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Summary

Foxp3+ regulatory T (Treg) cells prevent the development of autoimmu-

nity and immunopathology, as well as maintaining homeostasis and toler-

ance to commensal microorganisms. The suppressive activity of Treg cells

is their defining characteristic, generating great interest in their therapeu-

tic potential. However, suppressive and effector functions are not entirely

exclusive. Considerable evidence points to the ability of supposedly anti-

inflammatory Foxp3-expressing Treg cells to also express transcription

factors that have been characterized as cardinal drivers of T effector cell

function. We will consider the mounting evidence that Treg cells can

function in non-suppressive capacities and review the impetus for this

functional change, its relevance to developing immune and autoimmune

responses and its significance to the development of Treg-based therapies.

Keywords: autoimmunity; cytokine receptors; cytokines; Foxp3; regulatory

T cells; transcription factors.

Introduction

Classification of CD4+ T cells, according to cytokine

production and gene expression, defines distinct subsets

but struggles to convey the complex and dynamic nature

of T-cell function. Polarization of responses is such a cen-

tral concept that the very language of T-cell biology is

built around it. In 1986 Mosmann, Coffman and col-

leagues classified T helper cell clones according to their

distinct patterns of cytokine secretion, and coined the

terms Th1 and Th2 establishing the basis for classification

as distinct or non-overlapping function.1 This framework

fulfils the basic desire of most biologists to bring order to

the world armed only with a dichotomous key and relies

on exclusivity to determine position: a Th1 cell, for

example, should produce interferon-c (IFN-c) but not

interleukin-4 (IL-4), whereas the polar opposite is true of

a Th2 cell. Newly described T helper cell subsets have

joined this exclusive club and distinct patterns of cytokine

secretion, under the direction of a subset-specific master

regulator of transcription, remain the reference standard

for membership. Master-regulators of transcription have

been identified for Th1 (T-bet), Th2 (Gata3), Th17

(ROR-cT), follicular helper T (Bcl6) and regulatory T

(Treg; Foxp3) cells and they promote lineage commit-

ment by driving the expression of subset-signature genes

and repressing genes associated with alternative fates.2

However, while the defining feature of Th1 and Th2

subsets was their distinction, Th17 cells can be induced

to co-express T-bet and ROR-cT and produce both IL-17

and IFN-c, blurring the lines between Th1 and Th17

function.3–5 The functional plasticity of Th17 cells rede-

fined our understanding of T-cell subsets, and requires a

more fluid framework able to accommodate dynamic

changes in transcription factor expression, cytokine pro-

duction and inflammatory potential in response to

environmental conditions. Such plasticity is not

restricted to T helper subsets. Treg cells co-expressing

effector-associated transcription factors along with Foxp3

and capable of producing pro-inflammatory cytokines are

also found in mice and humans (Table 1). What is the

purpose of such multifunctional cells and what are the

implications for Treg cells in the control of homeostasis,

inflammation and therapy?

Co-expression of effector-associated
transcription factors

ROR-cT and IL-17

The idea of Treg cells producing effector cytokines runs

contrary to their perceived raison d’̂etre. The noble mis-

sion statement of Treg cells ‘to prevent autoimmunity,

immunopathology and maintain homeostasis’ is so often
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cited that it overshadows alternative functions. Perhaps

Treg multi-functionality should not come as such a sur-

prise. Transforming growth factor-b (TGF-b) promotes

differentiation of both Treg and Th17 cells and the deci-

sion between these alternative fates is influenced by the

prevailing cytokine milieu: IL-6 promotes Th17 develop-

ment via activation of signal transducer and activator of

transcription 3 (STAT3), whereas IL-2-driven activation

of STAT5 favours Treg cell induction.6–9 Foxp3 and

ROR-cT are co-expressed during the polarization of Th17

cells, but IL-6 promotes down-regulation of Foxp3 and,

in concert with IL-1, drives Th17 differentiation.10 Both

IL-6 and IL-1b can also induce IL-17 production in Treg

cells10,11 (Table. 1).

In vivo, high frequencies of Foxp3+ ROR-cT+ Treg cells

are found in the lamina propria, suggesting that they may

have a role in maintaining immunological homeostasis.12

They are also found at sites of ongoing inflammation. In

collagen-induced arthritis for example, IL-6 produced by

synovial fibroblasts promotes loss of Foxp3 and produc-

tion of IL-17 by Treg cells. Furthermore, these IL-17-pro-

ducing Treg cells are capable of driving autoimmunity on

transfer.13 Foxp3+ ROR-cT+ T cells are present in human

peripheral blood14–18 and are enriched in the synovia of

patients with active rheumatoid arthritis, suggesting that

IL-17 produced by Treg cells may contribute to inflam-

mation.13

T-bet and IFN-c

Th1-like Treg cells are also found in both mice and

humans.19–22 Elevated frequencies of Treg cells expressing

T-bet and capable of producing IFN-c are seen during

strongly polarized Th1 responses.19,20,23 Patients with

chronic inflammatory conditions, including relapsing–
remitting multiple sclerosis,22 type 1 diabetes21 and graft-

versus-host disease24 also have an increased prevalence of

CXCR3+ T-bet+ IFN-c+ Treg cells. However, elevated

T-bet expression does not necessarily limit suppressive

activity. During coronavirus infection for example, viral-

specific Th1-like Treg cells produce IFN-c but retain

potent antigen-specific suppressive capacity.23 Similarly,

IFN-c+ Treg cells in patients with type 1 diabetes retain

their suppressive activity in vitro.21 IFN-c+ Treg cells from

patients with multiple sclerosis show reduced suppres-

sive potential that can be restored by neutralizing IFN-c
or IL-12. Hence, targeting Th1-associated cytokines

may increase Treg function as well as having direct

anti-inflammatory effects.22

The Th1-like characteristics can be induced in Treg

cells by the Th1-associated cytokines IFN-c, IL-12 and

IL-2719,25,26 (Table 1). Interferon-c activates STAT1,

which promotes expression of T-bet and of IL-12rB2,

thereby increasing sensitivity to IL-12.19,25,27 However, in

comparison to conventional T cells, IL-12rB2 expression

is slower and lower in Treg cells, limiting STAT4 activa-

tion and preventing full acquisition of a Th1 effector phe-

notype.27 Importantly, the amount of either IFN-c or IL-

17 produced by Treg cells is typically lower than seen in

their conventional Th17 and Th1 counterparts, indicating

that cytokine production is still restrained in these cells

compared with bona fide effector T (Teff) cells.27,28

Because of this, it is difficult to determine the relevance

of the relatively small amounts of pro-inflammatory cyto-

kine produced by Treg cells to the progression of inflam-

mation (see below).

Gata3

Th1-associated or Th17-associated cytokines can induce

expression of T-bet or ROR-cT in Treg cells and drive

production of effector cytokines. In contrast, the

expression of Gata3 in Treg cells is neither induced by

Th2-associated cytokines, nor normally associated with

elevated Th2-cytokine production by Treg cells. Gata3 is

expressed at higher levels in Treg cells than naive T cells

in the steady state29 and promotes Foxp3 expression.29

Indeed, Gata3 has an essential role in Treg function,

Gata3 deficient Treg cells are unable to prevent the devel-

opment of T-cell-mediated colitis and Treg-specific dele-

tion of Gata3 results in spontaneous autoimmune

disease.29,30 During both infection and autoimmunity

Gata3 supports and maintains Treg function at diverse

inflammatory sites29,30 whereas in the steady state Gata3+

Treg cells are prevalent in gut-associated lymphoid tis-

sues, suggesting an important role in homeostasis at bar-

rier sites.30 By interacting directly with Foxp3, Gata3 can

suppress ROR-c expression and IL-17 production,29–31

thereby restraining the pro-inflammatory potential of

Treg cells (see below). Gata3 expression in Treg cells is

induced by T-cell receptor (TCR) activation and IL-2,

independently of STAT6 and IL-4/IL-13.30 Therefore,

unlike T-bet or ROR-cT, Gata3 is not induced in

response to effector cytokines but by the survival factor

IL-2.30 This may underpin both the general importance

of Gata3 to Treg function and the ability of IL-2 to pre-

vent production of IL-17 by Treg cells (see Table 1).

