central PMCID: PMCPMC3415814.

121. Shaw JM, Hunt PW, Critchfield JW, McConnell DH, Garcia JC, Pollard RB, et al. Increased frequency

of regulatory T cells accompanies increased immune activation in rectal mucosae of HIV-positive non-

controllers. J Virol. 2011; 85(21):11422–34. Epub 2011/09/02. https://doi.org/10.1128/JVI.05608-11

PMID: 21880771; PubMed Central PMCID: PMCPMC3194952.

122. Angin M, Sharma S, King M, Murooka TT, Ghebremichael M, Mempel TR, et al. HIV-1 infection

impairs regulatory T-cell suppressive capacity on a per-cell basis. The Journal of infectious diseases.

2014; 210(6):899–903. https://doi.org/10.1093/infdis/jiu188 PMID: 24664171; PubMed Central

PMCID: PMCPMC4192052.

123. Gerlach N, Gibbert K, Alter C, Nair S, Zelinskyy G, James CM, et al. Anti-retroviral effects of type I IFN

subtypes in vivo. Eur J Immunol. 2009; 39(1):136–46. Epub 2009/01/09. https://doi.org/10.1002/eji.

200838311 PMID: 19130550.

124. Bopp T, Becker C, Klein M, Klein-Hessling S, Palmetshofer A, Serfling E, et al. Cyclic adenosine

monophosphate is a key component of regulatory T cell-mediated suppression. The Journal of experi-

mental medicine. 2007; 204(6):1303–10. https://doi.org/10.1084/jem.20062129 PMID: 17502663.

125. Cecchinato V, Tryniszewska E, Ma ZM, Vaccari M, Boasso A, Tsai WP, et al. Immune activation driven

by CTLA-4 blockade augments viral replication at mucosal sites in simian immunodeficiency virus

infection. Journal of immunology. 2008; 180(8):5439–47. PMID: 18390726; PubMed Central PMCID:

PMCPMC2768121.

126. Kaufmann DE, Kavanagh DG, Pereyra F, Zaunders JJ, Mackey EW, Miura T, et al. Upregulation of

CTLA-4 by HIV-specific CD4+ T cells correlates with disease progression and defines a reversible

immune dysfunction. Nature immunology. 2007; 8(11):1246–54. Epub 2007/10/02. https://doi.org/10.

1038/ni1515 PMID: 17906628.

127. Jenabian MA, Seddiki N, Yatim A, Carriere M, Hulin A, Younas M, et al. Regulatory T cells negatively

affect IL-2 production of effector T cells through CD39/adenosine pathway in HIV infection. PLoS

Pathog. 2013; 9(4):e1003319. Epub 2013/05/10. https://doi.org/10.1371/journal.ppat.1003319 PMID:

23658513; PubMed Central PMCID: PMCPMC3635970.

128. Koch K, Koch N, Sandaradura de Silva U, Jung N, Schulze zur Wiesch J, Fatkenheuer G, et al.

Increased Frequency of CD49b/LAG-3(+) Type 1 Regulatory T Cells in HIV-Infected Individuals. AIDS

research and human retroviruses. 2015; 31(12):1238–46. Epub 2015/07/21. https://doi.org/10.1089/

AID.2014.0356 PMID: 26192268.

129. Nigam P, Velu V, Kannanganat S, Chennareddi L, Kwa S, Siddiqui M, et al. Expansion of FOXP3+

CD8 T cells with suppressive potential in colorectal mucosa following a pathogenic simian immunode-

ficiency virus infection correlates with diminished antiviral T cell response and viral control. J Immunol.

2010; 184(4):1690–701. Epub 2010/01/08. https://doi.org/10.4049/jimmunol.0902955 PMID:

20053943.

130. He H, Messer RJ, Sakaguchi S, Yang G, Robertson SJ, Hasenkrug KJ. Reduction of retrovirus-

induced immunosuppression by in vivo modulation of T cells during acute infection. J Virol. 2004; 78

(21):11641–7. Epub 2004/10/14. https://doi.org/10.1128/JVI.78.21.11641-11647.2004 PMID:

15479805; PubMed Central PMCID: PMCPMC523250.

