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Adaptability of Treg cells. Treg cells effectively regulate immune responses in various contexts by flexibly 
adapting to the environments. While most Treg cells are generated in the thymus, some are induced from 
Tconv cells in the periphery, particularly in the intestine, where they play vital roles in maintaining the 
immune homeostasis with commensal microbes.

Figure taken from: Kitagawa, Y., Ohkura, N., and Sakaguchi, S. (2013). Molecular determinants of 
regulatory T cell development: the essential roles of epigenetic changes. Front. Immunol. 4:106.
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T regulatory cells (Tregs) are currently recognized as key players in immune regulation of 
both physiological and pathophysiological conditions. They are essential for maintaining 
peripheral tolerance, but they also contribute to the immunopathology of different diseases 
including cancers, infections, allograft rejection, allergy and autoimmune diseases. Recent 
investigations showed that Tregs are not homogenous but rather heterogeneous populations 
of cells composed of discrete subsets with different phenotypes and functions. There are two 
main subsets of Tregs comprising the peripheral population of FoxP3+ Tregs: natural Tregs 
(nTregs) and adaptive/induced Tregs (iTregs); or as recently named, thymic-derived Tregs 
(tTregs) and peripheral-induced Tregs (pTregs), respectively. In addition, there are two subsets 
(Tr1 and Th3) of FoxP3- iTregs.

Several studies showed that peripheral and local Treg levels are increased in cancer patients, 
which correlates with poor prognosis; however the exact mechanisms contributed to 
Treg accumulation remains unclear. Exploring which of these mechanisms may have a 
role in a specific cancer setting is of particular interest as some of the processes involved 
could be amenable to therapeutic intervention to allow targeting of Tregs in more specific 
immunotherapeutic protocols. Investigating whether Treg expansion involves tTregs or 
pTregs or both would provide greater insights into potential mechanisms of Treg elevation 
and cancer evasion. Recent work showed that Helios, an Ikarios family transcription factor, 
is expressed by CD4+FOXP3+ tTregs, but not by induced Tregs. However, the suitability of 
Helios as a specific marker was contradicted by reports from other studies that suggested 
Helios expression can be induced in vitro, depending on the method of activation rather than 
the origin of FOXP3+ cells.

In conclusion, there is an immense need to identify a surface marker or combination of 
surface markers to define/separate the different Treg subsets, which should enable further 
understanding of their phenotype, specificities, functions and roles in different diseases.

In this research topic, we are particularly interested in reviewing the different natural and 
induced Treg subsets and understanding their phenotypes, specificities, functions and 
mechanisms of suppression in different pathological conditions. Specifically, potential topics 
may include, but are not limited to the following areas:

- Subsets of T regulatory cells.
- Phenotypic and functional differences between natural and induced Tregs.
- How induced Tregs are generated.
- Natural and induced Tregs in cancer.
-  Tregs in pathological conditions including infection, allograft rejection, allergy  

and autoimmune diseases.
- Targeting natural and induced Tregs for therapeutic benefits.
-  Biotherapeutic potentials of natural and induced Tregs in autoimmune diseases  

and transplantation. 
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T regulatory cells (Tregs) are key players in immune regulation of
both physiological and pathophysiological conditions. There are
different Treg subsets but they can be divided into two major sub-
sets: natural Tregs (nTregs) and adaptive/induced Tregs (iTregs); or
as recently named, thymic-derived Tregs (tTregs) and peripheral-
induced Tregs (pTregs), respectively. In addition, there are two
subsets (Tr1 and Th3) of FOXP3− iTregs. It is my pleasure to
introduce to our scientific community this timely research topic,
bringing 21 contributions from several groups. These articles shed
more light on the origin, differentiation, phenotype, specificity,
function, and role of the different Treg subsets in different disease
settings.

The first article by Sakaguchi’s group elegantly discusses the
recent progress of the epigenetic modifications associated with
the functional stability of Tregs (1). FOXP3 on its own is not suffi-
cient for conferring developmental and functional characteristics
of Tregs, and simultaneous induction of Treg-specific epigenetic
changes and FOXP3 expression are required for lineage specifi-
cation and functional stability of Tregs. Future studies should
focus on understanding the molecular pathways of both epigenetic
changes and FOXP3 expression to identify ways for generation and
expansion of stable Tregs for therapeutic approaches.

The next five articles improve our understanding of the differ-
ent Treg subsets. Povoleri et al. provides a comprehensive review
of the molecular signatures and induction processes, mechanisms
of action, lineage stability, and differentiating characteristics of
both thymus and peripheral FOXP3+ and FOXP3− Tregs (2).
While there are two main Treg subpopulations, a great deal of
lineage plasticity exists. Therefore, understanding mechanisms
of Treg induction, suppressive function, and lineage stability is
vital for unraveling the role of different Treg subsets in human
diseases. Currently, Treg-based therapy is considered as a feasi-
ble approach to treat human diseases, however, the optimal use
of Tregs in therapy relies on our further understanding of Treg
plasticity as well as their epigenetic/miRNA profiling. The next
article nicely reviews the phenotypic and functional differences
between tTregs and pTreg subsets, and discusses the difficulty in
distinguishing these subsets (3). While FOXP3 is a key marker
for Treg development and function, its sole expression is not use-
ful to discriminate between activated T cells, bona fide Tregs, or
even between different Treg subsets and additional markers are
required. The validity and controversy of some of the recently

identified markers, including Helios, LAP/GARP, and Neuropilin-
1, as markers of tTregs and activated Tregs, are discussed. The
review by Goldstein et al. addresses the role of three important
cytokines including IL-2, TGF-β, and TNF-α in differentiation
and homeostasis of tTregs and pTregs (4). TNF-α inhibitors indi-
cate that part of their anti-inflammatory effect could be mediated
by their action on Tregs; however, limited information is avail-
able and more work is required to understand the effect of TNF-α
on Tregs. Cytokine administration or blocking are in many clinical
trials to modulate inflammatory diseases, therefore a better under-
standing of cytokine effects on the induction and/or expansion of
Treg subsets should provide insights on improving the efficacy of
immunotherapeutic modalities. The following review focuses on
iTregs, while making comparisons to nTregs, and their function
and approaches to induce their generation in vivo and in vitro
as a promising therapeutic target (5). It is clear that more mark-
ers remain to be elucidated to accurately define iTregs. Human
autoimmune diseases are characterized by a reduction in Treg
numbers and/or function, and iTregs might have the potential
to restore tolerance to treat autoimmune diseases. The molecular
mechanisms of inducing the generation of iTregs, both in vivo and
in vitro are discussed. It is concluded that a complex of regulated
series of interactions with FOXP3 are required for establishing
Treg stability. The following review focuses on both dendritic cells
(DCs) and Tregs and the role of DCs in controlling antigen-specific
nTregs and iTregs in the periphery (6). The authors give details on
how different subsets of DCs play different roles in induction and
expansion of nTregs and iTregs. There are specialized DC subsets
in peripheral locations that act to expand nTregs or to induce the
generation of FOXP3+ iTregs from CD4+ FOXP3− T cells.

Role and function of Tregs in cancer is a major focus in this
research topic due to the important role that these cells play
in dysregulation of anti-tumor immunity. The next five articles
review our current knowledge and give us more insights on this
important topic. Adeegbe and Nishikawa comprehensively focus
on the involvement of nTregs in various animal models and human
tumors (7). They further discuss iTregs and the relationship and
cooperation with nTregs to dampen immune responses against
tumors. They provide evidences supporting the role of nTregs in
cancer with less consensus on the role of iTregs because of the lack
of their precise definition. Further understanding of the func-
tion of both iTregs and nTregs and their discrimination in each
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tumor setting will certainly help future therapeutic approaches to
eliminate or block these cells for improving anti-tumor immunity
and clinical benefits. The next comprehensive review covers the
current agreements and discrepancies on the role of tTregs and
pTregs in cancer (8). Mechanisms of Treg expansion in tumors
remain controversial because both tTreg proliferation and iTreg
generation may happen in the same tumor setting. The authors
propose innovative immunotherapeutic strategies to divert unsta-
ble/uncommitted Treg, mostly enriched in the pTreg pool, into
tumor-specific effector cells, while preserving systemic immune
tolerance mediated by self-specific tTreg. Treg levels are not only
increased in the blood of cancer patients, but they are also signifi-
cantly elevated within tumor tissues; therefore the focus of the next
review is on Tregs in the tumor microenvironment (9). It is vital to
understand the processes of Treg elevation in cancer patients and
to identify the specific mechanisms involved in their accumulation
within the tumor. These mechanisms could include chemokine-
mediated recruitment of FOXP3+ Tregs, induction of Tregs, and
proliferation of tTregs within the tumor microenvironment. Addi-
tionally, potential strategies for targeting the different mechanisms
of Treg enrichment in tumor microenvironment in attempts to
improve cancer immunotherapy are discussed. Wainwright et al.
reviews Tregs in brain cancer, providing details of their pheno-
type, mechanisms involved in their pathogenesis, and therapeutic
strategies to target these cells in brain tumor (10). The features
of brain tumors determine the nature of tumor-infiltrating Tregs.
In this particular cancer setting, the authors propose that tTregs
are the key players contributing to tumor progression and fail-
ure of immunotherapies. Indoleamine 2,3-dioxygenase 1 (IDO) is
overexpressed in brain tumor and its critical involvement in regu-
lating the levels of tumor-infiltrating Tregs is a major focus of this
article. The next review discusses the role of Tregs in cancer devel-
opment with a focus on early events following the interactions
between tumor and the immune system (11). Number and qual-
ity of Tregs recruited to the tumor microenvironment in the very
early stage have a significant impact on the outcome of anti-tumor
immunity and subsequent tumor development. The authors pro-
pose that pTregs are unlikely to have much impact in most cancers
because the fate of the tumor is being decided early, and preven-
tive vaccines against cancer should be considered while avoiding
therapeutic vaccines, as they could worsen host tolerance to tumor
antigens.

The next three articles focus on different disease settings. Beres
and Drobyski elegantly review the role of Tregs in the biology of
graft versus host disease (GVHD) (12). There is a persistent reduc-
tion in peripheral Treg levels of patients with high clinical grades of
acute GVHD, compared to patients with lower grade acute GVHD
or no GVHD. Although there has been a significant understand-
ing of the role of Tregs in GVHD, it remains unclear about the
exact role of each Treg subset (e.g., tTregs, pTregs, CD8+ Tregs)
and further studies are required. Exploiting FOXP3+ Tregs pro-
vides a promising approach to treat GVHD in patients. Preclinical
data and clinical studies using Tregs as an adoptive cellular therapy
for the prevention of GVHD in human are presented. Bluestone’s
group presents their opinion in this hypotheses and theory article
regarding the role of pTregs in immune homeostasis and autoim-
munity (13). Some cell surface markers and transcription factors,

such as Neuropilin-1 and Helios, which may distinguish tTreg from
pTreg subsets in vivo are discussed. It is proposed that pTregs have
a distinct phenotype and function from tTregs and in vitro gener-
ated Tregs. While tTregs are central to immune homeostasis and
prevention of autoimmunity, pTregs have specialized functions
depending on the type of inflammation, and they have vital roles
in certain settings such as mucosal immunity and fetal tolerance.
The next review discusses the signals that activate tTregs once
entering peripheral lymphoid tissues (14). The authors provide
evidence, mainly from their own work, and propose that tTregs
can, upon activation in the presence of antigen, become antigen-
specific Tregs with stronger suppressive capacity; this is dependent
on late Th1 and Th2 cytokines, and not the early cytokines IL-2
and IL-4.

The next three articles focus on the role of Tregs in infection.
The first article details the role of CD4+ FOXP3+ Treg subsets
in HIV infection (15). Treg quantification and function in HIV
infection remain controversial because of the lack of specific Treg
markers to identify the different human Treg subsets, in addi-
tion to the discrepancies originated from different approaches to
analyze Tregs. For a better interpretation of the role of Tregs in
HIV, both percentages and absolute Treg numbers, in addition to
the stage of HIV infection should be considered. The recent find-
ings of the existence of phenotypically and functionally distinct
human CD4+ FOXP3+ Treg subsets may provide more insights
on understanding the effect of Tregs on HIV and effect of HIV
on Tregs. In the next research article, Germanidis et al. exam-
ined liver biopsies from patients with chronic hepatitis B virus
(HBV) for the expression of different immunosuppression-related
genes (16). They report that the immunosuppressive environment
of liver is down-regulated on maintained long-term remission
in comparison with active disease. The following review sum-
marizes the different Treg subsets and their function in filarial
parasite infection (17). Although, it is agreed that chronic filarial
infection is associated with increases of most of the Treg subsets;
IL-10-mediated regulation by Tr1 cells, along with conventional
IL-10-producing Th2 cells, is the most consistent finding. Defin-
ing precise markers for the different Treg subsets should provide
more insights into understanding their role and mechanisms of
action and as potential therapeutic targets in many disease setting
including parasitic infections.

The last group of these series is categorized as four miscel-
laneous articles. Due to its pleotropic actions and great signifi-
cance in immunomodulation, Wraith’s group describes in detail,
the regulation of the adaptive immune responses by IL-10 (18).
This review focuses on IL-10 produced by FOXP3+ tTregs and
pTregs, FOXP3− pTregs, and different T helper subsets. Our bet-
ter understanding of the role of IL-10 in immunomodulation
gave the opportunity to design more efficient, antigen-specific
immunotherapies for clinical applications including allergic and
autoimmune diseases. While IL-10 and TGF-β are the most com-
monly studied immunosuppressive cytokines, the recently iden-
tified IL-35 has been shown to have potent suppressive functions
in vitro and in vivo. In this regard, Olson et al. review the struc-
ture and function of IL-35 as a key mediator of suppression of T
effector cells with the potential to propagate infectious tolerance
through the generating of potent IL-35-secreting inducible Tregs
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(iTr35) (19). The next review focuses on different iTreg-mediated
immunosuppressive mechanisms, specifically adenosine (ADO)
and prostaglandin E2 (PGE2), which can compromise anti-tumor
immune responses (20). The authors propose the significance of
ADO- and PGE2-mediated suppression in cancer patients. Phar-
macologic interventions designed to selectively target ADO and
PGE2 pathways could not only inhibit the tumor-derived factors
but also silence the suppressive activities of Tregs and thus restore
the anti-tumor activity of T effector cells. The last research arti-
cle shows that a subpopulation of CD25hiTNFR2+ cells generated
in vitro from CD4+ cells through TCR stimulation express FOXP3
and other Treg markers, but have effector functions rather than
suppressive characteristics (21).

In summary, a considerable progress has been made in under-
standing the role and function of Treg subsets in different disease
settings. Further understandings of the molecular pathways and
their mechanisms of action and defining surface markers specific
for the different Treg subsets should provide chances to use Tregs
in the clinic for treating different diseases or to target them to
enhance anti-tumor/microbial immune responses.
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RegulatoryT (Treg) cells constitute a distinctT cell subset, which plays a key role in immune
tolerance and homeostasis.The transcription factor Foxp3 controls a substantial part ofTreg
cell development and function. Yet its expression alone is insufficient for conferring devel-
opmental and functional characteristics of Treg cells. There is accumulating evidence that
concurrent induction of Treg-specific epigenetic changes and Foxp3 expression is crucial
for lineage specification and functional stability of Treg cells. This review discusses recent
progress in our understanding of molecular features of Treg cells, in particular, the mole-
cular basis of how a population of developing T cells is driven to the Treg cell lineage and
how its function is stably maintained.
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INTRODUCTION
Regulatory T (Treg) cells represent a subset of CD4+ T cells spe-
cialized for the maintenance of immune tolerance and homeostasis
by suppressing excessive and aberrant immune reactions harmful
to the host. While the majority of Treg cells develop in the thymus,
some are induced from naïve CD4+ T cells in the periphery. In
order for Treg cells to exert their regulatory functions, constitu-
tive expression of the transcription factor Foxp3 is essential (Hori
et al., 2003; Williams and Rudensky, 2007). The pivotal roles of
Foxp3 in Treg cell function and development are best illustrated
by the manifestation of multi-organ autoimmune inflammation
in FOXP3-deficient Immunodysregulation Polyendocrinopathy
Enteropathy X-linked syndrome (IPEX) patients and Scurfy mice
(Bennett et al., 2001; Brunkow et al., 2001; Fontenot et al., 2003).
Also as demonstrated by retroviral transduction of Foxp3 in con-
ventional CD4+ T (Tconv) cells, Foxp3 expression, combined with
T cell receptor (TCR) stimulation, enables the acquisition of Treg
properties including suppressive function, hyporesponsiveness to
TCR stimulation, and up-regulation of Treg-associated molecules
including CTLA-4, GITR, and CD25 (Hori et al., 2003; Yagi et al.,
2004). Foxp3 is therefore recognized as a master regulator of Treg
cell function and development.

In addition to the expression of Foxp3, several comprehensive
analyses have recently revealed possible involvement of other mol-
ecular mechanisms in the development of Treg cells. For example,
genome-wide comparison of DNA methylation status in Tconv
and Treg cells has demonstrated the presence of Treg-specific
DNA hypomethylation in the genes associated with Treg func-
tion (Schmidl et al., 2009; Ohkura et al., 2012). Proteomic analysis
in Treg cells indicates that Foxp3 forms complexes with a number

of co-factors to exert cooperative effects upon interaction (Rudra
et al., 2012). Furthermore, combinations of Foxp3 with several
other transcription factors are able to induce a common Treg-
type gene expression pattern, which cannot be achieved solely by
Foxp3 (Fu et al., 2012). These findings suggest that the generation
of functional Treg cells requires more than just the expression of
Foxp3.

With the indispensable roles of Foxp3 in exerting Treg cell func-
tion, stable expression of Foxp3 is a critical factor in Treg cell
development. However, from fate-mapping studies using Foxp3
reporter mice, it is becoming apparent that while the majority of
Treg cells are stable, a minor fraction of Foxp3+ T cells shows plas-
ticity and becomes non-Treg cells by losing Foxp3 (Komatsu et al.,
2009; Zhou et al., 2009). Furthermore, both human and murine
naïve CD4+ T cells transiently express Foxp3, without acquiring
suppressive function (Allan et al., 2007; Wang et al., 2007; Miyao
et al., 2012). These observations suggest the existence of two types
of Foxp3+ T cells, stable functional Treg cells and Foxp3+ naïve-
like non-Treg cells, and raise questions regarding the mode of
action of Foxp3 in these two populations. Although both pop-
ulations express Foxp3, Foxp3+ naïve-like non-Treg cells lack a
significant part of Treg-specific molecular features such as epige-
netic modifications. These findings prompt us to reconsider the
molecular mechanisms underlying Treg cell development. In this
review, we discuss key molecular features that make up functional
Treg cells.

CD4+Foxp3+ T CELLS ARE NOT ALWAYS Treg CELLS
In most physiological settings, CD4+Foxp3+ T cells stably main-
tain suppressive functions irrespective of environmental changes.
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However, recent studies suggest that the link between Foxp3
expression and suppressive activity is not so clear-cut, as there are
a number of anomalies for this molecular definition of Treg cells.
One example is a fraction of human Foxp3+ T cells. CD4+Foxp3+

T cells in humans can be divided into three subgroups; CD45RA+

Foxp3lo naïve Treg cells, CD45RA− Foxp3hi effector Treg cells, and
CD45RA− Foxp3lo T cells, and the last does not possess suppressive
function despite the expression of Foxp3 (Miyara et al., 2009). In
line with this, human naïve T cells express Foxp3 upon TCR stim-
ulation, yet this Foxp3 expression is transient and does not confer
suppressive property (Wang et al., 2007). Similarly, CD4+Foxp3lo

T cells are observed as a minor fraction of activated Tconv cells
in mice; these cells lack Treg-type gene expression and suppres-
sive activity and their unstable expression of Foxp3 results in the
generation of exFoxp3 T cells capable of producing inflammatory
cytokines (Miyao et al., 2012). These findings indicate that Foxp3
is not exclusively expressed in Treg cells.

Consistently, Foxp3 expression can be induced by some tran-
scription factors, irrespective of whether it accompanies Treg func-
tion or not. There are a number of molecules identified to initiate
and/or enhance the transcription of Foxp3, such as Smad3, NFAT,
Nr4a2, and AP-1 (Mantel et al., 2006; Tone et al., 2008; Sekiya et al.,
2011). This indicates that the combination of signals activating
these molecules is sufficient to induce Foxp3 expression. In fact,
in response to TCR stimulation and TGF-β signaling, a substantial
proportion of naïve CD4+Foxp3− T cells express Foxp3. How-
ever, murine in vitro-induced Treg (iTreg) cells have been revealed
to differ from thymus-derived Treg (tTreg) or periphery-derived
Treg (pTreg) cells in vivo. Firstly, they have only partial coverage of
Treg-type gene expression profile (Sugimoto et al., 2006; Hill et al.,
2007). Secondly, when antigen-specific iTreg cells are transferred
into normal mice and immunized with the specific antigen, Foxp3
expression is rapidly lost (Chen et al., 2011). Furthermore, while
in vivo-generated Treg cells are able to prevent colitis development
following transfer of CD4+CD45RBhigh T cells into lymphopenic
mice, the same number of iTreg cells can only moderately sup-
press the disease progress, partially due to the gradual loss of Treg
signature molecule expression (Ohkura et al., 2012). In addition,
human naïve T cells also express FOXP3 upon TCR and TGF-β
stimulation, yet these iTreg cells are reported to lack suppressive
function and produce pro-inflammatory cytokines (Tran et al.,
2007). Therefore, in vitro generated iTreg cells are another example
of Foxp3+ naïve-like non-Treg cells. As these findings demon-
strate, activating Foxp3 transcription does not necessarily indicate
the generation of Treg cells, suggesting the importance of widening
our focus onto other elements required for Treg cell development
and function.

THE MOLECULAR BASIS OF Foxp3-DEPENDENT Treg
CHARACTERISTICS
Foxp3 expression does not always correlate with Treg function.
In addition, at the molecular level, the contribution of Foxp3 to
the Treg-specific gene expression appears to be limited (46% of
upregulated genes and 28% of downregulated genes in natural
Treg cells were Foxp3-dependent) (Hill et al., 2007). This notion
is supported by the analysis of Foxp3-binding sites in Treg cells;
only a small proportion of the genes differentially expressed in

Treg cells are bound and directly regulated by Foxp3 (Zheng et al.,
2007). Collectively, these findings suggest that Foxp3 is an essential
factor for modulating a substantial part of Treg cell properties, yet
Foxp3 alone is insufficient to convert non-Treg cells into Treg cells
with full Treg-type gene expression and function. Given the major
loss of Treg cell function upon deletion of Foxp3, it is likely that
the mode of action of Foxp3 is different in functional Treg cells
and Foxp3+ naïve-like non-Treg cells.

There are several known mechanisms of Foxp3-mediated tran-
scriptional control (Figure 1). While some gene expression in Treg
cells is directly modulated by the binding of Foxp3 to their pro-
moters or enhancers, other gene expression requires interaction
of Foxp3 with other transcription factors. Recently, Rudra et al.
(2012) identified the comprehensive list of proteins forming com-
plexes with Foxp3 in Treg cells and revealed that a number of
these co-factors are transcription factors directly upregulated by
Foxp3, suggesting that direct up-regulation of co-factors by Foxp3
is followed by secondary regulation of gene expression by the com-
plexes of Foxp3 and its co-factors. In fact, it has been shown that
interactions of Foxp3 with Runx1/Cbfβ, NFAT, or Gata-3 are cru-
cial for the Foxp3-dependent gene expression and consequently
Treg cell function (Wu et al., 2006; Ono et al., 2007; Kitoh et al.,
2009; Rudra et al., 2012). Another recent study has shown that
co-expression of Foxp3 with at least one of the “quintet factors”
which include five transcription factors GATA-1, IRF4, Lef1, Ikzf4,
and Satb1 induces the same pattern of gene expression covering
a substantial part of Treg signatures, which is not achieved by the
expression of Foxp3 alone (Fu et al., 2012). Therefore, transcrip-
tional regulation by Foxp3 can be direct or indirect, and the latter
involves recruitment of co-factors to expand and specify Foxp3
targets. The composition of Foxp3-containig complexes is likely
to be variable at different genomic loci and may also be influenced
at the cellular level by immunological contexts, allowing dynamic
regulation of Foxp3-dependent transcription programs.

In this regard, Foxp3 exerts significant impact on the phe-
notypes and function of Treg cells by cooperating with other
transcriptional factors. Foxp3+ naïve -like non-Treg cells observed
in both humans and mice lack the expression of the majority
of Treg-associated molecules (Miyara et al., 2009; Miyao et al.,
2012), and this may be partially attributed to the lack of Foxp3
interaction with co-factors and consequently the lack of Treg phe-
notypes and function. As illustrated by iTreg cells induced in vitro,
Foxp3 expression can be induced by activating a set of transcrip-
tion factors and altering histone modifications at promoter and
enhancer regions. However, for the development of functionally
stable Treg cells, it is likely to require Foxp3 expression, together
with the expression of its partner molecules, and also other factors
regulating Foxp3-independent features of Treg cells.

EPIGENETIC FEATURES OF Treg CELLS
The heterogeneity of CD4+Foxp3+ T cells shows the need for
an additional marker in order to distinguish between functional
Treg cells and Foxp3+ naïve-like non-Treg cells. One of key dif-
ferences between these two populations is the stability of Treg
phenotypes. In search of the molecular determinant of this feature,
recent studies have focused on the epigenetics, a more stable level
of transcriptional regulation. Epigenetic changes include histone
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FIGURE 1 | Various mechanisms of Foxp3-dependent gene regulation in
Treg cells. Some genes are directly regulated by Foxp3 alone (A), while
others require the protein complexes containing Foxp3 and its co-factors for
transcriptional regulation. Foxp3 can interact with pre-existing transcription
factors such as Runx1 and Ets-1 (B) or with direct targets of Foxp3-mediated

gene regulation, such as GATA-3 (C) (Rudra et al., 2012). Furthermore, there
are also genes regulated by both Foxp3 and epigenetic changes. For example,
at Foxp3 locus, epigenetic modifications unveil normally hidden enhancer and
allow the transcriptional activation by Foxp3 and its co-factors (D) (Floess
et al., 2007; Schmidl et al., 2009; Zheng et al., 2010).

modification, DNA methylation of CpG residues, and nucleosome
repositioning. These events alter the accessibility of transcription
factors and RNA polymerase to regulatory regions of the genome,
thereby stably switching on and off the gene transcription. This
level of transcriptional regulation is particularly important in
cell differentiation in eukaryotes, allowing the stability of cell
type-specific gene expression.

Several groups have discovered that such epigenetic changes
take place in the course of Treg cell differentiation. Treg cells are
associated with DNA hypomethylation at Foxp3 conserved non-
coding sequence 2 (CNS2) and it was shown to be required for
stable expression of Foxp3 (Floess et al., 2007; Kim and Leonard,
2007). Furthermore, DNA demethylation also concurrently takes
place within the genes known as “Treg signatures,” namely Foxp3,
Ctal4, Ikzf2 (Helios), Ikzf4 (Eos), and Tnfrsf18 (GITR) (Ohkura
et al., 2012). These changes are specific to Treg cell develop-
ment and not induced in response to TCR or TGF-β stimula-
tion (Polansky et al., 2008; Ohkura et al., 2012). Accordingly,
in vitro generated iTreg cells and Foxp3+ naïve-like non-Treg cells
observed in humans and mice show the lack of Treg-specific DNA
hypomethylation, which correlates with the lack of a significant
part of Treg-type gene expression and stability of Treg signa-
ture molecule expression (Miyara et al., 2009; Miyao et al., 2012;
Ohkura et al., 2012). In addition to stabilizing Treg phenotypes,
epigenetic components of Treg cells also appear to regulate the
Treg-type gene expression pattern, either independently of Foxp3
or cooperatively with Foxp3. Gene expression analysis of Foxp3-
null Treg cells, which contain disrupted Foxp3 gene and fluorescent
marker controlled by the Foxp3 promoter, shows that a set of genes
including many of the Treg signatures are expressed even without
Foxp3 expression and that Foxp3 amplifies the pre-established

gene expression profile (Gavin et al., 2007). These Foxp3-null Treg
cells also possess Treg-specific DNA methylation pattern, which
correlates with the corresponding gene expression (Ohkura et al.,
2012).

One of the consequences of having Treg-specific DNA
demethylation is enhanced and ensured expression of Treg signa-
ture molecules by increasing accessibility of enhancers by constitu-
tively expressed transcription factors. In general,DNA methylation
interferes with binding of transcriptional factors by masking the
consensus sequence with methyl group or by preferentially attract-
ing methyl-CpG-binding proteins such as MBD family members,
MeCP2 and Kaiso (Tost, 2010). Thus, removal of methyl group
from DNA increases the accessibility for transcriptional factors
and allows their transcriptional regulation. In fact, insertion of
non-methylated Foxp3 CNS2 region, but not methylated one, into
a reporter construct significantly increased the luciferase reporter
activity (Schmidl et al., 2009; Polansky et al., 2010). This indicates
that Foxp3 CNS2 contains a transcriptional enhancer which is nor-
mally hidden by DNA methylation but becomes active along Treg
cell development. In line with this, CREB and Ets-1, transcription
factors essential for Treg function, bind to CNS2 of Foxp3 depend-
ing on its methylation status (Kim and Leonard, 2007; Mouly
et al., 2010; Polansky et al., 2010). Furthermore, the transcrip-
tional activation via this enhancer can be achieved by factors not
specifically expressed in Treg cells, as similar increase in transcrip-
tion activity occurred in both Tconv cells and Jurkat cells (Schmidl
et al., 2009; Polansky et al., 2010). This suggests that once Treg-
specific demethylation is complete, the target gene expression is
ensured by constitutively expressed regulatory proteins as long as
the methylation status is maintained. This role of DNA methyla-
tion status is further supported by the phenotypes of CNS2-null
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Treg cells, which lose Foxp3 expression gradually as they divide,
demonstrating the link between transcriptional control at CNS2
and Foxp3 expression stability (Zheng et al., 2010). Since Treg-
specific demethylated regions are present at the core set of Treg
signature genes, epigenetic changes during Treg cell development,
represented by DNA methylation status, may allow the phenotypes
to be inherited over numerous cell divisions, with stabilization of
the lineage commitment (Figure 2).