Compared with IFN-c and IL-17, evidence in the litera-

ture for Treg cells producing Th2-associated cytokines is

relatively sparse. Production of IL-4 and IL-13 by Treg

cells has been associated with the Th2 response driven by

respiratory syncytial virus.32 After repeated infections,

Treg cells in the draining lymph node also showed lower

suppressive capacity and elevated expression of Gata3.32

Notably, however, Gata3 expression alone is not sufficient

to drive Th2 cytokine production in Treg cells as Gata3+

Treg cells from uninfected mice do not produce effector

cytokines.32 Most recently the first evidence of human

Treg cells producing IL-4 and IL-13 has emerged from

study of skin samples from patients with the autoimmune
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disease systemic sclerosis. Treg cells producing Th2

cytokines remained absent from peripheral blood but a

higher proportion of Treg cells isolated from skin biopsies

from systemic sclerosis patients produced IL-13 and IL-4

than in the skin of healthy control subjects.33 These stud-

ies emphasize the need to study the behaviour of Treg

cells in tissues and at inflammatory interfaces, and show

that Treg cells have the potential to produce cytokines,

which may contribute to fibrotic as well as acute inflam-

mation.

Treg specialization: fine tuning the Treg
response

The current paradigm suggests that Treg cells co-expressing

effector associated transcription factors exist to facilitate

efficient control of the related effector responses (reviewed

in ref. 34). The model proposes that more efficient homing

(as a result of a shared profile of chemokine receptor

expression between Treg and effector cells) or invocation of

subset-specific suppressive mechanisms act to optimize

regulation.

Control of Th1 responses

The concept of tailoring Treg activity to the dominant

contemporaneous Teff cell response was developed in

studies investigating the role of T-bet in Treg cells. An

essential role for T-bet in Treg function is not immedi-

ately apparent; T-bet-deficient Treg cells show no func-

tional defect in in vitro suppression assays.35,36 T-bet-

deficient mice do not have an altered frequency of Treg

cells,35,36 nor do they develop spontaneous autoimmunity

or an exacerbated form of induced organ-specific dis-

ease.37 This all suggests that T-bet expression is not

required for Treg function. However, in models of Th1

inflammation (anti-CD40 treatment, or infection with

Mycobacterium tuberculosis19) T-bet-deficient Treg cells

compete inefficiently with their wild-type counterparts in

terms of proliferation and access to inflamed tissue.

Hence, in chimeric mice (harbouring both wild-type and

T-bet-deficient T cells) with mycobacterial infection, T-bet-

deficient Treg cells are disadvantaged in their capacity to

home to the inflamed lung. The diminished migratory

potential of T-bet-deficient Treg cells results from their

lack of CXCR3 expression, which renders them unable to

respond to CXCL10 induced by IFN-c during infection.19

Once Treg cells have gained entry to the inflammatory site,

IFN-c can increase their IL-10 production, thereby further

enhancing their suppressive capacity.27

It is important to note that inflammation can drive

expression of T-bet and CXCR3 by Treg cells without this

being critical to their function. For example, in experi-

mental autoimmune encephalomyelitis (EAE), the Treg

cells recruited to the inflamed central nervous system

(CNS) have elevated expression of T-bet and are

uniformly CXCR3+.38 However, T-bet-deficient Treg cells

are unimpaired in their ability to home to the CNS,

demonstrating that alternative, or compensatory mecha-

nisms can efficiently recruit Treg cells in the absence of

T-bet.37 More strikingly, Treg recruitment is unimpaired

when T-bet deficiency is restricted to Treg cells and

inflammation is driven by highly polarized wild-type Th1

cells.36 Treg cells constrain production of IFN-c following

immunization.39 However, mice with T-bet-deficient Treg

cells do not develop exuberant Th1 responses after immu-

nization, indicating that T-bet expression by Treg cells is

not essential to regulate the induction phase of Th1

responses.36 Therefore T-bet expression can enhance, but

is not necessary for, Treg cell recruitment to sites of Th1-

mediated inflammation.

Control of Th2 responses

Treg-specific deletion of the Th2-associated transcription

factor interferon regulatory factor 4 (IRF4) leads to devel-

opment of a lymphoproliferative disease dominated by

excessive Th2 responses, rather than the Th1-dominated

inflammation typically seen in scurfy mice.40,41 These

results strongly suggest that IRF4 expression promotes

effective control of Th2 responses. However, it should be

noted that IRF4 is expressed in all activated Treg cells

and that, in concert with BLIMP-1, it drives development

of an ‘effector-Treg’ phenotype and expression of IL-10,42

a cytokine also capable of suppressing both Th1 and

Th17 responses.

Control of Th17 responses

Mice lacking STAT3 specifically in Treg cells develop

fatal, Th17-dominated colitis.43 STAT3 is critical for Th17

differentiation9 and the inability of STAT3�/� Treg cells

to control Th17 responses provides a clear parallel

with the inability of T-bet�/� Treg cells to modulate

Th1-mediated inflammation during infection.19 STAT3-

deficient Treg cells have reduced expression of CCR6, an

important chemokine receptor directing recruitment to

sites of Th17-mediated inflammation.43 STAT3-deficient

Treg cells also showed reduced expression of other genes

related to the suppressive function of Treg cells, including

Il10, Ebi3 and Gzmb,43 these genes are also down-regu-

lated in IRF4�/� Treg cells.40 The inability of T-bet�/�

and STAT3�/� Treg cells to control highly polarized

responses is associated with impaired migratory potential

and reduced IL-10 production. Indeed the elevated sup-

pressive functions seen in Th1-conditioned Treg cells

(activated via STAT1), in IL-10-exposed Treg cells

(activated via STAT3) and in IRF4+ Treg cells42 can all be

attributed to increased IL-10 production, rather than to

distinct subset-specific suppressive mechanisms. Although
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IL-10 can suppress both Th1 and Th17 responses, Th17

cells are particularly sensitive to IL-10-mediated suppres-

sion (due to increased expression of the IL-10ra44), which

may explain why reduced IL-10 production by STAT3-de-

ficient Treg cells favours outgrowth of Th17 responses.43

Effector tuned Treg cells: specialists or
chameleons?

Until recently it was unclear whether gain of effector

cytokine production in Treg cells represented a commit-

ted functional change or whether Treg cells could switch

back and forth between co-expression of effector-associ-

ated transcription factors as dictated by prevailing condi-

tions. Recent fate mapping studies tracing the expression

of Foxp3, Gata3 and T-bet in Treg cells show dynamic

changes in the co-expression of transcription factors. In

the steady-state around 30% of Treg cells express Gata3

and around 10% express T-bet. Interestingly, a small sub-

set of Treg cells co-express Foxp3, T-bet and Gata3.45

Furthermore, these patterns of expression are highly flexi-

ble. T-bet+ Gata3� Treg cells can be induced to lose

expression of T-bet and gain expression of Gata3 and vice

versa.45 Hence T-bet+ and Gata3+ Treg cells are not stable

subsets. Instead, Treg cells adapting to a strong Th1

response with acquisition of T-bet expression could

return to basal levels of T-bet expression as the response

wanes and retain the potential to ‘re-tune’ to subsequent

inflammatory episodes.

Calibration of the Treg response to the degree of
inflammation

Cytokine production by non-T cells and stromal cells dur-

ing inflammation or tissue damage can also influence Treg

function. For example, the ‘alarmin’ IL-33 which is released

during necrotic cell death regulates Treg dynamics in vivo

and this pathway is of particular importance at inflamma-

tory sites.46–48 A subset of highly activated Treg cells

express ST2 (the IL-33 receptor) and respond to IL-33 with

increased proliferation, activation and elevated Gata3

expression. Interleukin-33 also increased expression of

molecules involved in tissue homing (CD103, aV integrin,

OX40, CD44) and suppressive function (CTLA-4, PD-1,

CD39, CD73, LAG3).48,49 These results suggest that IL-33

promotes expansion of Treg cells capable of homing to sites

of inflammation and displaying increased suppressive

capacity. Indeed, ST2+ Treg cells may be particularly well

adapted to survival in tissues as they are enriched in fat,

muscle and skin compared with secondary lymphoid

organs.33,50,51 Notably, the Gata3-promoting activity of IL-

33 is suppressed by IL-23, demonstrating a further way in

which IL-23 can act to destabilize the Treg phenotype.48

ST2�/� Treg cells also fail to protect against T-cell-induced

colitis, an inadequacy also seen in Gata3�/� Treg cells.29,30

As IL-33 is constitutively expressed in epithelial and

endothelial cells, this pathway represents a novel means

whereby cells out-with the immune system can act to pro-

mote Treg stability and function during inflammation and

one which might be of particular importance at barrier

sites. ST2 expression is also an essential feature of Treg cells

found in visceral adipose tissue. This ST2 expression was

dependent on IRF4, highlighting a further key influence of

Treg function, and basic leucine zipper transcription factor

ATF-like (BATF). Interestingly, both of these transcrip-

tional regulators are responsive to IL-33, allowing a positive

feedback loop for the propagation of highly functional Treg

cells.52

Plasticity, stability or heterogeneity?