131. Robertson SJ, Messer RJ, Carmody AB, Mittler RS, Burlak C, Hasenkrug KJ. CD137 Costimulation of

CD8+ T Cells Confers Resistance to Suppression by Virus-Induced Regulatory T Cells. Journal of

immunology. 2008; 180(8):5267–74. PMID: 18390707.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006776 February 15, 2018 20 / 22

http://www.ncbi.nlm.nih.gov/pubmed/1352913
http://www.ncbi.nlm.nih.gov/pubmed/10721995
https://doi.org/10.1099/jgv.0.000260
http://www.ncbi.nlm.nih.gov/pubmed/26253145
https://doi.org/10.1128/JVI.01352-09
https://doi.org/10.1128/JVI.01352-09
http://www.ncbi.nlm.nih.gov/pubmed/19828616
https://doi.org/10.1093/infdis/jis236
http://www.ncbi.nlm.nih.gov/pubmed/22427677
https://doi.org/10.1128/JVI.05608-11
http://www.ncbi.nlm.nih.gov/pubmed/21880771
https://doi.org/10.1093/infdis/jiu188
http://www.ncbi.nlm.nih.gov/pubmed/24664171
https://doi.org/10.1002/eji.200838311
https://doi.org/10.1002/eji.200838311
http://www.ncbi.nlm.nih.gov/pubmed/19130550
https://doi.org/10.1084/jem.20062129
http://www.ncbi.nlm.nih.gov/pubmed/17502663
http://www.ncbi.nlm.nih.gov/pubmed/18390726
https://doi.org/10.1038/ni1515
https://doi.org/10.1038/ni1515
http://www.ncbi.nlm.nih.gov/pubmed/17906628
https://doi.org/10.1371/journal.ppat.1003319
http://www.ncbi.nlm.nih.gov/pubmed/23658513
https://doi.org/10.1089/AID.2014.0356
https://doi.org/10.1089/AID.2014.0356
http://www.ncbi.nlm.nih.gov/pubmed/26192268
https://doi.org/10.4049/jimmunol.0902955
http://www.ncbi.nlm.nih.gov/pubmed/20053943
https://doi.org/10.1128/JVI.78.21.11641-11647.2004
http://www.ncbi.nlm.nih.gov/pubmed/15479805
http://www.ncbi.nlm.nih.gov/pubmed/18390707
https://doi.org/10.1371/journal.ppat.1006776


132. Akhmetzyanova I, Zelinskyy G, Littwitz-Salomon E, Malyshkina A, Dietze KK, Streeck H, et al. CD137

Agonist Therapy Can Reprogram Regulatory T Cells into Cytotoxic CD4+ T Cells with Antitumor Activ-

ity. J Immunol. 2016; 196(1):484–92. Epub 2015/11/27. https://doi.org/10.4049/jimmunol.1403039

PMID: 26608920.

133. Knuschke T, Bayer W, Rotan O, Sokolova V, Wadwa M, Kirschning CJ, et al. Prophylactic and thera-

peutic vaccination with a nanoparticle-based peptide vaccine induces efficient protective immunity dur-

ing acute and chronic retroviral infection. Nanomedicine. 2014; 10(8):1787–98. Epub 2014/07/12.

https://doi.org/10.1016/j.nano.2014.06.014 PMID: 25014891.

134. Knuschke T, Rotan O, Bayer W, Sokolova V, Hansen W, Sparwasser T, et al. Combination of nano-

particle-based therapeutic vaccination and transient ablation of regulatory T cells enhances anti-viral

immunity during chronic retroviral infection. Retrovirology. 2016; 13:24. https://doi.org/10.1186/

s12977-016-0258-9 PMID: 27076190; PubMed Central PMCID: PMCPMC4831142.

135. Macatangay BJ, Szajnik ME, Whiteside TL, Riddler SA, Rinaldo CR. Regulatory T cell suppression of

Gag-specific CD8 T cell polyfunctional response after therapeutic vaccination of HIV-1-infected

patients on ART. PLoS ONE. 2010; 5(3):e9852. Epub 2010/03/31. https://doi.org/10.1371/journal.

pone.0009852 PMID: 20352042; PubMed Central PMCID: PMCPMC2844424.

136. Brezar V, Ruffin N, Richert L, Surenaud M, Lacabaratz C, Palucka K, et al. Decreased HIV-specific T-

regulatory responses are associated with effective DC-vaccine induced immunity. PLoS Pathog.