Collectively, these findings suggest that Treg-specific DNA
hypomethylation is induced simultaneously with Foxp3 induction

during natural Treg cell development and that these two molecular
events generate Treg-type gene expression synergistically in some
cases and independently in others. In addition, recent analysis of
DNase I hypersensitivity regions in Treg cells has demonstrated
differential DNase I sensitivity in a small fraction of genes in
Treg cells, when compared with naïve T cells; and these genes
mostly overlap with those that are specifically demethylated in Treg
cells (Ohkura et al., 2012; Samstein et al., 2012). Since both high
sensitivity to DNase I and DNA demethylation indicate an open
chromatin state and high accessibility of regulatory proteins, these

FIGURE 2 |The roles of epigenetic changes in stabilizing Foxp3
expression. Epigenetic changes during Treg cell development are important
for long-term stability of Treg phenotypes, particularly Foxp3 expression.
Foxp3 CNS2 in naïve CD4+ T cells shows repressive histone markers, low
accessibility for transcription factors, and methylated CpG residues, likely
attracting methyl-CpG-binding domains (MBDs). In the course of Treg cell
development, epigenetic changes take place and accessibility of CNS2
increases by DNA demethylation, histone modifications, and possibly
nucleosome repositioning (Ohkura et al., 2012; Samstein et al., 2012). The
CNS2 region serves as an enhancer for Foxp3 transcription and is bound by

transcription factors such as Foxp3, Ets-1, and CREB. These epigenetic
alterations are maintained irrespective of environmental changes and thus
allow stable Foxp3 transcription by constitutively expressed transcription
factors. In contrast, Foxp3 expression induced by TGF-β signaling and TCR
stimulation in vitro is unstable. These signals induce transcription factors,
such as NFAT, AP-1, and Smad3, which are capable of activating Foxp3
transcription, and TGF-β signaling can also alter histone modifications of the
Foxp3 locus (Tone et al., 2008). However, these features cannot be
maintained once TGF-β signaling and TCR stimulation are lost, resulting in loss
of Foxp3 transcription (Ohkura et al., 2012).
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two events may be linked, possibly as consequences of chromatin
remodeling. The mechanisms of epigenetic events which take place
during Treg cell development and the precise contribution of these
changes to the generation and maintenance of Treg cell characteris-
tics remain to be elucidated. Yet, a high correlation of Treg-specific
demethylation pattern with long-term stability and the function
of Treg cells suggests that the epigenetic pattern can be a reliable
marker to be used together with Foxp3 expression for identifying
those Treg cells which have completed their lineage commitment.

ESTABLISHMENT OF Treg CELL LINEAGE
As discussed in this review, recent comprehensive analyses of
Foxp3 protein complexes, genome-wide gene expression, and epi-
genetic modifications in Treg cells have revealed the complexity
of molecular mechanisms responsible for generating Treg phe-
notypes. Since most of these characteristics are not controlled
by Foxp3 alone, Treg cell development requires more than just
the induction of Foxp3. The existence of non-suppressive Foxp3+

naïve-like non-Treg cells also shows the difficulty of reliable Treg
delineation by Foxp3 expression alone. Treg cells which have
undergone specific epigenetic programs show Treg-specific DNA
demethylation as well as Foxp3 expression and exhibit full spec-
trum of Treg-type gene expression profile, indicating that epige-
netic conversion, induction of the core set of transcription factors,
formation of protein complexes are likely to occur simultane-
ously during the development of Treg cells. Notably, active DNA
demethylation at Foxp3 CNS2 region takes place during the thymic
Treg cell development, in parallel with the induction of Treg-type
gene expression and is completed as Treg cells migrate to the
periphery (Toker et al., 2013). Treg-specific DNA hypomethylation
is similarly observed in periphery-induced pTreg cells and there
is no significant difference in gene expression, with some excep-
tions, between tTreg cells and pTreg cells (Haribhai et al., 2011;
Ohkura et al., 2012). Recent studies have identified subpopulations
of Treg cells with distinct expression of additional transcription
factors such as T-bet, IRF4, Bcl6, and PPARγ (Koch et al., 2009;
Zheng et al., 2009; Linterman et al., 2011; Cipolletta et al., 2012).
Although the increase in phenotypic diversity within such Treg cell
populations apparently indicates the existence of heterogeneous
Treg subtypes, it may merely demonstrate the flexibility of natural
Treg cells, adapting to each immunological context for effective
immune suppression (Figure 3). As illustrated by the difference
between Treg cells and Foxp3+ naïve-like non-Treg cells, protein
expression can be transient and unstable, yet once the epigenetic
regulation is established to ensure the stability of key regulator
expression, the cells may achieve their lineage commitment and
maintain the phenotypes in various immunological contexts.

Recent genome-wide mapping of DNA methylation status in a
number of hematopoietic cells has revealed that as hematopoietic
stem cells undergo differentiation into different lineages such as T
cell and B cells, and CD4+ and CD8+ T cells, lineage-specific genes
are increasingly demethylated, whereas genes associated with other
lineages become methylated, in cells committed to a particular cell
lineage (Ji et al., 2010; Bock et al., 2012; Lee et al., 2012) (Figure 4).
Naïve T cells can also differentiate into helper T (Th) cells such
as Th1, Th2, Th17, Tfh, and presumably Th9, Th22 cells in the
periphery depending on environmental stimuli. Key transcription

factors such as T-bet, GATA-3, and RORγt, which modulates a
large set of gene expression to specify the phenotypes and func-
tions of Th1, Th2, and Th17 subset, respectively. Being similar to
the case with Foxp3 and Treg development, Th cell differentiation
is likely to involve epigenetic conversion in addition to the induc-
tion of transcription factors. Indeed, like Treg cells, which show
a specific DNA methylation pattern distinct from naïve T cells,
these Th cell subsets possess specific DNA methylation patterns
of the genes encoding cytokines and transcription factors associ-
ated with each subset (Lee et al., 2002; Ansel et al., 2003; Wilson
et al., 2009; Cohen et al., 2011; Ohkura et al., 2012; Thomas et al.,
2012). Furthermore, exposing Th1 cells to Th17-inducing stimuli
results in altered gene expression accompanying histone modifi-
cation, but not DNA demethylation of Th17-specific genes such as
the Il17a gene; similarly, Th17 cells in Th1-polarizing conditions
do not acquire DNA demethylation of Th1-specific genes such as
the Ifng gene (Cohen et al., 2011).

Taking these findings together, it is likely that changes in envi-
ronmental stimuli, for example, due to different types of inflam-
mation, may temporarily alter the gene expression and histone
modification, and render highly differentiated Treg or Th cells
adaptive to the environment with apparent plasticity, yet their
DNA methylation status may determine their basic cell lineage
commitment. However, assuming that even epigenetic changes
are theoretically reversible, plasticity of differentiated cells needs
further investigation to clarify whether any stimulation is able
to change DNA methylation status of terminally differentiated
cells, such as Treg cells, and drive them differentiate into other
lineages.

ARE Treg CELLS PLASTIC?
A number of recent reports have demonstrated possible plastic-
ity of Treg cells. Under a physiological condition, a fraction of
murine CD4+Foxp3+ T cells appear to lose Foxp3 expression
and become exFoxp3 T cells (Komatsu et al., 2009; Zhou et al.,
2009). Furthermore, the conversion of Foxp3+ T cells to exFoxp3
T cells is enhanced under lymphopenic conditions and Th1- and
Th17-polarizing conditions both in vivo and in vitro (Xu et al.,
2007; Yang et al., 2008; Oldenhove et al., 2009; Yurchenko et al.,
2012). Similarly, human Foxp3+ T cells also contain a fraction with
unstable Foxp3 expression (d’Hennezel et al., 2011). In contrast,
another study has demonstrated that Treg cells in peripheral lym-
phoid organs are capable of stably maintaining Foxp3 expression
in vivo even under inflammatory conditions (Rubtsov et al., 2010).
Analysis of DNA methylation status of the Foxp3 gene shows that
the Treg plasticity can simply be attributed to the presence of a
minor fraction of Foxp3+ T cells which lack Foxp3 hypomethyla-
tion (Miyao et al., 2012). Therefore, controversy regarding Treg
plasticity may be partly due to experimental variables; partic-
ularly in lymphopenic and IL-2 deficient conditions, expansion
of Foxp3+ naïve-like non-Treg cells and apoptosis of stable Treg
cells may appear as dramatic loss of Foxp3 expression in Treg
cells. As discussed in this review, Foxp3+ T cells include Treg cells
and non-Treg cells and it should be determined whether current
phenomena are due to the instability of the latter, or both. It is
important to resolve this matter of Treg plasticity, since some
of these exFoxp3 T cells possess auto-reactive TCRs, and thus
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FIGURE 3 | Adaptability ofTreg cells. Treg cells effectively regulate immune
responses in various contexts by flexibly adapting to the environments. While
most Treg cells are generated in the thymus, some are induced from Tconv
cells in the periphery, particularly in the intestine, where they play vital roles in
maintaining the immune homeostasis with commensal microbes. Recent
findings show that in local tissues such as adipose tissues, Treg cells, either
induced locally or migrating from the lymphoid organs, exhibit unique
characteristics, allowing specialized immune regulation (Cipolletta et al.,
2012). Furthermore, during inflammation, Treg cells respond to environmental

stimuli and adopt certain features of helper T cell characteristics to facilitate
the immune regulation (Koch et al., 2009; Zheng et al., 2009). However, there
are accumulating findings suggesting that strong stimulation by cytokines
such as IL-12 induces not only the additional transcription factors and
chemokine receptors but also pro-inflammatory cytokines in Treg cells
(Oldenhove et al., 2009; McClymont et al., 2011; Zhao et al., 2011; Koenecke
et al., 2012). Given the effects of pro-inflammatory cytokines in amplifying
inflammation, possible cytokine production by Treg cells present potential
hazard and might have relevance to chronic inflammation.

possibility of becoming harmful autoimmune effector T cells with
the capacity to secrete pro-inflammatory cytokines (Zhou et al.,
2009).

This plasticity issue also raises questions regarding the concept
of lineage commitment in T cell subsets. Is there a clear border-
line between each subset? If there are distinct signals to convert
naïve T cells into each T helper or Treg cell lineage, what happens
when Treg cells receive stimulation for T helper cell specification?
Is there a mechanism to prevent reprograming once the Treg lin-
eage is established? On this matter, the relationship between Treg
cells and Th1 cells are well demonstrated by Koch et al. Treg cells
express T-bet and CXCR3 upon exposure to IFN-γ; however, fur-
ther progression into Th1 differentiation is aborted since Treg
cells show delayed expression of IL-12 receptor, therefore being
less responsive to IL-12 signaling, which is required for IFN-γ
production (Koch et al., 2012). However, this scenario may only

apply to acute Th1-type infection where IL-12 production is tran-
sient enough to limit the IL-12 receptor expression on T-bet+ Treg
cells. Other reports have demonstrated the ability of Treg cells to
produce IFN-γ; for example, IFN-γ-producing Foxp3+ Treg cells
are observed in vivo during viral infections and acute graft-versus-
host disease in mice, and in patients with multiple sclerosis and
type I diabetes mellitus, and in several in vitro studies (Olden-
hove et al., 2009; Dominguez-Villar et al., 2011; McClymont et al.,
2011; Zhao et al., 2011; Koch et al., 2012; Koenecke et al., 2012).
If cytokines are capable of reprogramming Treg cells to produce
pro-inflammatory cytokines, it is potentially dangerous as it could
amplify the inflammatory responses by converting Treg cells to act
like effector T cells during chronic inflammation. It is noted, how-
ever, that the assessment of cytokine secretion often involves prior
stimulation with PMA/Ionomycin and whether Treg cells actually
produce significant amount of pro-inflammatory cytokines in vivo
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FIGURE 4 | DNA demethylation during hematopoietic cell
differentiation. Differentially methylated regions (DMRs) tends to be
detected within genes encoding molecules associated with lineage
specification, such as Cxcr2 and Gadd45α in granulocyte/macrophage
progenitors; Cd19, Irf8, and Cd79α in B cell lineage; and CD8a in CD8+ T
cells (Ji et al., 2010; Bock et al., 2012; Lee et al., 2012). Similarly, within

CD4+ T cell subsets, lineage-specific DNA demethylation occurs within
genes encoding molecules involved in cell subset-specific functions (Lee
et al., 2002; Ansel et al., 2003; Wilson et al., 2009; Cohen et al., 2011;
Ohkura et al., 2012; Thomas et al., 2012). These findings suggest the
involvement of epigenetic regulations during cell fate determination and
linage commitment.

is unclear. Future studies need to address whether these scenarios
are relevant during human diseases, whether there are alternative
failsafe mechanisms to prevent the reprograming of Treg cells or
whether this is the limit of Treg stability.

FUTURE PERSPECTIVES FOR CLINICAL APPLICATION OF Treg
CELLS
In this review, we have discussed how Treg cells can be molec-
ularly defined as a cellular entity. Differences among functional

definition (CD4+ T cells with suppressive function), molecular
definition (CD4+Foxp3+ T cells), and epigenetic definition (cells
with Treg-specific DNA methylation status) of Treg cells are neg-
ligible in most physiological settings. However, in the contexts of
various immunological diseases, the accuracy of Treg definition
matters. Some of the human naïve T cells and effector T cells are
capable of expressing Foxp3 in response to TCR activation (Allan
et al., 2007). In chronic autoimmune diseases, Foxp3 may be easily
expressed in activated Tconv cells by frequent TCR stimulation
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and this could potentially mask the underlying Treg deficiency
and/or dysfunction. Among currently identified autoimmune dis-
orders, only few of them are clearly linked to Treg abnormality
despite the well-studied roles of Treg cells in the maintenance of
self-tolerance (Gregersen and Behrens, 2006; Buckner, 2010). This
is partly due to technical difficulty to precisely assess Treg dys-
function, particularly if Foxp3+ T cells are present at a normal
or increased frequency. With the epigenetic features of Treg cells
revealed, it may be used as a new tool for assessing Treg function
and for better understanding of disease pathology.

Treg cells have crucial roles in maintaining immunological self-
tolerance and homeostasis and are suspected to be involved in a
variety of immunological disorders (Shevach, 2000; Maloy and
Powrie, 2001; Sakaguchi, 2004). Treg cells thus possess the poten-
tial to fix a wide range of immunological diseases from allergy to
cancer. For treatment of autoimmune disorders and allergy and for
efficient acceptance of grafts after transplantation, adoptive trans-
fer of Treg cells expanded ex vivo or induced in vitro is promising.
The ultimate goal of this approach is to control inflammation
with minimum adverse effects by using antigen-specific Treg cells.
However, little progress has been made toward practical applica-
tion of this idea due to the plasticity of some Foxp3+ T cells and
the lack of reliable cell surface markers for differentiating human
Treg cells from other activated T cells, which would increase the
chances of non-Treg cells or unstable Treg cells being contami-
nated and thus raise the concerns regarding safety and efficacy of
Treg cell therapy (Riley et al., 2009). Given low frequency of Treg
cells in human peripheral blood, an ideal approach is to generate

stable antigen-specific Treg cells in vitro from Tconv cells. Yet, cur-
rent method of iTreg generation using TGF-β and IL-2 can induce
Foxp3 protein expression, but these iTreg cells are significantly
different from in vivo Treg cells in terms of gene expression, epi-
genetics, stability, and function (Ohkura et al., 2012). As discussed
in this review, the epigenetic conversion and Foxp3 induction
are critical determinants of generating and maintaining stable
Treg cell lineage. The aims of future studies thus include better
understanding of signals and mechanisms required for these two
molecular events in the course of Treg cell development, which
may help us identify ways to generate and expand stable Treg cells
for therapeutic use.

CONCLUSION
Treg cell development involves concurrent induction of Foxp3
expression and epigenetic conversion, which cooperatively gener-
ate Treg-type gene expression. It is possible to induce the expres-
sion of Foxp3 in vitro; however, often it is not accompanied by
epigenetic changes or Treg-type gene expression. Foxp3 requires
its co-factors to potentiate its function in gene regulation and
confer suppressive activity on Treg cells. Furthermore, for long-
term lineage commitment of Treg cells, the stability of Foxp3 and
other Treg signature molecules need to be ensured by epigenetic
modification represented by DNA methylation status. Further
investigation will elucidate the mechanisms of epigenetic changes
as well as Foxp3 induction in the course of Treg cell development,
enabling us to devise new approaches for clinical application of
Treg cells.
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Physiological health must balance immunological responsiveness against foreign
pathogens with tolerance toward self-components and commensals. Disruption of this
balance causes autoimmune diseases/chronic inflammation, in case of excessive immune
responses, and persistent infection/immunodeficiency if regulatory components are over-
active. This homeostasis occurs at two different levels: at a resting state to prevent
autoimmune disease, as autoreactive effectorT-cells (Teffs) are only partially deleted in the
thymus, and during inflammation to prevent excessive tissue injury, contract the immune
response, and enable tissue repair. Adaptive immune cells with regulatory function (“reg-
ulatory T-cells”) are essential to control Teffs. Two sets of regulatory T cell are required
to achieve the desired control: those emerging de novo from embryonic/neonatal thymus
(“thymic” or tTregs), whose function is to control autoreactiveTeffs to prevent autoimmune
diseases, and those induced in the periphery (“peripheral” or pTregs) to acquire regula-
tory phenotype in response to pathogens/inflammation.The differentiation mechanisms of
these cells determine their commitment to lineage and plasticity toward other phenotypes.
tTregs, expressing high levels of IL-2 receptor alpha chain (CD25), and the transcription fac-
tor Foxp3, are the most important, since mutations or deletions in these genes cause fatal
autoimmune diseases in both mice and men. In the periphery, instead, Foxp3+ pTregs can
be induced from naïve precursors in response to environmental signals. Here, we discuss
molecular signatures and induction processes, mechanisms and sites of action, lineage
stability, and differentiating characteristics of both Foxp3+ and Foxp3− populations of reg-
ulatoryT cells, derived from the thymus or induced peripherally. We relate these predicates
to programs of cell-based therapy for the treatment of autoimmune diseases and induction
of tolerance to transplants.

Keywords: regulatoryT cells, Foxp3,Tr1,Th3, iTr35, interleukin-17, epigenetics, microRNA

INTRODUCTION
Physiological health requires a balance between immunological
responsiveness against foreign pathogens and tolerance toward
self-components and commensals. The immune system must
guarantee this homeostatic balance, since its disruption leads
to autoimmune diseases (AID) and chronic inflammation in
the event of excessive immune reactivity, on the one hand,
and persistent infection(s) and immunodeficiency on the other
(Figure 1).

Regulation of immune responses occurs concurrently at two
different levels: in the “pathogen-free” environment (where
“danger” is inherently internal), to maintain tolerance to self-
components, and in the “pathogen-containing” environment
(where “danger” is external), to prevent excessive tissue injury,
contract the immune response and enable tissue repair.

Central selection of the T cell repertoire imparts intrinsic
autoreactivity to adaptive immunity as only T cells capable of
recognizing self-MHC are positively selected for survival. Thus,

despite negative selection of strongly autoreactive thymocytes, the
mature immune system can clearly be demonstrated to contain T
cells with autospecificity (Muraro et al., 1997), necessitating active
regulation of these cells in the periphery. That autoreactive cells
exist in the neonatal circulation imparts an obligate requirement
for the presence of regulation from birth, a function ascribed to
non-redundant “thymically derived” regulatory T cells (tTregs).

Although tTregs have been the focus of the “immunoregula-
tion” literature in recent years, the adult T cell pool also contains
a series of other T cells with regulatory function, many of which
are induced to develop suppressive phenotypes in the periphery in
response to antigenic challenges and the local micro-environment.
Such“induced”regulatory T cells include induced Foxp3+ (iTregs)
and Foxp3− (Th3, Tr1, iTr35, and CD8+CD28−) populations of
cells.

In this review, we describe the origins and functions of differ-
ent T cells with regulatory function, detailing their properties. An
important note that is worth highlighting at the outset is one of
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FIGURE 1 | Model of immunological homeostasis. Disturbance of the
balance between pro-inflammatory and anti-inflammatory mechanisms is
shown at either end of the cartoon. On the one hand, excessive immune
responsiveness and/or deficiency in tolerogenic mechanisms can lead to

autoimmune diseases, chronic inflammation, and pregnancy failure. On the
other hand, weak immune responsiveness and/or excessive
tolerance-inducing machineries can result in in immunodeficiency,
characterized by recurrent, and/or overwhelming infections.

semantics. In this review, we refer to CD4+CD25hiFoxP3+ regu-
latory T cells as “Tregs.” As there have been recent calls for greater
clarity in the nomenclature of FoxP3+ regulatory T cells (Abbas
et al., 2013) (Table 1), we refer to thymically derived Tregs as
tTregs and peripherally derived Tregs as pTregs. All in vitro induced
FoxP3+ Tregs we will call iTregs. All other inducible regulatory T
cell populations will be referred to by their current internationally
accepted names, such as Tr1 cells.

FOXP3+ REGULATORY T CELLS
The relative importance of centrally derived tolerance-inducing T
cells was established by experiments between the late 1960s and
early 1980s where it was observed that thymectomy of mice on the
third day of life resulted in organ-specific autoimmune diseases
[the exact target organ(s) depending on the mouse strain used].
However, this did not occur if neonatal mice were thymectomized
on days 1 or 7 (Nishizuka and Sakakura, 1969; Kojima et al., 1976,
1980; Taguchi and Nishizuka, 1981) and day 3 thymectomized
mice would not develop autoimmunity after infusion of thymo-
cytes (Sakaguchi et al., 1982). These experiments suggested that
autoreactive T cells exit the thymus in the first 3 days of life fol-
lowed a few days later by a population of suppressor cells that
control the autoreactive cohort. These experiments were followed
by the first descriptions of Tregs by Sakaguchi et al. (1995, 1996) as
a circulating subset of CD4+ T cells expressing high levels of CD25
(the IL-2 receptor α-chain), which could prevent the development
of multi-organ autoimmune diseases (thyroiditis, gastritis, insuli-
tis, sialoadenitis, adrenalitis, oophoritis, glomerulonephritis, and
polyarthritis) and/or rodent graft-versus-host disease (GVHD)-
like wasting disease in thymectomized mice, by adoptive trans-
fer (Suri-Payer et al., 1998). This was an advance on previous

Table 1 | Recommendations forTreg cell nomenclature.

“Thymus-derived Treg cell (tTreg cell)” should be used instead of “natural

Treg cell (nTreg cell)”

“Peripherally derived Treg cell (pTreg cell)” should be used instead of

“induced or adaptive Treg cell (iTreg cell or aTreg cell)”

“In vitro induced Treg cell (iTreg cell)” should be used to clearly distinguish

between those Treg cell populations generated in vivo versus those

generated in vitro

Treg cell terms should be used only when there is definitive evidence

justifying their use

The development and use of new Treg cell terminology should be limited,

especially for subpopulations

Reproduced from Abbas et al. (2013).

observations that had identified the “rescuing” population as
Thy1+(CD90+) Lyt1+(CD5+) Lyt2− (CD8a−) Lyt3−(CD8b−)
(Sakaguchi et al., 1982) CD45RBlo (Morrissey et al., 1993). As
CD25 correlates positively with CD5 and negatively with CD45RB,
the identification of CD25 expression as a surface marker for
Tregs was biologically plausible. The subsequent identification of
humans and mice deficient in CD4+CD25hi cells (as a result of
mutations in the FOXP3 and Foxp3 genes respectively – see below),
which develop severe autoimmune diseases (Sakaguchi et al., 1995,
1996; Chatila et al., 2000; Wildin et al., 2001) strongly suggests that
these cells have a critical and non-redundant regulatory role in the
maintenance of self-tolerance.

Although CD25 expression was the original defining feature of
Tregs, CD25 is also expressed by antigen-experienced and recently
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activated conventional T cells with non-regulatory properties
(effector T cells, “Teff”). As a result, CD25 is of greatest sensitivity
when used to identify Tregs from naïve T cell populations, such
as human umbilical cord blood, or antigen-naïve animals. Thus,
in antigen-experienced mammals, only the top 2–5% of CD25
expressing CD4+ cells (CD25hi) contains genuine Tregs (Baecher-
Allan et al., 2001). Since the descriptions of Tregs, therefore,a num-
ber of additional markers have been proposed as Treg-specifying,
including cytotoxic T-lymphocyte antigen-4 (CTLA-4) (Wing
et al., 2008; Sakaguchi et al., 2009), GITR (glucocorticoid-induced
TNF receptor family related protein; TNFRSF18) (Shimizu et al.,
2002), CD39 (Deaglio et al., 2007), HLA-DR (Baecher-Allan and
Hafler, 2006), CD45RA (Miyara et al., 2009), and low expression of
CD127 (the IL-7 receptor α-chain) (Liu et al., 2006). While these
markers will not be the focus of this review, it is important to note
that none can be used as unambiguous identifiers of human Tregs;
however, they often identify subsets of Tregs with different (quan-
tities or mechanisms of) suppressive functions, implying that there
is considerable heterogeneity in human populations of Tregs. Such
heterogeneity and the lack of specific markers for the Treg lineage
remain the cornerstone of debates regarding whether Tregs are in
fact a distinct T cell lineage and/or a possibility in the life cycle of
many different T cells.

FORKHEAD BOX P3, THE KEY TRANSCRIPTION FACTOR OF TREGS
The Scurfy mouse (sf), an X-linked mutant strain, described in
1949 [cit. loc (Russell et al., 1959)], exhibits a series of autoimmune
features including skin scaliness, diarrhea, and death (between 2
and 4 weeks after birth) in association with CD4+ T cell hyper-
proliferation, multi-organ CD4+ cell infiltration (Blair et al.,
1994) and over-production of several inflammatory cytokines
(Kanangat et al., 1996). This fatal autoimmune lymphoprolif-
erative syndrome was found to map to a gene locus on the X
chromosome called Foxp3, which was described as a new mem-
ber of the forkhead/winged-helix family of transcription factors
(TF) (Brunkow et al., 2001). The Foxp3 gene is highly conserved
between species and a mutation in the human gene, FOXP3,
was identified as the causative factor responsible for the human
equivalent of Scurfy, the Immunodysregulation, Polyendocrinopa-
thy, and Enteropathy, X-linked syndrome (IPEX), also known
as X-linked autoimmunity and allergic dysregulation syndrome
(XLAAD) (Chatila et al., 2000; Bennett et al., 2001; Hori et al.,
2003). Both mouse and human diseases have deficient circulat-
ing Tregs, which suggests that Foxp3 and FOXP3 are essential for
normal Treg development in the two species respectively. This
position is strengthened by the failure of Foxp3 knockout mice to
develop circulating Tregs; these animals develop a Scurfy-like syn-
drome from which they can be rescued by the adoptive transfer of
Tregs from a Foxp3 replete animal (Fontenot et al., 2003). Further-
more, ectopic or over-expression of Foxp3 in CD4+CD25−mouse
cells results in the development of a Treg phenotype (Fontenot
et al., 2003; Hori et al., 2003; Khattri et al., 2003). In mice, Foxp3
expression is a good phenotypic marker of Tregs (Fontenot et al.,
2005c; Wan and Flavell, 2005); in humans, however, FOXP3 does
not allow the unambiguous identification of Tregs (Ziegler, 2006)
as it is induced during TCR stimulation in conventional CD4+ T
cells (Walker et al., 2003; Gavin et al., 2006; Wang et al., 2007) (in

much the same manner as CD25) and there has been some debate
as to whether the induced CD4+CD25+FOXP3+ population is
suppressive or anergic (Walker et al., 2003; Gavin et al., 2006).

Although Foxp3 may function as a transcriptional inhibitor
through associations with NFAT, NF-κB, and RORγt (Schubert
et al., 2001; Bettelli et al., 2005; Zhou et al., 2008a), its biological
function is still incompletely understood and will be discussed in
an accompanying review in this series. However, it is worth men-
tioning that the concept of Foxp3 as a “lineage-specifying factor”
of Tregs is an over-simplification, as suggested by three lines of evi-
dence: (i) Foxp3 is not sufficient in itself to determine the full Treg
transcriptional profile (Hill et al., 2007); (ii) Foxp3 is expressed by
(human) Teffs following activation, without imparting the pheno-
type associated with Tregs; (iii) humans with IPEX syndrome have
heterogeneous T cell abnormalities, including dysfunction in Teffs
(Bacchetta et al., 2006).

THYMICALLY DERIVED TREGS
Thymic education of T cells is a two step process involving, first,
positive selection of thymocytes recognizing self-MHC and, sec-
ond, negative selection of T cells with T cell receptors (TCRs) of
high avidity for class I and class II MHC molecules presenting self-
antigens. Thus, duration and avidity of the TCR interaction with
self-peptide-MHC complexes on antigen-presenting cells (APC)
determine thymocyte fate. Thymocytes that bind with high avidity
undergo programed cell death in an attempt to limit autoreac-
tivity in the periphery, while thymocytes with low avidity for
self-MHC:peptide are selected as effector T cells (Teff).

