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Abstract
Regulatory Foxp3-lineage CD4 T cells (Tregs) were named for their ability to maintain self
tolerance and suppress T cell immunity. However, resting Tregs from non-inflamed tissues exhibit
little suppressor activity, and must be stimulated to acquire such function. Conversely, under
certain inflammatory conditions Tregs may undergo rapid re-programming to acquire helper/
effector functions. In this Brief Review, we describe recent progress in elucidating physiologic
processes that control the functional status of Foxp3-lineage Tregs. Emerging evidence suggests
the surprising possibility that re-programmed Tregs can be an indispensable source of helper
activity in some physiologic settings, such as priming CD8+ T cell responses. This suggests a
novel paradigm in which Foxp3+ Tregs intrinsically possess bifunctional potential, acting as a pre-
formed pool of ‘first responder’ cells at sites of local inflammation that can provide either classical
regulatory/suppressor activity, or rapidly re-program to supply helper/effector activity, contingent
on signals that manifest in local physiologic settings.

Introduction
Natural Foxp3-lineage Tregs (nTregs) develop in the thymus, and induced (iTregs) Tregs
differentiate from naïve CD4+ T cells in response to tolerogenic processes in peripheral
tissues (Fig. 1). Tregs are essential to maintain peripheral tolerance to self and innocuous
antigens. Thus, mice in which Tregs are experimentally ablated developed aggressive and
lethal autoimmune syndromes (1–3). The pool of circulating Tregs is small, comprising <5%
of circulating lymphocytes in human and mouse blood. Despite their critical role in
maintaining peripheral tolerance, when Tregs are isolated from non-inflamed lymphoid
tissues or blood of healthy individuals they are functionally quiescent (resting), and must be
activated to manifest functional suppressive activity (4). This obligatory requirement for
activation implies that natural microenvironmental cues must induce resting Tregs to acquire
and maintain regulatory (suppressive) activity in physiologic settings. Moreover, recent
studies suggest that Foxp3-lineage Tregs also have the potential to undergo functional re-
programming to acquire helper/effector phenotypes in certain physiologic settings. In this
Brief Review we focus on recent progress in defining settings where Tregs manifest the
regulatory/suppressive phenotype, discuss factors that may promote Treg activation in such
settings, and consider how certain inflammatory signals may drive Tregs to re-program into
biologically important helper cells. Our focus will be on the final steps from mature, pre-
formed, but resting Tregs into activated suppressor cells or re-programmed helper/effector
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cells (Fig. 1); we will not discuss basic mechanisms of Treg development or differentiation
of naïve CD4+ T cells into inducible Tregs, as these topics have been reviewed elsewhere (5,
6).

Resting Tregs must be activated to acquire functional suppressor activity
When considering Treg functional activity, it is important to emphasize that resting Tregs
(isolated directly from tissues and blood, without activation or pre-treatment) are
functionally quiescent (neither suppressive or pro-inflammatory). Only after some form of
activation – e.g., through TCR cross-linking in vitro (4) – do Tregs acquire meaningful
levels of suppressive function. Thus, simply counting the numbers of Foxp3+ Tregs in
physiologic settings does not address whether these Tregs are resting or activated. Certain
markers such as CCR6 and CD103 appear to correlate with an activated or “effector
memory” phenotype in Tregs (7, 8). The ectonucleotidase CD39 may also mark activated
Tregs in humans, although it is ubiquitously expressed by mouse Tregs (9). However, while
these markers identify populations or subsets of Tregs that have experienced activation, they
have not been validated as unambiguous markers of the activated functional state itself (i.e.
a marker that is not expressed whenever Tregs are quiescent, and up-regulated on all
functionally activated Tregs). Therefore, at present, the gold-standard for functional status
still remains in vitro measurement of suppressor activity.