The origin of cells co-expressing Foxp3 and effector

cytokines has been controversial. Do all Treg cells possess

equivalent potential for functional plasticity or is it

restricted to Treg subsets that are either inherently unsta-

ble or exist with a propensity to acquire particular effec-

tor characteristics?

Responsiveness to switch factor cytokines requires

expression of the appropriate cytokine receptor and this

can therefore predict the capacity of Treg cells for inflam-

matory cytokine production. The proportion of Treg cells

induced to produce IL-17 in vitro never equals the level

of induction seen following stimulation of naive T cells in

the presence of TGF-b and IL-6.7,11 The differential sensi-

tivity of naive conventional T cells and Treg cells to IL-6

reflects their differential patterns of IL-6Ra expression

(only around 30% of Treg cells express IL-6Ra). Highly

activated Treg cells are IL-6Ra-negative, fail to phospho-

rylate STAT3 in response to IL-638 and cannot be

induced to produce IL-17.9 Therefore reduced sensitivity

to IL-6 in Treg cells at inflammatory sites can serve as a

potent means of stabilizing their suppressive function.

Underlining this, Treg cells isolated from the inflamed

CNS during EAE are insensitive to IL-6 because they do

not express either IL-6Ra, or the signal transducing

sub-unit gp130. In contrast, splenic Treg cells from the

same mice do express IL-6 receptors and are capable of

IL-6-driven IL-17 production.38 In a parallel situation, IL-

1R1 expression identifies a subset of CCR6+ ROR-cT+

human Treg cells that can produce IL-17 in response to

IL-1b.53 Acquisition of Th1-like cytokine production in

murine Treg cells requires intact IFN-c-signalling. Expo-
sure to IFN-c also induces IL-12RB2 expression, allowing

IL-12 to further promote T-bet expression.27 Hence,

patterns of cytokine receptor expression can identify

populations of Treg cells with a predisposition to

effector-cytokine production.

Historical fate-mapping of gene expression formally

demonstrated the capacity for Treg cells to lose Foxp3

expression. Transfer of sorted GFP+ Treg cells from Fox-
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p3-GFP knock-in mice provided the first direct evidence

that up to 50% of Treg cells can lose Foxp3 expression

after transfer to the lymphopenic environment of Rag2�/

� mice.54 Furthermore cells that had lost Foxp3 expres-

sion subsequently gained a capacity for production of

IL-2 and IFN-c and showed pathogenic potential upon

secondary transfer (see below).54 To quantify loss of

Foxp3 expression in immunocompetent hosts, it was

necessary to develop dual reporter mice allowing simulta-

neous assessment of current and historical expression of

Foxp3 to be visualized in live cells.55 These studies esti-

mated that around 10% of cells that, at some time had

expressed Foxp3, now did not. These so-called ‘ex-Treg’

cells displayed an activated effector-memory phenotype

and a substantial proportion of them could produce

either IFN-c or IL-17.55 Furthermore, an elevated fre-

quency of ex-Treg cells in the pancreas of diabetic NOD

mice, suggested that these cells may function in a pro-in-

flammatory capacity at sites of autoimmune inflamma-

tion.55 Auto-reactive ex-Treg cells have the potential to

contribute to inflammation in the CNS as transferring

ex-Treg cells from autoantigen-immunized mice can

induce EAE in Rag�/� mice (see below).56 Similarly,

transfer of in vitro-expanded BDC2.5 ex-Treg cells (which

express a TCR that recognizes a pancreatic islet autoanti-

gen) can induce diabetes in NOD Rag2�/� recipients.55

Collectively these studies illustrate plasticity in Treg cells,

which can give rise to ex-Treg cells capable of driving

autoimmune inflammation.

Opposing results suggest that fully committed Treg

cells are functionally stable. Using a pulse-labelling

approach in which cells expressing Foxp3 were induced

to permanently express YFP following exposure to

Tamoxifen, it was found that under homeostatic, lym-

phopenic and inflammatory conditions there was very lit-

tle evidence for loss of Foxp3 expression, or gain of

effector function.57 A possible explanation for the differ-

ent observations is that, in the original dual reporter

mouse, transient or low-level expression of Foxp3 either

during Th17 differentiation10 or in peripherally induced

Treg cells may have led to an accumulation of cells with

an ex-Treg phenotype over time. The pulse-labelling

approach avoids the accumulation of these cells in the

‘ex-Treg’ pool.

A third school of thought argues that phenotypic

changes reflect Treg heterogeneity, suggesting that the

majority of Treg cells are functionally stable but that a

minor subpopulation has the capacity for functional

change.58,59 This could account for the conflicting results

of those studies advocating plasticity versus stability. As

mentioned previously, transfer of Foxp3+ Treg cells to a

lymphopenic environment results in loss of Foxp3 expres-

sion in a proportion of Treg cells. However, if Treg cells

are sorted into CD25+ and CD25� fractions before trans-

fer, the CD25+ fraction retains stable Foxp3 expression,

whereas Foxp3 is readily lost from the CD25� fraction.59

Notably, loss of Foxp3 was not permanent as activation

of ex-Treg cells in vivo or in vitro could re-induce Foxp3

expression in those studies. A highly sensitive reporter

system (in which membrane-bound human CD2 is

expressed on the surface of T cells expressing Foxp3)

demonstrated that, during activation, a small proportion

of murine T cells transiently up-regulate Foxp3 expres-

sion.58 Hence, the ‘ex-Treg’ population identified in pre-

vious studies is not composed solely of Treg cells that

have lost Foxp3 expression but could well be accounted

for in large part by cells that have abortively or tran-

siently expressed Foxp3 during activation.

This transient expression of Foxp3 during activation of

non-Treg cell populations has been observed by others60

and highlights the need for additional factors to drive regu-

latory function. Stable Foxp3 expression is associated with

pronounced CpG demethylation that occurs in the Treg-

specific demethylation region (TSDR) within the Foxp3

gene.61 Interestingly, further epigenetic studies of natural

Treg cells have revealed Treg-specific CpG demethylation

profiles in other genes. These epigenetic profiles occurred

independently of Foxp3 expression, but had complemen-

tary roles in establishing Treg function.62,63

The pro-inflammatory potential of Treg cells: the
bark and the bite

However ex-Treg cells arise, their pro-inflammatory

potential makes them highly relevant to the development

of Treg-based therapies. Autoantigen-reactive Treg cells

provide the best preventive and the only curative therapy

for experimental autoimmune disease.64,65 For conditions

where the autoantigen is known, in vitro expansion of

antigen-reactive Treg cells for therapeutic application is

achievable.66,67 However, it is not hard to imagine the

potentially disastrous outcome of transfusing large num-

bers of autoreactive Treg cells with the capacity to

respond to inflammation by losing Foxp3 expression and

gaining effector function. We should take a moment to

ask how well these fears are substantiated by current evi-

dence.

The enrichment of autoreactive TCR within Treg cells

and the prevalence of ex-Treg cells at sites of autoim-

mune inflammation prompted Zhou et al.55 to propose

that autoimmune disease may arise, not from the activa-

tion of conventional autoreactive T cells, but from the re-

purposing of autoreactive Treg cells. Although this may

be possible in certain circumstances, the scurfy-like phe-

notype that develops following diphtheria toxin-mediated

deletion of Treg cells68,69 proves that redirection of Treg

cells to effector function is not required to initiate

autoimmune disease. The development of exacerbated

autoimmune diseases following Treg depletion,39,70 of

autoimmune inflammation in immunodeficient mice fol-
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lowing transfer of naive T cells71,72 and of spontaneous

disease in TCR transgenic mice lacking Treg cells,73 shows

that autoimmune disease can develop in the absence of

Treg cells. Similarly, EAE can be successfully induced in

Treg-depleted mice, indicating there is no requirement

for effector cytokine production by CNS autoantigen-re-

active Treg cells to initiate disease.70

Although Treg cells are not required for autoimmune

disease, it remains unclear to what degree ex-Treg cells

can contribute to ongoing inflammation. Deletion of Fox-

p3 in mature Treg cells leads to loss of suppressor func-

tion and the resultant Foxp3� Treg cells were unable to

prevent the development of severe autoimmune disease

when co-transferred with naive T cells into lymphopenic

hosts.74 Furthermore ex-Treg cells were predominant

among the T-cell infiltrate in the heavily inflamed skin,

lung and intestines.74 Although this evidence suggests that

ex-Treg cells can drive pathology, loss of Foxp3 was

forced and irreversible rather than naturally occurring

and dynamic. Furthermore, there was no demonstration

of ex-Treg cells driving inflammation in the absence of

co-transferred conventional T cells.