A thymic origin for Tregs was suggested by the neona-
tal thymectomy-induced autoimmunity models described above
(reviewed in Shevach, 2000). In addition, neonatal infection
of BALB/c mice with superantigen-expressing murine mam-
mary virus (MMV) results in increased numbers of Vβ6+ Tregs
(Papiernik et al., 1998), which implies that thymocyte interac-
tion with antigen preferentially favors Treg differentiation. Indeed,
interactions between TCR and MHC class II peptides are essential
for normal tTreg development (Sakaguchi et al., 2008; Josefow-
icz and Rudensky, 2009), an assertion which is consistent with
the observation that Tregs express molecules associated with an
activated state in Teffs (CD5, CD25, CTLA-4, and Foxp3) and
the binding of TCR/CD28-coupled TFs (e.g., NFAT and AP1) to
the Foxp3 promoter (Mantel et al., 2006). Thus, mice engineered
for high antigen expression, e.g., influenza haemaglutinin (HA),
and TCR specificity for that HA (i.e., I-Ed-restricted TCR spe-
cific for HA) develop large numbers of Tregs (Jordan et al., 2001),
indicating that self-agonist ligands, contrary to inducing clonal
deletion, or anergy, cause central development of Tregs. These
observations are corroborated by a high degree of self-reactivity
(against MHC/peptide complexes expressed on APCs) in Tregs
compared to other CD4+ populations (Romagnoli et al., 2002).
This demonstrates a biased thymically imprinted TCR repertoire
based on recognition of self-MHC-peptide, suggesting that nega-
tive selection in the thymus is incomplete, with thymocytes hav-
ing TCR-MHC:self-peptide interactions of intermediate strength
escaping deletion and differentiating into cells with a regulatory
phenotype (Tregs) (reviewed in Singer et al., 2008; Josefowicz et al.,
2012). There is now significant evidence that tTreg development
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is self-antigen driven, with the tTreg population being largely
autoreactive (Hsieh et al., 2004, 2006; Picca and Caton, 2005).
The high similarity between the TCR repertoire of Tregs found
within the thymus and Tregs isolated from the circulation (Hsieh
et al., 2006; Wong et al., 2007) is, therefore, indicative of thymic
Treg émigrés making a significant contribution to the peripheral
Treg pool.

A number of additional cues are required for thymic induc-
tion of Tregs, notably those providing co-stimulation or IL-2R-γc

cytokine family signaling. The importance of γc cytokines to tTreg
development is highlighted by the absence of this population
from the thymus and periphery of IL-2R-γc knockout animals
(Fontenot et al., 2005b) and spontaneous development of autoim-
mune diseases in mice lacking IL-2Rβ (CD122), which can be
prevented by infusion of donor Tregs (Suzuki et al., 1995; Malek
et al., 2002). Although no single member of this cytokine family
(IL-2, IL-7, or IL-15) is non-redundant in the thymic induction
of tTregs, the most significant defect is observed in IL-2−/− or
CD25−/− animals, in which Foxp3 expression is reduced by 50% in
thymocytes and animals succumb to lethal autoimmune diseases
(Sadlack et al., 1993; Willerford et al., 1995; Fontenot et al., 2005b).
IL-2, the most important γc family member for tTreg induction
(Fontenot et al., 2003; Hori et al., 2003) activates Stat5 through
γc chain-associated Janus Kinase (JAK) 3; pY-Stat5 subsequently
binds to the promoter region of Foxp3 to positively regulate the
gene (Zorn et al., 2006; Burchill et al., 2007; Yao et al., 2007). As
expected, Jak3−/− and Stat5−/− mice have few or no circulating
Foxp3+ cells (Mayack and Berg, 2006; Yao et al., 2007). Of note,
developing Treg-precursors in the thymus are highly attuned to
IL-2 as they express CD25 and thus have a competitive advantage
in the IL-2-poor environment of the thymus. Thus, even subop-
timal IL-2Rβ signaling, for example through mutations of Y→ F
(tyrosine to phenylalanine) at key sites binding Shc or Stat5, is suf-
ficient to support normal tTreg (but not iTreg) development (Yu
et al., 2009; Cheng et al., 2013).

Co-stimulation through CD28 is particularly important for
tTreg development as both CD80/CD86 and CD28 knockout ani-
mals (Salomon et al., 2000; Tai et al., 2005) have striking tTreg
deficiency. Signals transduced through the TCR and CD28 that
are clearly important in thymic Treg lineage commitment include
both the NF-κB and Ras-Raf-MAPK pathways. This is demon-
strated through inhibition of tTreg development by disruptions
to components of either the NF-κB, e.g. Bcl10, PKCθ, CARMA1,
IκB kinase 2, c-Rel, TRAF6 (Schmidt-Supprian et al., 2003, 2004;
Barnes et al., 2009; Isomura et al., 2009; Long et al., 2009; Grigo-
riadis et al., 2011; Shimo et al., 2011; Schuster et al., 2012), or the
Ras-Raf-MAPK pathways, such as RasGRP1 and Raf (Willoughby
et al., 2007; Chen et al., 2008).

In contrast to previous reports suggesting that TGF-β is not
required for the thymic induction of thymocytes (Marie et al.,
2005; Li et al., 2006), conditional ablation of TGF-βRI in double-
positive (CD4+CD8+; DP) thymocytes does result in a temporary
reduction of Foxp3+ thymocytes in neonatal mice (Liu et al.,
2008), suggesting that central Treg selection may be enhanced by
TGF-β signaling. In contrast, Akt signaling in developing thymo-
cytes suppresses Treg development through mTOR (Haxhinasto
et al., 2008), in a manner akin to iTregs (see below).

These observations are consistent with a step-wise model
(Burchill et al., 2008; Lio and Hsieh, 2008) in which Tregs
are selected from late-stage, single-positive (CD4+) thymocytes
(Fontenot et al., 2005a), whose TCRs engage high affinity ligands
(Sakaguchi et al., 2008) presented by either medullary or corti-
cal thymic epithelial cells (mTECs or cTECs) in the context of
MHC class II (Aschenbrenner et al., 2007; Liston et al., 2008b) and
in the presence of CD28 co-stimulation (Tai et al., 2005). Thus,
TCR/CD28 engagement induces expression of CD25 by thymo-
cytes, sensitizing them to IL-2, which instructs Foxp3 and CD25
expression in a Stat5-regulated manner (Burchill et al., 2008; Lio
and Hsieh, 2008). However, there is also some evidence that Tregs
may, in fact, be induced to differentiate at a much earlier, double-
positive (CD4+CD8+), developmental stage before agonist
selection (Pennington et al., 2006). This is consistent with demon-
strations in K14-Aβ

b mice that, similar to other CD4+ T cells,
positive selection on thymic cortical epithelium is sufficient for
Treg differentiation from DP precursors (Bensinger et al., 2001).

PERIPHERALLY INDUCED TREGS
There is also significant evidence showing that, like other CD4+

lineages, Tregs can be generated from CD4+ naïve precursors
in the periphery. Here, host detection of infection and tissue
injury initiates events that result in recruitment and differenti-
ation of CD4+ T helper (Th) lymphocytes to functions suited to
removal/containment of the noxious stimulus. Specific signaling
pathways essential for differentiation, expression of key TFs, spe-
cific cytokines, and surface molecules distinguish distinct CD4+

Th lineages from each other. Thus, pluripotent naïve CD4+ T
cells (Thp) are induced to “commit” to particular lineages by
mode of stimulation, antigen concentration, co-stimulation, and
cytokine milieu (Constant and Bottomly, 1997) through distinct
pathways, including, but not exclusively, Stat1/Stat4 (Th1), Stat6
(Th2), Stat5 (Treg), and Stat3 (Th17) (Zhu et al., 2010). Each
lineage is then characterized by expression of its own cytokine
profile: IFN-γ (Th1), IL-4 (Th2), and IL-17 (Th17); dominant
TFs: T-bet (Th1), Gata-3 (Th2), Foxp3 (Treg), and Rorc (Th17)
(Zheng and Flavell, 1997; Szabo et al., 2000, 2002; Fontenot et al.,
2003; Wan and Flavell, 2005; Ivanov et al., 2006) and chemokine
receptors: CCR5 and CXCR3 (Th1), CRTH2 and CCR4 (Th2),
and CCR6 (Th17) (Figure 2). Individual lineages are specialized
to promote specific biological functions, for example, immunity
against intracellular microorganisms (Th1), humoral immunity to
control helminthic and other extracellular pathogens (Th2), clear-
ance of extracellular bacteria, and fungi at mucosal surfaces (Th17)
and regulation of immune system activation (Tregs) (Zhou et al.,
2009a; Zhu et al., 2010). Thus, detection of “danger” is a key event
in the initiation of this cascade and recruitment and differentia-
tion of the most appropriate Th lineage(s) is the key determinant
of pathogen removal/persistence and tissue repair/healing during
immune responses.

The conditions favoring peripheral induction of Tregs
(pTregs) include suboptimal dendritic cell (DC) activation,
sub-immunogenic doses of agonist peptide, mucosal admin-
istration of peptide and presence of appropriate cytokines,
notably TGF-β and IL-2 (Chen et al., 2003; Apostolou and von
Boehmer, 2004; Kretschmer et al., 2005; Selvaraj and Geiger, 2007;
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FIGURE 2 | NaïveT helper cell differentiation pathways for lineage
commitment in the periphery. T helper cells (Th) can be induced from
naïve CD4+ cells to differentiate toward Th1, Th2, Th17 and Treg phenotypes
depending on the cytokine milieu present in the environment. Presence of
IFN-γ and IL-12 promote skewing toward Th1 commitment by signaling
through STAT1 and STAT4, respectively. Th1 cells are characterized by
expression of T-bet, chemokine receptors CCR5 and CXCR3 and produce
IFN-γ, which inhibit Th2 differentiation. Th2 cell commitment is instead
promoted by IL-4 via STAT6 signaling. Th2 committed cells express GATA-3,
chemokine receptors CCR4 and CRTH2 and secrete IL-4, IL-5, and IL-13,

which in turn inhibit Th1 differentiation. Development of both iTreg and Th17
phenotypes requires the presence of TGF-β, but the proinflammatory IL-6
and IL-1 preferentially skews the response toward a Th17 phenotype through
STAT3 signaling leading to the expression of RORC. Th17 cells express the
chemokine receptor CCR6 and secrete IL-17. iTregs are instead induced in
the presence of TGF-β together with IL-2 (and ATRA) through STAT5
signaling, leading to the expression of Foxp3 and can secrete IL-10 and
TGF-β. A definite chemokine receptor for iTregs has not yet been clearly
described. JAK= Janus kinase; STAT=Signal Transducer and Activator of
Transcription. ATRA= all-trans retinoic acid.

Siewert et al., 2008; Zheng et al., 2008). The greater the strength
of the TCR/MHC:peptide interaction and co-stimulation, the
greater the requirement for tolerance-inducing cytokines, specifi-
cally TGF-β and IL-2, to induce a regulatory, as opposed to, effector
phenotype in Thp. Some of this effect is related to the ability of
high concentrations of TGF-β to down-regulate receptors for other
cytokines, including IL-6 (Zheng et al., 2008), and the ability of IL-
2-activated Stat5 to inhibit loci of other lineages (Laurence et al.,
2007), implying that efficient pTreg differentiation is at least par-
tially contingent on inhibition of differentiation to alternate Th
lineages. This assertion is supported by evidence that the presence
of cytokines required for T cell skewing to alternate Th lineages,
such as IL-12 (to Th1) and IL-6 (to Th17) (Figure 2) preferentially

foster development of those lineages in contrast to iTreg through
induction of lineage-specifying Stat proteins and TFs (Wei et al.,
2007).

Of particular note, it appears that not all Thp can differenti-
ate in the periphery to Tregs (Hsieh et al., 2004; Lathrop et al.,
2008). Instead, recent evidence indicates that either the thymus
may remain a site of Treg differentiation during immune responses
(Zelenay et al., 2010) or that recent thymic émigrés are, in fact,
the precursors of pTregs (Paiva et al., 2013). Speculatively, the
implication is that either T cells with certain TCR specificities are
more suited to differentiate into Tregs (presumably due to higher
than average TCR avidity for self-MHC:peptide) or that signals
received by pTreg-precursors in the thymus ensure that the Foxp3
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locus is epigenetically in a state ready for gene transcription in the
periphery. Nevertheless, pTregs suppress antigen driven CD4+ T-
cell expansion and both Th1 and Th2 cytokine production in vitro
in a manner akin to tTregs (Chen et al., 2003); the paucity of distin-
guishing phenotypic and functional characteristics between tTregs
and pTregs is one argument for a high degree of similarity in the
signals required for their induction.

The requirement for low level TCR signaling for induction
of pTregs is highlighted by experiments in which in vivo Foxp3
induction in Thp inversely correlates with the dose of immunogen
(Kretschmer et al., 2005) and in which augmenting TCR signal-
ing by removing an inhibitory E3 ubiquitin ligase (Chiang et al.,
2000) inhibits Foxp3 induction (Wohlfert et al., 2006). Consis-
tent with this, in vitro iTreg induction is inhibited by increasing
concentrations of activating anti-CD3 (Kim and Rudensky, 2006)
whereas premature termination of TCR signaling soon after T
cell activation or inhibition of the PI3 Kinase/Akt/mTOR pathway
downstream of TCR signaling augments iTreg induction (Sauer
et al., 2008). Similarly, while CD28 signaling is critical for cen-
tral selection of Tregs (Salomon et al., 2000), peripheral pTreg
induction is, in contrast, inhibited by strong CD28 ligation (Kim
and Rudensky, 2006; Benson et al., 2007), which explains why
mice deficient in CTLA-4, an inhibitor of T cell activation, have
impaired pTreg induction (Zheng et al., 2006). Similarly, ana-
phylatoxin receptor signaling activates the mTOR pathway; thus
C3ar1−/− or C5ar1−/− mice have impaired mTOR signaling and
take on an iTreg phenotype in response to TGF-β more readily
than wild-type T cells. Antagonism of C3aR and C5aR in human
naïve CD4+ T cells induces functional iTregs (Strainic et al., 2012).

TGF-β directly regulates the Foxp3 gene through both TGF-β-
inducible early gene 1 (TIEG1) and Mothers Against Decapenta-
plegic 3 (Smad3), which bind at promoter and enhancer regions
in the Foxp3 gene to upregulate its expression (Tone et al., 2008;
Venuprasad et al., 2008) (see below). Notch-pathway mediated
signals synergize with TGF-β to enhance Foxp3 expression by
recruiting Notch1, CSL, and Smad proteins to promoter regions of
the Foxp3 gene (Samon et al., 2008). In vivo, DC populations pro-
ducing local TGF-β are clearly sufficient to induce iTregs (Benson
et al., 2007; Yamazaki et al., 2008).

The presence of all-trans retinoic acid (ATRA) in the Thp envi-
ronment synergizes with TGF-β to promote iTreg development;
this effect is sufficient to allow iTreg development even in the
presence of high levels of co-stimulation (Benson et al., 2007).
While receptor-ligand-mediated gene transcription is retinoic acid
receptor (RAR)-α dependent (Elias et al., 2007; Hill et al., 2008),
ATRA promotes iTreg differentiation both directly, through inhi-
bition of differentiation to alternative lineages, notably Th17 (Elias
et al., 2007; Mucida et al., 2007; Xiao et al., 2008), and indirectly,
through the inhibition of environmental cytokines produced by
CD44hi effector memory T cells, especially IL-4 and IFN-γ (Hill
et al., 2008), which support the development of alternative Th
lineages. ATRA, moreover, imprints a gut-homing phenotype on
iTregs (α4β7+CCR9+) (Benson et al., 2007). This is notewor-
thy as CD103+CD11c+ DCs present in lamina propria of small
and large bowel, mesenteric lymph nodes, and Peyer’s patches
induce an identical gut-homing phenotype (Annacker et al., 2005;
Johansson-Lindbom et al., 2005) and the development of iTregs

through secretion of local TGF-β and ATRA (Coombes et al., 2007;
Sun et al., 2007). Such local milieu for the induction of iTregs might
reflect the need to control immune responses directed against anti-
gens expressed by local microbiota and ingested food and may
provide an evolutionary link between iTregs and commensal bacte-
ria. This may explain why several studies have reported a reduction
in lamina propria Tregs of mice housed in germ-free environments
(Strauch et al., 2005; Östman et al., 2006; Ishikawa et al., 2008),
which may be related to the specific organisms that are present or
absent from the “germ-free” environment (Ivanov et al., 2008).

REGULATION OF FOXP3 GENE EXPRESSION
Epigenetic mechanisms, such as DNA methylation, histone
modification, nucleosome positioning, as well as microRNAs
(miRNAs), are essential for control of gene expression (Balti-
more et al., 2008; Wilson et al., 2009; Cedar and Bergman, 2011).
Chromatin remodeling has a role in determining the accessibility
of genes by transcriptional activators or repressors. In particu-
lar, methylated DNA sequences are “silenced”, while opening of
the locus for transcription is linked to demethylation. For com-
prehensive reviews, the reader is referred to (Wilson et al., 2009;
Cedar and Bergman, 2011). Foxp3 gene expression is controlled
by four elements, containing conserved non-coding sequences
(CNS). The first is in the promoter region, two are in the first
intron (CNS1 and CNS2, at 2 and 4.5 kb downstream of the tran-
scriptional start site (TSS) of murine Foxp3, respectively) and the
fourth (CNS3, at 7 kb downstream of the TSS of murine Foxp3) is
in the second intron. These sites are regulated by epigenetic modifi-
cations that determine chromatin structure and DNA methylation,
altering the accessibility of the gene locus to TFs. Known TF
binding and epigenetic modifications at these sites are shown in
Figure 3.

Three important caveats should be noted here. The first is
that emerging evidence suggests a role for Foxp3 binding within
enhancer elements in the Foxp3 gene, exploiting enhancers “estab-
lished” by Foxp3 predecessors, such as Foxo1 (Samstein et al.,
2012). These data are not included in Figure 3. The second is that
Foxp3 expression alone is insufficient for establishment of the Treg
lineage; rather, the development of a Treg-specific genome-wide
methylation pattern (“nTreg-Me”) in addition to Foxp3 expression
is critical (Ohkura et al., 2012). Thus, nTreg-Me is independent
of Foxp3 expression, but necessary for Foxp3+ cells to acquire
the genome-wide transcriptional profile, stability, and functional
characteristics of the Treg lineage (suppressive capability) (Ohkura
et al., 2012). Interestingly, in vitro induced iTregs lack the nTreg-
Me pattern, whilst in vivo generated iTreg gradually develop it after
TCR stimulation (Ohkura et al., 2012). This difference in stabil-
ity of Foxp3 expression between tTregs and iTregs could then be
attributed to epigenetic differences at the Foxp3 locus, as detailed
below. The third, as has been elegantly described recently in the
mouse, is that differentiation of both tTregs and iTregs is criti-
cally dependent on transcriptional repression of alternate lineages
through the expression of the Bach2 TF (Roychoudhuri et al.,
2013). Thus, animals deficient in this TF are unable to generate
Tregs and succumb to spontaneous autoimmune disease (Roy-
choudhuri et al., 2013). Interestingly, this TF is also linked to
multiple autoimmune diseases in man.
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FIGURE 3 |The Foxp3 epigenome and transcription factor binding
sites. Four distinct regions of the Foxp3 gene are susceptible to
epigenetic modification. These are the Foxp3 promoter and three other
conserved non-coding sequences (CNS): CNS1 – the TGF-β
sensor/enhancer, CNS2 – Treg-cell-specific demethylation region (TSDR),
and CNS3 – a Foxp3 pioneer element. Epigenetic modifications include
histone acetylation/deacetylation and CpG methylation/demethylation
and are shown at each locus. Known transcription factor binding sites

and the signals required for access to each region are also shown.
STAT5= signal transducer and activator of transcription 5,
SMAD3= small body size mothers against decapentaplegic 3,
CREB= cAMP-response-element binding protein, ATF= activating
transcription factor, NFAT=nuclear factor of activated T cells,
AP1= activator protein 1 (a dimer of FOS and JUN),
TIEG1=TGF-β-inducible early gene 1; Ets=E-twenty six; RAR= retinoic
acid receptor; ATRA= all-trans retinoic acid; Foxo= forkhead box o.

Foxp3 promoter
CpG motifs in the Foxp3 promoter are basally demethylated in
resting Tregs, but partially methylated in conventional naïve CD4+

T cells (Kim and Leonard, 2007; Janson et al., 2008). In addition,
histones in this region are more highly acetylated in Tregs than in
naïve T cells (Mantel et al., 2006; Kim and Leonard, 2007). As a
result, the Foxp3 promoter is more accessible for the binding of
TFs, such as NFAT, AP1, STAT5, TIEG1, and Ets1 and 2 [recently
described to bind the Foxp3 promoter (Fayyad-Kazan et al., 2010)]
in Tregs than in conventional T cells. In mice, the Foxp3 promoter
in conventional T cells remains methylated following TCR activa-
tion, albeit at a lower level than at baseline (Janson et al., 2008), and
demethylation requires activation in the presence of TGF-β (Kim
and Leonard, 2007; Janson et al., 2008); these structural effects
limit and promote access for induction of Foxp3 transcription
respectively.

CNS1 (TGF-β-sensitive enhancer element)
CNS1, an “enhancer” region in the Foxp3 locus, contains bind-
ing sites for NFAT and Smad3 and is in an accessible, histone-
acetylated, state in both tTregs and iTregs (Tone et al., 2008) but not
in naïve, resting T cells. This area has no CpG motifs, therefore the
sole epigenetic modification at this locus is through histone acety-
lation. RAR and RXR (retinoid X receptor) bind within CNS1
and are responsible for increased histone acetylation, permitting
greater Smad3 binding (Xu et al., 2010), thus, explaining some
of the direct effects of ATRA in iTreg induction. CNS1 knock-
out animals demonstrate normal tTreg development, but have
impaired iTreg induction (Zheng et al., 2010); therefore, CNS1
is redundant in thymic Treg selection, but is essential for periph-
eral induction of Tregs, consistent with the role of TGF-β in pTreg
generation.

CNS2 (“Treg-specific demethylated region”, TSDR)
A third, highly conserved, CpG dinucleotide-rich region in both
mouse and human Th cells, termed the “Treg-specific demethy-
lated region” (TSDR), is completely demethylated in nTregs, but
methylated in conventional T cells (Baron et al., 2007; Floess et al.,
2007). In tTregs, this area also contains acetylated histones (H3Ac
and H4Ac) (Floess et al., 2007) and TF binding sites, which in
the demethylated state bind Stat5, CREB/ATF (Yao et al., 2007;
Nagar et al., 2008), Foxo1, and Foxo3 (Ouyang et al., 2010), which
also bind the Foxp3 promoter (Harada et al., 2010; Ouyang et al.,
2010). Interestingly, Foxp3 induction by TGF-β is associated with
only partial demethylation of the TSDR, an unstable state that
reverses upon restimulation (Floess et al., 2007). Thus, iTregs con-
tain methylated CpGs. The TSDR was initially described as having
enhancer activity (Kim and Leonard, 2007). However, given quan-
titatively similar Foxp3 expression in iTregs and tTregs despite
large differences in methylation state at the TSDR, it is unlikely
that it acts as an enhancer element; instead, TSDR demethylation
appears critical for stable Foxp3 expression (Floess et al., 2007;
Nagar et al., 2008; Polansky et al., 2008). Indeed, pharmacological
inhibition of DNA methyltransferase-1 (Dnmt-1) in conventional
T cells, using the covalent inhibitor 5-azacytidine (5AzadC), fol-
lowed by activation through the TCR, results in stable expression
of Foxp3, in contrast to the transient Foxp3 expression seen with
TCR activation alone (Kim and Leonard, 2007; Nagar et al., 2008;
Polansky et al., 2008; Josefowicz et al., 2009). Similarly, CNS2-
deficient animals have reduced Treg numbers only after 6 months
of age (Zheng et al., 2010), suggesting that CNS2 is redundant
for expression of Foxp3 but critical for its stable maintenance. Of
note, demethylated CNS2 acts as a binding site for Foxp3 in a
Runx1- and Cbf-β-dependent manner (Zheng et al., 2010), which
may serve as a mechanism for stable Foxp3 expression in mature
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Tregs. The signals controlling methylation/demethylation at the
TSDR are currently unknown, but given the difference between
iTregs and tTregs in Foxp3 stability, it is likely that demethylation
at this locus is thymically initiated.

CNS3 (Pioneer element)
CNS3 contains a DNase I hypersensitive site and is bound by c-
Rel, IκBNS, and p50, members of the NF-κB family (Zheng et al.,
2010; Schuster et al., 2012). Chromatin modifications at this site
show permissive marks (H3K9/14Ac, H3K4me2, and H3K4me1)
in Tregs, but also mono (H3K4me1) and di-(H3K4me2) methy-
lation in Treg-precursors (CD4+CD8+ and CD4+CD8- thymo-
cytes) (Zheng et al., 2010). As permissive marks are absent at
CNS1 and 2 in Treg-precursors, this argues that CNS3 can bind
TFs before both CNS1 and 2 during Treg induction and opens the
Foxp3 locus to other TFs, thus acting as a pioneer element (Zheng
et al., 2010). Indeed, CNS3−/− mice have significantly reduced
Treg numbers, but normal per cell levels of Foxp3 in the remain-
ing Tregs, supporting the assertion that CNS3 acts as a pioneer
element. The importance of c-Rel binding is highlighted by the
profound loss of Tregs seen in mice that are c-Rel deficient (Ruan
et al., 2009; Zheng et al., 2010). It is possible that the binding of c-
Rel acts as a chromatin opener or, that c-Rel, in co-operation with
other TFs, e.g., p65, NFAT, CREB, and Smad3, enhances formation
of an enhanceosome at the Foxp3 promoter (Ruan et al., 2009).

DISTINGUISHING tTREGS FROM iTREGS
To date, no single marker has been identified to differentiate tTregs
from iTregs and no definitive test to distinguish their in vivo
functions. The Treg transcriptional profile is dominated by genes
induced by cell activation alone (Hill et al., 2007) and has so far not
yielded definitive markers to distinguish iTregs from tTregs despite
early promise (Gavin et al., 2007; Zheng et al., 2007). Reports that
tTregs exclusively express Helios, an Ikaros transcription factory
family member (Thornton et al., 2010), have been challenged by
the demonstration that Helios is induced during T cell activation
and proliferation and then down-regulated (Akimova et al., 2011).
Thus, expression of Helios cannot reliably differentiate iTregs from
tTregs. Likewise, although TSDR demethylation could in theory
distinguish Tregs that have received thymic induction from those
induced in the periphery, in vivo generated iTregs can also effi-
ciently demethylate the TSDR if given sufficient time (in this
case, 6 weeks) (Polansky et al., 2008). Very recently, neuropilin-
1 (Nrp-1) has been described by two groups as differentially
expressed in murine tTregs and pTregs, being poorly expressed
in the latter (Weiss et al., 2012; Yadav et al., 2012). Nrp-1 is a cell
surface molecule mediating prolonged interactions between Tregs
and DCs (Sarris et al., 2008), a receptor for TGF-β (Glinka and
Prud’Homme, 2008) and vascular endothelial growth factor (Fer-
rara et al., 2003), which has previously been proposed as a Treg
marker (Bruder et al., 2004; Hansen et al., 2012). Of interest, the
lowest Nrp-1 expression was seen in in vivo generated pTregs com-
pared to in vitro generated iTregs, presumably reflecting positive
regulation of Nrp-1 by high dose TGF-β in vitro (Weiss et al., 2012).
These observations have not yet been replicated in human Tregs,
although Nrp-1+ Tregs have been identified in inflamed synovial
fluid of patients with rheumatoid arthritis (E et al., 2012).

tTREG AND iTREG FUNCTION
Tregs suppress target cells through a number of inhibitory mech-
anisms, including cell–cell contact-dependent inhibition (Taka-
hashi et al., 1998; Thornton and Shevach, 1998; Ng et al., 2001),
secretion of inhibitory cytokines (Powrie et al., 1996; Asseman
et al., 1999; Belkaid et al., 2002; Maloy et al., 2003; Collison et al.,
2007), cytolysis of target cells (Gondek et al., 2005; Cao et al., 2007),
metabolic disruption (Deaglio et al., 2007), modulation of APC
function (DiPaolo et al., 2007; Puccetti and Grohmann, 2007),
and competition for environmental IL-2 (Pandiyan et al., 2007).
Such redundancy suggests that the mode of suppression may be
context dependent and directed by the degree and mode of inflam-
mation. While details of these mechanisms falls outside the scope
of this review, it is noteworthy that they are not mutually exclusive,
and while not necessarily limited to a single “delivery system”, are
mostly compatible with a cell-to-cell contact deployment pack-
age. For example, Tregs can deliver suppressive factors like cyclic
adenosine monophosphate (cAMP) into conventional T-cells via
gap junctions (Bopp et al., 2007), they can modulate APC func-
tion through membrane-bound suppressive TGF-β (Nakamura
et al., 2001), through negative signaling by cytotoxic T-lymphocyte
antigen-4 (CTLA-4) (Read et al., 2006) or lymphocyte-activation
gene 3 (LAG3) (Huang et al., 2004).