Given that most circulating Tregs are functionally quiescent, a key question thus becomes
how local microenvironmental signals induce Tregs to express their latent functional
activity. In Fig. 1, we break down this process into three sequential, conceptual steps: (A)
the lineage-commitment and differentiation of progenitor cells (thymocytes or naive
peripheral CD4+ T cells) that generates mature, resting Foxp3+ Tregs; (B) triggering resting
Tregs to activate; and (C) inducing activated Tregs to either acquire canonical suppressive
activity, or to re-program to manifest helper/effector activity. We hypothesize that distinct
local environmental cues – or combinations of cues - may dictate steps (B) and (C),
respectively, though this may be difficult to demonstrate experimentally. A great deal of
published work already addresses the first (lineage-differentiation) step (A), and we do not
deal with that here. The second (B, triggering) and third (C, functional commitment) steps
have been less well studied, but there is some information available regarding the triggering
of Tregs for suppressive function (depicted in the figure as the canonical or default
pathway). Thus, for example, it has been shown that Tregs may become functionally
activated by exposure to self antigens, or to antigens presented at mucosal surfaces, and
Tregs can also be activated functionally by migrating through inflamed tissues, or by
exposure to conditions created by tumors (10–13); it is generally assumed that these latter
two settings also involve encounter with antigen, although the antigen may not be known.
Antigen presentation appears critical for Treg activation (4), implying that APCs such as
dendritic cells (DCs) may play an essential role in activating Tregs. It may be that only
certain APC subsets are specialized to promote Treg activation, although this remains an
open question. Also unknown is the exact role of local inflammation in triggering Treg
activation, but it seems likely that inflammation plays an important role (both as an activator
of local APCs, and a driver of the local cytokine milieu). Based on a variety of studies
(reviewed in (14)), certain cytokines such as TGFβ, IL-10 and IL-2 may be essential for
Treg activation and/or maintenance of suppressor functions, and interactions between
CTLA4, GITR, PD-1 and PD-1 ligands (PD-L) on Tregs and their respective surface ligands
(CD80/86, GITR-L, PD-L, PD-1) on other cell types (e.g. APCs) may also be important. In
addition, we have shown that DCs expressing the immunosuppressive enzyme indoleamine
2,3-dioxygenase (IDO) can directly activate mature Tregs (13); and local conditions that
induce DCs to express IDO, such as tumors, TLR ligands or infections, can activate Tregs in
an IDO-dependent fashion (15). Overall, the literature is inconclusive as few studies include
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assessments of the functional status of Tregs, and the specific triggering stimuli for resting
Tregs remain incompletely understood. However, it seems clear that triggering requires
antigen-driven interaction with APCs, and it is strongly influenced by the local cytokine
milieu. This last point becomes relevant as we turn to the third step (C) depicted in Fig. 1, in
which we entertain the possibility that alternative pathways of functional commitment exist,
and that depending upon local conditions, Tregs may become activated for more functions
than just classical suppression.

The concept of Treg plasticity and “re-programming”
The term “plasticity” has been used to describe the fact that Foxp3+ Tregs under certain
conditions can be induced to express cytokines such as IL-17, IFNγ or IL-2, which are
typically associated with helper/effector CD4+ T cell phenotypes (6, 16). This phenomenon
was initially observed in vitro, either by culturing Tregs with cytokines such as IL-6 (16), or
by artificially ablating Foxp3 (17). Since pro-inflammatory gene expression is normally
profoundly suppressed in Foxp3+ Tregs (17), re-induction of these genes suggests that a
significant change in phenotype can occur in some settings. This change has been variously
described as “conversion”, “plasticity” or “re-programming” of the Tregs. In this review we
continue to use these terms because they are widespread in the literature; however we offer
the following modification: if it is true that Foxp3+ Tregs can rapidly adopt a pro-
inflammatory phenotype in response to certain physiologic stimuli; and if this response can
be shown to be biologically relevant for promoting certain immune responses; then perhaps
the phenomenon should not be considered a “conversion” to a new developmental program.
Rather, it may be that bifunctional potential is an intrinsic attribute of Foxp3+ Tregs – i.e.,
Foxp3-lineage cells are inherently capable of both suppressive and pro-inflammatory/helper
activity, depending on local microenvironmental cues. This is at present a speculative
hypothesis – although it has also been suggested by others (6) – and further studies are
needed to elucidate the biologic role of re-programmed Tregs in vivo. However, emerging
evidence suggests that local physiologic cues can control the phenotype and function of
Tregs, with important consequences for the subsequent immune response.

Functional role of re-programmed Tregs
Treg plasticity is readily observed in vitro, but definitive in vivo studies are still needed to
determine whether re-programmed Tregs are merely experimental artifacts, or represent
fundamental participants in certain immune responses. Consistent with a possible biologic
role for re-programmed Tregs, several studies identified large numbers of pro-inflammatory
cells derived from former Tregs at sites of inflammation (18–20), although the biologic role
of such cells was not established in these studies. In a model of lethal infection, Tregs lost
Foxp3 expression and up-regulated pro-inflammatory cytokines (21); similarly, following
transfer into lymphopenic hosts, many Tregs lost Foxp3 expression and acquired pathogenic
effector function (22). However these are unusual biologic settings (end-stage lethal
infection or profound lymphopenia) and their biologic relevance might be open to question.
In studies of less extreme physiologic settings, Tsuji at al. showed that specialized helper
CD4+ cells found in B cell follicles of the gut derived preferentially from former Foxp3+