2015; 11(3):e1004752. Epub 2015/03/31. https://doi.org/10.1371/journal.ppat.1004752 PMID:

25816350; PubMed Central PMCID: PMCPMC4376642.

137. Deeks SG, Lewin SR, Ross AL, Ananworanich J, Benkirane M, Cannon P, et al. International AIDS

Society global scientific strategy: towards an HIV cure 2016. Nat Med. 2016; 22(8):839–50. Epub

2016/07/12. https://doi.org/10.1038/nm.4108 PMID: 27400264; PubMed Central PMCID:

PMCPMC5322797.

138. Tran TA, de Goer de Herve MG, Hendel-Chavez H, Dembele B, Le Nevot E, Abbed K, et al. Resting

regulatory CD4 T cells: a site of HIV persistence in patients on long-term effective antiretroviral ther-

apy. PLoS ONE. 2008; 3(10):e3305. https://doi.org/10.1371/journal.pone.0003305 PMID: 18827929.

139. Jiao YM, Liu CE, Luo LJ, Zhu WJ, Zhang T, Zhang LG, et al. CD4+CD25+CD127 regulatory cells play

multiple roles in maintaining HIV-1 p24 production in patients on long-term treatment: HIV-1 p24-pro-

ducing cells and suppression of anti-HIV immunity. Int J Infect Dis. 2015; 37:42–9. Epub 2015/06/23.

https://doi.org/10.1016/j.ijid.2015.06.008 PMID: 26095899.

140. Dunay GA, Solomatina A, Kummer S, Hufner A, Bialek JK, Eberhard JM, et al. Assessment of the

HIV-1 reservoir in CD4+ regulatory T cells by a Droplet Digital PCR based approach. Virus Res. 2017;

240:107–11. Epub 2017/07/20. https://doi.org/10.1016/j.virusres.2017.07.008 PMID: 28720421.

141. Wightman F, Solomon A, Kumar SS, Urriola N, Gallagher K, Hiener B, et al. Effect of ipilimumab on

the HIV reservoir in an HIV-infected individual with metastatic melanoma. Aids. 2015; 29(4):504–6.

https://doi.org/10.1097/QAD.0000000000000562 PMID: 25628259; PubMed Central PMCID:

PMCPMC4492799.

142. Welters MJ, Kenter GG, de Vos van Steenwijk PJ, Lowik MJ, Berends-van der Meer DM, Essahsah F,

et al. Success or failure of vaccination for HPV16-positive vulvar lesions correlates with kinetics and

phenotype of induced T-cell responses. Proceedings of the National Academy of Sciences of the

United States of America. 2010; 107(26):11895–9. Epub 2010/06/16. https://doi.org/10.1073/pnas.

1006500107 PMID: 20547850; PubMed Central PMCID: PMCPMC2900675.

143. Sereti I, Altfeld M. Immune activation and HIV: an enduring relationship. Curr Opin HIV AIDS. 2016; 11

(2):129–30. https://doi.org/10.1097/COH.0000000000000244 PMID: 26845672; PubMed Central

PMCID: PMCPMC4748385.

144. Deeks SG, Lewin SR, Havlir DV. The end of AIDS: HIV infection as a chronic disease. Lancet. 2013;

382(9903):1525–33. Epub 2013/10/25. https://doi.org/10.1016/S0140-6736(13)61809-7 PMID:

24152939; PubMed Central PMCID: PMCPMC4058441.

145. Shaw JM, Hunt PW, Critchfield JW, McConnell DH, Garcia JC, Pollard RB, et al. Short communication:

HIV+ viremic slow progressors maintain low regulatory T cell numbers in rectal mucosa but exhibit

high T cell activation. AIDS research and human retroviruses. 2013; 29(1):172–7. Epub 2012/09/25.

https://doi.org/10.1089/AID.2012.0268 PMID: 22998457; PubMed Central PMCID:

PMCPMC3537318.

146. Hunt PW, Landay AL, Sinclair E, Martinson JA, Hatano H, Emu B, et al. A low T regulatory cell

response may contribute to both viral control and generalized immune activation in HIV controllers.

PLoS ONE. 2011; 6(1):e15924. Epub 2011/02/10. https://doi.org/10.1371/journal.pone.0015924

PMID: 21305005; PubMed Central PMCID: PMCPMC3031543.