So far, no distinct functional differences have been conclu-
sively demonstrated between tTregs and iTregs, suggesting that
the mechanistic repertoire of Treg function is specified by lin-
eage and not mode of induction. Indeed, iTregs are as potent
as tTregs in protecting from autoimmune diseases by prevent-
ing the antigen-presenting capacity of DCs to autoreactive Teffs
(DiPaolo et al., 2007). As only a small proportion of the tran-
scriptional profile of Tregs can be explained by expression of
Foxp3, and the majority by T cell activation and survival sig-
nals (Hill et al., 2007), it is not surprising perhaps that function
is also lineage and not induction-specific. As argued above, it
is generally accepted that tTregs function to prevent the devel-
opment of autoimmune diseases and that iTregs limit inflam-
mation to neo-antigens, such as bowel commensal. iTregs can
clearly be generated and are essential and sufficient to mediate
oral tolerance in response to dietary antigens in animals devoid
of tTregs (Mucida et al., 2005; Curotto de Lafaille et al., 2008).
Although these experiments have been conducted under highly
non-physiological conditions, the same mechanisms of iTreg
induction in the periphery may explain the persistence of alterna-
tive neo-antigens, such as pathogenic organisms (Robertson and
Hasenkrug, 2006; Wohlfert and Belkaid, 2008) or neoplastic cells
(Zou, 2006).

TREG PLASTICITY
Emerging concepts of mammalian Th cell polarization have
recently challenged traditional models of terminal differentiation,
suggesting that Th lineage commitment is not as irreversible as
previously thought and that lineage reprograming to alternate
lineages can be achieved through the expression of key TFs and
appropriate epigenetic modifications in lineage-specifying genes.
For in-depth reviews, please see (O’Shea and Paul, 2010; Hira-
hara et al., 2011; Nakayamada et al., 2012). Several reports in the
literature suggest that Tregs retain significant plasticity, with the
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capacity to express TFs and signature cytokines, particularly, of
Th1 (Koch et al., 2009) and Th17 (Koenen et al., 2008; Beriou
et al., 2009; Afzali et al., 2010) cells.

The ability of Tregs to express key TFs of alternate lineages
may license them to efficiently regulate inflammation generated
by those Th lineages. For example, T-bet expression by Tregs
induces CXCR3 expression, licensing Treg trafficking to sites of
Th1-mediated inflammation to control Th1 cells (Koch et al.,
2009). Likewise, expression of IFN-γ by Tregs may be a surro-
gate marker for T-bet expression and licensing for suppression of
Th1 inflammation (Feng et al., 2011). Expression of interferon reg-
ulatory factor-4 (IRF4), a TF essential for Th2 (Rengarajan et al.,
2002) and Th17 (Brüstle et al., 2007) cell differentiation directs
Tregs to selectively regulate Th2 responses (Zheng et al., 2009).
Selective ablation of Stat3, critically required for Th17 differentia-
tion (Figure 2), in Tregs results in uncontrolled Th17-dependent
responses (Chaudhry et al., 2009).

On the other hand, plasticity in Tregs may indicate a potential to
assume an effector phenotype and to contribute to inflammation
(Zhou et al., 2009b). In particular, as Treg and Th17 differentiation
from naïve Thp are reciprocally linked (Bettelli et al., 2006; Mangan
et al., 2006;Veldhoen et al., 2006; De Jong et al., 2010) (see Figure 2)
and the two lineages have opposing functions (Afzali et al., 2007),
lineage reprograming from one to the other could have signifi-
cant implications for the development of autoimmune diseases
and for programs of Treg-based cell therapy in humans. It is cer-
tainly possible that there may be a threshold of expression and/or
activation of Th-specific TFs in Foxp3+ Tregs allowing them to
act either as lineage-specific regulators or contributors to effector
responses. There remains still considerable controversy regard-
ing Treg plasticity and lineage reprograming as even complex,
and elegant, fate-mapping murine models (Zhou et al., 2009b;
Hori, 2010, 2011; Rubtsov et al., 2010) have produced divergent
results.

Mechanistically, the epigenome of many “terminally differen-
tiated” Th cells shows considerable flexibility in accessibility of
genes of alternate lineages to TFs. This is elegantly described in
the study of Wei et al. (2009) showing a rather flexible signa-
ture of genome-wide H3K4me3 and H3K27me3 maps of naïve,
Th1, Th2, Th17, iTreg, and tTreg cells. In this study, the methy-
lation of loci for signature cytokines conformed broadly to that
expected from lineage commitment; however, the epigenome of
“master” TFs showed significant flexibility, presenting both per-
missive and repressive modifications in the various Th subsets,
including bivalent epigenetic states. This suggests that the overall
balance of epigenetic state determines cell differentiation and that
bivalent modifications might allow specific lineage regulator gene
loci to be activated under different polarizing conditions, thus
reprograming Th cells into other lineages. For example, tTregs and
iTregs both have repressive H3K27me3 marks at the Il17a locus.
This is in contrast to permissive H3K4me3 at the Rorc locus in
iTregs and bivalent chromatin at this locus in tTregs (Wei et al.,
2009), potentially permitting co-expression of Foxp3 and RORγt
after culture under Th17 polarizing conditions (Xu et al., 2007;
Yang et al., 2008). Signals from the micro-environment are then
clearly key to lineage stability. While much focus has been on the
local cytokine cytokine milieu, recent data has also highlighted the

role of local complement components, notably the anaphylatoxins
C3a and C5a, which can signal through cognate receptors on Tregs
to down-regulate Foxp3 expression by activating Akt (Kwan et al.,
2013).

Given the difficulty in distinguishing pTregs from tTreg in a
healthy host, no definitive experiment has yet conclusively shown
a difference in Th17 plasticity between tTregs and iTregs in vivo
(Zhou et al., 2009b). Human data is also inconclusive; while
it appears that Th17 plasticity is restricted to a population of
suppressive memory Tregs expressing the lectin receptor CD161
(Afzali et al., 2013; Pesenacker et al., 2013), divergent reports
suggest that these cells are thymically derived (predominantly
demethylated TSDR, Pesenacker et al., 2013) and peripherally
induced [low Helios expression, virtual absence from umbilical
cord blood and CD45RA- phenotype (Ayyoub et al., 2009; Afzali
et al., 2013)].

miRNA AND TREGS
Gene transcription events are also heavily influenced by micro-
RNAs (miRNAs or miRs) and recent evidence supports the role of
this class of molecules in Treg biology. miRNAs are an evolution-
arily conserved class of pleiotropically acting small endogenous
RNAs, about 23 nucleotides long, that play important gene-
regulatory roles by pairing to the mRNAs of protein-coding genes
to direct their post-transcriptional repression. miRNAs are pre-
dominantly transcribed by RNA polymerase II, which produces a
primary transcript containing the mature miRNA sequence and a
varying amount of flanking region (Lee et al., 2004). Two nucle-
ases then process the miRNA: the first one, Drosha, cleaves the
primary miRNA into a precursor miRNA (Han et al., 2006) that
is exported from the nucleus by exportin 5 (Yi et al., 2003);
after reaching the cytoplasm, the precursor miRNA is further
processed by the other nuclease, Dicer, and is loaded into the
RNA-induced silencing complex (RISC) (Chendrimada et al.,
2007). Finally, a specific single strand of the miRNA duplex is
selected as a guide to direct sequence-specific targeting of mRNA
3’ untranslated regions (UTRs) by RISC (Bartel, 2009). In mam-
malian cells, miRNAs silence genes mainly through binding of
target mRNA leading to degradation of the mRNA; however,
another mechanism of repression at a translational level has
been reported, showing that miRNAs can inhibit either the ini-
tiation or the elongation stages of protein translation (reviewed
in Pillai et al., 2007; Lodish et al., 2008). Interestingly, given the
short sequence and non-stringent binding to target sequence,
abiding to a Watson–Crick match, an individual miRNA is capa-
ble of regulating dozens of distinct mRNAs (Bartel, 2009). For
a general review on miRNAs, please see (Chen and Rajewsky,
2007).

MicroRNAs have been implicated as fundamental regulators
of post-transcriptional programs and play a role in T-lymphocyte
development, differentiation, and effector functions since they are
differentially expressed, both spatially and temporally, in many
types of immune cells (Lykken and Li, 2010). MicroRNA appear
critical for the Treg phenotype, as conditional knockout of Dicer
in CD4 cells (CD4CreDicer∆/∆ animals) results in substantial deple-
tion of tTregs and inhibits induction of Foxp3 in naïve CD4 T-cells
by TGF-β (Cobb et al., 2006). These mice develop spontaneous
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autoimmune disease from about 3–4 months of age, in contrast to
conditional knockout of Dicer in Foxp3+ cells (Foxp3CreDicerfl/fl),
which results in spontaneous autoimmune disease that is fatal
by 4 weeks of age (Liston et al., 2008a; Zhou et al., 2008b). In
the latter model, Foxp3 expression is unstable and Tregs revert
to an effector phenotype producing IL-4 and IFN-γ as part of
the disease (Zhou et al., 2008b). Likewise, conditional disrup-
tion of Drosha in CD4 cells produces a very similar phenotype
(Chong et al., 2008). Dicer and Drosha knockout, however, results
in ablation of not only canonical miRNAs, but also that of other
small cellular RNA species (e.g., siRNAs and shRNAs). That the
phenotype of mice with ablated Dgcr8, an RNA-binding protein
required in the processing of canonical miRNAs (Babiarz et al.,
2008), resembles that of the Dicer deficient mice (Jeker et al.,
2013) establishes that miRNAs are critical for normal Treg devel-
opment in the thymus and the periphery and they are essential
for normal Treg function. Conversely, Foxp3 also contributes to
the miRNA signature of Tregs (Cobb et al., 2006; Rouas et al.,
2009).

Of the miRNAs that are important for Treg function, only a
few are known and the exact function(s) of these are still largely
unknown. As a single miRNA can regulate potentially thousands
of genes, small differences in miRNA profiles can have profound
effects on T cell function. The miRNA machinery and miRNAs
that are differentially expressed in Tregs, including those known
to be direct Foxp3 targets are shown in Figure 4.

Amongst these, miR-31 is under-expressed in human Tregs
while miR-21 is over-expressed in both human and mouse Tregs.
Using lentiviral transduction studies, it can readily be seen that
miR-31 and miR-21 have opposing effects on FOXP3/Foxp3
expression. Whilst miR-31 negatively regulates FOXP3 (it has
a direct binding site in the 3′UTR of FOXP3 mRNA), mir-21
positively regulates FOXP3/Foxp3 in an indirect, but still not
fully elucidated, manner (Rouas et al., 2009). Of interest, his-
tone deacetylase inhibition using valproate reduces miR-31 and
increases mir-21 as well as FOXP3 expression in human Teffs to
levels seen in Tregs (Fayyad-Kazan et al., 2010). This change in
miRNA profile is independent of the change in FOXP3 expression
(Fayyad-Kazan et al., 2010).

MicroRNA-155, which has previously been studied in T and B
cell biology (Baltimore et al., 2008), is a direct Foxp3 target (Mar-
son et al., 2007; Zheng et al., 2007; Liston et al., 2008a), and highly
expressed in Tregs. Mir-155 targets suppressor of cytokine signal-
ing 1 (Socs1), enhancing Stat5 signaling. As a result, deletion of
miR-155 results in limited Stat5 signaling, attenuating IL-2 signal-
ing, manifesting as reduced thymic and peripheral Treg numbers
(Lu et al., 2009). It may also target Foxo3a, albeit in a Treg cell line
(Yamamoto et al., 2011).

Mir-146a is another microRNA prevalently expressed in Tregs
that targets Stat1; deletion of mir-146a in Tregs causes a severe
autoimmune phenotype akin to Dicer knockout animals, charac-
terized by increased numbers of poorly functional Foxp3+ Tregs
in the periphery (Lu et al., 2010). As thymic Treg numbers are
unaltered, it is likely that the biological role of mir-146a is preferen-
tially to regulate Treg gene expression in the periphery. Indeed, not
only do miR-146a−/− Tregs fail to control Teffs in the periphery,
but they also gain Th1-like properties, such as secretion of IFN-γ

(Lu et al., 2010), as a result of failure to regulate Stat1 signaling
(Tang et al., 2009; Lu et al., 2010).

None of miR-21, miR-31, miR-155 nor miR-146a have been
shown to regulate gene expression preferentially in tTregs com-
pared to iTregs or vice versa. Mir-10a, on the other hand, is
preferentially expressed in tTregs, but poorly expressed in iTregs
induced with TGF-β without ATRA (Jeker et al., 2012; Takahashi
et al., 2012). Of note, expression of miR-10a is lowest in Tregs
from animals prone to autoimmune disease, such as non-obese
diabetic (NOD) mice, and in Tregs with unstable Foxp3 expression
(Jeker et al., 2012). miR-10a expression in Tregs that lose Foxp3
expression is the same as in Teffs (Jeker et al., 2012). miR-10a
is functionally linked to stabilization of Foxp3 expression (Jeker
et al., 2012) and targets the transcriptional repressor Bcl-6 and
corepressor Ncor2 to limit conversion of iTregs to Tfh (Takahashi
et al., 2012). It also fine-tunes Thp fate decisions between iTreg
and Th17 (Takahashi et al., 2012).

Thus, these studies show a defined requirement of miRNAs for
the differentiation and suppressive function of Treg cells as well as
their lineage stability. Differential expression of miRNAs in tTregs
and iTregs could reflect divergent pathways of differentiation,
functional properties or lineage stability.

OTHER, FOXP3−, T CELLS WITH REGULATORY FUNCTION
In addition to Tregs, a number of other inducible T cells have
been described with regulatory properties. These include mem-
bers of the CD4+ (Th3, Tr1, and iTr35) and CD8+ (CD8+CD28−)
families. Amongst these, one of the most controversial is the T
helper 3 (Th3) subset. This subset was described as an unusual
Th2-like regulatory subset, which secretes TGF-β, derived from
orally tolerized animals induced by mucosal stimulation with
antigen (Chen et al., 1994). Thus, Th3 cells could be induced
through cognate stimulation of CD4+ Thp by APC together with
CD86 co-stimulation, particularly in the presence of TGF-β and
IL-4 (Inobe et al., 1998; Seder et al., 1998; Weiner, 2001). Fur-
ther growth and division of Th3 cells was dependent on IL-4
and TGF-β rather than IL-2, and some Th3 clones produced
IL-4 and/or IL-10 together with TGF-β. Th3-mediated suppres-
sion, for the maintenance of oral tolerance, was described as
mediated by TGF-β, secreted in response to CTLA-4 ligation
(Chen et al., 1998). There is, thus, a degree of similarity between
Th3 cells and iTregs given their peripheral (TGF-β-enhanced)
induction, mucosal location and TGF-β-dependent function.
The lack of iTreg- or Th3-specific markers effectively ensures
that the two populations cannot at present be distinguished as
disparate.

Type 1 regulatory T cells (Tr1) cells are Foxp3- regulatory
T cells that are induced in the periphery in a TCR-dependent
and antigen-specific manner through either repeated stimulation
with antigen or encounter of antigen in the context of imma-
ture DCs (Jonuleit et al., 2000; Dhodapkar et al., 2001) or IL-10
(Groux et al., 1997), with or without IFN-α (Levings et al., 2001).
Thus, potent Tr1 induction can be achieved through stimulation
of human T cells with a subset of IL-10 producing tolerogenic
DCs (DC-10) (Gregori et al., 2010). IL-10 produced by DC-10
stimulates HLA-G expression on target Thp; HLA-G subsequently
binds ILT4 (immunoglobulin-like transcript 4) on the DC-10 to
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FIGURE 4 |The miRNA machinery and miRNAs differentially
expressed inTregs compared to other CD4+ T cells. Shown on the left
(A) are specific miRNAs that are over (arrow pointing up) or under (arrow
pointing down)-expressed in Tregs compared to other Th cells. miRNAs
that are over-expressed (miR-374, miR-181c) or under-expressed
(miR-125a) without a known target or function in Tregs are indicated with a
question mark. Some miRNAs are induced by Foxp3, leading to either
down-regulation of a specific target (e.g., miR-155 repressing SOCS1) or
inducing positive feedback on Foxp3 expression (miR-10a, in combination
with ATRA and TGF-β). miR-21 is also an indirect positive regulator of
Foxp3, but its mechanism of action is still unknown. Shown on the right

(B) is the miRNA processing and targeting machinery, depicting miR-31,
an under-expressed microRNA in Tregs, which targets the 3′ UTR of Foxp3
mRNA. The primary miRNA transcript is first processed in the nucleus by
Drosha. The precursor is then exported from the nucleus by Exportin 5 and
in the cytoplasm a second nuclease, Dicer, generates a double stranded
miRNA. The functional strand is subsequently selectively loaded onto
RISC. Binding of the mature miRNA to the 3′ UTRs of the target mRNA
leads to its degradation. JAK= Janus kinase; STAT=Signal Transducer and
Activator of Transcription; SOCS= suppressor of cytokine signaling
proteins; RISC=RNA-induced silencing complex (RISC);
UTR=untranslated region.

augment Tr1 induction (Gregori et al., 2010). Intriguingly, engage-
ment of complement receptor CD46 induces IL-10 producing
T-cells phenotypically similar to Tr1 cells (Kemper et al., 2003).
Since such complement engagement occurs in vivo (Le Friec et al.,
2012) and in vitro (Cardone et al., 2010) to induce Th1 cells before
switch to a Tr1 phenotype, an interesting possibility remains that
a “Tr1 phenotype” could also represent a final common pathway
of activated T cells that have gone through an inflammatory phase

and have entered a self-regulatory, IL-10 producing,phase required
for wound healing and tissue repair. Indeed, this would comply
with the fact that Th1 cells, Th2 cells, and Th17 can all produce
IL-10, as is further discussed in an accompanying article in this
series. Interestingly, ATRA inhibits IL-10 production, in contrast
to augmentation of Foxp3 (Maynard et al., 2009); thus it is pos-
sible that induction of Tr1 cells and iTreg in an ATRA-containing
environment are to an extent mutually exclusive.
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Tr1 cells are anergic, proliferate poorly to antigen, produce little
IL-2 or IL-4, but suppress through production of IL-10 and TGF-β
(Groux et al., 1997). In addition, they secrete IFN-γ and IL-5; thus
their cytokine profile is distinct from Th1, Th2 and classical Tregs
(Groux et al., 1997). Although they do not constitutively express
Foxp3 (Vieira et al., 2004), and can be generated in FOXP3 mutant
patients with IPEX syndrome (Passerini et al., 2011), they are able
to mediate their suppressive function through multiple mecha-
nisms, such as engagement of CTLA-4 and Programed cell death 1
(PD1) (Akdis et al., 2004; Meiler et al., 2008), metabolic disruption
through CD39 and CD73 (Mandapathil et al., 2010), and cytolysis
of APCs through release of granzyme B and perforin (Magnani
et al., 2011). Thus, they share functions in common with Foxp3+

Tregs. Until now, no reliable markers could successfully distin-
guish Tr1 cells from other IL-10 producing T cells. However, the
recent description of co-expression of integrin α-subunit CD49b
and lymphocyte-activation gene (LAG)-3 as identifiers of human
and mouse Tr1 cells (Gagliani et al., 2013), will allow further spe-
cific characterization of Tr1 cell genesis and function as well as its
relation to other IL-10 producing T cells.

IL-35 is a member of the IL-12 cytokine family (Figure 5) with
inhibitory functions. It was originally described in murine cells
as a heterodimeric suppressive cytokine secreted from Foxp3+

Tregs [the Ebi gene is a downstream target of Foxp3 (Collison
et al., 2007)], without which the suppressive function of Tregs
was significantly reduced, rendering Tregs incapable of control-
ling experimental inflammatory bowel disease (Collison et al.,
2007). Secretion of IL-35 by Tregs is increased by co-culture
with Teffs, subsequently enabling them to suppress Teffs sepa-
rated by a semi-permeable membrane (Collison et al., 2009). In
both man and mouse, IL-35 can induce the development of T cells
that secrete IL-35, but not TGF-β or IL-10, and can then medi-
ate suppression in an IL-35-dependent manner. These induced

regulatory T cells have been termed iTr35 (Collison et al., 2010;
Chaturvedi et al., 2011). iTr35 cells are hyporesponsive to restim-
ulation and, like Tr1 cells (see below), don’t express the TF Foxp3.
Moreover, they can be induced from Foxp3−/− murine Thp (Col-
lison et al., 2010), showing that Foxp3 is neither required for their
induction nor for their function. Of note, however, iTr35 cells
have a gene transcriptional profile that is very similar to non-
suppressive Teffs activated without IL-35 (though very different to
Tregs) (Collison et al., 2010), suggesting that the induction of iTr35
cells, as with iTregs, is dominated by signals that are generic to T
cell activation/survival and requires only modest transcriptional
changes induced by IL-35. Although the exact role of IL-35 and
iTr35 cells in immune physiology is not known, ectopic expression
of IL-35 on pancreatic β-cells can protect against experimental
autoimmune diabetes (Bettini et al., 2012) and can be expressed
by other immune cells, such as CD8+CTLA-4+ T cells that can
suppress tumor (prostate)-specific Teff responses (Olson et al.,
2012). The induction of iTr35 cells by neighboring cells producing
IL-35, such as Foxp3+ Tregs, may be important in providing at
least partial explanations for the phenomenon of infectious toler-
ance (Waldmann et al., 2006), which hypothetically could be a key
component in the success or failure of Treg-based programs of cell
therapy.

Briefly, T-lymphocytes with regulatory functions are not only
limited to the CD4+ population, but include some CD8+ popula-
tions as well. Gilliet and Liu, for instance, demonstrated that stim-
ulation of naïve CD8+ T-cells with CD40 ligand-activated plasma-
cytoid DCs induced, in an IL-10-dependent manner, poorly pro-
liferative CD8+ T-cells. These cells produced significant amounts
of IL-10, low IFN-γ, no IL-4, IL-5, nor TGF-β, and suppressed
CD8+ alloresponses through IL-10 (Gilliet and Liu, 2002). Like-
wise, repeated stimulation of CD8+ T cells with antigen can
generate suppressive CD8+CD28− T cells (Jiang et al., 1998) that

FIGURE 5 | IL-12 family of cytokines. Members of the structurally related
IL-12 family of cytokines all comprise of a helical subunit (depicted as blue
ovals) and a cytokine receptor homology domain (depicted as orange

rectangles) with or without an intervening immunoglobulin-like domain (red
semi-circles). Thus far, four family members have been identified: IL-12, IL-23,
IL-27, and IL-35. Ebi3=Epstein–Barr-Virus-induced molecule 1.
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show significant overlap in molecular signature with Tregs (Foxp3,
GITR, CTLA-4, CD25 for example) (Scotto et al., 2004). The loss
of CD28 on CD8 cells, through repeated stimulation, is a well
recognized phenomenon and occurs physiologically during aging
(Weng et al., 2009) and correlates with poorer responses to vaccina-
tion (Saurwein-Teissl et al., 2002). These cells may have a variety of
suppressive mechanisms that include inhibition of co-stimulatory
molecules on T cells (Ciubotariu et al., 1998) or DCs (Li et al.,
1999).

CELL-BASED THERAPY USING TREGS
The critical role played by Tregs in maintaining peripheral tol-
erance to self-antigens, thereby controlling autoimmune diseases,
reveals the clinical potential of these cells, which can find extensive
application to induce transplant tolerance (Wood and Sakaguchi,
2003; Hippen et al., 2011; Issa et al., 2011; Lombardi et al., 2011;
Blazar et al., 2012; Tang et al., 2012). In this context, emerging
data from animal models reveals that adoptive transfer of Tregs
could ameliorate autoimmune diseases, graft-versus-host disease
(GvHD) (Blazar et al., 2012) and also induce tolerance to solid
organ transplants (Issa et al., 2011). These findings suggest that
clinical therapy with human Tregs represents a promising strat-
egy for treatment of autoimmune diseases or for induction of
transplantation tolerance.

In solid organ transplant recipients, allo-reactive Teffs in the
immune repertoire outnumber Tregs, causing inflammation and
leading to graft rejection. So far, most, if not all, therapies aimed
at preventing transplant rejection have targeted Teffs. However,
another approach, artificially increasing Treg number to regulate
Teffs (Figure 1), also has the potential to promote tolerance and
facilitate graft survival (Safinia et al., 2013). This is supported by
evidence showing that prolonged organ engraftment is essential to
induce and expand allo-antigen-specific Tregs, favoring long-term
acceptance (Hamano et al., 1996) and data that show better trans-
plant outcomes when organs are infiltrated with greater numbers
of Tregs.

There are effectively three strategies for using Tregs as ther-
apeutic agents in humans. The first is introduction of freshly
isolated donor Tregs into lymphopaenic hosts, an approach most
attractive in the prevention of GvHD post-bone marrow trans-
plantation (Di Ianni et al., 2011). The lymphopaenic environment
supports expansion of infused Tregs in vivo and does not cause
over-immunosuppression. Indeed, similar experiments in mice
have shown that the animals are immunologically intact and
able to respond to vaccination (Gaidot et al., 2011) and to con-
trol influenza virus infections (Bushell et al., 2005) using this
approach.

The second approach involves the in vitro expansion of Tregs
prior to infusion, a pre-requisite for infusion of large numbers
of Tregs, since their numbers in the peripheral circulation are low.
Using polyclonal activation and high doses of IL-2 to expand Tregs
could provide the necessary number for therapeutic efficacy. How-
ever, intensive expansion protocols could compromise purity of
Tregs at the end of the culture protocol. These limitations may
be in part due to the presence of “contaminating” Teffs within
bead-separated Treg preparations; however the capacity for con-
version of human Tregs into IL-17-producing cells has also been

well demonstrated (see above). To this aim, the application of
tolerogenic approaches to both enhance Treg expansion in vitro
and stabilize their suppressive phenotype has been investigated in
recent years. Rapamycin, an mTOR kinase inhibitor, for exam-
ple, selectively promotes expansion of suppressive human Tregs
(Battaglia et al., 2006; Scotta et al., 2012). Likewise, culture of
Tregs in vitro in the presence of ATRA also supports expansion of
functional FOXP3+ human Tregs (Scotta et al., 2012). In contrast,
only Treg cultures propagated in the absence of Rapamycin con-
tain CD161+ Tregs, the precursor population of IL-17-producing
Tregs (Tresoldi et al., 2011; Scotta et al., 2012). Thus, culture of
Tregs with a combination of Rapamycin and clinically acceptable
retinoic acid-related molecules may be a viable option to gener-
ate large numbers of suppressive and stable Tregs with limited
IL-17 potential (Golovina et al., 2011; Scotta et al., 2012). How-
ever, among the first Treg-based cell therapy trials in humans (for
the treatment of GvHD and type 1 diabetes mellitus respectively),
two have used no drug supplementation (except for IL-2) during
ex vivo expansion of Tregs and neither has reported unexpected
side effects nor paradoxical exacerbation of disease in patients
(Trzonkowski et al., 2009; Marek-Trzonkowska et al., 2012).

Neither of the first two approaches, however, makes a distinc-
tion between tTregs and iTregs as the starting population. Indeed,
culture of contaminating Teffs in the presence of Rapamycin or
ATRA during Treg expansion would support the development of
iTregs, as discussed above. Thus, the third approach for Treg-
based therapy is the induction of iTregs in vivo. As previously
discussed, induction of Tregs in the periphery, whether Foxp3+

or Foxp3- can be achieved through a variety of means. Therapeu-
tic options can therefore include administration of tolerogenic
DCs that support the in vivo development of both iTregs and Tr1
cells (Naranjo-Gómez et al., 2011; Boks et al., 2012), injection of
in vitro expanded Tr1 cells (Brun et al., 2009; Desreumaux et al.,
2012) or the introduction of regulatory macrophages (Mregs – not
discussed here).

Although these data provide only the earliest evidence for the
clinical application of Tregs in cell therapy, a strategy to use these
approaches in solid organ transplantation is under way. The ONE
Study, for instance, is a multi-center phase I/II study, funded by the
European Union FP7 program, investigating the safety of infusing
ex vivo generated/expanded Tregs, Tr1 cells, Mregs and tolero-
genic DC into kidney transplanted recipients. Altogether, about
200 patients will be enrolled in this clinical trial and, importantly,
every center will use the same immunosuppressive protocol for
both cell therapy as well as control arms. All patients will be
extensively monitored, to obtain data regarding safety, pharma-
codynamics, and efficacy of cell therapy, providing an extensive
data set for future clinical trials.

CONCLUSION
Immunological homeostasis is a delicate balance in which both
excessive and suboptimal responses can lead to pathological states.
CD4+ T cells can differentiate to different Th subsets and promote
either an inflammatory response (Th1, Th2, and Th17) or a regu-
latory one (Tregs). Are then Tregs always beneficial for the optimal
resolution of homeostatic challenges? As always, when considering
immunological homeostasis, the situation is similar to“Goldilocks
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and the three bears.” While Tregs are essential to prevent autoim-
mune disease (Asano et al., 1996) and minimize inflammatory
immune responses against dietary antigens and commensal flora
(Izcue et al., 2006), excessive Treg responses may facilitate tumor
growth and chronic infections by limiting anti-tumor (Shimizu
et al., 1999) or anti-pathogen responses (Sakaguchi, 2005). Thus,
Tregs function must be tightly regulated to ensure responses are
appropriate for each pathological scenario (reviewed in Belkaid,
2007).