Tregs (23). Wang and colleagues showed that a subset of Foxp3+ Tregs acquired the ability
to produce IL-4 in vivo (via an unknown mechanism), and that IL-4 produced by converted
Tregs was critical for differentiation of conventional CD4+ (TH2) helper cells (24).
Consistent with the previous two studies, removal of Tregs during immunization markedly
compromised the antibody response to mucosal adjuvant (25). In a transplant model, Vokaer
and colleagues found that many of the effector CD4+ T cells responsible for minor-antigen
disparate allograft rejection derived from re-programmed Tregs (26). And recently, we
reported that the CD8+ T cell primary response to a cross-presented antigen (whole-protein
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ovalbumin in a CpG-based vaccine delivered to naive mice) was dependent on help from re-
programmed Tregs (27). In this model, help provided by re-programmed Tregs was not
mechanistically different from that provided by conventional helper T cells (e.g., it was
mediated by CD40-ligand, and the requirement for re-programmed Tregs could be replaced
by pre-immunizing mice with ovalbumin). Nevertheless, the key finding was that – in the
absence of prior exposure to antigen – the ability of Tregs to rapidly re-program into
CD40L+ helper cells was essential to support primary CD8+ T cell responses to cross-
presented antigen. This model used a nominal antigen, but in light of these results it would
be interesting to know whether the defect in early CD8+ T cell responses to viral infection
observed when Tregs were depleted (28), might in part reflect loss of helper activity from
re-programmed Tregs. Taken together, the preceding reports suggest that re-programmed
Tregs may in fact play important biologic roles in certain specific physiologic settings.
While suppressor activity is clearly the dominant and most critical Treg function (as shown
by spontaneous autoimmunity in Treg-deficient mice), multiple studies suggest that Tregs
may also play previously unappreciated roles as helper cells.

Tregs as “First-responders” model
In our vaccine model (27), the key contribution of Tregs was to provide rapid helper activity
during the initial early window after vaccine administration, at a time when conventional,
antigen-specific CD4+ helper cells had not started to activate and clonally expand. This
rapid helper response to vaccination by Tregs that underwent functional re-programming
offers a potential resolution of the long-standing paradox of how helper-dependent CD8+ T
cell responses ever get started (29). Tregs have long been recognized to display attributes of
constitutive activation (30). Most circulating Tregs display markers of an activated state
(31), presumably due to encounter with self or other constitutively-present antigens, and
resting Tregs respond more rapidly to inflammatory signals than do conventional CD4+ cells
(32). Functional suppressor activity, although not constitutively present in resting Tregs, was
rapidly induced to high levels in less than 24 hours, without requiring intervening
proliferation or differentiation (4). Similarly, splenic Tregs acquired potent suppressor
activity 12–18 hours after mice were acutely treated with high doses of CpGs administered
systemically to stimulate IDO expression (15). Conversely, at local sites of low-dose CpG-
induced inflammation (which does not induce IDO), Tregs quickly re-programmed to
display inflammatory phenotypes and functional helper activity; these responses by Tregs
far outpaced responses by naïve non-Treg CD4+ T cells, unless non-Tregs were previously
primed in vivo (27). Moreover, under conditions in which IDO was blocked or ablated,
high-dose systemic CpG treatment failed to activate Treg suppressor function; instead CpG-
induced inflammation induced re-programming as Tregs uniformly expressed pro-
inflammatory cytokines (IFNγ, IL-2, TNFα, IL-17) less than 9 hours after CpG treatment
(15).

Taken together, these features suggest that Foxp3-lineage Tregs represent a highly
responsive population (i.e., constitutively-primed “first-responder” cells), but the direction
of the particular response elicited – either suppressive or pro-inflammatory – is exquisitely
attuned to local physiologic conditions. Based on this, we propose that the fundamental,
distinguishing attribute of Foxp3-lineage cells may actually be their “hair-trigger”, rapid-
response capability (rather than simply their suppressor activity). Under this model, cells of
the Foxp3 lineage would represent a pool of first-responder cells, capable of providing rapid
suppression where appropriate; but also able – when directed by the innate immune system –
to supply potent helper activity to support the early phases of immune responses (i.e., at a
time when conventional primed T-helper cells are unavailable).
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Loss of Foxp3 expression
One possible molecular mechanism of Treg re-programming might be loss of Foxp3
expression. In vitro, artificial ablation of Foxp3 in mature Tregs causes them to re-program
into inflammatory effector cells (17). In several published models, Tregs were observed to
lose Foxp3 expression when they converted into pro-inflammatory helper cells – e.g., under
lymphopenic conditions (22); when Tregs converted to CD4+ follicular helper cells (23);
and in “ex-Tregs” found at sites of autoimmune inflammation (20). However, several
caveats apply to these observations:

Treg heterogeneity
First, peripheral Tregs are heterogeneous, and may include some cells with transient or
unstable Foxp3 expression. These could be recently-converted peripherally-derived Tregs
that retain the ability to revert to effector cells (33); or might reflect cells that transiently
express Foxp3 at early stages during normal differentiation into TH17 cells (34). Neither of
these states represent authentic, fully-committed Tregs, so their reversion to a pro-
inflammatory phenotype would not constitute “re-programming”. Moreover, each study
incorporated distinct experimental approaches to mark or detect Foxp3-expressing cells,
which may introduce technical differences. In a recent study, Rudensky and colleagues
marked Foxp3+ cells in vivo using a genetic inducible-labeling strategy intended to capture a
snapshot of all cells actively expressing Foxp3 at a given time (35); this technique showed
that the majority of Foxp3+ cells remained highly stable over time, even after proliferation,
and in a variety of physiologic conditions (sub-lethal irradiation, Listeria infection and
autoimmune diabetes). Thus, while some Tregs can lose Foxp3, it appears that most
authentic Tregs retain detectable Foxp3 expression under most conditions.

Foxp3 heterogeneity
That said, however, the second caveat is that simply expressing detectable Foxp3 does not
guarantee that Tregs have not undergone re-programming. In several models, we have
observed continued expression of Foxp3-GFP fusion protein in Tregs exhibiting dramatic
functional changes consistent with re-programming (15, 27, 36). Others have also reported
continued expression of Foxp3 despite functional re-programming (16, 37). Foxp3 is known
to undergo post-translational modification, and it associates with multiple regulatory factors
in intracellular complexes, all of which are required for its function (38–40). Thus, if these
processes were disrupted, then Foxp3 could be present in cells, but still be inactive or have
abnormal function. Moreover, Foxp3 requires cooperation with other transcription factors in
order to maintain the suppressive Treg phenotype: e.g., cooperation with Eos (Ikzf4) is
required for Foxp3 to suppress downstream target genes; Foxp3 interacts physically with
Runx1 to maintain Treg function (41), and mice lacking the Foxo1 transcription factor have
markedly dysfunctional Tregs (42). Thus, there are several mechanisms by which Tregs
could continue to express Foxp3, yet lose their suppressive program.

Taken together, these studies show that re-programmed Tregs may lose Foxp3 under certain
circumstances, or may retain Foxp3 but still alter their function, thus emphasizing that the
definition of “re-programming” needs to be functional, rather than simply loss of Foxp3.
One functional test of re-programming is cytokine expression, but a more rigorous test is to
ask whether sorted populations of Tregs perform a biologic helper function when adoptively
transferred into new hosts (27). Another way to test for helper function by Tregs is to ask
whether ablating Tregs in vivo – e.g., by using Foxp3-DTR mice (3) – unexpectedly
removes a normal, biologically-important helper function.
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Treg re-programming, IL-6 and innate immunity
Several years ago, Pasare and Medzhitov reported the seminal observation that signals from
the innate immune system (e.g., triggered by TLR-ligands) could block the ability of Tregs
to suppress immune responses (43). At the time, these studies did not address whether Tregs
underwent re-programming, but Tregs clearly were no longer able to suppress effectively. In
this standard model of vaccination, modulation of Treg-mediated suppression by
inflammation was required in order to generate the expected (pro-inflammatory) response to
the vaccine (43). Mechanistically, these early studies implicated the pro-inflammatory
cytokine IL-6 as a key cytokine linking innate immune activation with abrogation of Treg-
mediated suppression (44). These studies concluded that IL-6 most likely altered the effector
T cells, rendering them resistant to suppression, rather than altering the Tregs. In addition to
this possibility, however, subsequent studies of Treg plasticity in vitro showed that IL-6 was
also a potent driver of Treg re-programming (16). We and others have confirmed that IL-6
can drive Treg re-programming in a variety of models (15, 27, 36, 45); in other models, a
similar effect has been reported for another pro-inflammatory cytokine, IL-1β (46). Thus, in
diverse models, cytokines of the innate immune system appear to drive Treg re-
programming. Recently (using a model similar to Pasare and Medzhitov) we showed that
IL-6-induced Treg re-programming was essential for successful vaccination with a TLR-
ligand adjuvant (27). Importantly, this requirement for re-programmed Tregs was due not
simply to a removal of suppressor activity, but to an active contribution of CD40L-mediated
helper activity that was supplied exclusively by re-programmed Tregs. Thus, in this model,
signals from the innate immune system (TLR-ligand, IL-6) drove Treg re-programming, and
the re-programmed Tregs acted as an integral component of the downstream immunologic
effects of the adjuvant. This role for Tregs was somewhat surprising, since adjuvants are
classically considered strictly the province of the innate immune system. However, data
from our study (27) and those of others (24, 25) suggest that re-programmed Tregs may be
critical participants in the initiation of certain “innate” immune responses.