There is direct evidence for ex-Treg cells driving

autoimmune disease but their pathogenic potential is seen

only in very particular circumstances, most commonly,

after serial transfer into lymphopenic hosts (see Fig. 1).

After transfer of Treg cells into Rag2�/� mice, a propor-

tion of cells lose Foxp3 expression. Upon secondary

Sorted Treg Transfer to primary
lymphopenic host 

Loss of Foxp3 
No autoimmunity

Transfer of ex-Treg to 
secondary lymphopenic host

Increased cytokine production
Development of autoimmunity

Transfer to 
NOD TCR-a–/– hosts

Loss of Foxp3 
No autoimmunity

Islet reactive BDC2.5 Treg
Sorted Islet reactive 
BDC2.5 Ex-Treg Expansion with anti-CD3/CD28 Transfer 

NOD Rag2–/–  hosts

Development of diabetes

pMOG-immunization of donor Sorted Ex-Treg
Expansion with anti-CD3/CD28

Expansion with pMOG

Transfer to sublethally irradiated
of hosts pMOG-immunization 

EAE

Primary collagen immunization of hosts

Collagen immunization of donors

Secondary collagen 
immunization of hosts

Early onset of CIA

Transfer of 
CD25loFoxp3+Treg

Induction of colitis by
naive T cell transfer to

Rag–/–

+

Rescue by co-transfer of 
nTreg and iTreg Re-isolation and sorting 

of Foxp3-Ex-iTreg

Ex-iTreg transfer to 
Secondary lymphopenic

host

Colitis

MBP-reactive iTreg
Expansion (anti-CD3/CD28)

+ IL-12

+

Co-transfer with naive MBP-
reactive T cells

Immunization with MBP

Protection from EAE

Transfer to 
lymphoreplete

hosts

No EAE Mild EAE

Foxp3+ Treg

CD25

Foxp3-exTreg Cytokine+ exTreg

Cytokine– exTregNaïve T cell iTreg

Duarte et al. 2009

Zhou et al. 2009 Zhou et al. 2009

Bailey-Bucktrout et al. 2013

Schmitt et al. 2012

Komatsu et al. 2014

O’Connor et al. 2010

Figure 1. Schematics illustrating the experimental protocols under which Foxp3+ regulatory T cells have been shown to acquire a capacity for

pro-inflammatory cytokine production and the potential to drive autoimmune pathology.
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transfer into TCR-b�/� mice Foxp3� cells gained effector

function and induced autoimmune inflammation.54

Importantly, inflammatory cytokine production increased

only after transfer of the ex-Treg to the second lym-

phopenic host. The presence of stable Treg cells (which

retained their suppressive capacity) in the primary trans-

fer is therefore sufficient to prevent gain of effector func-

tion by ex-Treg cells, even after loss of Foxp3. This is also

true in models using autoreactive Treg cells from trans-

genic mice. After transfer of BDC2.5 Treg cells to TCRa�/

� hosts, around a third of these cells lost Foxp3 expres-

sion and gained a capacity for IFN-c production. Despite

this, recipient mice did not develop diabetes.55 Sorting of

ex-Treg cells followed by their in vitro expansion before

transfer to NOD Rag2�/� mice was required to induce

diabetes.55 Similarly, in vitro expansion of ex-Treg cells

from CNS autoantigen-immunized mice, generated a

population of ex-Treg cells capable of inducing EAE after

transfer to sub-lethally irradiated hosts.56 Hence there is

no evidence for ex-Treg cells initiating disease on a pri-

mary transfer without immunization. Most often,

in vitro55,56 or in vivo54 activation in the complete absence

of other T cells is required for ex-Treg cells to gain full

effector function. Although they may sound unusual, such

conditions are directly relevant to the potential therapeu-

tic application of Treg cells, particularly for treatment of

graft versus host disease, where in vitro expanded Treg

cells are transferred following bone marrow transplanta-

tion (reviewed in ref. 75).

The potential of Treg, or ex-Treg, cells to contribute to

ongoing inflammation has not yet been directly ascer-

tained. This would require selective deletion of the capac-

ity for effector cytokine production in Treg cells. Using

the same techniques employed to determine the role of

Teff-associated transcription factors, but deleting only

effector cytokines, it would be possible to allow unim-

paired regulation of bona-fide Teff responses while elimi-

nating effector function in Treg and ex-Treg cells. Of

course, it is possible (and perhaps likely) that remov-

ing effector function in a minor population of cytokine-

producing cells would have a limited effect on the clinical

course of disease, especially in EAE where global deletion

of either IFN-c76 or IL-1777 does not prevent develop-

ment of disease. However, a demonstration of reduced

pathology in the absence of effector function specifically

in Treg cells would provide the most convincing demon-

stration that Treg cells can contribute to, as well as sup-

press, inflammation. The best evidence to date that cells

which have expressed Foxp3 can contribute to inflamma-

tion comes from adoptive transfer of CD25lo Foxp3+ (un-

stable) Treg cells from collagen-immunized DBA-1 mice

into previously immunized DBA-1 hosts before secondary

immunization.13 This protocol resulted in an earlier onset

of arthritis in recipient mice. Notably transfer of

CD25hi Foxp3+ Treg cells did not accelerate pathology,

this supports the concept of Treg heterogeneity and

indicates that CD25hi cells are stable, fully committed

Treg cells.

Stability of induced Treg cells

T cells induced to express Foxp3 in vitro by stimulation

in the presence of TGF-b and IL-2 (called inducible, or

iTreg cells)6 display only partial demethylation of the

Foxp3 TSDR and readily lose expression of Foxp3 upon

in vitro re-stimulation.61 However, despite loss of Foxp3,

ex-iTreg cells retain suppressive capacity in vitro and are

able to suppress development of EAE and colitis

in vivo.78,79 The iTreg cells cannot be induced to produce

IL-17 by IL-6 (due to their lack of IL-6ra expression80)

but can readily be induced to produce IFN-c by IL-

12.78,79 iTreg cells that have been induced to lose Foxp3

expression can induce colitis. However, this again

required serial transfer into secondary lymphopenic

hosts.81 When transferred to lymphoreplete hosts, even

large numbers of IFN-c+ myelin-reactive ex-iTreg cells

failed to induce EAE, emphasizing the importance of the

environment in setting the threshold for pathogenic

potential.79 Inducible Treg cells can also produce granulo-

cyte–macrophage colony-stimulating factor (GM-CSF)

upon secondary stimulation,82 which is of relevance given

the central role of this cytokine in EAE.83,84 However,

production of GM-CSF by iTreg cells is susceptible to

inhibition by IL-6, IL-27, IL-2 and TGF-b. Hence,

although iTreg cells are prone to lose Foxp3 expression,

they retain some suppressive activity and cross-regulation

by cytokines produced by conventional T cells and anti-

gen-presenting cells inhibits their pro-inflammatory

potential in immunocompetent hosts.82

Factors promoting Treg stability

Interleukin-2 maintains Foxp3 expression85 and prevents

effector function in Treg cells.30,54,56 Treatment with IL-

2 : anti-IL-2 complexes increases Treg numbers, elevates

Gata3 expression and prevents Th17-deviation.30 During

Toxoplasma infection, IL-2 : anti-IL-2 complexes similarly

reduced T-bet expression in Treg cells, prevented collapse

of the Treg population and increased survival.20 Beneficial

effects have also been reported in EAE, wherein IL-2-

complexes reduced the frequency of ex-Treg cells and

improved clinical outcome.56 Hence IL-2 can prevent the

development of both Th1 and Th17 characteristics in

Treg cells and may provide a means to promote Treg sta-

bility during inflammation or following therapeutic deliv-

ery of Treg cells.