Regulatory T cells are both centrally derived and peripherally
induced and include both Foxp3+ and Foxp3− populations of
cells. An understanding of the mechanisms of Treg induction,
suppressive function and lineage stability is key to unraveling the
causes underlying development of autoimmune diseases and the
design of studies employing Tregs as therapeutic tools in the clinic.
Important questions include which regulatory population(s) we
should use, whether/how they should be expanded in vitro or
induced in vivo, what role infectious tolerance will play, whether
Treg plasticity will pose a significant problem and whether the
epigenetic/miRNA profile should/could be exploited. On the other
hand, lineage plasticity could in theory allow the conversion of
effector Th1 and Th17 cells into functioning Tregs in a therapeutic

manner. Increasing numbers of clinical trials are focusing on the
use of Tregs in a clinical setting, suggesting that Treg-based therapy
is considered as both a feasible and acceptable approach to treat
inflammatory diseases, offering an alternative to standard phar-
macological care. Answers to the questions posed here should,
therefore, be forthcoming.
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Over the past decade, much has been learnt and much more to discover about Foxp3+ reg-
ulatoryT cells (Tregs). Initially, it was thought thatTregs were a unique entity that originates
in the thymus. It is now recognized that there is a fraternal twin sibling that is generated in
the periphery. The difficulty is in the distinction between these two subsets. The ability to
detect, monitor, and analyze these two subsets in health and disease will provide invalu-
able insights into their functions and purposes.The plasticity and mechanisms of action can
be unique and not overlapping within these subsets. Therefore, the therapeutic targeting
of a particular subset of Tregs might be more efficacious. In the past couple of years, a
vast amount of data have provided a better understanding of the cellular and molecular
components essential for their development and stability. Many studies are implicating
their preferential involvement in certain diseases and immunologic tolerance. However,
it remains controversial as to whether any phenotypic markers have been identified that
can differentiate thymic versus peripheral Tregs. This review will address the validity and
controversy regarding Helios, Lap/Garp and Neuropilin-1 as markers of thymicTregs. It also
will discuss updated information on distinguishing features of these two subsets and their
critical roles in maternal-fetal tolerance and transplantation.

Keywords: Foxp3, regulatoryT cells,Tregs, immunological tolerance, autoimmunity

INTRODUCTION
Since the identification of regulatory T cells based on CD25 expres-
sion by Sakaguchi et al. there has been a quest to decipher their
mechanisms of suppression, to identify their functional role in
different diseases and to develop therapeutic strategies to cure
disorders of immune dysregulation (1, 2). Subsequently, the tran-
scription factor, Foxp3, was discovered as a critical lineage mol-
ecule necessary for their development and function (3–5). This
discovery fortified the pillar that established their true existence
and set in motion a wide spread investigation of their role in
health and disease. Many suppressor functions of Tregs have been
described, although we have not been able to identify one central
mechanism of action (6). With the revelation that naïve CD4+

T cells can be differentiated to become Foxp3+ T cells, we now
appreciate that a Treg population can constitute various subsets,
particular those derived from the thymus and the periphery. There
have been excellent reviews on distinguishing features of these sub-
sets (7–11). With the discovery and better characterization of these
subsets, the nomenclature is becoming more variable and often
times confusing. It is difficult to know whether induced Tregs
(iTregs) is referring to those generated in vitro or in vivo. Simi-
larly, the term natural Tregs (nTregs) is often used for Tregs in the
peripheral blood of humans or lymphoid organs of animals with
the assumption that they had originated from the thymus, when
in fact they can be a composition of thymic and peripheral derived

Tregs. In this review, these terms will be used to refer to a specific
subset of Tregs: (1) Tregs= all subsets, (2) tTregs= thymic derived,
(3) pTregs= in vivo peripheral derived, and (4) iTregs= in vitro
iTregs. A recent recommendation to simplify the nomenclature
has been proposed (12). However, we feel that the elimination of
subscript and the word “cell” would make it more simplistic and
less verbose.

Several studies have shown that certain mouse strains thymec-
tomized at or before 3 days after birth led to autoimmune damage
of various organs like thyroid, stomach, ovaries, and testes and
the appearance of tissue-specific autoantibodies in the circula-
tion (13, 14). It is possible that tTregs are involved in controlling
tissue-specific autoimmunity. It has been challenging to study the
in vivo development of pTregs because of a lack of biomark-
ers to identify them. Rudensky’s group recently investigated the
role of three conserved non-coding DNA sequence (CNS) ele-
ments at the Foxp3 locus in regulating Treg development (15).
They revealed that CNS1, which possesses a TGFβ-NFAT response
element, has a dominant function in pTreg differentiation in gut-
associated lymphoid tissues. Subsequently, they demonstrated that
selective blockade in differentiation of pTregs in CNS1−/− mice
did not lead to unprovoked multi-organ autoimmunity, exac-
erbation of induced tissue-specific autoimmune pathology or
increased proinflammatory responses to Th1 or Th17 cells (16).
However these mice spontaneously developed remarkable Th2
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type pathologies at mucosal sites in the GI tract and the lungs with
hallmarks of allergic inflammation and asthma. Furthermore, they
had altered gut microbiota, suggesting the important involvement
of pTregs in regulating intestinal immunity and microbes. These
studies indicate that tTregs are sentinels of systemic and tissue-
specific autoimmunity, while pTregs serve a distinct and essential
function in controlling adaptive immunity to restrain allergic
type inflammation at mucosal surfaces. In response to inflam-
mation and integration of environmental cues, Tregs can function
to limit collateral damage (17). After eradication of the invad-
ing pathogens, the induction of pTregs can serve as peacekeepers
to suppress antigen specific response and prevent emergence of
cross-reactive T cells. Accordingly failure of these mechanisms can
result in immune mediated diseases.

A few trials with Treg immunotherapy have shown promis-
ing results, but clinical translation has been difficult because of
our inability to fully characterize these cells and understand their
mechanism of action and factors that maintain their stability in
the face of immune activation. We now recognize that there are
varieties of regulatory T cells based on their origin of develop-
ment (7). There are unique subsets of cells that contribute to the
regulatory function like IL10 producing Tr1 cells, TGFβ produc-
ing Th3 cells, CD8+ Tregs, natural killer (NK) regulatory T cells,
and regulatory B cells (Bregs). Thus the immunosuppressive cells
are more complex than we had thought earlier. These discover-
ies open up new frontiers to understand the role of these distinct
subsets of immunosuppressive cells in different situations. In this
special issue, we will restrict our focus on the different subsets of
Foxp3+ Tregs as indicated in Table 1. We will provide an updated
knowledge and issues regarding whether these markers are truly
tTreg specific: Helios, latency associated peptide (Lap)/Garp, and
Neuropilin-1. We will highlight our current understanding of
differences in generation, maintenance, survival, and function of

these Treg subsets. Accurately distinguishing pTregs from tTregs
will help to clarify the biological features and contributions of
each subset in maternal-fetal tolerance transplantation. Finally we
will touch briefly upon the challenges we face in adoptive transfer
of these cells from bench to bedside. Table 1 provides a summary
of some of the distinguishing features of the different Treg subsets.

PHENOTYPIC MARKERS
HELIOS
Ever since the recognition that Tregs can be generated in the
peripheral, there has been a focus in identifying phenotypic mark-
ers that can distinguish them from the tTregs. The ability to
discriminate the two subsets would allow for a better understand-
ing of their specific functions in certain diseases and immune
responses. This critical information would provide for more strate-
gic treatments and therapeutic development. Multiple reports have
indicated that Tregs have the potential to be plastic and can become
cytokine producers (18–20). However, in those studies, they have
assumed that the Tregs (CD4+Foxp3+) obtained directly from
human peripheral blood or mice were tTregs when in fact they
could be a composition of tTregs and pTregs. In the absence of
segregating the two subsets, it is unclear whether the plasticity is
predominately from tTregs. A similar issue occurred when many
of those same studies investigated the stability of Foxp3 in Tregs
by utilizing elegant transgenic mice where they could track a cell
that had previously expressed Foxp3. Because of this problem, we
and others have been driven to search for markers that can differ-
entiate these two subsets. We have demonstrated that Tregs from
mice and humans can be subdivided into two populations based
on their expression of Helios, a zinc finger transcription factor
(21). Approximately 70% of Tregs in peripheral blood of humans
and in peripheral lymphoid tissues of mice are Helios+. Over
95% of tTregs in the thymus of mice are Helios+. Interestingly,

Table 1 | Distinguishing features ofTreg subsets.

tTregs pTregs iTregs

Origin Thymus Periphery In vitro

Growth/development

requirement

Cytokine: IL2 (68, 69) Cytokines: IL2, TGFβ (74, 75, 98) Cytokines: IL2, TGFβ (74, 75, 98)

Costimulation: CD27 (81), CD28 (70–73),

CD40L (80)

Costimulation: TLR2 (?) (66) Costimulation: CD28 (76)

Epigenetics: CNS3 (15) Modulators: retinoic acid (78, 79) Modulators: retinoic acid (79)

Epigenetics: CNS1 (15)

Biomarkers Low TSDR methylation (86) IntermediateTSDR methylation (?) (23, 24) Intermediate TSDR methylation (87)

Helios+ (?) (21, 23, 24) Helios− (?)

Neuropilin-1+ (?) (44, 45) Neuropilin-1− (?)

LAP+ (?) (38) LAP− (?)

LRRC32/GARP+ (?) (36) LRRC32/GARP− (?)

Antigen recognition High-affinity TCR

Predominantly self-antigens (53–60)

Chronic/suboptimal TCR stimulation (59,

61, 62)

Environmental/microbial antigens (65–67)

tTregs= thymic derived, pTregs= in vivo peripheral derived, and iTregs= in vitro induced Tregs. Numbers in parenthesis are references. Question mark indicates

controversial or unknown.
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the vast majority of IL2+, IL17+, and IFNγ+ Tregs are local-
ized within the Helios− population. We and others have analyzed
human cord blood and thymus specimens and have found that
>90% of Tregs are Helios+ (22). While we cannot definitively rule
out that the <10% Helios− Tregs are thymic derived, they might
have been generated in the peripheral during the fetal gestation
for the cord blood or peripherally recirculated for the thymus.
Therefore, from our study, we have concluded that Helios is a
marker of tTregs and the Helios− subset represents pTregs. Sub-
sequently, we and McClymont et al. have demonstrated that the
human Foxp3+Helios+ Tregs contain <10% CpG methylation
in the Treg-specific demethylation region (TSDR) of the Foxp3
promoter, while the Foxp3+Helios− subset are >40% methy-
lated (23, 24). In addition, McClymont et al. have shown that
the IFNγ+ Tregs from patients with type 1 diabetes are Helios−

and predominately methylated at the TSDR.
Since our initial report, subsequent studies from other groups

have challenged our claim that Helios is a marker of tTregs. The
first study showed in murine experiments using 5C.C7 Rag2−/−

transgenic mice that Helios could be expressed in vitro in iTregs
and in vivo in pTregs (25). Their findings revealed that in vitro
expression of Helios in iTregs was dependent on the presence of
antigen-presenting cells (APCs). Using a 5C.C7 Rag2−/− CD45.1+

T cells adoptively transferred into B10. A wild-type recipients
and low dose immunization with intravenous injection of moth
cytochrome c (MCC) peptide, they were able to observe induc-
tion of pTregs with the majority expressing Helios. Since these
were transgenic mice that lack tTregs, similar experiments using
polyclonal CD4+Foxp3-GFP− cells from wild-type mice would
be necessary to confirm that the expression of Helios could be
induced in these cells. Another study using human experiments
presented data indicating that tTregs could be Helios− (26). They
based this claim from the observation of a few healthy donors (age
unknown) that ∼30–40% of naïve Foxp3+ Tregs in the peripheral
blood were found to be Helios−, regardless of the combinations
of naïve markers used: CD45RA, CCR7, CD62L, and CD31. The
challenge with human system is that things are in a dynamic state,
particularly the peripheral blood which is a highway for traffick-
ing from one site to another. Therefore, it is unclear whether the
“naïve” Helios− Tregs had been stimulated recently to become
pTregs but had not yet altered their naïve markers. There is no
evidence to support that the down-regulation of these markers is
a permanent state as the naïve cell becomes a memory cell. Since
>90% of cord blood Tregs are Helios+, some of these naïve tTregs
can lose their expression of Helios over the human lifespan. If
this process is true, then the absence of Helios expression is not a
stringent marker for pTregs. Contrary to our results, their study
showed that sorted human CD4+CD45RA+Foxp3+Helios+ and
Helios− Tregs have similar low methylation profile in the TSDR.
Based on all the current data thus far, it is evident that Tregs can be
subdivided into two subsets based on Helios expression. However,
at this point it is controversial whether Helios accurately defines
tTregs. A recent discovery by Rudensky et al. shed new light into
the role of conserved non-coding DNA sequence (CNS) elements
in the Foxp3 locus for determining the fate of tTregs and pTregs
(15). Their study indicates that CNS3 is essential for the devel-
opment of tTregs and pTregs. While CNS1, which contains the

TGFβ-NFAT response element, plays a major impact in pTregs
generated in gut-associated lymphoid tissues, it is not absolutely
obligatory. CNS1−/−Foxp3-GFP− T cells still possessed the capac-
ity to convert into pTregs in vivo, although significantly less than
wild-type controls. Unfortunately, there is no mention of whether
the Tregs in CNS1−/−mice are predominately Helios+. Therefore,
in the absence of a lineage marker that can truly identify pTregs,
we are left with correlative markers that might be influenced by
different diseases and microenvironment.

Our work has ignited an intense investigation into these two
subsets. Several studies have examined whether there is a prefer-
ential expansion or selection of either subset in human diseases.
Elkord et al. observed that there was an increased frequency of
Helios+ Tregs in the peripheral blood of patients with renal cell
carcinoma, particularly after IL2 treatment (27). Another study
revealed that there was a selective preservation of the Helios+ Tregs
in kidney transplant recipients that received thymoglobulin induc-
tion and a reduction in control patients (28). Similarly, others have
noted an expansion of Helios+ Tregs in patients with active sys-
temic lupus erythematosus (29). In a murine model of human
glioblastoma multiforme, the study demonstrated that the tumor-
infiltrating Tregs were of thymic origin based on their expression
of Helios and reduction after thymectomy (30). A recent study
utilized an in vitro stimulation assay with T cells and monocytes
to identify that the proliferation of Helios+ Tregs was inhibited by
IL12 produced from CD16+ monocytes, while the Helios− Tregs
were inhibited by TNFα from CD16− monocytes (31). In our ini-
tial study, we were unable to identify the function of Helios in
Tregs. However, a recent study has indicated that Helios can reg-
ulate IL2 production in Tregs by inducing epigenetic silencing of
IL2 gene expression (32). This finding does support our observa-
tion that the vast majority of IL2 production in Foxp3+ Tregs is
localized within the Helios− subset. At this point, more studies are
needed to acquire a better understanding of the role of these two
subsets in human diseases and whether they are distinct entities
or alter egos.

Lap/Garp COMPLEX
Although Lap, a component of latent TGFβ, was found to be
expressed on the surface of Tregs, it was unclear how this
pleiotropic cytokine was attached to the membrane (33, 34).
Another study has identified Garp (Lrrc32) as a Treg-specific cell
surface molecule that has suppressive function and the ability to
induce Foxp3 expression (35). However, it was unknown how Garp
mediated these functions. Recently, we and others have demon-
strated that Garp (Lrrc32) is the membrane anchoring molecule
that binds to latent TGFβ within the Tregs and facilitates its surface
expression (36, 37). Therefore, surface Lap on Tregs is a complex
of Garp, Lap, and active TGFβ. We and others have shown that
surface Garp and Lap expression selectively identifies activated
Tregs that represent a stable subset with highly potent suppres-
sive function (38, 39). The vast majority of cytokine-producing
Foxp3+ Tregs are within the Lap− subset. Moreover, the iTregs fail
to express surface Lap or Garp. Based on these observations, we
have established that the selection of Lap+ Tregs is an efficiency
method to repurify bona fide Tregs from the contaminating Lap−

Tregs and Foxp3− T cells during Treg expansion. We believe that
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the Lap+ Tregs represent a highly potent and stable subset ideal
for Treg immunotherapy. However, it remains controversial as to
whether this membrane-bound TGFβ is involved in the develop-
ment, maintenance, or suppressor function of Tregs (40). A recent
study showed that Garp-transgenic mice with forced expression of
Garp on all T cells resulted in reduction of Tregs in the thymus and
periphery (41). A subsequent study observed that transgenic mice
with Garp-deficient Tregs developed normally (42). The absence of
Garp on the Tregs did not compromise their suppressive function.
Instead, the membrane-bound TGFβ was important for induction
of both Th17 and pTregs/iTregs. Along the same line, we and oth-
ers have recognized that IL1 receptors are preferentially expressed
on activated Tregs but not on iTregs (38, 43). While the recep-
tors (CD121a and CD121b) do not appear to be involved in Treg
suppressor function, they might play an important role in regulat-
ing the development of Th17 and pTregs. Nonetheless, it remains
unclear whether Lap+ or CD121a+/CD121b+ Tregs are derived
from the thymus. Interestingly, the study by Shevach et al. has
demonstrated that mouse iTregs and pTregs could express Garp,
which is contradictory to our human studies (42).

NEUROPILIN-1
There have been several claims that neuropilin-1 (CD304) is a
surface marker of Tregs (44, 45). It can function to enhance the
interaction between Tregs and dendritic cells (DCs) during antigen
recognition (46). Another possible function of CD304 is for medi-
ating Treg infiltration into the tumor microenvironment (47). In
this study, the authors showed that mice with specific deletion of
CD304 in T cells were less susceptible to tumor growth. How-
ever, adoptive transfer of WT Tregs in these mice significantly
increased the tumor growth, suggesting the role of CD304 in
mediating Treg migration into the tumor site to modulate anti-
tumor immune responses. Recently, two studies demonstrated in
murine models that CD304 can distinguish tTregs from iTregs and
pTregs (48, 49). The first study used myelin basic protein (MBP)-
specific TCR transgenic mice (1B3) crossed with Rag−/− mice
to show that pTregs could spontaneously develop after 3 weeks
in these mice, but interestingly the pTregs had absence to low
CD304 expression unlike the Tregs from WT controls (48). Even
with the generation of pTregs, these mice still developed exper-
imental autoimmune encephalomyelitis (EAE) by 3–4 weeks of
age. Moreover, in an EAE model, the adoptive transfer of these
pTregs failed to attenuate the disease as compared to total Tregs
or CD304hi Tregs. The second study also revealed similar evidence
for the differential expression of CD304 on tTregs versus pTregs,
except that in the inflamed tissues such as the spinal cords from
EAE or the lungs from OVA-induced asthma mice, a large por-
tion of the pTregs were found to express high level of CD304 (49).
While these murine studies are insightful to our understanding of
Treg development and potential biomarkers, the translation into
human studies can be controversial. We have not been able to
appreciate much expression of CD304 on human Tregs in periph-
eral blood of healthy donors and in Tregs during in vitro expansion
(50). Another study also argues against the applicability of CD304
as a marker of human Tregs (51). That study showed that CD304
was not differentially expressed on human Tregs from thymus,

blood, lymph nodes, and tonsils. Similarly, a different study also
exposed that CD304 was not a selective marker of human Tregs
in lymph nodes or peripheral blood (52). Therefore, the data do
not support CD304 as a marker of human tTregs. However, Tregs
expressing CD304 represent a unique subset of Tregs that appear
to possess distinguished properties and functions.

Overall, there is a discrepancy between the mouse and human
studies regarding Helios, Garp, and CD304 as markers that can dif-
ferentiate tTregs from the other subsets of Tregs. The evidence thus
far would indicate that murine data are not translatable to human
and therefore should be interpreted with caution. Human studies
should continue to investigate these subsets of Tregs to gain more
insights into their functions and roles in different diseases and
inflammatory conditions. At this point, we still lack a definitive
lineage biomarker to identify between tTregs and pTregs.

DISTINGUISHING FEATURES
ANTIGEN SPECIFICITY AND AFFINITY
tTregs are generated in the thymus by positive selection when MHC
class II restricted self-peptides with high-affinity are presented to
CD4+ thymocytes (53–55). The thymic medulla appears to be
the critical compartment for their development (56). Their signal
strength of TCR stimulation is greater than that required for pos-
itive selection and lower than that required for negative selection.
In MHC class II restricted transgenic TCRs expressed in a Rag2−/−

mice, positive selection resulted in development of CD4+ thymo-
cytes but not tTreg cells (57). On the other hand, a low affinity anti-
gen would result in the generation of fewer CD4+CD25+ cells (58–
60). Therefore, signal strength plays an important role in directing
CD4+ thymocytes in the thymic medulla toward tTreg lineage.

pTregs are generated in the periphery from naïve CD4+CD25−

T cells preferentially in the peripheral lymphoid tissues. Elegant
experiments by Apostolou et al. and Thorstenson et al. showed
CD4+CD25− T cells from Rag−/− TCR transgenic mice adop-
tively transferred into antigen-expressing transgenic mice or mice
that have received intravenous or oral tolerizing dose of peptide
antigen can be converted to a CD4+CD25+ regulatory T cells
(59, 61). Gottschalk et al. have shown that a low antigen dose
of a high-affinity TCR ligand is optimal to induce a persistent
population of pTregs in vivo (62). Similarly, high doses of pep-
tides or polyclonal TCR stimuli could prevent Foxp3 induction via
NFκB-dependent cytokine production (63, 64). Therefore tTregs
are generated in the thymus in response to intermediate/high-
affinity interaction with self-antigen; whereas pTregs are induced
in the periphery in response to a low/suboptimal dose of high-
affinity alloantigen. Another source of antigens for peripheral
education of pTregs could come from colonic commensal micro-
biota (65–67). Intestinal microbiota such as Clostridium species
can promote induction of colonic pTregs that correlates with
increased bioavailability of TGFβ (67). In the Lathrop et al.
study, the colonic Tregs have a different TCR repertoire than
Tregs from other peripheral sites (65). These unique TCRs are
not involved in tTreg development. In the Round and Maz-
manian study, they revealed that polysaccharide A from Bac-
teroides fragilis can mediate the generation of IL10 producing
pTregs via Toll-like receptor 2 (TLR2) signaling (66). It appears
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that the generation of pTregs is more complex than simply
TCR signaling alone. A collaboration of other signaling path-
ways such as TGFβ, IL2, retinoic acid, TLRs, and cytokine milieu
are needed to direct a naïve T cell toward a pTreg or other
effector subsets.

COSTIMULATION
Interleukin-2 (IL2) and strong CD28 costimulation are essential
for the development of tTregs. Knockout mice of IL2R−/− and
CD28−/− failed to generate tTregs and developed severe lethal
autoimmunity early in life (68, 69). IL2 is important but might
not be necessary for tTreg development and CD28 stimulation
may be the most important factor for their development (70–72).
In contrary, a recent study has created Treg-specific CD28 condi-
tional knockout mice and interestingly, they have normal numbers
of tTregs (73). However, these mice developed severe autoimmu-
nity due to profound proliferative and survival dysfunction in the
Tregs. TGFβ, though not involved in driving tTreg development
and lineage commitment, might provide useful signals for survival
during early tTreg development (74). On the other hand, IL2 and
TGFβ are required for generation of iTregs (75, 76) While CD28
signaling appears to be important for iTreg generation (77), strong
CD28 costimulation is detrimental by mediating downstream
lymphocyte-specific protein tyrosine kinase (Lck) signaling (78,
79). Molecules that can modulate the CD28 costimulation would
influence the differentiation of pTregs, such as the case for all-trans
retinoic acid. In this study, the treatment with all-trans retinoic
acid during in vitro culture of naïve T cells with DCs express-
ing high level of CD80/CD86 costimulatory molecules resulted in
enhanced induction of iTregs (80). One possible explanation is
that all-trans retinoic acid can increase histone methylation and
acetylation within the promoter and CNS elements at the Foxp3
gene locus (81).

Ultimately, it is the APCs that are the key regulators of
Treg development. It has been suggested that plasmacytoid
DCs in the human thymus could promote the development of
CD4+CD25+Foxp3+ tTregs when activated with CD40 ligand
(CD40L) and IL3 (82). Recently, a new study has revealed that
CD27-CD70 costimulatory pathway is essential for tTreg devel-
opment by rescuing them from apoptosis, subsequent to Foxp3
induction by TCR and CD28 signals (83). The CD70 on medullary
thymic epithelial cells (mTECs) and DCs in the thymic medulla
triggers the CD27 signal on tTregs to promote their survival
by inhibiting the mitochondrial apoptosis pathway. In contrast,
CD103+ DCs that are found in the mesenteric lymph nodes and
lamina propria of the small intestine can enhance the conversion
of pTregs (84, 85). In peripheral lymphoid tissue, CD8+CD205+

splenic DCs appear to play a specialized role in pTreg development
by producing TGFβ (86). Thus the APCs, the microenvironment,
cytokine milieu, and costimulatory molecules all collaborate in the
generation and maintenance of tTregs and pTregs.

STABILITY AND PLASTICITY
tTregs appear to be more stable in vivo probably due to the con-
tinuous exposure to self-antigens. IL2 and TGFβ are required
for Treg stability and regulatory function. While TGFβ1 is not

required for thymic development of Tregs, it is essential for the
maintenance of Foxp3 expression, suppressor function, and sur-
vival in the periphery (87). This phenomenon is likely due to
the methylation status at the Foxp3 TSDR region. tTregs show
consistently demethylated TSDR region and are a more stable
pool of suppressive cells in the presence of IL2 (88). The level of
TSDR demethylation can discriminate Tregs from in vitro iTregs
or activated Foxp3+ conventional T cells (89). In the presence of
inflammatory cytokines like IL6, Tregs lose their Foxp3 expres-
sion, are less suppressive and a certain percentage of them convert
to pathogenic memory T cells (90, 91). A potential issue with
these studies is that they assume the Tregs are tTregs instead of
a composition of tTregs and pTregs. It is possible that the insta-
bility is coming from the pTreg subset. In support of this notion,
a subsequent study refuted this debatable topic of Treg plastic-
ity by demonstrating the stability of Tregs under physiologic and
inflammatory conditions (92). This study also uses genetic fate
mapping technical to track Tregs, even after they had lost Foxp3
expression. Unlike continuous labeling used in previous studies,
this study utilizes inducible labeling of Foxp3 expressing cells to
eliminate the constant incorporation into the labeled cells that
had transiently up-regulated Foxp3. This strategy enables accu-
rate assessment of bona fide Treg maintenance and stability. There
is still considerable debate on this topic that needs to be resolved
because of its important implications in diseases and therapeutic
applications (93).

The question of whether iTregs are stable and can be manu-
factured in human continues to be of great interest, because the
ability to create Tregs with different antigen and homing speci-
ficities offers enormous therapeutic potentials. The human iTregs
generated from naïve T cells are not anergic,non-suppressive, tran-
sient, and highly methylated in TSDR (89, 94, 95). It appears
that Foxp3 is promiscuous and has other novel functions in
conventional T cells (96). One possible explanation for the lack
of regulatory phenotype in human iTregs is their inability to
achieve high and sustained level of Foxp3 expression. Lentiviral-
based overexpression of Foxp3 can reprogram naïve and mem-
ory CD4+ T cells to possess similar phenotype and function
as ex vivo Tregs (97). Several studies have suggested that iTregs
are stable in vivo, even under inflammatory conditions (98, 99).
However, other studies have revealed that iTregs and pTregs are
highly unstable under certain conditions. iTregs depend on IL2
and STAT5 signaling in vivo to stabilize their Foxp3 expres-
sion (100). Suppressor of cytokine signaling 2 (SOCS2) protein
is equally important to prevent IL4 induced Foxp3 instabil-
ity and secretion of proinflammatory cytokines in iTregs and
pTregs (101). Signaling through receptors for C3a and C5a can
also negatively impact the generation, function, and stability of
iTregs and pTregs (102). Of most concern from a therapeu-
tic standpoint is the possibility of reversion into pathologic,
non-Tregs, as demonstrated in a murine study showing that
alloantigen-specific iTregs can rapidly revert in vivo and fail to
protect experimental graft versus host disease (GVHD) (103).
While this finding is controversial, it still raises a concern that
needs to be monitored and approached with caution in human
clinical trials.
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DISEASE ASSOCIATION
TREGS IN MATERNAL-FETAL TOLERANCE
Pregnancy is a physiological condition in which tolerance to pater-
nal alloantigens is critical for coexistence of the mother and fetus
across the placental barrier. Accumulating data indicate that Tregs
play a pivotal function in immune tolerance during pregnancy
(104, 105). During pregnancy there is an increase in the number of
Tregs in pregnant mice and humans (106, 107). Antibody mediated
depletion of Tregs during pregnancy led to increased reabsorption
of embryos and reduced litter size in allogeneic matings in mice
(108, 109). Women with decreased Treg numbers had increased
rates of abortion and preeclampsia (110, 111). Treg expansion was
shown to be essential for tolerance of the semi-allogeneic fetus in
healthy pregnancy and was impaired in preeclampsia in humans
(112). With regard to the subsets of Tregs, there was an expan-
sion of Helios− Tregs over the Helios+, particularly in the decidua
during healthy pregnancy (113). In preeclampsia, this preferential
expansion of Helios− Tregs was impaired. All of these studies beg
the question regarding which subset of Tregs is more critical during
reproduction. To address this question, Rudensky group utilized
their CNS1−/− mice that have impaired development of pTregs
to investigate their role in maternal-fetal immune tolerance (114).
The study reported that mating CNS1−/− female mice with allo-
geneic but not syngeneic males resulted in increased fetal resorp-
tion. There was insufficient generation of pTregs in the decidua,
leading to increased immune cell infiltration and defective remod-
eling of spiral arteries. It remains unclear as to the source of TGFβ

and the APCs involved in the induction of pTregs. One study sug-
gests that trophoblast cells can be involved in the recruitment and
induction of iTregs based on in vitro culture data (115). The study
shows that trophoblast cell lines, Swan-71 and HTR8, constitu-
tively secrete high levels of TGFβ for the induction of iTregs. We
now have a better understanding of maternal-fetal tolerance and
the importance of Tregs, particularly the pTreg subset.