Antigen specificity of Tregs
Studies of Treg antigen specificity suggest that many Tregs recognize self antigens (47).
Hence, one key concern regarding Treg re-programming is whether former Tregs would
cause pathological autoimmunity. Consistent with this possibility, experimental ablation of
Foxp3 in mature Tregs resulted in effector cells that appeared to cause autoimmune lesions
(17); while “ex-Tregs” (former Foxp3-expressing cells) were over-represented in
autoimmune diabetic lesions (20). These outcomes may arise because mature, resting Tregs
attracted to sites of inflammation undergo activation (Step B), but some activated Tregs then
commit to the helper/effector arm, not the suppressor arm (Step C); or activated Tregs that
commit to the suppressor arm may possess attenuated suppressor functions under the
influence of the prevailing inflammatory milieu in such lesions. Hence Tregs may promote
pathology in autoimmune syndromes by undergoing re-programming, or manifesting less
potent suppression, though – as discussed above - effector T cells in such lesions may also
be more resistant to Treg-mediated suppression. On the other hand, if one of the normal
physiologic functions of the Foxp3 lineage is to provide rapid helper activity for new
antigens (27), then recognition of ubiquitous self antigens would be beneficial in settings
where help to promote rapid development of effector T cells is desirable, because Tregs
could interact with APCs at high frequency. In other words, help from Tregs would still be
“antigen-driven”, but (unlike non-Treg helper cells) re-programmed Tregs would not be
restricted to recognizing only the new antigens. If this is the case, then the crucial question
becomes whether Treg re-programming is tightly regulated and readily reversible, or
promiscuous and irreversible: if the latter, then autoimmunity would indeed be an
undesirable consequence. However, if Treg re-programming is a normal physiologic

Mellor and Munn Page 6

J Immunol. Author manuscript; available in PMC 2013 October 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



function of the Treg lineage, and is tightly regulated such that it only occurs where and when
it is needed, then autoimmunity is unlikely to manifest. As discussed above in the section on
regulation of re-programming by the innate immune system, the available evidence suggests
that Treg re-programming is highly regulated, by the same innate immune mechanisms that
govern the fundamental decision to either activate or remain tolerant.

Conclusions
In this Brief Review we have summarized the emerging evidence that Tregs of the Foxp3
lineage display an unexpected degree of functional plasticity. Although the bifunctional
potential of these rare cells is only beginning to be elucidated in physiologic settings, several
recent studies point to significant mechanistic contributions of “re-programmed” Tregs to
certain normal immune responses. Based on this, we propose that Treg plasticity may
represent an intrinsic attribute of the Foxp3 lineage, and should not be considered a loss of
lineage fidelity. Under most circumstances, the role of Foxp3+ Tregs is to suppress
unwanted or inappropriate immune response, and certainly this is the key default attribute of
Tregs (as shown by the lethal consequences of removing Tregs). However, under other
circumstances Tregs appear to form a pool of rapidly-responsive helper cells, capable of
supplying help to initiate T cell responses, at early times when conventional CD4+ helper
cells are few in number and have not yet been primed. The same features that make Tregs
effective suppressor cells – rapid response, and specificity for ubiquitous antigens – may
also make them versatile “all-purpose” helper cells when required. The choice between these
two consequences of Treg activation – functionally suppressive or helper states – is tightly
regulated by the innate immune system, with Treg re-programming being driven by pro-
inflammatory cytokines such as IL-6 and IL-1; and being inhibited by innate
immunosuppressive mechanisms such as IDO.
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Figure 1. How Tregs respond to local stimuli
Circulating Tregs are functionally quiescent but respond rapidly to microenvironmental cues
to acquire suppressive or helper/effector functions according to prevailing conditions. See
text for details.
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