147. Spitz C, Winkels H, Burger C, Weber C, Lutgens E, Hansson GK, et al. Regulatory T cells in athero-

sclerosis: critical immune regulatory function and therapeutic potential. Cell Mol Life Sci. 2016; 73

(5):901–22. Epub 2015/11/01. https://doi.org/10.1007/s00018-015-2080-2 PMID: 26518635.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006776 February 15, 2018 21 / 22

https://doi.org/10.4049/jimmunol.1403039
http://www.ncbi.nlm.nih.gov/pubmed/26608920
https://doi.org/10.1016/j.nano.2014.06.014
http://www.ncbi.nlm.nih.gov/pubmed/25014891
https://doi.org/10.1186/s12977-016-0258-9
https://doi.org/10.1186/s12977-016-0258-9
http://www.ncbi.nlm.nih.gov/pubmed/27076190
https://doi.org/10.1371/journal.pone.0009852
https://doi.org/10.1371/journal.pone.0009852
http://www.ncbi.nlm.nih.gov/pubmed/20352042
https://doi.org/10.1371/journal.ppat.1004752
http://www.ncbi.nlm.nih.gov/pubmed/25816350
https://doi.org/10.1038/nm.4108
http://www.ncbi.nlm.nih.gov/pubmed/27400264
https://doi.org/10.1371/journal.pone.0003305
http://www.ncbi.nlm.nih.gov/pubmed/18827929
https://doi.org/10.1016/j.ijid.2015.06.008
http://www.ncbi.nlm.nih.gov/pubmed/26095899
https://doi.org/10.1016/j.virusres.2017.07.008
http://www.ncbi.nlm.nih.gov/pubmed/28720421
https://doi.org/10.1097/QAD.0000000000000562
http://www.ncbi.nlm.nih.gov/pubmed/25628259
https://doi.org/10.1073/pnas.1006500107
https://doi.org/10.1073/pnas.1006500107
http://www.ncbi.nlm.nih.gov/pubmed/20547850
https://doi.org/10.1097/COH.0000000000000244
http://www.ncbi.nlm.nih.gov/pubmed/26845672
https://doi.org/10.1016/S0140-6736(13)61809-7
http://www.ncbi.nlm.nih.gov/pubmed/24152939
https://doi.org/10.1089/AID.2012.0268
http://www.ncbi.nlm.nih.gov/pubmed/22998457
https://doi.org/10.1371/journal.pone.0015924
http://www.ncbi.nlm.nih.gov/pubmed/21305005
https://doi.org/10.1007/s00018-015-2080-2
http://www.ncbi.nlm.nih.gov/pubmed/26518635
https://doi.org/10.1371/journal.ppat.1006776


148. Foks AC, Lichtman AH, Kuiper J. Treating atherosclerosis with regulatory T cells. Arterioscler Thromb

Vasc Biol. 2015; 35(2):280–7. Epub 2014/11/22. https://doi.org/10.1161/ATVBAHA.114.303568

PMID: 25414253; PubMed Central PMCID: PMCPMC4715365.

149. Rodriguez-Perea AL, Montoya CJ, Olek S, Chougnet CA, Velilla PA. Statins increase the frequency of

circulating CD4+ FOXP3+ regulatory T cells in healthy individuals. J Immunol Res. 2015;

2015:762506. Epub 2015/03/12. https://doi.org/10.1155/2015/762506 PMID: 25759848; PubMed

Central PMCID: PMCPMC4352479.

150. Mausner-Fainberg K, Luboshits G, Mor A, Maysel-Auslender S, Rubinstein A, Keren G, et al. The

effect of HMG-CoA reductase inhibitors on naturally occurring CD4+CD25+ T cells. Atherosclerosis.

2008; 197(2):829–39. Epub 2007/09/11. https://doi.org/10.1016/j.atherosclerosis.2007.07.031 PMID:

17826781.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006776 February 15, 2018 22 / 22

https://doi.org/10.1161/ATVBAHA.114.303568
http://www.ncbi.nlm.nih.gov/pubmed/25414253
https://doi.org/10.1155/2015/762506
http://www.ncbi.nlm.nih.gov/pubmed/25759848
https://doi.org/10.1016/j.atherosclerosis.2007.07.031
http://www.ncbi.nlm.nih.gov/pubmed/17826781
https://doi.org/10.1371/journal.ppat.1006776