Increased Treg stability could also be achieved by

reducing the influence of switch factor cytokines such as

IFN-c and IL-6. Suppressor of cytokine signalling 1

(SOCS-1) decreases phosphorylation of STAT1 and
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STAT3, which drive Treg cells towards Th1 and Th17 dif-

ferentiation, respectively.86 SOCS-1-deficient Treg cells

rapidly lose Foxp3 expression and readily produce effector

cytokines in lymphopenic environments.86 SOCS-1 is

highly expressed in Treg cells,87 and is required for their

suppressive function.88 Hence inhibition of Janus kinase

(JAK)-STAT-signalling may also provide a therapeutic

means to stabilize Treg suppressive function.

The Foxp3 TSDR is also known as conserved non-

coding sequence 2 (CNS2). As mentioned above, this

intronic cis-element plays a key role in maintaining Fox-

p3 expression during active Treg proliferation89 and

CNS2-deficient mice develop lymphoproliferative disease

with multi-organ immune infiltration.90 CNS2 appears

able to interact with the Foxp3 promoter via a short-

distance loop, promoted through NFAT binding, provid-

ing a means by which TCR-stimulation can drive

CNS2-mediated Foxp3-stabilization.90 A contemporane-

ous study of CNS2 suggested that, at least part of the

functional consequence of the CNS2-Foxp3 promoter

interaction was to deliver STAT5 to the promoter,

thereby facilitating the action of IL-2 on Foxp3-stability.

Moreover, in the absence of CNS2, the loss of Fox-

p3 upon exposure to pro-inflammatory cytokines

was enhanced.91 This leads to a model in which

pro-inflammatory STATs (e.g. STAT3 and STAT6) can

deliver DNA methyltransferases that would extinguish

Foxp3 gene transcription, an outcome that is prevented

by the concerted actions of TCR stimulation, IL-2/

STAT5 signalling and CNS2 function. Importantly, as

these studies showed, the two net effects in Treg cells

are maintained Foxp3 expression and resistance to gain

of effector cytokine production.90,91

Treg-associated cytokines can also promote Treg stabil-

ity. Interleukin-10 increases the ability of Treg cells to

control Th17 responses 43 and prevents induction of

T-bet and IFN-c,92 while TGF-b stabilizes the phenotype

of human Treg cells.15,59 Hence IL-2, IL-10 and TGF-b
can all act to strengthen the Treg transcriptional pro-

gramme.

Another means of promoting Treg stability is to

target those factors that would erode it. Treatment with

anti-IL-12 and anti-IFN-c enhance the suppressive

capacity of human Th1-like Treg cells22 and the IL-1

receptor antagonist reduces IL-17 production induced by

IL-1b.14 The balance of pro- and anti-inflammatory

signals can therefore profoundly influence both suppres-

sive capacity and cytokine production.

In conventional T cells, the E2-ubiquitin conjugating

enzyme Ubc13 (Ubc13) regulates activation of the inhibi-

tor of nuclear factor-jB kinase IKK and nuclear factor-jB
during TCR-mediated activation.78 Treg-specific deficiency

in Ubc13 does not reduce Treg numbers, but does lead to

spontaneous autoimmune disease. Ubc13-deficient Treg

cells lack suppressive function and this is associated with

decreased expression of both IL-10 and SOCS-1.79 The

combined influences of TCR stimulation,52,53 IL-2 depri-

vation52,53 and cytokine exposure14,30,54 in a lymphopenic

environment51–53 seem to be required to promote Treg

conversion to a full effector phenotype. This level of con-

trol is probably appropriate and would allow for gain of

inflammatory function only in the absence of conventional

T cells (which are better-suited to take on this role), and

only in the presence of switch factors such as IL-6, IL-23,

IL-1b and IL-12 (all indicative of inflammation, requiring

activation of an adaptive immune response). Hence gain

of effector function in these extreme settings could be a

case of needs must when the devil drives.

Is Treg stability always desirable?

Suppression of anti-tumour immune responses by Treg

cells can preserve a microenvironment favouring tumour

growth. Interfering with Treg function provides a thera-

peutic opportunity to promote anti-tumour responses.

Taking advantage of Treg plasticity might allow local

manipulation of Treg function to achieve this end with-

out the need for Treg depletion.

The transcriptional co-repressor Eos (Ikzf4) forms a

complex with Foxp3, suppressing production of IL-17

and maintaining Treg cells in suppressive mode.93 Upon

TCR stimulation, a subset of Treg cells can lose expres-

sion of Eos and begin to produce IL-17. Down-regula-

tion of Eos is induced by IL-6 and can be blocked by

the immunoregulatory enzyme indoleamine 2,3-dioxyge-

nase (IDO), which is produced in large amounts by

plasmacytoid dendritic cells in tumour-draining lymph

nodes. Inhibition of IDO increases IL-17-production by

Treg cells and promotes effective anti-tumour immu-

nity.94,95 Similarly, overcoming Treg-mediated suppres-

sion by local delivery of IL-12 (in combination with

CTLA-4 blockade) allows eradication of tumours in a

murine model of glioblastoma.96 In colon cancer the fre-

quency of ROR-cT+ IL-17+ Treg cells among peripheral

blood mononuclear cells increases with the transition

from stage II to stage III disease, indicating that this

readout could be a useful biomarker of disease progres-

sion.97 Genetically polyp-prone mice also have an

elevated frequency of ROR-cT Treg cells and deletion of

ROR-cT specifically within Treg cells provides increased

immunosurveillance and decreased polyposis, demon-

strating its relevance to disease.97 These studies show

that local modulation of Treg function (by either provi-

sion or inhibition of switch factor cytokines) provides a

means to effectively modulate immune responses. Hence,

when the clinical imperative is to alleviate the Treg-me-

diated suppression of beneficial anti-tumour immune

responses, the capacity of IL-12 and IL-6 to destabilize

Treg cells and promote plasticity could be manipulated

therapeutically.
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Regulatory, T regulatory

Treg cells were first identified as a subset of T cells with

the capacity to prevent the development of spontaneous

autoimmune disease. In accordance with this remit,

non-suppressive functions have been viewed in part as

aberrant, deviant behaviours, despite the frequency with

which they are reported. Thankfully however, these enig-

matic cells were rightly named ‘regulatory T cells’. To

live up to the name, their ability to adjust the mecha-

nisms of the immune system must work both ways.

Although the natural consequence of loss of suppressive

function and gain of effector function in Treg cells is

uncertain, a great deal of information has accrued on

where and when it is likely to happen and which factors

favour or inhibit conversion. Armed with this knowledge

we are better positioned to design Treg-based therapies.

For example, including strategies to promote functional

stability after Treg transfer (via provision of IL-2), or

locally altering Treg function to promote anti-tumour

immunity. There is also increasing recognition of the

roles of Treg cells in non-lymphoid organs to impact

upon obesity50 and wound healing51,98 as well as their

more traditionally recognized suppressive roles. The

recent discovery that a subset of TIGIT+ Treg cells sup-

press the development of Th1 and Th17 responses while

favouring Th2 polarization goes further and demon-

strates that Treg cells can shape development of the

adaptive immune response from the outset.99 As appre-

ciation of their diverse functions grows, our understand-

ing of Treg cells becomes less one-dimensional and the

capacity to modulate immunity by targeting Treg func-

tion only looks set to increase.

Acknowledgements

Work in the authors’ laboratory was funded by Medical

Research Council grants (G0801924 and G1100084). We

thank Dr. R.C. McPherson for critical reading of the

manuscript.

Disclosures

The authors have no competing interests to declare.

References

1 Mosmann TR, Cherwinski H, Bond MW, Giedlin MA, Coffman RL. Two types of

murine helper T cell clone. I. Definition according to profiles of lymphokine activities

and secreted proteins. J Immunol 1986; 136:2348–57.

2 O’Shea JJ, Paul WE. Mechanisms underlying lineage commitment and plasticity of

helper CD4+ T cells. Science 2010; 327:1098–102.

3 Hirota K, Duarte JH, Veldhoen M et al. Fate mapping of IL-17-producing T cells in

inflammatory responses. Nat Immunol 2010; 12:255–63.

4 Bending D, De La Pena H, Veldhoen M, Phillips JM, Uyttenhove C, Stockinger B,

Cooke A. Highly purified Th17 cells from BDC2.5NOD mice convert into Th1-like

cells in NOD/SCID recipient mice. J Clin Invest 2009; 119:565–72.