TREGS IN TRANSPLANTATION
In hematopoietic stem cell transplantation, graft rejection or
GVHD occurs when the activated CD4+ and CD8+ T cells recog-
nize alloantigen expressed on MHC presented by self or allo APCs
and initiate an immune response against self. Current methods
of immunosuppression using calcineurin or mTor inhibitors or
antimetabolites are clearly insufficient as rates of mortality and
morbidity associated with GVHD remain high. Adoptive transfer
of Tregs has shown promise in mouse models to suppress autoim-
mune disease, prevent graft rejection and GVHD in hematopoietic
stem cell transplantation (50, 116, 117). Acute GVHD typically
occurs in a relatively short window between 1 and 3 months after
which central tolerance develops and provides lifelong protection
against adverse allo-responses. The predictable timeline of this
immune phenomenon and its potential to cause significant mor-
bidity and mortality makes it a good indication for adoptive Treg
therapy (118–120).

While murine data are very promising, there are practical
problems in translating Treg therapy to the clinic. First and fore-
most, we have not characterized Tregs enough to isolate a pure
population of human CD4+Foxp3+ Tregs. Using magnetic bead

separation under cGMP conditions, we can isolate between 60
and 70% CD4+CD25+Foxp3+ cells with the majority of the con-
taminants being CD4+CD25+Foxp3− cells (38, 121). Secondly
we do not have sufficient numbers as 1:1 Treg to effector T cell
ratio is required to get effective immunosuppression (122). Thus
there is a need to expand these cells ex vivo to achieve sufficient
numbers. But Tregs are anergic to begin with and difficult to
expand. Expansion protocols using anti-CD3/CD28 conjugated
beads can generate sufficient number of Tregs but the expanded
cells cannot maintain their Foxp3 expression and would lose their
suppressive potential. To overcome some of these hurdles, Hip-
pen et al. have generated large numbers of Tregs for clinical use
by stimulating Tregs in the presence of rapamycin with anti-
CD3 antibody-loaded, cell-based artificial antigen-presenting cells
(aAPCs) that expressed the high-affinity Fc receptor and CD86
(123). These cells maintained their Foxp3 expression and sup-
pressive function when infused into humanized GVHD mouse
model. Infusion of Tregs has been shown to be safe. In these trials
there was no statistically significant difference in rates of relapse,
graft rejection, and infections (124). In fact as shown by Di Ianni
et al. immune reconstitution was faster since these patient did
not receive prolonged immunosuppression using pharmacologi-
cal agents (125). In the Minnesota trial using umbilical cord blood
Tregs, rate of grade 3–4 GVHD was 43% as opposed to 61% in
historical controls (126). GVHD suppression was best when Tregs
were detected on day 14 post infusion and there was minimal or
no suppression when Tregs lasted only about 3 days, indicating
that the longevity of Tregs made the difference. In the Italian trial
using freshly isolated Tregs, only 2 out of 28 patients developed
acute GVHD, but overall survival was not superior to controls
(125). Infusion of Tregs is still a concern because of their instability
and potential to convert to effector T cells. Adoptively transferred
Tregs can convert to Th17 cells or helper T cells especially in lym-
phopenic host with potential pathologic effects (90, 127, 128). The
plasticity of Tregs is most susceptible in an inflammatory envi-
ronment in the presence of IL6 (91, 129). The issue of stability
and homogeneity of Treg therapeutic products have been a major
concern for us. It should be noted that expansion of Tregs is a com-
position of tTregs, pTregs, and contaminating non-Tregs. At this
time, it is unclear whether the detection of these reverted or unsta-
ble Tregs are coming from the pTregs or tTregs. We believe that
Lap+ Tregs represent a more homogeneous and stable population
than the bulk heterogeneous parental population that has been
expanded ex vivo for over 3 weeks (38). Ultimately like all drug
manufacturing, we should strive to achieve the highest purity and
homogeneity when developing a Treg product for cellular ther-
apy in order to achieve predictable efficacy, interpretability, and
minimal side effects.

Conventional CD4+ T cells can be induced to express Foxp3,
although their suppressive functions remain controversial (94).
Hippen et al. have generated clinical grade iTregs from CD4+ con-
ventional T cells in the presence of TGFβ1, IL2, and rapamycin
(130). These cells were much more stable and immunosuppressive
in the xenogenic GVHD model. The approach of using polyclonal
iTregs appears promising, but we do not know whether they will
exert their immunosuppressive effect in an antigen independent
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manner in the human host. We do not know whether they will
revert to effector cells that may have pathogenic potential as shown
by Schmitt et al. in a colitis model for inflammatory bowel disease
(131). It is unclear whether treatment with DNA methyltrans-
ferases and histone deacetylases inhibitors should be incorporated
into the protocol to enhance their stability. Furthermore, our
knowledge is lacking on the fate of these cells after they have been
infused into the human body. Nevertheless, the infusion of these
cells might just be sufficient to tip the balance away from an inflam-
matory response and induce infectious tolerance (132). Finally we
might have to co-transfer Tregs and iTregs to get the best results
to control GVHD after hematopoietic stem cell transplantation.
Further understanding of the Treg subsets and their interaction
with DCs and the cytokine milieu might help us deliver a better
product for adoptive transfer.

DISCUSSION
A great deal of work has been accomplished in the past decade on
Tregs, because of their central role in immune homeostasis, main-
tenance of tolerance, and regulation of inflammation. Within the
Foxp3+ Tregs, we now appreciate that they are composed of two
distinct subsets originating from either the thymus or the periph-
ery. Murine studies indicate that CNS1 is an essential factor in
the development of pTregs. These findings need to be translated
in human studies to assess whether mutations in this region are
associated with particular diseases. Although there are plasticity
and concerns for stability in these Tregs, it appears that the pTregs
are most vulnerable. Physiologically, this plasticity in the pTregs
might play an important function in their diversity depending on

their environment. While studies are continuing to investigate and
demonstrating preferential involvement of certain subsets of Tregs
in particular diseases, a major hindrance still exists due to a lack of
convenient and definitive biomarkers that can distinguish between
tTregs and pTregs.

Another major breakthrough is the ability to generate Tregs in
large quantity for cell-based treatment to reestablish immunologic
tolerance. A major therapeutic concern is that these Tregs are poly-
clonal in antigen-specificity and heterogeneous in composition of
tTregs, iTregs, pTregs, and non-Tregs. The capability to identify
and purify a more homogenous Treg population would provide
a better cellular product with the potential for greater efficacious
and minimal side effects. While more clinical trials are needed
to translate the promising results of preclinical studies, the the-
oretical concerns discussed above should be taken seriously and
our approach should have safe-guard mechanisms to disable their
functions in the event that they become pathologic. Of men and
mice are not always the same and translatable. There are still major
concerns as to whether iTregs can be generated in humans. Stabil-
ity and function in vitro or in vivo of humanized murine models
are not equivocal to the remaining lifespan of a human being after
the cells have been infused. The question is whether trading cancer
for autoimmunity or exchanging one autoimmunity or another is
acceptable. Nevertheless, we are encouraged and excited because
of the curative potential of these novel cell-based therapies over
our existing drug-based treatments. The thought of a one-time
treatment to cure a condition over a lifelong administration of
drugs to only prolong the inevitability of a disease is driving our
innovation to achieve this development.
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CD4+CD25+Foxp3+ regulatoryT cells (Tregs) are essential players in the control of immune
responses. Recently, accordingly to their origin, two main subsets of Tregs have been
described: thymus-derived Tregs (tTregs) and peripherally derived Tregs (pTregs). Numer-
ous signaling pathways including the IL-2/STAT5 or theTGF-β/Smad3 pathways play a crucial
role in segregating the two lineages. Here, we review some of the information existing on
the distinct requirements of IL-2, TGF-β, and TNF-α three major cytokines involved in tTreg
and pTreg generation, homeostasis and function. Today it is clear that signaling via the IL-
2Rβ chain (CD122) common to IL-2 and IL-15 is required for proper differentiation of tTregs
and for tTreg and pTreg survival in the periphery. This notion has led to the development
of promising therapeutic strategies based on low-dose IL-2 administration to boost the
patients’ own Treg compartment and dampen autoimmunity and inflammation. Also, solid
evidence points toTGF-β as the master regulator of pTreg differentiation and homeostasis.
However, therapeutic administration of TGF-β is difficult to implement due to toxicity and
safety issues. Knowledge on the role of TNF-α on the biology of Tregs is fragmentary and
inconsistent between mice and humans. Moreover, emerging results from the clinical use
of TNF-α inhibitors indicate that part of their anti-inflammatory effect may be dependent
on their action on Tregs. Given the profusion of clinical trials testing cytokine administra-
tion or blocking to modulate inflammatory diseases, a better knowledge of the effects of
cytokines on tTregs and pTregs biology is necessary to improve the efficiency of these
immunotherapies.

Keywords: tTreg, pTreg, IL-2,TNF-α,TGF-β, regulatoryT cells, Foxp3

Thymus-derived Tregs (tTregs), which emerge from the thymus as
a distinct lineage, and peripherally derived Tregs (pTregs), which
are generated outside the thymus from CD4+CD25− T cell pre-
cursors under particular conditions of stimulation, present great
similarities, and differences. They are both defined by the expres-
sion of the transcription factor Foxp3, widely recognized as the
master regulator of Treg fate. This factor, expressed quite specifi-
cally by Tregs (Fontenot et al., 2003; Hori et al., 2003) is required
for their suppressive function both in vitro and in vivo (Fontenot
et al., 2003, 2005a; Hori et al., 2003). But Tregs’ specific genetic
signature is only partially dependent on Foxp3 (Sugimoto et al.,
2006; Gavin et al., 2007; Hill et al., 2007; Lin et al., 2007; Ohkura
et al., 2012). And, in order to acquire this exclusive signature and
mature into a stable lineage, both tTregs and pTregs will go through
a process of “education” in several steps and different localizations.
Here, we will describe the role of cytokines during this process.
The role of the TCR in Treg development and of cytokines in
Treg effector mechanisms have been the subject of recent excellent

reviews (Vignali et al., 2008; Ohkura et al., 2013) and will not be
extensively discussed here.

THYMIC DERIVED Treg CELLS
tTregs have been defined by the constitutive expression of the high
affinity IL-2Rα chain, CD25 (Sakaguchi et al., 1995). They are
selected in the thymus based on their recognition of self-antigens
by a TCR of high avidity (Jordan et al., 2001) and represent an
important fraction of the total Tregs found in periphery (Hsieh
et al., 2006; Josefowicz et al., 2012a). Removal of the thymus
early after birth leads to various autoimmune symptoms (Itoh
et al., 1999), suggesting that tTregs participate in the continuous
prevention of spontaneous autoimmunity.

IL-2 REGULATES BOTH THYMIC DEVELOPMENT AND PERIPHERAL
HOMEOSTASIS OF tTreg
The role of IL-2 in tTreg differentiation and homeostasis has been
extensively studied. Early work showed that mice deficient for
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IL-2 or CD25 were profoundly deprived of Tregs in the periph-
ery but not in the thymus (D’Cruz and Klein, 2005; Fontenot
et al., 2005b), suggesting that IL-2 was mandatory for Treg home-
ostasis in the periphery but not for thymic generation. However,
mice doubly deficient for IL-2 and IL-15, or for the IL-2Rβ chain
(CD122) common to IL-2 and IL-15, present a quasi-complete
depletion of thymic Treg cells (Burchill et al., 2007; Soper et al.,
2007). Consequently, the CD122 signaling is mandatory for proper
differentiation of tTregs. At the molecular level, binding of the
CD122 signaling intermediate STAT5 to the conserved non-coding
DNA sequence 2 (CNS2) element at the Foxp3 locus is required
for optimal Foxp3 expression (Zorn et al., 2006; Burchill et al.,
2007; Yao et al., 2007; Mouly et al., 2010) (for a recent review
on the role of cytokine-induced transcription factors regulating
Foxp3 expression, see Merkenschlager and von Boehmer, 2010).
Demethylation of the CNS2 is the hallmark of stable Tregs but
the role played by IL-2 in this process appears minimal since IL-2
cannot drive demethylation of the CNS2 in CD25hiFoxp3− tTreg
precursor if applied in the absence of TCR signals (Toker et al.,
2013). Indeed, this precursor population expresses Foxp3 in vitro
upon IL-2 stimulation without requirement for additional TCR
signaling (Lio and Hsieh, 2008). Thus, a two-step model for Treg
differentiation has been proposed in which TCR/CD28 signals
first induce the differentiation of this precursor with enhanced
sensitivity to IL-2/IL-15, followed by direct Foxp3 induction by
IL-2/IL-15 signaling in a STAT5-dependent TCR-independent
manner (Burchill et al., 2008; Lio and Hsieh, 2008). However,
we believe that this two-step model is incomplete. Indeed, we
have recently demonstrated that a minority of tTreg precursors
expressed pSTAT5 ex vivo in unmanipulated neonates and we pro-
pose that this subset might be the direct precursors of pSTAT5+

CD25+Foxp3+ tTregs (Figure 1) (Goldstein et al., 2011). Never-
theless, not all Foxp3+ T cells express pSTAT5, suggesting either
that Foxp3 expression can be maintained without continuous

STAT5 phosphorylation or that differentiation of tTreg may pro-
ceed through a STAT5-independent pathway. Thus, the exact
mechanism by which CD122 signaling controls the generation of
tTregs remains to be determined.

Outside the thymus, the role of IL-2 on Treg homeostasis is
widely accepted: no IL-2, no functional tTregs in the periph-
ery. Results obtained in mice deficient for IL-2 (Sadlack et al.,
1993, 1995) or its receptor (Suzuki et al., 1995; Willerford et al.,
1995), which develop extensive lymphadenopathy and die of sys-
temic auto-immunity early after birth, extended the role of IL-2
from a “T Cell Growth Factor” (Smith et al., 1980) to “the gate-
keeper of immunological tolerance”. The autoimmunity observed
in IL-2/IL-2R KO mice (whether CD25, CD122, or CD132 KO,
the different components of the IL-2R) is associated with a pro-
found deficit in Treg numbers and function, suggesting that tTregs
generated in the absence of IL-2/IL-2R signaling cannot survive
in the periphery. This view has been challenged by others, who
reported the presence of Foxp3+ cells in the periphery of IL-2 KO
mice (Liston et al., 2007). Noteworthy is the lack of autoimmunity
in this later study. Thus, the association between the lack of IL-
2, Treg deficit, and autoimmune manifestations cannot be always
made. In further support of an important role for IL-2 in Treg sur-
vival, in vivo neutralization of IL-2 by the injection of an anti-IL-2
antibody results in the rapid depletion of Tregs and in the appear-
ance of systemic, albeit limited, autoimmunity (Setoguchi et al.,
2005). IL-2 is required for the maintenance of Foxp3 protein and
mRNA expression both in vitro and in vivo (Setoguchi et al., 2005;
Murawski et al., 2006; Passerini et al., 2008; Rubtsov et al., 2010).
Furthermore, Tregs are crucially dependent on paracrine IL-2 pro-
duction by effector T cells (Teffs), as they cannot produce IL-2 due
to direct Foxp3-mediated repression of IL-2 transcription (Wu
et al., 2006). Worth mentioning, the number of Tregs is indexed
to the number of IL-2 producing Teffs (Almeida et al., 2006). In
addition, polymorphisms in IL-2, CD25, or downstream adaptors

FIGURE 1 | A hypothetic model for tTreg differentiation in the thymus. (A)
Immature CD4+ thymocytes are engaged by strong agonist
TCR/co-stimulatory signals, which results in the expression of the IL2R alpha
chain CD25. (B) Subsequent interaction of immature tTreg precursors with

CD122 signaling cytokines IL-2 and IL-15 leads to STAT5 phosphorylation to
generate tTreg precursors. (C) Following continuous engagement of CD122,
Foxp3 expression is induced in tTreg precursors to generate fully mature
tTregs.
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genes are associated with impaired Treg numbers or function and
higher susceptibility to autoimmunity (Bottini et al., 2004; Vella
et al., 2005; Todd et al., 2007; Yamanouchi et al., 2007; Liston et al.,
2008; Sgouroudis et al., 2008, 2011). Indeed, we and others have
shown that IL-2 administration to mice (Tang et al., 2008; Wil-
son et al., 2008; Webster et al., 2009; Grinberg-Bleyer et al., 2010a;
Dinh et al., 2012) and humans (Koreth et al., 2011; Saadoun et al.,
2011) increases Treg numbers, reinforces their suppressive func-
tion, and protects from chronic inflammation. Indeed, low-dose
IL-2 administration to pre-diabetic NOD mice which prevents
disease development, increases Treg proportions specifically in the
pancreas and these IL-2 expanded Tregs express higher levels of
Bcl-2, CD25, and Foxp3, suggestive of increased resistance to apop-
tosis and higher activation (Tang et al., 2008). Furthermore, IL-2
administration to new onset diabetic NOD mice which reverts
hyperglycemia, does not significantly increase Treg frequencies,
yet Tregs express higher levels of molecules associated to Treg
function, such as CD25, Foxp3, GITR, and ICOS and there is a
decreased production of IFN-γ by pancreas infiltrating CD8+ T
cells (Grinberg-Bleyer et al., 2010a). These results suggest that IL-
2-boosted Tregs may have an improved suppressive function. The
demonstration that IL-2 is critical for Treg biology has opened
new perspectives for the treatment of inflammatory diseases.

A MORE UNCERTAIN ROLE FOR TGF-β ON tTreg DEVELOPMENT AND
FUNCTION
The role of TGF-β during tTreg differentiation is controversial.
Mice deficient for TGF-β (Shull et al., 1992; Marie et al., 2005) or
for either one subunit of its receptor (Gorelik and Flavell, 2000;
Leveen et al., 2002; Li et al., 2006; Marie et al., 2006; Liu et al., 2008)
develop a lethal autoimmune syndrome associated with a deficit
in Tregs (Fahlen et al., 2005; Marie et al., 2005, 2006; Almeida et al.,
2006; Li et al., 2006; Liu et al., 2008). Interestingly, this syndrome
is only seen if TGF-β is silenced early in T cell differentiation, sug-
gesting that besides a deficit in tTreg, lymphopenia is an additional
trigger of autoimmunity in the absence of TGF-β signaling (Zhang
and Bevan, 2012). At the molecular level, TGF-β triggers the bind-
ing of Smad3/NFAT complex on the promoter and on the CNS1
enhancer regions of the Foxp3 gene (Tone et al., 2008). However,
mice deficient for CNS1 have no alteration in tTreg differentia-
tion (Zheng et al., 2010), suggesting that TGF-β is not required for
this process. But mice deficient for both TGF-β and IL-2 are com-
pletely deprived of tTregs (Liu et al., 2008), suggesting that TGF-β
might compensate a defect in IL-2 and induce Foxp3 expression.
How and when IL-2 and TGF-β signaling pathways intersect in the
thymus to generate Foxp3+ cells remains to be fully elucidated.

Very few studies have focused on the potential role of TGF-β on
tTreg homeostasis and function. In the previously cited study from
the group of Alexander Rudensky (Marie et al., 2005), the TGF-β1
deficient mice that presented reduced frequencies of CD4+CD25+

cells, also showed reduced Foxp3 expression among these cells. In
addition, Treg deficient for the TGF-βRII showed decreased sup-
pressive function in vitro. However, this early study used total
CD4+CD25+ peripheral cells as Tregs, which contains both tTregs
and pTregs. Thus, it was impossible at the time to exclude that the
effect came from a specific impact of TGF-β on the pTreg sub-
set. More recently, the same group clarified the situation. Indeed,

they showed that tTregs purified from CNS1-deficient mice, which
present altered TGF-β signaling and lack pTreg differentiation
(Zheng et al., 2010; Josefowicz et al., 2012a), did not present altered
suppressive function or decreased Foxp3 expression (Josefowicz
et al., 2012a). Taken together, these studies suggested that TGF-β is
not a main player in tTreg homeostasis or maintenance of Foxp3
expression and suppressive function in these cells.

TNF-α SEEMS TO PARTICIPATE TO tTreg DEVELOPMENT AND HAS A
CONTROVERSIAL ROLE ON tTreg FUNCTION
TNF-α, a pleiotropic cytokine well known for its major role in
the initiation and orchestration of the pro-inflammatory immune
response, may also display anti-inflammatory effects (Jacob and
McDevitt, 1988; Yang et al., 1994). Mechanistically, TNF-α signals
through two different receptors: TNFR-1 and TNFR-2. TNFR-
1 is ubiquitously expressed and can induce apoptosis through
its intracellular death domain. Furthermore, TNF-α signaling
through TNFR-1 under normal conditions leads to activation of
the canonical NF-κB pathway that regulates cell activation and
differentiation (Chen and Goeddel, 2002; Sun, 2011). On the con-
trary, TNFR-2 expression is more restrained. This receptor does
not have an intracellular death domain and rather induces T
cell activation and proliferation (Grell et al., 1998) through the
non-canonical NF-κB pathway (Sun, 2011). Furthermore, TNF-
α receptors are differentially expressed in Teffs and Tregs. In mice
and men, Teff can rapidly upregulate TNFR-2 expression after TCR
stimulation, but at the steady state only a very small proportion of
Teffs expresses TNFR-2 (Valencia et al., 2006; Chen et al., 2007).
In contrast, a significant proportion of Tregs expresses TNFR-2
at the steady state and can further increase its expression upon
TCR stimulation or TNF-α incubation (Valencia et al., 2006; Chen
et al., 2007). Hence, the dichotomic effect of TNF-α has been – at
least in part – attributed to a pro-inflammatory action mediated
by TNFR-1 on Teff cells and an anti-inflammatory effect mediated
by TNFR-2 signaling on Tregs. However, although different bio-
logical functions can be assigned to the signals induced by each of
the two receptors, confounding issues come from the existence of
receptor crosstalk and shared actions, which are dependent on cell
intrinsic and extrinsic factors (Faustman and Davis, 2010).

A likely role for TNF-α on tTreg development comes from
TNFR-2 KO or TNFR-2 ligands-deficient (TNF-α/LT-α/LT-β)
triple KO mice that show a decrease of Tregs in the thymus (Chen
et al., 2013). These results need however to be interpreted with cau-
tion since lymphopenia per se or alterations of the thymic stromal
architecture might affect tTreg generation. Further elucidation of
the role of TNF-α and TNF receptors awaits the generation of mice
with conditional ablation of TNF receptors in the Treg lineage.

Data on the effect of TNF-α on Treg function are fragmented
and sometimes controversial. In vitro, TNF-α through TNFR-2
signaling increases mouse tTreg proliferation in the presence of
IL-2 (Chen et al., 2007) and optimally activates Tregs increas-
ing the expression of receptors of the TNF super family, such as
TNFR-2, 4-1BB, and OX40 (Hamano et al., 2011). In addition,
pre-incubation of Tregs with TNF-α can improve their in vitro
suppressive function (Chen et al., 2007). However, Tregs obtained
from WT or TNFR-2 KO mice appear to have similar in vitro sup-
pressive activity (van Mierlo et al., 2008). Moreover, and at odds
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with mice results, TNF-α seems to reduce Treg suppressive func-
tion in humans (Valencia et al., 2006; Chen et al., 2007; Nagar et al.,
2010; Zanin-Zhorov et al., 2010). The main issue of these exper-
iments is that TNF-α can act on both Treg and Teff populations
and that activated Teffs, which express TNFR-2, are less sensitive
to Treg-mediated suppression (Chen and Oppenheim, 2010).

In vivo, TNF-α seems to contribute to Treg homeostasis (Chen
et al., 2013; Chopra et al., 2013) and one paper implicates TNFR-2
and the non-canonical NF-kB pathway in this action (Rauert et al.,
2010). Also, TNF-α seems to enhance Treg function in vivo, as sug-
gested by our own results showing that activated Teffs can boost
Treg proliferation and suppressive function, partly by a TNF-α-
mediated mechanism probably implying the non-canonical NF-
kB pathway (Grinberg-Bleyer et al., 2010b). Additionally, TNF-α
could improve Treg proliferation and accumulation in mouse
models of cecal ligation puncture, colitis, and cancer (Chen et al.,
2007, 2013; Chopra et al., 2013). Moreover, the fact that TNF-
α−/−LTα−/−LTβ−/− and TNFR-2−/−mice possess less Tregs in the
periphery supports the idea that TNF-α, like IL-2, plays a role in
Treg homeostasis (Chen et al., 2013; Chopra et al., 2013). However,
neither TNF-α−/− nor TNFR-2−/− mice develop spontaneous
autoimmunity and Tregs recovered from these mice express the
same level of Foxp3 (Chen et al., 2013). Nevertheless, as the lack
of TNFR-2 expression on Teffs could impact their pathogenicity,
it is difficult to evaluate the individual contribution of the TNF-
α/TNFR-2 pathway to Treg and Teff function. Interestingly, recent
work using transfer of highly purified WT or TNFR-2 KO Tregs
in RAG−/− mice suggests that colitis suppression could be depen-
dent on TNFR-2 expression by Tregs in vivo (Housley et al., 2011;
Chen et al., 2013). Collectively, these data point to an important
role of signaling though TNFR-2 in the suppressive function of
Tregs in vivo and calls for confirmation with the use of Tregs with
conditional ablation of TNF receptors.

In humans, TNF-α has been implicated in the physiopathology
of autoimmune diseases and consequently anti-TNF-α treatments
(antibodies or soluble receptor) have been used with successful
results obtained in Crohn’s disease and rheumatoid arthritis (Chan
and Carter, 2010). Interestingly, beyond dampening TNF-α’s pro-
inflammatory effect, anti-TNF-α treatment has been associated
with an accumulation of Tregs (Ehrenstein et al., 2004) and with
improved Treg function (Ehrenstein et al., 2004; Valencia et al.,
2006; Nadkarni et al., 2007). Likewise, a recent study showed that
TNF-α present in the synovial fluid of RA patients reduced Treg
suppressive function and this function was restored in anti-TNF-α
treated patients (Nie et al., 2013). However, increased frequencies
of Tregs, could be alternatively explained by a relative reduc-
tion of the activated Foxp3− cells without a direct change in
Treg homeostasis. Indeed, in mice transgenic for human TNF-α,
which develop spontaneous arthritis, both pools of Teffs and Tregs
decrease during the disease course and increase during anti-TNF-
α treatment (Biton et al., 2011). Of note, not all patients respond to
anti-TNF therapies and even some of them paradoxically develop
anti-TNF-induced autoimmune diseases such as multiple sclerosis
(MS), T1D, inflammatory bowel disease, vasculitis, lupus, and
many others (Perez-Alvarez et al., 2013) suggesting that TNF-α
could also have a regulatory role in other human autoimmune
conditions. Although the underlying cause is not yet understood,

some insight for the unexpected role of TNF-α in T1D and MS may
be gained from the corresponding murine models. Indeed, TNF-
α can exacerbate T1D and EAE when administered early during
disease initiation and can inhibit disease progression when admin-
istered at later time points (Ruddle et al., 1990; Willenborg et al.,
1995; Wu et al., 2002). Therefore, it is possible that the opposite
response to anti-TNF therapies originates from the opposite roles
that TNF may have during the different phases of the disease.

PERIPHERALLY DERIVED-REGULATORY T CELLS
The group of J. Lafaille was among the first to described pTregs
in 2002. They showed that the transfer of CD4+ spleen T cells
could prevent EAE in an IL-2-dependent process involving the
differentiation of CD4+CD25+ Tregs from CD4+CD25− T cell
precursors (Furtado et al., 2002). Induced from naïve CD4+ T cells
in the periphery, pTregs present a distinct and broader TCR reper-
toire than tTreg (Haribhai et al., 2011; Josefowicz et al., 2012b).
Indeed, pTreg differentiation mainly occurs in the context of bac-
terial or viral infection (Robertson et al., 2006; Curotto de Lafaille
and Lafaille, 2009; Ertelt et al., 2009), in tumors (Nishikawa et al.,
2003; Liu et al., 2007), or in mucosal tissues notably in a context of
oral tolerance (Mucida et al., 2005; Coombes et al., 2007; Sun et al.,
2007; Josefowicz et al., 2012a). A recent study suggested that pTreg
main function would be the prevention of mucosal Th2-mediated
immunity, notably in the gastrointestinal tract and lungs (Josefow-
icz et al., 2012a). pTregs would also be involved in the induction of
tolerance to commensal microbiota (Sun et al., 2007; Josefowicz
et al., 2012a).

The differentiation of pTregs requires antigenic stimulation in
a defined anti-inflammatory environment, process orchestrated
in part by dendritic cells (DC). Several DC subsets have been
associated with pTreg induction (Yamazaki et al., 2007), includ-
ing plasmacytoid DC (Ochando et al., 2006; Goubier et al., 2008)
and CD103+ DCs, which following education by retinoic acid
(RA) differentiate into tolerogenic DC, mainly in the intestine
(Coombes et al., 2007; Sun et al., 2007). H. Von Boehmer’s group
showed that targeting the antigen toward DCs through DEC205
recognition induced the conversion of CD4+ naïve T cells into
CD4+CD25+Foxp3+ pTreg (Kretschmer et al., 2005). This induc-
tion was shown to be dependent on TGF-β (Yamazaki et al., 2008).
Indeed, mice deficient for TGF-β in Langerhans cells (a special-
ized subset of DC in the skin) develop signs of skin auto immunity
(Kaplan et al.,2007), in agreement with the hypothesis that a lack of
DC in the skin may lead to local auto-immunity due to a defect in
Treg. The role of IL-2 or TNF-α produced by DC in the induction
of pTreg remains to be fully elucidated.