5 Kurschus FC, Croxford AL, Heinen AP, Wortge S, Ielo D, Waisman A. Genetic

proof for the transient nature of the Th17 phenotype. Eur J Immunol 2010;

40:3336–46.

6 Chen W, Jin W, Hardegen N, Lei KJ, Li L, Marinos N, McGrady G, Wahl SM. Con-

version of peripheral CD4+CD25– naive T cells to CD4+CD25+ regulatory T cells by

TGF-b induction of transcription factor Foxp3. J Exp Med 2003; 198:1875–86.

7 Bettelli E, Carrier Y, Gao W, Korn T, Strom TB, Oukka M, Weiner HL, Kuchroo VK.

Reciprocal developmental pathways for the generation of pathogenic effector TH17

and regulatory T cells. Nature 2006; 441:235–8.

8 Davidson TS, Dipaolo RJ, Andersson J, Shevach EM. Cutting Edge: IL-2 is essential

for TGF-b-mediated induction of Foxp3+ T regulatory cells. J Immunol 2007;

178:4022–6.

9 Laurence A, Tato CM, Davidson TS et al. Interleukin-2 signaling via STAT5 con-

strains T helper 17 cell generation. Immunity 2007; 26:371–81.

10 Yang XO, Nurieva R, Martinez GJ et al. Molecular antagonism and plasticity of regu-

latory and inflammatory T cell programs. Immunity 2008; 29:44–56.

11 Xu L, Kitani A, Fuss I, Strober W. Cutting edge: regulatory T cells induce

CD4+CD25–Foxp3– T cells or are self-induced to become Th17 cells in the absence of

exogenous TGF-b. J Immunol 2007; 178:6725–9.

12 Zhou L, Lopes JE, Chong MM et al. TGF-b-induced Foxp3 inhibits TH17 cell differ-

entiation by antagonizing RORct function. Nature 2008; 453:236–40.

13 Komatsu N, Okamoto K, Sawa S et al. Pathogenic conversion of Foxp3+ T cells into

TH17 cells in autoimmune arthritis. Nat Med 2014; 20:62–8.

14 Koenen HJ, Smeets RL, Vink PM, van Rijssen E, Boots AM, Joosten I. Human

CD25highFoxp3pos regulatory T cells differentiate into IL-17-producing cells. Blood

2008; 112:2340–52.

15 Beriou G, Costantino CM, Ashley CW, Yang L, Kuchroo VK, Baecher-Allan C, Hafler

DA. IL-17 producing human peripheral regulatory T cells retain suppressive function.

Blood 2009; 113:4240–9.

16 Voo KS, Wang YH, Santori FR et al. Identification of IL-17-producing FOXP3+ regu-

latory T cells in humans. Proc Natl Acad Sci USA 2009; 106:4793–8.

17 Valmori D, Raffin C, Raimbaud I, Ayyoub M. Human RORct+ TH17 cells preferen-

tially differentiate from naive FOXP3+Treg in the presence of lineage-specific polariz-

ing factors. Proc Natl Acad Sci USA 2010; 107:19402–7.

18 Ayyoub M, Deknuydt F, Raimbaud I, Dousset C, Leveque L, Bioley G, Valmori D.

Human memory FOXP3+ Tregs secrete IL-17 ex vivo and constitutively express the

TH17 lineage-specific transcription factor RORct. Proc Natl Acad Sci USA 2009;

106:8635–40.

19 Koch MA, Tucker-Heard G, Perdue NR, Killebrew JR, Urdahl KB, Campbell DJ. The

transcription factor T-bet controls regulatory T cell homeostasis and function during

type 1 inflammation. Nat Immunol 2009; 10:595–602.

20 Oldenhove G, Bouladoux N, Wohlfert EA et al. Decrease of Foxp3+ Treg cell number

and acquisition of effector cell phenotype during lethal infection. Immunity 2009;

31:772–86.

21 McClymont SA, Putnam AL, Lee MR et al. Plasticity of human regulatory T cells in

healthy subjects and patients with type 1 diabetes. J Immunol 2011; 186:3918–26.

22 Dominguez-Villar M, Baecher-Allan CM, Hafler DA. Identification of T helper type 1-

like, Foxp3+ regulatory T cells in human autoimmune disease. Nat Med 2011; 17:673–

5.

23 Zhao J, Fett C, Trandem K, Fleming E, Perlman S. IFN-c- and IL-10-expressing virus

epitope-specific Foxp3+ T reg cells in the central nervous system during

encephalomyelitis. J Exp Med 2011; 208:1571–7.

24 Imanguli MM, Cowen EW, Rose J et al. Comparative analysis of FoxP3 regulatory T

cells in the target tissues and blood in chronic graft versus host disease. Leukemia

2014; 28:2016–27.

25 Wei G, Wei L, Zhu J et al. Global mapping of H3K4me3 and H3K27me3 reveals

specificity and plasticity in lineage fate determination of differentiating CD4+ T cells.

Immunity 2009; 30:155–67.

26 Hall AO, Beiting DP, Tato C et al. The cytokines interleukin 27 and interferon-c pro-

mote distinct Treg cell populations required to limit infection-induced pathology. Im-

munity 2012; 37:511–23.

27 Koch MA, Thomas KR, Perdue NR, Smigiel KS, Srivastava S, Campbell DJ. T-bet+

Treg cells undergo abortive Th1 cell differentiation due to impaired expression of IL-

12 receptor b2. Immunity 2012; 37:501–10.

28 Dong S, Maiella S, Xhaard A et al. Multiparameter single-cell profiling of human

CD4+FOXP3+ regulatory T-cell populations in homeostatic conditions and during

graft-versus-host disease. Blood 2013; 122:1802–12.

29 Wang Y, Su MA, Wan YY. An essential role of the transcription factor GATA-3 for

the function of regulatory T cells. Immunity 2011; 35:337–48.

30 Wohlfert EA, Grainger JR, Bouladoux N et al. GATA3 controls Foxp3+ regulatory T

cell fate during inflammation in mice. J Clin Investig 2011; 121:4503–15.

31 Rudra D, deRoos P, Chaudhry A et al. Transcription factor Foxp3 and its protein

partners form a complex regulatory network. Nat Immunol 2012; 13:1010–9.

ª 2015 John Wiley & Sons Ltd, Immunology, 146, 194–205 203

Treg suppressive vs effector function



32 Krishnamoorthy N, Khare A, Oriss TB et al. Early infection with respiratory syncytial

virus impairs regulatory T cell function and increases susceptibility to allergic asthma.

Nat Med 2012; 18:1525–30.

33 MacDonald KG, Dawson NA, Huang Q, Dunne JV, Levings MK, Broady R. Regula-

tory T cells produce profibrotic cytokines in the skin of patients with systemic sclero-

sis. J Allergy Clin Immunol 2015; 135:946–55.

34 Campbell DJ, Koch MA. Phenotypical and functional specialization of FOXP3+ regula-

tory T cells. Nat Rev Immunol 2011; 11:119–30.

35 Bettelli E, Sullivan B, Szabo SJ, Sobel RA, Glimcher LH, Kuchroo VK. Loss of T-bet,

but not STAT1, prevents the development of experimental autoimmune

encephalomyelitis. J Exp Med 2004; 200:79–87.

36 McPherson RC, Turner DG, Mair I, O’Connor RA, Anderton SM. T-bet expression

by Foxp3+ T regulatory cells is not essential for their suppressive function in CNS

autoimmune disease or colitis. Front Immunol 2015; 6:69.

37 O’Connor RA, Cambrook H, Huettner K, Anderton SM. T-bet is essential for Th1-

mediated, but not Th17-mediated. CNS autoimmune disease. Eur J Immunol 2013;

43:2818–23.

38 O’Connor RA, Floess S, Huehn J, Jones SA, Anderton SM. Foxp3+ Treg cells in the

inflamed CNS are insensitive to IL-6-driven IL-17 production. Eur J Immunol 2012;

42:1174–9.

39 Reddy J, Waldner H, Zhang X, Illes Z, Wucherpfennig KW, Sobel RA, Kuchroo VK.

Cutting edge: CD4+CD25+ regulatory T cells contribute to gender differences in

susceptibility to experimental autoimmune encephalomyelitis. J Immunol 2005;

175:5591–5.

40 Zheng Y, Chaudhry A, Kas A et al. Regulatory T-cell suppressor program co-opts

transcription factor IRF4 to control TH2 responses. Nature 2009; 438:351–6.

41 Suscovich TJ, Perdue NR, Campbell DJ. Type-1 immunity drives early lethality in

scurfy mice. Eur J Immunol 2012; 42:2305–10.

42 Cretney E, Xin A, Shi W et al. The transcription factors Blimp-1 and IRF4 jointly

control the differentiation and function of effector regulatory T cells. Nat Immunol

2011; 12:304–11.

43 Chaudhry A, Rudra D, Treuting P, Samstein RM, Liang Y, Kas A, Rudensky AY.

CD4+ regulatory T cells control TH17 responses in a Stat3-dependent manner. Science

2009; 326:986–91.

44 Huber S, Gagliani N, Esplugues E et al. Th17 cells express interleukin-10 receptor and

are controlled by Foxp3– and Foxp3+ regulatory CD4+ T cells in an interleukin-10-de-

pendent manner. Immunity 2011; 34:554–65.

45 Yu F, Sharma S, Edwards J, Feigenbaum L, Zhu J. Dynamic expression of transcrip-

tion factors T-bet and GATA-3 by regulatory T cells maintains immunotolerance. Nat

Immunol 2015; 16:197–206.

46 Jiang HR, Milovanovic M, Allan D et al. IL-33 attenuates EAE by suppressing IL-17

and IFN-c production and inducing alternatively activated macrophages. Eur J Immu-

nol 2012; 42:1804–14.

47 Turnquist HR, Zhao Z, Rosborough BR et al. IL-33 expands suppressive CD11b+ Gr-

1int and regulatory T cells, including ST2L+ Foxp3+ cells, and mediates regulatory T

cell-dependent promotion of cardiac allograft survival. J Immunol 2011; 187:4598–610.

48 Schiering C, Krausgruber T, Chomka A et al. The alarmin IL-33 promotes regulatory

T-cell function in the intestine. Nature 2014; 513:564–8.

49 Matta BM, Lott JM, Mathews LR, Liu Q, Rosborough BR, Blazar BR, Turnquist HR.

IL-33 is an unconventional Alarmin that stimulates IL-2 secretion by dendritic cells to

selectively expand IL-33R/ST2+ regulatory T cells. J Immunol 2014; 193:4010–20.

50 Feuerer M, Herrero L, Cipolletta D et al. Lean, but not obese, fat is enriched for a

unique population of regulatory T cells that affect metabolic parameters. Nat Med

2009; 15:930–9.

51 Burzyn D, Kuswanto W, Kolodin D et al. A special population of regulatory T cells

potentiates muscle repair. Cell 2013; 155:1282–95.

52 Vasanthakumar A, Moro K, Xin A et al. The transcriptional regulators IRF4, BATF

and IL-33 orchestrate development and maintenance of adipose tissue-resident regula-

tory T cells. Nat Immunol 2015; 16:276–85.

53 Raffin C, Raimbaud I, Valmori D, Ayyoub M. Ex vivo IL-1 receptor type I expression

in human CD4+ T cells identifies an early intermediate in the differentiation of Th17

from FOXP3+ naive regulatory T cells. J Immunol 2011; 187:5196–202.

54 Duarte JH, Zelenay S, Bergman ML, Martins AC, Demengeot J. Natural Treg cells

spontaneously differentiate into pathogenic helper cells in lymphopenic conditions.

Eur J Immunol 2009; 39:948–55.

55 Zhou X, Bailey-Bucktrout SL, Jeker LT et al. Instability of the transcription factor

Foxp3 leads to the generation of pathogenic memory T cells in vivo. Nat Immunol

2009; 10:1000–7.

56 Bailey-Bucktrout SL, Martinez-Llordella M, Zhou X, Anthony B, Rosenthal W, Luche H,

Fehling HJ, Bluestone JA. Self-antigen-driven activation induces instability of regulatory

T cells during an inflammatory autoimmune response. Immunity 2013; 39:949–62.

57 Rubtsov YP, Niec RE, Josefowicz S, Li L, Darce J, Mathis D, Benoist C, Rudensky AY.

Stability of the regulatory T cell lineage in vivo. Science 2010; 329:1667–71.

58 Miyao T, Floess S, Setoguchi R, Luche H, Fehling HJ, Waldmann H, Huehn J, Hori S.

Plasticity of Foxp3+ T cells reflects promiscuous Foxp3 expression in conventional T

cells but not reprogramming of regulatory T cells. Immunity 2012; 36:262–75.

59 Komatsu N, Mariotti-Ferrandiz ME, Wang Y, Malissen B, Waldmann H, Hori S.

Heterogeneity of natural Foxp3+ T cells: a committed regulatory T-cell lineage and an

uncommitted minor population retaining plasticity. Proc Natl Acad Sci USA 2009;

106:1903–8.

60 Gavin MA, Torgerson TR, Houston E et al. Single-cell analysis of normal and

FOXP3-mutant human T cells: FOXP3 expression without regulatory T cell develop-

ment. Proc Natl Acad Sci USA 2006; 103:6659–64.

61 Floess S, Freyer J, Siewert C et al. Epigenetic control of the foxp3 locus in regulatory

T cells. PLoS Biol 2007; 5:e38.

62 Morikawa H, Ohkura N, Vandenbon A et al. Differential roles of epigenetic changes

and Foxp3 expression in regulatory T cell-specific transcriptional regulation. Proc Natl

Acad Sci USA 2014; 111:5289–94.

63 Ohkura N, Hamaguchi M, Morikawa H et al. T cell receptor stimulation-induced epi-

genetic changes and Foxp3 expression are independent and complementary events

required for Treg cell development. Immunity 2012; 37:785–99.

64 Tarbell KV, Yamazaki S, Olson K, Toy P, Steinman RM. CD25+ CD4+ T cells,

expanded with dendritic cells presenting a single autoantigenic peptide, suppress

autoimmune diabetes. J Exp Med 2004; 199:1467–77.

65 Stephens LA, Malpass KH, Anderton SM. Curing CNS autoimmune disease with mye-

lin-reactive Foxp3+ Treg. Eur J Immunol 2009; 39:1108–17.

66 Masteller EL, Warner MR, Tang Q, Tarbell KV, McDevitt H, Bluestone JA. Expansion

of functional endogenous antigen-specific CD4+CD25+ regulatory T cells from nonob-

ese diabetic mice. J Immunol 2005; 175:3053–9.

67 Tang Q, Bluestone JA. Regulatory T-cell therapy in transplantation: moving to the

clinic. Cold Spring Harb Perspect Med 2013; 3:1–15.

68 Lahl K, Loddenkemper C, Drouin C et al. Selective depletion of Foxp3+ regulatory T

cells induces a scurfy-like disease. J Exp Med 2007; 204:57–63.

69 Kim JM, Rasmussen JP, Rudensky AY. Regulatory T cells prevent catastrophic autoim-

munity throughout the lifespan of mice. Nat Immunol 2007; 8:191–7.

70 McGeachy MJ, Stephens LA, Anderton SM. Natural recovery and protection from

autoimmune encephalomyelitis: contribution of CD4+CD25+ regulatory cells within

the central nervous system. J Immunol 2005; 175:3025–32.

71 Sakaguchi S, Sakaguchi N, Asano M, Itoh M, Toda M. Immunologic self-tolerance

maintained by activated T cells expressing IL-2 receptor a-chains (CD25). Breakdown

of a single mechanism of self-tolerance causes various autoimmune diseases. J Immu-

nol 1995; 155:1151–64.

72 Powrie F, Leach MW, Mauze S, Caddle LB, Coffman RL. Phenotypically distinct sub-

sets of CD4+ T cells induce or protect from chronic intestinal inflammation in C. B-

17 scid mice. Int Immunol 1993; 5:1461–71.

73 Lafaille JJ, Nagashima K, Katsuki M, Tonegawa S. High incidence of spontaneous

autoimmune encephalomyelitis in immunodeficient anti-myelin basic protein T cell

receptor transgenic mice. Cell 1994; 78:399–408.

74 Williams LM, Rudensky AY. Maintenance of the Foxp3-dependent developmental

program in mature regulatory T cells requires continued expression of Foxp3. Nat

Immunol 2007; 8:277–84.

75 Trzonkowski P, Dukat-Mazurek A, Bieniaszewska M et al. Treatment of graft-versus-

host disease with naturally occurring T regulatory cells. BioDrugs 2013; 27:605–14.

76 Ferber IA, Brocke S, Taylor-Edwards C, Ridgway W, Dinisco C, Steinman L, Dalton

D, Fathman CG. Mice with a disrupted IFN-c gene are susceptible to the induction of

experimental autoimmune encephalomyelitis (EAE). J Immunol 1996; 156:5–7.