TGF-β IS THE MASTER REGULATOR OF pTreg DIFFERENTIATION AND
HOMEOSTASIS
The differentiation of pTregs from CD4+CD25−Foxp3− naive T
cells requires TGF-β. Initial studies showed that in vitro treatment
of murine or human CD4+CD25−Foxp3− naive T cells with
TGF-β induced Foxp3 expression in these cells and conferred a
suppressive function (Chen et al., 2003; Walker et al., 2003). Then,
a prominent role for TGF-β in pTreg differentiation has been
demonstrated in vivo (Marie et al., 2005, 2006; Coombes et al.,
2007; Sun et al., 2007), notably in the context of oral tolerance
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(Curotto de Lafaille and Lafaille, 2009). In addition, mice defi-
cient for the TGF-β-sensitive CNS1 enhancer do not present any
differentiation of pTregs (Zheng et al., 2010; Josefowicz et al.,
2012a) confirming the essential role of TGF-β in pTreg induction.
Interestingly, in vivo pTregs differentiation by TGF-β can occur
both in physiological (Coombes et al., 2007; Sun et al., 2007) and
pathological (Grainger et al., 2010) situations.

Two kinds of regulators of pTreg differentiation can be distin-
guished. First, those that interfere with TGF-β signaling like TNF-α
(Zhang and Bevan, 2012), or those that induce PI3K signaling. Of
importance, the PI3K/Akt/mTOR pathway is a strong inhibitor
of Foxp3 expression, which prevents both tTreg and pTreg differ-
entiation (Haxhinasto et al., 2008; Sauer et al., 2008). Consistent
with these observations, a very recent study demonstrated that
pTreg differentiation could not occur in presence of the C3a or
C5a signaling pathway. This pathway blocks Foxp3 expression
by induction of PI3K signaling and repression of TGF-β expres-
sion (Strainic et al., 2013). Second, pTreg differentiation can be
improved by molecules that increase TGF-β signaling (Xu et al.,
2010), like CTLA-4 (Karman et al., 2012). Thus, modulating TGF-
β or PI3K signaling in the periphery might represent a promising
approach to tip the balance in favor of pTreg.

Of importance, TGF-β has a dual and opposite role in the
immune system: it participates not only in the generation of
pTregs, but also, in conjunction with IL-6 or IL-4, induces the dif-
ferentiation of pro-inflammatory Th17 cells or Th9 cells, respec-
tively (Jabeen and Kaplan, 2012; Maddur et al., 2012). Con-
sequently, TGF-β administration could aggravate inflammation
and autoimmunity. Moreover, TGF-β pleiotropic effects outside
the immune system and toxicity limit its therapeutic application
(Flanders and Roberts, 2001) and systemic administration of TGF-
β has been rapidly abandoned by the pharmaceutical industry
(Prud’Homme, 2007).

IL-2 SIGNALING IS MANDATORY FOR pTreg DIFFERENTIATION,
HOMEOSTASIS AND STABILITY
Although IL-2 by itself is not sufficient to generate pTregs,
it seems to be critical for the development of functional
CD4+CD25+Foxp3+ pTregs induced by TGF-β (Chen et al., 2003;
Davidson et al., 2007; Zheng et al., 2007). Indeed, addition of
a neutralizing anti-IL-2 antibody to the culture strikingly abol-
ishes the induction of Foxp3, and IL-2−/− or Stat5−/− naïve T
cells are unable to generate pTregs (Davidson et al., 2007; Lau-
rence et al., 2007; Yao et al., 2007; Zheng et al., 2007). Inter-
estingly, the role of IL-2 is non-redundant, as other common
gamma chain receptor using cytokines cannot restore pTreg gen-
eration in IL-2−/− T cells (Davidson et al., 2007; Zheng et al.,
2007). Likewise, the group of D. Horwitz reported that IL-2 also
potentiates pTreg suppressive function and expression of key Treg-
signature molecules such as CTLA-4, GITR, and CD122 (Zheng
et al., 2007). Different mechanisms have been proposed to explain
IL-2 action in the TGF-β mediated induction system: sustained
Foxp3 expression via JAK3/STAT5 signaling (Chen et al., 2011),
enhancement of proliferation and survival of newly generated
pTregs, or increased conversion of latent to active TGF-β via the
urokinase receptor pathway (Nykjaer et al., 1994; Odekon et al.,
1994).

In the case of lymphopenic recipients, the generation of pTregs
upon transfer of naive T cells seems dependent on IL-2 produc-
tion by activated T cells (Knoechel et al., 2005). Along these lines,
low-dose IL-2 injection into irradiated recipients of allogeneic T
cells increases the generation of donor-derived pTregs (Shin et al.,
2011). However, the specific contribution of tTregs and pTregs to
the Treg increase induced by exogenous IL-2 administration to
lympho-replete mice is still unexplored (Tang et al., 2008; Webster
et al., 2009; Grinberg-Bleyer et al., 2010a).

In vitro and in vivo recently differentiated pTregs present unsta-
ble Foxp3 expression (Floess et al., 2007; Miyao et al., 2012),
which can be lost in an inflammatory context, giving rise to “ex-
Tregs” producing pro-inflammatory cytokines (Zhou et al., 2009).
Importantly, in most of the studies describing Foxp3 instability,
Tregs were put in an environment lacking IL-2 (Tang et al., 2008;
Duarte et al., 2009; Oldenhove et al., 2009; Zhou et al., 2009). How-
ever, IL-2 administration could prevent the conversion of Tregs
(Tang et al., 2008; Duarte et al., 2009; Oldenhove et al., 2009; Zhou
et al., 2009). Furthermore, unstable pTregs are exclusively located
in the CD4+CD25−Foxp3low compartment and, upon time and
“education,” they acquire increased CD25 and Foxp3 expression
as well as a demethylated CNS2 – a well known marker of Treg
stability (Floess et al., 2007; Polansky et al., 2008; Komatsu et al.,
2009; Miyao et al., 2012). Also, IL-2 could prevent conversion of
recently differentiated pTregs by the induction and regulation of
GATA-3 expression (Wang et al., 2011; Wohlfert et al., 2011). Taken
together, all these studies suggest that IL-2 plays an important role
in the “education” of pTregs (Figure 2). However, further studies
are required to determine the additional factors involved in the
stability of the Treg lineage.

THE EMERGING ROLE OF TNF-α IN pTreg HOMEOSTASIS AND
FUNCTION
Interestingly, Housley et al. (2011) point out that pTregs, contrary
to tTregs, may not require TNFR-2 expression to suppress in vivo.
However, TGF-β pre-incubation can render tTregs from TNFR-
2−/− mice as efficient as WT cells, suggesting that in this study,
the implication of TNFR-2 in the suppressive capacity of pTregs
may be hidden by the TGF-β pre-incubation (Housley et al., 2011).
Consequently, the role of TNFR-2 in the suppressive function of
pTregs is still unclear.

In humans, the above-described observation that blocking
TNF-α is associated with an increase of Tregs (Ehrenstein et al.,
2004) can alternatively be explained by the fact that TNF-α expo-
sure could hamper pTreg induction. Indeed, it is not clear whether
the accumulated Tregs observed after anti-TNF-α treatment are
tTreg or pTreg. Then, it could be possible that TNF-α may have
a negative effect on the induction of pTreg cells that would be
removed during anti-TNF-α administration. Indeed, it was shown
that blocking TNF-α increased susceptibility to Histoplasma capsu-
latum infection and induced a population of CD4+CD25+ T cells
possessing IL-10-dependent suppressive function in mice (Deepe
and Gibbons, 2008). Besides, TNF-α can inhibit TGF-β-driven
pTreg induction from Foxp3− Teffs in an EAE model (Zhang
et al., 2013). Finally, it has been pointed out that soluble TNF-α
and membrane-bound TNF-α may differently affect the process of
pTreg induction in vitro (Kleijwegt et al., 2010). A better knowledge
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FIGURE 2 | IL-2 favors the generation and increases the stability
of the pTreg phenotype. (A) Activation of a naive conventional T cells
through TCR stimulation and in the presence of TGF-β leads to
generation of unstable pTregs that express moderate levels of Foxp3
and CD25. (B) In the presence of IL-2, pTregs increase the expression

levels of Foxp3 and CD25 and the pTreg phenotype is stabilized. (C)
During inflammation and in the absence of IL-2, the pTregs convert
into “ex-pTregs” that can produce different pro-inflammatory
cytokines, such as IFN-γ or IL-17 depending on the environmental
context.

of the mechanisms ruling expression of TNFR-1 and TNFR-2 on
tTregs and pTregs could help explain potential different effects of
TNF-α on these two cell populations.

CONCLUDING REMARKS
We focused our review on three major cytokines that regu-
late different aspects of Treg biology, namely IL-2, TGF-β, and
TNF-α, because they are of great fundamental and clinical
importance. Indeed, immunotherapies based on a better knowl-
edge of the impact of cytokines on Treg biology are emerging
(Chan and Carter, 2010; Koreth et al., 2011; Saadoun et al.,
2011). However, we need to better understand the division of
labor of pTreg and tTreg in the fine tuning of the immune
response. It is not yet clear if each cell type acts preferen-
tially at different localizations, at different timepoints during
the initiation, expansion, contraction, and memory generation

of the immune response, or has specific targets for suppres-
sion. Also, we need to dissect the specific cytokine require-
ments for tTreg and pTreg generation, homeostasis and function,
which are sometimes distinct and sometimes shared. Only with
that information at hands will the extraordinary promises of
tTregs and pTregs be fully exploited in safe and effective clinical
applications.
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CD4+ CD25+ Foxp3+ regulatory T (Treg) cells are essential to the balance between pro-
and anti-inflammatory responses.There are two major subsets ofTreg cells, “natural”Treg
(nTreg) cells that develop in the thymus, and “induced” Treg (iTreg) cells that arise in the
periphery from CD4+ Foxp3− conventional T cells and can be generated in vitro. Previous
work has established that both subsets are required for immunological tolerance. Addi-
tionally, in vitro-derived iTreg cells can reestablish tolerance in situations where Treg cells
are decreased or defective. This review will focus on iTreg cells, drawing comparisons to
nTreg cells when possible. We discuss the molecular mechanisms of iTreg cell induction,
both in vivo and in vitro, review the Foxp3-dependent and -independent transcriptional land-
scape of iTreg cells, and examine the proposed suppressive mechanisms utilized by each
Treg cell subset. We also compare the T cell receptor repertoire of the Treg cell subsets,
discuss inflammatory conditions where iTreg cells are generated or have been used for
treatment, and address the issue of iTreg cell stability.

Keywords:Treg cells,Treg stability, immunotherapy,Treg function, gene expression profiling,TCR repertoire

INTRODUCTION
Early insights into the existence of a subset of T cells capable of
exhibiting dominant tolerance, or suppression of other cells in
a paracrine manner, came from work done in neonatal thymec-
tomy models. Neonatal thymectomy of newborn mice between
days 2 and 4 of life resulted in various organ-specific T cell-
mediated autoimmune diseases that could be prevented by CD4+

CD25+ T cells (Nishizuka and Sakakura, 1969; Sakaguchi et al.,
1982, 1995; Asano et al., 1996). The discovery of mutations in the
X chromosome-encoded gene Foxp3 in human patients suffering
from immune dysregulation, polyendocrinopathy, enteropathy, X-
linked (IPEX) syndrome and in the mutant scurfy mice led to
recent advances in regulatory T (Treg) cell biology (Chatila et al.,
2000; Bennett et al., 2001; Brunkow et al., 2001; Wildin et al.,
2001). Expression of the forkhead/winged helix transcription fac-
tor Foxp3 ultimately identifies Treg cells and is essential for the
acquisition of suppressive function (Lin et al., 2007; Zheng and
Rudensky, 2007). Conditional deletion of Foxp3 via retroviral
expression of Cre in mature Treg cells resulted in the loss of Treg
cell suppressive function and the gain of effector T cell properties,
suggesting that continuous expression of Foxp3 is required for
maintenance of the Treg cell phenotype (Williams and Ruden-
sky, 2007). Furthermore, in a system where Treg cells express
the human diphtheria toxin receptor, chronic diphtheria toxin-
mediated ablation of Treg cells resulted in death from lympho-
and myeloproliferative disease, confirming the continued need for
Treg cells throughout the lifespan of normal mice (Kim et al.,
2007).

These CD4+ CD25+ Foxp3+ Treg cells, which account for
∼10% of peripheral CD4+ T cells, are essential to the balance
between pro- and anti-inflammatory responses at mucosal sur-
faces. There are two subsets of Treg cells, “natural” Treg (nTreg)
cells and “induced” Treg (iTreg) cells. While nTreg cells develop as
a distinct lineage in the thymus, iTreg cells arise from peripheral

naïve conventional T (Tconv) cells and can be generated in vitro
(Curotto de Lafaille and Lafaille, 2009). The focus of this review
is iTreg cells, their mechanisms of generation, transcriptional pro-
files, TCR repertoires, potential for immunotherapy, and their
stability in vivo.

IN VIVO AND IN VITRO GENERATION OF iTREG CELLS
CD4+ Tconv cells isolated from lymphoid organs and peripheral
blood can be induced to express Foxp3 in vitro by T cell activation
in the presence of TGF-β1 and IL-2 (Chen et al., 2003; David-
son et al., 2007). Following these important observations, several
studies documented the development of functionally suppressive
iTreg cells in vivo, either in a tolerogenic setting or arising during
inflammation (Table 1). The emergence of iTreg cells has been
observed in cases where antigens are encountered in the absence
of optimal costimulation. This includes antigen delivery through
intravenous injection (Thorstenson and Khoruts, 2001) and con-
tinuous infusion minipumps (osmotic pumps) (Apostolou and
von Boehmer, 2004), or by the administration of non-depleting
anti-CD4 antibodies (Cobbold et al., 2004). Oral administration
of antigen leads to the development of iTreg cells that are func-
tionally suppressive in a mouse model of asthma and are required
to establish oral tolerance (Mucida et al., 2005; Curotto de Lafaille
et al., 2008). Suboptimally activated dendritic cells support iTreg
cell development. For example, dendritic cells targeted with low
dose antigens by anti-DEC-205 (dendritic and epithelial cells,
205 kDa, multilectin endocytic receptor) antibodies (Kretschmer
et al., 2005) and tolerogenic dendritic cells, residing in the small
intestine lamina propria and mesenteric lymph node (Coombes
et al., 2007; Sun et al., 2007), promote iTreg cell generation. In
addition, several studies have demonstrated that the commen-
sal microbiota contribute to iTreg cell development (Round and
Mazmanian, 2010; Atarashi et al., 2011; Geuking et al., 2011).
Alternatively, iTreg cells can be generated during states of chronic

www.frontiersin.org June 2013 | Volume 4 | Article 152 | 62

http://www.frontiersin.org/Immunology
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/about
http://www.frontiersin.org/Immunological_Tolerance/10.3389/fimmu.2013.00152/abstract
http://www.frontiersin.org/people/EricaSchmitt/97678
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=CalvinWilliams&UID=76714
mailto:cwilliam@mcw.edu
http://www.frontiersin.org
http://www.frontiersin.org/Immunological_Tolerance/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Schmitt and Williams iTreg cell generation and function

Table 1 | Models generating in vivo-derived iTreg cells.

Model Time point Location % of CD4+ cells

that are iTreg cells

Reference

IV injection of low dose peptide antigen following

transfer of CD4+ T cells from RagKO TCR

transgenic mice into unirradiated BALB/c mice

8 days after IV injection of Ag Spleen ∼20–25 Thorstenson and

Khoruts (2001)

Peptide delivery via osmotic pump implanted in

RagKO TCR transgenic mice

14 days after implant of

continuous delivery system

Spleen ∼20–25 Apostolou and von

Boehmer (2004)

Non-depleting anti-CD4 antibodies during skin

grafting onto RagKO TCR transgenic mice

7 days after challenge with

second graft

Skin graft ∼50 Cobbold et al. (2004)

Homeostatic proliferation after transfer of Tconv

cells into T-B monoclonal mice

1 month Peripheral blood ∼10 Curotto de Lafaille

et al. (2004)

Antigen delivery to dendritic cells using

anti-DEC-205 antibodies following transfer of CD4+

T cells from RagKO TCR transgenic mice

14 days post injection Pooled spleen, MLN,

inguinal LN

∼15 Kretschmer et al.

(2005)

Oral tolerance established in a model of allergic

airway inflammation using T-B monoclonal mice;

oral OVA followed by immunization and intranasal

challenge

2 days post intranasal

challenge

Lung and BAL ∼10 Mucida et al. (2005),

Curotto de Lafaille

et al. (2008)

T cell transfer model of colitis ∼100 days post induction MLN ∼9 Haribhai et al. (2009)

Establishment of oral tolerance after transfer of

CD4+ T cells from RagKO TCR transgenic mice

during helminth infection

7 days post infection MLN and Peyers

patch

∼50 Grainger et al. (2010)

Treatment of Foxp3-deficiency with nTreg plus

Tconv cells

50-day-old mice PLN ∼1 Haribhai et al. (2011)

Transfer of CD4+ T cells from RagKO TCR

transgenic mice to RagKO mice expressing the

cognate antigen in the pancreas

Diabetes onset Pancreatic LN ∼20 Thompson et al.

(2011)

MCA-38 colon adenocarcinoma tumor 2 weeks post tumor

injection

Tumor infiltrating

lymphocytes

∼45 Weiss et al. (2012)

Experimental autoimmune

encephalomyelitis – chronic stage

20–30 days post EAE onset Spinal cord ∼10–15 Weiss et al. (2012)

Transfer of retinal protein specific CD4+ T cells

from RagKO TCR transgenic mice to the eyes of

WT hosts

8 days post injection Eye ∼30 Zhou et al. (2012)

This table documents model systems where in vivo-derived iTreg cells form, the time point and location that the iTreg cells were observed, the percentage of CD4+

T cells that developed into iTreg cells, and the reference. BAL, bronchoalveolar lavage; EAE, experimental autoimmune encephalomyelitis; MLN, mesenteric lymph

node; OVA, ovalbumin; pLN, peripheral lymph node.

inflammation. Examples where chronic inflammation may sup-
port iTreg development include mouse models of asthma (Curotto
de Lafaille et al., 2008; Weiss et al., 2012), colitis that occurs dur-
ing T cell expansion in a lymphopenic environment (Haribhai
et al., 2009), adoptive transfer immunotherapy for the treatment
of Foxp3-deficiency (Haribhai et al., 2011), and infection with
intestinal parasites (Grainger et al., 2010). The extent of iTreg
cell development in locations other than mucosal tissues is not
as well documented. However, recently iTreg cell development has
been demonstrated to occur locally in immune privileged sites
such as the spinal cords of mice with experimental autoimmune

encephalomyelitis (Weiss et al., 2012) and in the eye (Zhou et al.,
2012; McPherson et al., 2013). Tissue-specific Foxp3 induction has
also been demonstrated in response to a neo-self antigen restricted
to the pancreas (Thompson et al., 2011). These data generally sup-
port the biological relevance of the mechanisms that generate and
sustain iTreg cells.

Multiple signaling pathways converge to influence the efficiency
of iTreg cell generation. Specific TCR affinity and TCR-derived
signals, costimulatory molecules, and cytokines promote optimal
in vivo iTreg cell development. Low doses of high affinity ligands
promote iTreg cell generation by creating a decreased aggregate
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TCR stimulation as compared to Tconv cells (Kretschmer et al.,
2005; Gottschalk et al., 2010). Strong CD28 costimulation (Sem-
ple et al., 2011) and CTLA-4 blockade (Zheng et al., 2006) are
detrimental to de novo induction of Foxp3 whereas activation of
Tconv cells under conditions of suboptimal costimulation pro-
motes the induction of Foxp3. Furthermore, signaling via the
programed death (PD) 1-PD-ligand (PD-L) pathway promotes
both the induction and maintenance of iTreg cells (Francisco et al.,
2009). TCR-dependent activation of the PI3K-AKT-mTOR axis is
an important negative regulator of peripheral Treg cell differentia-
tion. AKT inhibits Foxo proteins, which normally facilitate Foxp3
induction (Kerdiles et al., 2010; Ouyang et al., 2010). Therefore,
enhancing AKT signaling, either by overexpression (Haxhinasto
et al., 2008) or by deletion of negative regulators of AKT, such as
phosphatase and tensin homolog (PTEN) (Sauer et al., 2008) or
the E3 ubiquitin ligase Cbl-b that degrades the regulatory sub-
unit of PI3K (Wohlfert et al., 2006; Harada et al., 2010), adversely
impacts iTreg cell development. Alternatively, inhibition of PI3K
or mTOR enhances iTreg cell development (Battaglia et al., 2005;
Sauer et al., 2008). Blockade of signals through the C3aR and
C5aR complement receptors also decreases signaling through
the PI3K-AKT-mTOR pathway thereby enhancing autoinduc-
tive signaling by TGF-β1 to generate iTreg cells (Strainic et al.,
2013).

Both TGF-β1 and IL-2 are required for iTreg cell induction.
TGF-β1 signaling promotes the binding of NFAT and Smad3 to
the conserved non-coding sequence-1 (CNS1) enhancer and ulti-
mately stimulates histone acetylation and Foxp3 induction (Tone
et al., 2008). These data are further supported by the observation
that CNS1 deletion impairs iTreg cell generation in gut-associated
lymphoid tissues (Zheng et al., 2010). TGF-β1 also limits DNA
methyltransferase I recruitment to the Foxp3 locus, a molecule that
normally functions to prohibit promiscuous Foxp3 induction after
TCR stimulation (Josefowicz et al., 2009). IL-2 is likewise required
for iTreg generation in vitro (Davidson et al., 2007). In vivo, IL-2
has a role in Treg cell survival (D’Cruz and Klein, 2005), prolifera-
tion (Fontenot et al., 2005a), and stability (Chen et al., 2011) there-
fore a role for in vivo induction has been more difficult to parse
out. Perhaps in support of a role for induction, cells in the periph-
ery that are poised to develop into iTreg cells require only IL-2 for
Foxp3 induction (Schallenberg et al., 2010). IL-2 also functions to
limit the polarization of activated CD4+ T cells into the Th17 lin-
eage (Laurence et al., 2007). Similar to IL-2, all-trans retinoic acid
restricts reciprocal Th17 polarization (Xiao et al., 2008). CD103+

gut-derived tolerogenic dendritic cells, which play an important
role in the generation of iTreg cells serve as a source of retinoic
acid (Coombes et al., 2007). Activation of the aryl hydrocarbon
receptor by the ligands 2,3,7,8-tetrachlorodibenzo-p-dioxin and 2-
(1’H-indole-3’-carbonyl)-thiazole-4-carboxylic acid methyl ester
supports the generation of functional, stable iTreg cells by pro-
moting both the generation of retinoic-acid producing tolerogenic
dendritic cells and demethylation of the Foxp3 promoter (Quin-
tana et al., 2008, 2010; Singh et al., 2011). In summary, antigenic
TCR stimulation with low dose/high affinity ligands, suboptimal
costimulation, TGF-β1, IL-2, and retinoic acid all facilitate the
induction of Foxp3 expression in peripheral CD4+ Tconv cells
in vivo.

TRANSCRIPTIONAL LANDSCAPE AND FUNCTION OF iTREG
CELLS VERSUS nTREG CELLS
The pivotal role of the X-linked gene Foxp3 in the identity of a
Treg cell prompted investigation into the Foxp3-dependent and
-independent programs of the Treg cell transcriptional signature.
Mice possessing an altered Foxp3 locus, in which DNA encoding
EGFP was inserted in frame into exon 11 at the C-terminal end of
the Foxp3 locus (Foxp3∆EGFP), express a non-functional ∆Foxp3-
EGFP fusion protein that is devoid of the nuclear localization
sequence and residues involved in DNA binding (Lin et al., 2007).
In heterozygous Foxp3∆EGFP± female mice, which have random
inactivation of one of the two X chromosomes, the frequency of
thymocytes expressing the non-functional ∆Foxp3-EGFP fusion
protein was similar to thymocytes expressing normal Foxp3. The
EGFP+ cells from these mice also expressed several Treg cell-
associated molecules, such as CD25, CTLA-4, GITR, and CD44,
but were not suppressive and produced Th1- and Th2-associated
cytokines. Many transcripts commonly found in Treg cells were
identified by gene array in the EGFP+ cells, these included Il2ra,
Ctla4, and Itgae. The expression of additional genes suggestive of
a cytotoxic effector program, such as Gzma, Gzmb, and Gzmk,
and genes encoding chemokine receptors such as Cxcr6, were also
observed (Lin et al., 2007).

In a separate set of studies, cells destined to be Treg cells were
marked with an in frame insertion of GFP into a Foxp3 locus dis-
rupted by a stop codon. This resulted in Foxp3 transcription, but
not translation, and also allowed for the separation of Foxp3-
dependent and independent factors (Gavin et al., 2007). As a
result, several characteristic Treg cell markers, such as CD25, CD44,
CTLA-4, GITR, and ICOS, were found to be Foxp3-independent.
Although several hallmark Treg cell markers were found, sup-
pressive activity was lost in the absence of Foxp3 protein. These
studies confirmed that Foxp3 suppressive function and stability are
dependent on a functional Foxp3 protein. Together, they suggest
that some aspects of commitment to the Treg cell lineage begin
independently of a functional Foxp3 protein.

Fundamental work from Hill et al. (2007) combined gene
expression profiles of Treg cells obtained under many different
conditions and identified a canonical Treg cell signature. This
study confirmed previous work, in that it identified Treg cell-
associated genes that were not correlated with Foxp3 expression,
but they also organized the Treg signature into several co-regulated
gene clusters influenced by a defined set of factors. This Treg cell
transcriptional signature provides a framework for comparison of
Treg cells derived by alternative methods or in varying anatom-
ical locations. Treg cells found in different anatomical locations
within the same individual have unique TCR repertoires, varia-
tions in their cell surface phenotypes, and distinct gene expression
profiles (Lathrop et al., 2008; Feuerer et al., 2010). These findings
are consistent with the idea that subsets of Treg cells exist, and that
Treg cell suppressive activity may be finely tuned to the microen-
vironment. Currently there is no consistent, reliable marker to
distinguish nTreg and iTreg cells in vivo, although in some systems
Helios (Thornton et al., 2010) and Neuropilin 1 (Nrp1) (Weiss
et al., 2012; Yadav et al., 2012) have been suggested to specifically
identify nTreg cells. Others have determined that expression of
Helios, an Ikaros family transcription factor, results from more
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general T cell activation and proliferation (Akimova et al., 2011).
Nrp1 is a receptor for TGF-β1 and has been reported to activate the
latent form of TGF-β1 and promote Treg cell activity (Glinka and
Prud’homme, 2008). Under homeostatic conditions, this marker
seems to reliably distinguish nTreg cells from iTreg cells; however,
iTreg cells present in inflammatory conditions can express Nrp1
(Weiss et al., 2012). The lack of a suitable surface marker has ham-
pered the ability to effectively distinguish the characteristics of the
two subsets in a host without using a transfer model to mark the
populations.

Many studies have compared the transcriptional signatures
of nTreg and iTreg cells in an attempt to distinguish the two
subsets. Given that a portion of the Treg cell signature is Foxp3-
independent, it was not surprising that the transcriptional sig-
nature of iTreg cells derived in vitro did not fully recapitulate the
observed nTreg cell genetic signature (Haribhai et al., 2009; Feuerer
et al., 2010). On the other hand, iTreg cells that were allowed to
develop in vivo were more similar to nTreg cells than their in vitro-
derived counterparts (Feuerer et al., 2010; Haribhai et al., 2011).
However, nTreg cells and in vitro-derived iTreg cells that are sta-
bly maintained in vivo for approximately 3 months share similar
transcriptional profiles (Schmitt et al., 2012). This included the
expression of many genes associated with Treg cell suppressive
function such as Il2ra, Ctla4, Gzmb, and Il10. Thus, the transcrip-
tional signature of in vitro-derived iTreg cells and nTreg cells,
although much different immediately after generation in vitro,
converge as the in vitro-derived iTreg cells are selected and main-
tained in vivo. While the collective gene expression data suggest
that the two Treg subsets share similar suppressive mechanisms,
the observed requirement for both subsets in maintaining toler-
ance hints that distinct suppressive mechanisms that play discrete
roles, either in different anatomical locations or in different types
of inflammation, may yet be identified. Indeed, a recent study
uncovered four “Treg cell-representative regions” which included
regions of Foxp3, Tnfrsf18, Ctla4, and Ikzf4 that display demethy-
lation patterns in nTreg cells that are distinct from those observed
in Tconv and iTreg cells. This nTreg cell-specific methylation pat-
tern is instrumental in establishing Treg cell-type gene expression
(Ohkura et al., 2012). Additionally, recent work demonstrated an
important role for Foxo1 in establishing the Foxp3-independent
Treg cell transcriptional program, in part by inhibiting IFN-γ
expression in Treg cells (Ouyang et al., 2012).

The interaction of Foxp3 with several different molecules is
important for Treg cell transcriptional activity. The Foxp3 gene has
numerous structural domains including a transcriptional repres-
sion domain at the N-terminus, followed by a zinc finger domain,
a leucine zipper domain, and a forkhead DNA binding domain. A
series of serendipitous discoveries using a Foxp3GFP (Foxp3tm2Ayr)
fusion protein to mark Treg cells, in which GFP is fused to the
amino terminus of Foxp3 (Fontenot et al., 2005b), revealed altered
autoimmune disease phenotypes. The Foxp3GFP fusion protein
reduces or eliminates the interaction of the N-terminal domain of
the Foxp3 gene with Eos, Tip60, HDAC7, and HIF-1α; however,
distal interactions with NFAT, AML1/Runx-1, RORα, and IRF4
are maintained or enhanced. As a result, the transcriptional activ-
ity of Treg cells was altered leading to accelerated type 1 diabetes
in disease prone NOD mice (Bettini et al., 2012) while protecting

mice from autoimmune arthritis in the K/BxN model (Darce et al.,
2012).