77 Haak S, Croxford AL, Kreymborg K, Heppner FL, Pouly S, Becher B, Waisman A. IL-

17A and IL-17F do not contribute vitally to autoimmune neuro-inflammation in

mice. J Clin Investig 2009; 119:61–9.

78 Feng T, Cao AT, Weaver CT, Elson CO, Cong Y. Interleukin-12 converts Foxp3+ reg-

ulatory T cells to interferon-c-producing Foxp3+ T cells that inhibit colitis. Gastroen-

terology 2011; 140:2031–43.

79 O’Connor RA, Leech MD, Suffner J, Hammerling GJ, Anderton SM. Myelin-reactive,

TGF-b-induced regulatory T cells can be programmed to develop Th1-like effector

function but remain less proinflammatory than myelin-reactive Th1 effectors and can

suppress pathogenic T cell clonal expansion in vivo. J Immunol 2010; 185:7235–43.

80 Zheng SG, Wang J, Horwitz DA. Cutting edge: Foxp3+CD4+CD25+ regulatory T cells

induced by IL-2 and TGF-b are resistant to Th17 conversion by IL-6. J Immunol

2008; 180:7112–6.

81 Schmitt EG, Haribhai D, Williams JB et al. IL-10 produced by induced regulatory T

cells (iTregs) controls colitis and pathogenic ex-iTregs during immunotherapy. J

Immunol 2012; 189:5638–48.

82 Reynolds BC, Turner DG, McPherson RC, Prendergast CT, Phelps RG, Turner NA,

O’Connor RA, Anderton SM. Exposure to inflammatory cytokines selectively lim-

its GM-CSF production by induced T regulatory cells. Eur J Immunol 2014;

44:3342–52.

ª 2015 John Wiley & Sons Ltd, Immunology, 146, 194–205204

R.A. O’Connor S.M. Anderton



83 El-Behi M, Ciric B, Dai H et al. The encephalitogenicity of TH17 cells is dependent

on IL-1- and IL-23-induced production of the cytokine GM-CSF. Nat Immunol 2011;

12:568–75.

84 Codarri L, Gyulveszi G, Tosevski V, Hesske L, Fontana A, Magnenat L, Suter T,

Becher B. RORct drives production of the cytokine GM-CSF in helper T cells, which

is essential for the effector phase of autoimmune neuroinflammation. Nat Immunol

2011; 12:560–7.

85 Fontenot JD, Rasmussen JP, Gavin MA, Rudensky AY. A function for interleukin 2 in

Foxp3-expressing regulatory T cells. Nat Immunol 2005; 6:1142–51.

86 Takahashi R, Nishimoto S, Muto G et al. SOCS1 is essential for regulatory T cell

functions by preventing loss of Foxp3 expression as well as IFN-c and IL-17A produc-

tion. J Exp Med 2011; 208:2055–67.

87 Lu LF, Thai TH, Calado DP et al. Foxp3-dependent microRNA155 confers competitive

fitness to regulatory T cells by targeting SOCS1 protein. Immunity 2009; 30:80–91.

88 Lu LF, Boldin MP, Chaudhry A et al. Function of miR-146a in controlling Treg cell-

mediated regulation of Th1 responses. Cell 2010; 142:914–29.

89 Zheng Y, Josefowicz S, Chaudhry A, Peng XP, Forbush K, Rudensky AY. Role of con-

served non-coding DNA elements in the Foxp3 gene in regulatory T-cell fate. Nature

2010; 463:808–12.

90 Li X, Liang Y, LeBlanc M, Benner C, Zheng Y. Function of a Foxp3 cis-element in

protecting regulatory T cell identity. Cell 2014; 158:734–48.

91 Feng Y, Arvey A, Chinen T, van der Veeken J, Gasteiger G, Rudensky AY. Control of

the inheritance of regulatory T cell identity by a cis element in the Foxp3 locus. Cell

2014; 158:749–63.

92 Murai M, Turovskaya O, Kim G, Madan R, Karp CL, Cheroutre H, Kronenberg M. In-

terleukin 10 acts on regulatory T cells to maintain expression of the transcription factor

Foxp3 and suppressive function in mice with colitis. Nat Immunol 2009; 10:1178–84.

93 Sharma MD, Huang L, Choi JH et al. An inherently bifunctional subset of Foxp3+ T

helper cells is controlled by the transcription factor eos. Immunity 2013; 38:998–1012.

94 Baban B, Chandler PR, Sharma MD, Pihkala J, Koni PA, Munn DH, Mellor AL. IDO

activates regulatory T cells and blocks their conversion into Th17-like T cells. J Immu-

nol 2009; 183:2475–83.

95 Sharma MD, Hou DY, Liu Y et al. Indoleamine 2,3-dioxygenase controls conversion

of Foxp3+ Tregs to TH17-like cells in tumor-draining lymph nodes. Blood 2009;

113:6102–11.

96 Vom Berg J, Vrohlings M, Haller S, Haimovici A, Kulig P, Sledzinska A, Weller M,

Becher B. Intratumoral IL-12 combined with CTLA-4 blockade elicits T cell-mediated

glioma rejection. J Exp Med 2013; 210:2803–11.

97 Blatner NR, Mulcahy MF, Dennis KL et al. Expression of RORct marks a patho-

genic regulatory T cell subset in human colon cancer. Sci Transl Med 2012;

4:164ra59.

98 D’Alessio FR, Tsushima K, Aggarwal NR et al. CD4+CD25+Foxp3+ Tregs resolve

experimental lung injury in mice and are present in humans with acute lung injury. J

Clin Invest 2009; 119:2898–913.

99 Joller N, Lozano E, Burkett PR et al. Treg cells expressing the coinhibitory molecule

TIGIT selectively inhibit proinflammatory Th1 and Th17 cell responses. Immunity

2014; 40:569–81.

100 Li L, Kim J, Boussiotis VA. IL-1b-mediated signals preferentially drive conversion of

regulatory T cells but not conventional T cells into IL-17-producing cells. J Immunol

2010; 185:4148–53.

101 Chung AY, Li Q, Blair SJ et al. Oral interleukin-10 alleviates polyposis via neutraliza-

tion of pathogenic T-regulatory cells. Cancer Res 2014; 74:5377–85.

102 Laurence A, Amarnath S, Mariotti J, Kim YC, Foley J, Eckhaus M, O’Shea JJ, Fowler

DH. STAT3 transcription factor promotes instability of nTreg cells and limits genera-

tion of iTreg cells during acute murine graft-versus-host disease. Immunity 2012;

37:209–22.

103 Chang JH, Xiao Y, Hu H et al. Ubc13 maintains the suppressive function of regulatory

T cells and prevents their conversion into effector-like T cells. Nat Immunol 2012;

13:481–90.

104 Zhou X, Kong N, Wang J et al. Cutting edge: all-trans retinoic acid sustains the stabil-

ity and function of natural regulatory T cells in an inflammatory milieu. J Immunol

2010; 185:2675–9.

105 Blatner NR, Bonertz A, Beckhove P et al. In colorectal cancer mast cells con-

tribute to systemic regulatory T-cell dysfunction. Proc Natl Acad Sci USA 2010;

107:6430–5.

106 Bovenschen HJ, van de Kerkhof PC, van Erp PE, Woestenenk R, Joosten I, Koenen

HJ. Foxp3+ regulatory T cells of psoriasis patients easily differentiate into IL-17A-

producing cells and are found in lesional skin. J Invest Dermatol 2011; 131:1853–

60.

107 Deknuydt F, Bioley G, Valmori D, Ayyoub M. IL-1b and IL-2 convert human Treg

into TH17 cells. Clin Immunol 2009; 131:298–307.

108 Zhao J, Perlman S. Differential effects of IL-12 on Tregs and non-Treg T cells: roles of

IFN-c, IL-2 and IL-2R. PLoS ONE 2012; 7:e46241.

109 Redjimi N, Raffin C, Raimbaud I, Pignon P, Matsuzaki J, Odunsi K, Valmori D, Ayy-

oub M. CXCR3+ T regulatory cells selectively accumulate in human ovarian carcino-

mas to limit type I immunity. Cancer Res 2012; 72:4351–60.

ª 2015 John Wiley & Sons Ltd, Immunology, 146, 194–205 205

Treg suppressive vs effector function