Much work has been done to uncover the molecular mecha-
nisms of Treg cell suppressive activity delineated by the transcrip-
tional data. However, there have been few attempts to discriminate
between the two subsets. Consequently, with regard to the spe-
cific mechanisms utilized to control inflammation, the “division
of labor” between nTreg cells and iTreg cells remains largely unre-
solved (Curotto de Lafaille and Lafaille, 2009). In general, Treg
cell suppression has been demonstrated to modify effector cell
activity at several different stages within the immune response
(Suri-Payer et al., 1998). Suppression by Treg cells can operate at
the early stages, by limiting cell activation and proliferation. Ini-
tial studies using in vitro proliferation assays demonstrated the
ability of Treg cells to control effector cell proliferation in an IL-2
dependent manner (Thornton and Shevach, 1998). Gene expres-
sion profiling of the suppressed CD4+ T cells subsequently showed
the induction of genes involved in growth arrest or the inhibition
of proliferation (Sukiennicki and Fowell, 2006). In the later stages
of the immune response, Treg cells have been shown to control
effector cell differentiation and function in the target tissues (Old-
enhove et al., 2003; Sarween et al., 2004; DiPaolo et al., 2005). The
ability of Treg cells to effectively control diverse types of inflam-
mation has been associated with Treg cell upregulation of specific
transcription factors (Campbell and Koch, 2011). Treg cell expres-
sion of T-bet, IRF4, and STAT3 contribute to the ability of Treg
cells to control the associated Th1 (Koch et al., 2009), Th2 (Zheng
et al., 2009), and Th17 (Chaudhry et al., 2009) polarized inflam-
mation, respectively. In addition, Treg cell expression of GATA-3
is important for their accumulation at the site of inflammation as
a Treg cell-specific deletion of GATA-3 led to a failure of Treg cell
accumulation in tissues and the acquisition of effector cytokine
production (Wohlfert et al., 2011). Thus, it appears that Treg cells
possess the ability to express transcription factors associated with
the type of inflammation they are controlling, which in turn pro-
vides them with the ability to adapt their suppressive program to
the surroundings.

Various molecular mechanisms of Treg cell-mediated suppres-
sion have been proposed. These suppressive mechanisms fall into
three broad categories: suppression mediated by cell–cell contact,
metabolic disruption, and the secretion of inhibitory cytokines
(Figure 1). Cell–cell contact suppression operates via molecules
such as CTLA-4 (Wing et al., 2008) and LAG-3 (Liang et al., 2008),
which may function to modulate the immunostimulatory capacity
of dendritic cells. In addition, Treg cells secrete cytotoxic molecules
such as Granzyme B, which is presumed to require cell–cell contact
(Grossman et al., 2004; Gondek et al., 2005). Metabolic disruption
can occur via the delivery of cAMP to effector T cells through
gap junctions (Bopp et al., 2007). The ectoenzymes CD39 and
CD73 on Treg cells generate adenosine, which binds the adenosine
receptor 2A on effector T cells and increases intracellular cAMP to
suppress their function (Deaglio et al., 2007). Lastly, the increased
constitutive expression of CD25 on Treg cells may allow them to
out-compete effector cells for the growth factor IL-2, leading to
cytokine deprivation-induced apoptosis of the effector T cells (de
la Rosa et al., 2004; Pandiyan et al., 2007). Inhibitory cytokines
such as TGF-β1 (Powrie et al., 1996), IL-35 (Collison et al., 2007),
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FIGURE 1 | Mechanisms of regulatoryT cell-mediated suppression.
Regulatory T (Treg) cells can utilize several different suppressive
mechanisms falling into three broad categories: (1) cell–cell
contact-mediated suppression, (2) the metabolic disruption of
effector T (Teff) cells, and (3) the secretion of inhibitory cytokines.
(1) Contact-mediated suppression dampens the immunostimulatory
properties of dendritic cells (DC) and occurs via the engagement of Treg cell
inhibitory receptors such as CTLA-4 and LAG-3 with CD80/86 and MHC

molecules on the DC, respectively. Delivery of granzyme B (Gzm B) to Teff
cells leads to apoptosis. (2) Metabolic disruption of effector T cells is
mediated by Treg cell delivery of cAMP to effector T cells via gap junctions,
the generation of adenosine by the Treg cell ectoenzymes CD39 and CD73
which acts on Teff cell adenosine receptors (A2AR), and by Treg cell
consumption of IL-2 thereby depriving Teff cells of growth factors. (3) Treg
cells secrete inhibitory cytokines such as IL-10, IL-35, and TGF-β1, which
inhibit both T cells and DCs.

and IL-10 (Asseman et al., 1999) have been implicated in Treg
cell suppressive function, and may serve to specifically dampen
the activation of antigen presenting cells or inhibit effector T cell
proliferation.

The immunomodulatory cytokine IL-10 has been studied
extensively in relation to Treg cell biology. IL-10 is particularly
important for Treg cells at environmental interfaces, as a Treg
cell-specific inactivation of IL-10 results in spontaneous colitis,
heightened immune-mediated lung hyperreactivity, and increased
skin sensitivity (Rubtsov et al., 2008). Treg cell-derived IL-10 con-
trols Th17 cells and a unique population of T cells displaying

features of both Th1 and Th17 cells (Th1+Th17) in a transfer
model of colitis (Huber et al., 2011). In a model where Foxp3-
deficiency was treated with nTreg cells plus in vivo-derived iTreg
cells, gene expression profiling revealed that both Treg cell types
over-expressed Il10 as compared to naïve Tconv cells, suggesting a
possible role for IL-10 as an iTreg cell mechanism of suppression
(Haribhai et al., 2011). Recently, it was demonstrated that IL-
10 produced by iTreg cells could replace nTreg cell-derived IL-10
in the cure of experimental colitis. Reversal of the experimental
conditions was similarly effective, defining the novel principle
of reciprocal compensation between Treg cell subsets, which was
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necessary to establish tolerance in this model (Schmitt et al., 2012).
This work also demonstrated that iTreg cells limited the frequency
of ex-iTreg cells adopting a Th1, Th17, or Th1+Th17 cell fate,
in concordance with previous data looking at the function of
nTreg cells (Huber et al., 2011). Thus, it is possible that under
certain circumstances, both Treg subsets must possess the ability
to operate via the same mechanism. Further studies are needed
to determine whether the principle of reciprocal compensation
is model-specific or can be globally applied in situations where a
known Treg cell defect exists.

T CELL RECEPTOR REPERTOIRE OF THE TREG CELL SUBSETS
In the thymus, developing Tconv cells and nTreg cell precursors
have unique affinity requirements (Jordan et al., 2001; Apostolou
et al., 2002). Induction of Foxp3 requires an agonist self-peptide,
and the frequency of nTreg cells that develop is directly pro-
portional to the strength of the signal (Relland et al., 2009).
Furthermore, autoreactivity of the nTreg cell compartment has
been demonstrated, despite a normal response to central tolerance
mechanisms (Romagnoli et al., 2002; Hsieh et al., 2004). Given the
observed bias of nTreg cells to self antigen, several studies have
sought to compare the TCR repertoires of nTreg and Tconv cells.
Studies that have reported differences between nTreg and Tconv
repertoires have analyzed the TCRα complementarity determin-
ing region (CDR3) of mice with fixed transgenic TCRβ chains and
a restricted Tcra locus. In these reports, the nTreg and Tconv TCR
repertoires were found to be equally diverse, however the degree of
observed overlap between the two populations varied (Hsieh et al.,
2004, 2006; Pacholczyk et al., 2006, 2007; Wong et al., 2007b). In a
separate system with limited diversity, the repertoire of the nTreg
cells responding to a foreign antigen was found to be more limited
and clonally distinct compared to Tconv cells also responding to
the antigen (Relland et al., 2012). In contrast to the self-specificity
seen in the nTreg cell population, iTreg cells are thought to be
specific for foreign antigen, given that the iTreg cell population
is derived from the Tconv cell pool. Therefore, it was not sur-
prising that the iTreg cell TCR repertoire shared minimal overlap
with that of nTreg cells (Haribhai et al., 2011). This limited overlap
may in part contribute to the requirement for both nTreg and iTreg
cells in the resolution of autoimmune diseases, as the combination
provides a more diverse TCR repertoire. Evidence from a handful
of TCR repertoire studies suggests that iTreg formation in non-
mucosal tissues, such as in the central nervous system of mice with
experimental autoimmune encephalomyelitis (Liu et al., 2009) and
in the pancreas of diabetic mice (Wong et al., 2007a), may be lim-
ited. Minimal TCR repertoire overlap was observed between Tconv
and Treg cells at these locations, supporting a role for Treg cell
recruitment rather than induction. Furthermore, mice that lack
iTreg cells due to a genetic ablation of the intronic Foxp3 enhancer
CNS1 maintain tolerance to systemic and tissue-specific antigens
but develop inflammation at the mucosal interfaces of the lung
and gastrointestinal tract (Josefowicz et al., 2012). Interestingly,
CNS1 deficient mice also display increased fetal resorption due to
a lack of fetal alloantigen-specific iTreg cells (Samstein et al., 2012).
These data support the notion that iTreg cell TCRs may function to
expand tolerance to non-self antigens, particularly those present
at mucosal interfaces.

To gain further insight into the TCR specificity of Treg cells,
several groups have created TCR transgenic mice that harbor a
TCR derived from a Treg cell (Bautista et al., 2009; Leung et al.,
2009). Interestingly, nTreg cells were only efficiently generated
when the transgenic cells were present at a low clonal frequency.
These studies suggested that the development of nTreg cells is a
saturable process that plateaus, most likely due to intraclonal com-
petition for MHC/peptide complexes. However, recent work has
demonstrated that a limited, fixed pool of in vitro-derived iTreg
cells contains a large number of clones with TCRs that can be
maintained within the iTreg cell niche, and mice receiving equiv-
alent numbers of the same iTreg cells maintained distinct clones
(Schmitt et al., 2012). This is in agreement with previous work
demonstrating that high TCR diversity is important for the opti-
mal function of Treg cells in a model of experimental acute GVHD
(Fohse et al., 2011). In contrast to the nTreg cell niche, the iTreg
cell niche is probably not constrained by the number of available
antigens, given the proposed specificity for non-self and the com-
plexity of the microbiome. This suggests that the size of the iTreg
cell population may not be limited by TCR specificity, but may
be determined by other factors such as the number of tolerogenic
antigen presenting cells (Coombes et al., 2007), local concentra-
tions of TGF-β1 (Marie et al., 2005; Li et al., 2006) and IL-2 (Chen
et al., 2011), and signaling via the PD 1–PD-L pathway (Francisco
et al., 2009). In addition, members of the Tumor Necrosis Fac-
tor Receptor superfamily expressed on Treg cells, including GITR
(Ray et al., 2012) and OX40 (Piconese et al., 2010), have also been
shown to be important for Treg cell proliferative fitness. Increased
IL-2 signaling, via administration of IL-2 immune complexes or
through constitutive STAT5b signaling, allows for Treg cell divi-
sion in the absence of TCR signaling (Zou et al., 2012). During the
treatment of autoimmune conditions, such as experimental coli-
tis, high levels of IL-2 could allow for the maintenance of a diverse
population of iTreg cells. Other cell types, such as IL-10-producing
CXCR1+ macrophages in the lamina propria are important for
Treg cell proliferation in the setting of oral tolerance, and may
contribute to the size and composition of the iTreg cell popula-
tion (Hadis et al., 2011). It is also likely that the nTreg cell subset
dictates the size of the iTreg cell niche, because in the absence of
nTreg cells, the iTreg cell compartment expands ∼fivefold (Harib-
hai et al., 2009). A recent study demonstrated that in vitro-derived
iTreg cells cotransferred with naïve T cells into Rag−/− hosts were
not effective in preventing colitis and many of the iTreg cells had
decreased Foxp3, CTLA-4, and CD25 expression (Ohkura et al.,
2012). Thus, cooperation between nTreg and iTreg cells, which
is essential to establish tolerance, could therefore influence the
composition of the iTreg cell niche. Manipulation of the factors
implicated in shaping the iTreg cell niche may provide a mecha-
nism to control the size, specificity, and/or function of the iTreg
cell compartment.

IMMUNOTHERAPY WITH iTREG CELLS
Statistics published by the National Institutes of Health indicate
that chronic autoimmune disease affects ∼5–8% of the U.S.
population, an estimated 14.7–23.5 million individuals, and
the prevalence is rising (NIAID, 2005). Existing therapeutic
approaches are inadequate and current research efforts must focus
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on restoring the balance between pro- and anti-inflammatory
responses. A decrease in Treg cell numbers and/or function has
been associated with many human autoimmune diseases (Long
and Buckner, 2011). Currently, ex vivo expanded nTreg cells are
being used in umbilical cord blood transplantation clinical tri-
als, where the benefit to risk ratio is high due to the risk of
life-threatening GVHD (Brunstein et al., 2011). Although nTreg
cells were functionally suppressive in vivo after several rounds of
stimulation and expansion, the optimal ≥1:1 nTreg to periph-
eral blood mononuclear cell ratio could not be achieved (Hippen
et al., 2011b). Therefore iTreg cells, which can be generated in
large numbers ex vivo and have been shown to operate in a xeno-
geneic model of GVHD, may offer an alternative to nTreg cells
(Hippen et al., 2011a). The ability of iTreg cells to be generated in
large numbers makes them an attractive alternative for the treat-
ment of human autoimmune disorders unresponsive to current
approaches (Trzonkowski et al., 2009; Brunstein et al., 2011; Di
Ianni et al., 2011; Hippen et al., 2011a). In vitro-derived iTreg
cells are functionally suppressive in animal models of inflamma-
tory bowel disease (Fantini et al., 2006), diabetes (Weber et al.,
2006), autoimmune gastritis (DiPaolo et al., 2007), experimental
autoimmune encephalitis (Selvaraj and Geiger, 2008), and Foxp3-
deficiency (Huter et al., 2008). Notably, in vitro-derived iTreg cells
contribute to tolerance in disease models where in vivo-derived
iTreg cells are absent (Haribhai et al., 2009, 2011). Moreover, iTreg
cells can be used to augment and restore regulatory networks in sit-
uations where nTreg cells are exhausted or defective (Schmitt et al.,
2012). Yet, in many of these models the specific Treg cell suppres-
sive mechanism that is important and functional at an individual
site of inflammation remains poorly understood. It is likely that
iTreg cells can operate via multiple means but that particular sup-
pressive mechanisms may vary in importance in each autoimmune
disease or in different stages of the same disease.

A recent phase 1/2a clinical study conducted in 20 patients
with refractory Crohn’s disease demonstrated a clinically signif-
icant effect of a single infusion of Treg cells in 40% of patients
5 weeks post-infusion (Desreumaux et al., 2012). Patients’ cells
were expanded in vitro in response to ovalbumin (OVA) and
cloned by limiting dilution to generate IL-10–producing OVA-
specific Treg cells. Whether these cells are functioning purely as
IL-10–producing T regulatory (Tr1) cells or as Foxp3+ iTreg cells
is unclear, as ∼60% of the OVA-Treg cells expressed Foxp3. For
human cells, in vitro activation leads to Foxp3 expression within
48 h, peaking at 4–6 days, and diminishing by 10–14 days post-
activation, leaving only a fraction of cells Foxp3+(Pillai et al.,
2007). Bonafide human Foxp3+ Treg cells can be identified by
characteristic epigenetic changes within the Foxp3 locus (Baron
et al., 2007), however, tracking of the transferred cells was not
feasible in this case (Desreumaux et al., 2012). Regardless of
this caveat, both Foxp3+ and Foxp3− IL-10-producing regulatory
cells can control pathogenic T helper cells in mouse models of
intestinal inflammation (Huber et al., 2011). This initial clinical
study provides the groundwork for additional research into adop-
tive transfer immunotherapy for autoimmune diseases refractory
to current therapies.

Another issue with adoptive transfer immunotherapy is the
in vivo stability of iTreg cells. In a model of experimental colitis,

iTreg cells were recovered from successfully treated mice (Haribhai
et al., 2009; Schmitt et al., 2012). Conversely, in a mouse model of
GVHD these cells did not persist (Beres et al., 2011). Perhaps, the
degree of ongoing inflammation will hamper the efficacy of these
cells for therapy. If relevant clones could be pre-selected,enhancing
the possibility that these cells will be expanded and/or maintained
via interactions with their cognate ligand in vivo, this may increase
the usefulness of iTreg cells. Further, excessive regulation may
hamper normal immune responses to invading organisms, thus
a fine balance between limiting disease progression and impeding
natural responses to infectious agents needs to be established.

STABILITY OF iTREG CELLS
The self-specificity of nTreg cell TCRs creates the potential for
autoimmunity that is averted by stable Foxp3 expression. Several
recent studies have scrutinized the stability of nTreg cells, both
long term and in pro-inflammatory conditions. Indeed, there is
some disparity in the reports regarding Treg cell plasticity. On one
hand, both nTreg and iTreg cells were shown to convert to a pro-
inflammatory Th17 phenotype in the presence of IL-6, IL-1, and
TGF-β1 in vitro (Yang et al., 2008). These “exFoxp3” cells were
also tracked in a study using Foxp3-GFP-Cre BAC transgenic mice
bred to mice that expresses YFP from the Rosa26 promoter after
removal of a loxP-“stop” cassette (Rosa26-loxP-Stop-loxP-YFP).
In this model, all cells that expressed Foxp3 at any time during
their lifespan deleted the “stop” cassette and remained YFP+, thus
marking “exFoxp3” cells with a YFP+ Foxp3− phenotype. These
“exFoxp3” cells produced pro-inflammatory cytokines, were path-
ogenic, and the TCR repertoire analysis suggested that they were
derived from both nTreg and iTreg cells (Zhou et al., 2009). In
contrast to this report, a group that used an inducible labeling sys-
tem found the nTreg cell population to be stable throughout the
lifespan of the mouse and in the setting of Listeria infection, lym-
phopenia, and autoimmune inflammation (Rubtsov et al., 2010).
In this model, mice with a Foxp3-eGFP-Cre-ERT2 (ERT2, mutated
human estrogen receptor ligand-binding domain) fusion protein
were bred to mice in which the Rosa26 locus contains a loxP site-
flanked STOP cassette followed by YFP. The GFP-CreERT2 fusion
protein is normally sequestered in the cytosol, but administration
of tamoxifen allows nuclear localization and constitutive, herita-
ble labeling of a cohort of Treg cells with YFP. The differences
observed between these studies were attributed to the caveats with
the BAC transgenic system, in which cells that transiently expressed
Foxp3, prior to stabilization, would be labeled (Miyao et al., 2012).
The latest labeling system revealed that mouse T cells can upregu-
late Foxp3 during activation (Miyao et al., 2012), as observed with
human T cells (Pillai et al., 2007), and that this promiscuous Foxp3
expression accounts for the documented instability of the Treg cell
lineage. Taken together, these results demonstrate that nTreg cells
express Foxp3 in a stable, heritable fashion.

Analysis of the Foxp3 locus revealed three intronic elements
within the proximal CNS that influence the composition, stabil-
ity, and size of the Treg cell compartment (Zheng et al., 2010).
To determine the function of the CNS elements in vivo, individ-
ual deletions of each CNS element were created. These analyses
revealed CNS1, which contains binding sites for NFAT, RAR/RXR,
and Smad3, to be particularly important for the development of
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iTreg cells. In CNS1 knockout mice the efficiency of in vivo and
in vitro generation of iTreg cells was reduced. CNS2 was shown
to be important in the heritable maintenance of Foxp3. The CpG
motifs in CNS2, also known as the Treg cell-specific demethy-
lated region (TSDR), are demethylated in nTreg cells, but not in

iTreg cells produced in vitro (Floess et al., 2007; Polansky et al.,
2008) (Table 2). Interestingly, in vitro-derived iTreg cells that were
stably maintained in vivo for ∼3 months could achieve at least
partial demethylation of the TSDR (Schmitt et al., 2012). Treat-
ment with inhibitors of DNA methyltransferases (Polansky et al.,

Table 2 | Summary of CNS2 methylation status in CD4+ T cell populations.

Reference Cell type Method % methylation

Floess et al. (2007) nTreg CD4+CD8−CD25+ Treg cells isolated from the thymus +++

nTreg CD25+ Treg cells isolated from secondary lymphoid organs of male mice +

iTreg Mouse TGF-β1 induced iTreg cells after 6 days in culture +++

Tconv CD25−CD4+ Tconv cells isolated from secondary lymphoid organs of male mice ++++

Baron et al. (2007) nTreg Human FOXP3+CD25highCD4+ Treg cells isolated from the peripheral blood of male

donors

+

Tconv Human naive CD45RA+CD25−CD4+ T cells isolated from the peripheral blood of

male donors

++++

Polansky et al. (2008) iTreg iTreg cells generated in vivo by anti-DEC-205-mediated targeting of an agonist to

dendritic cells, isolated 3 weeks later and expanded in vitro for 5 days

++

Lal et al. (2009) iTreg iTreg cells generated in the presence of TGF-β1 and the DNA methyltransferase

inhibitor 5-aza-2′-deoxycytidine

+

Zheng et al. (2010) nTreg GFP+ Foxp3-null T cells (TFN) expressing a Foxp3 reporter “null” allele (Foxp3gfpko) +

iTreg TGF-β1 induced iTreg cells after 3 days in culture ++++

Haribhai et al. (2011) nTreg nTreg cells transferred into a Foxp3-deficient host at birth and maintained in vivo

50 days

+

iTreg Generated in vivo from Tconv cells that were transferred into Foxp3-deficient mice at

birth and maintained in vivo 50 days

++++

Chen et al. (2011) iTreg Transfer of OT-II iTreg cells followed by immunization with OVA/IFA and treatment

with IL-2/anti-IL-2 complexes, isolated after 5 days

+

Sela et al. (2011) iTreg Generated by a MLR in the presence of TGF-β1 and RA, cultured 5 days +++

iTreg Generated by a MLR in the presence of TGF-β1 and RA, cultured 5 days and

restimulated with allogeneic dendritic cells for 3 days

++

iTreg Generated in vitro by a 5-day MLR in the presence of TGF-β1 and RA, cotransferred

with GVHD-inducing cells, and isolated 1.5 months post transfer

+

Ohkura et al. (2012) nTreg Isolated from the thymus +++

nTreg Isolated from the spleen +

iTreg Generated in vitro by TCR stimulation with TGF-β1±RA, 5 days culture ++++

iTreg Transfer of Tconv into RagKO recipients, analysis of in vivo-derived iTreg cells

7 weeks post transfer

+

Miyao et al. (2012) Tconv In vitro TCR stimulation of naïve T cells in the presence of IL-2, leading to transient

activation induced Foxp3 expression

++++

Schmitt et al. (2012) nTreg nTreg cells used to treat lymphopenia induced colitis, maintained in vivo ∼100 days +

iTreg Generated in vitro with TGF-β1, maintained in vivo (as above) for ∼100 days +++

Toker et al. (2013) nTreg Thymic CD4+CD8−Foxp3+CD24hi
++++

nTreg Thymic CD4+CD8−Foxp3+CD24int
+++

nTreg Thymic CD4+CD8−Foxp3+CD24lo
++

This table documents the percent methylation of CNS2, also known as the Treg cell-specific demethylated region (TSDR), of nTreg, iTreg, and Tconv cells in several

different model systems and organs. Percent methylation is depicted as follows:+, 0–25% methylated;++, 25–50% methylated;+++, 50–75% methylated;++++,

75–100% methylated. GVHD, graft versus host disease; IFA, incomplete Freud’s adjuvant; MLR, mixed leukocyte reaction; OVA, ovalbumin; RA, retinoic acid.
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2008; Lal et al., 2009) and histone deacetylases (Tao et al., 2007)
can enhance the stability of Foxp3 expression. In a similar fash-
ion, progesterone (Lee et al., 2012), rapamycin (Battaglia et al.,
2005), and retinoic acid (Mucida et al., 2009) promote iTreg cell
stability and/or generation, and could be incorporated into in vitro
induction protocols to create stable iTreg cells for immunotherapy.
After demethylation, a Foxp3-Runx-1-CBFb complex is recruited
to CNS2 and may represent an important lineage specification
event (Zheng et al., 2010). Since demethylation is required for the
complex to bind, and iTreg cells generally fail to fully demethy-
late the TSDR, a lack of binding of this complex may account for
their reduced stability. CNS2 is demethylated in GFP+ Foxp3-null
T cells (TFN) expressing a Foxp3 reporter “null” allele (Foxp3gfpko),
suggesting that Foxp3 binding is not required for demethylation
of the TSDR (Zheng et al., 2010). Rather, it appears that TCR
stimulation is essential to establish the Treg cell-specific CpG
hypomethylation patterns (Ohkura et al., 2012). The last CNS
element observed, CNS3, is important for Foxp3 induction in the
thymus and periphery. Formation of a c-Rel containing enhanceo-
some, in cooperation with NFAT, CREB, p65, and Smad3, may
potentiate Foxp3 induction (Rudensky, 2011). In addition to the
demethylation pattern observed in CNS2 of Foxp3, three other
“Treg cell-representative regions” were identified and included
regions of Tnfrsf18, Ctla4, and Ikzf4 that display distinct demethy-
lation patterns in nTreg, Tconv, and iTreg cells and are essential
to establish lineage stability (Ohkura et al., 2012). In addition to
its roles in iTreg cell generation and proliferation, IL-2 signal-
ing is important for iTreg cell stability in vivo (Chen et al., 2011).
Also, expression of the suppressor of cytokine signaling-2 (SOCS2)

protein plays a role in preventing IL-4-dependent iTreg instability
(Knosp et al., 2013). In summary, a complex, regulated series of
interactions with Foxp3 are required for the establishment of Treg
cell stability.

CONCLUSION
In conclusion, recent work has established the importance of iTreg
cells to the maintenance of immunological tolerance. As a pop-
ulation, iTreg cells share many characteristics with nTreg cells,
but the observed differences in their respective TCR repertoires
may lead to differential function and location, creating a need for
both subsets. Future studies will look to establish additional sur-
face markers to distinguish the subsets so that conclusive studies
regarding the function and stability of the iTreg cell population
can be conducted. An enhanced understanding of the origin and
function of iTreg cells will promote future studies examining the
translational potential of these cells.
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Dendritic cells (DCs) are specialized antigen-presenting cells that regulate both immunity
and tolerance. DCs in the periphery play a key role in expanding naturally occurring Foxp3+

CD25+ CD4+ regulatory T cells (Natural T-regs) and inducing Foxp3 expression (Induced
T-regs) in Foxp3− CD4+ T cells. DCs are phenotypically and functionally heterogeneous,
and further classified into several subsets depending on distinct marker expression and
their location. Recent findings indicate the presence of specialized DC subsets that act to
expand Natural T-regs or induce Foxp3+ T-regs from Foxp3− CD4+ T cells. For example,
two major subsets of DCs in lymphoid organs act differentially in inducing Foxp3+ T-regs
from Foxp3− cells or expanding NaturalT-regs with model-antigen delivery by anti-DC sub-
set monoclonal antibodies in vivo. Furthermore, DCs expressing CD103 in the intestine
induce Foxp3+ T-regs from Foxp3− CD4+ T cells with endogenous TGF-β and retinoic acid.
In addition, antigen-presenting DCs have a capacity to generate Foxp3+ T-regs in the oral
cavity where many antigens and commensals exist, similar to intestine and skin. In skin
and skin-draining lymph nodes, at least six DC subsets have been identified, suggesting a
complex DC-T-reg network. Here, we will review the specific activity of DCs in expanding
NaturalT-regs and inducing Foxp3+ T-regs from Foxp3− precursors, and further discuss the
critical function of DCs in maintaining tolerance at various locations including skin and oral
cavity.

Keywords: dendritic cells, subset, Foxp3, antigen, tolerance

INTRODUCTION
Ralph Steinman and Zanvil Cohn discovered dendritic cells (DCs)
in 1973. DCs have been shown to play a key role in the immune
system to link innate and adaptive immunity (Steinman, 2012),
a finding that won the Nobel Prize in 2011. DCs not only acti-
vate the immune system, but also participate in maintaining
immunological-self tolerance (Steinman et al., 2003). DCs in the
periphery actively induce tolerance when self-antigens are pre-
sented in the steady state (Hawiger et al., 2001; Bonifaz et al.,
2002). In addition, DCs are critical antigen-presenting cells to
regulate Foxp3+CD25+CD4+ regulatory T cells (T-regs) in the
periphery (Yamazaki et al., 2006a; Yamazaki and Steinman, 2009).

T-regs are currently divided into thymic-derived Natural T-regs
and peripheral Induced T-regs (Abbas et al., 2013). Recent find-
ings have shown that Natural T-regs and Induced T-regs may be
functionally and epigenetically different (Josefowicz et al., 2012;
Ohkura et al., 2012; Samstein et al., 2012). The recent proposal of
the nomenclature for T-regs recommends that “tT-reg (thymus-
derived T-reg)”and“pT-reg (peripheral induced T-reg)”should be
used instead of Natural T-regs and Induced T-regs (Abbas et al.,
2013). The title of the Research Topics of Frontier Immunology is
“Natural T-reg vs. Induced T-reg,” therefore, we use the term “Nat-
ural T-reg” and “Induced T-reg” in this review. The two types of
T-regs appear indistinguishable on the surface, but the expression
of Neuropilin can distinguish Natural T-regs and Induced T-regs
in mice but not in humans (Milpied et al., 2009; Weiss et al., 2012;

Yadav et al., 2012). Helios may be another marker for thymic-
derived T-regs (Thornton et al., 2010), but can be expressed
on Induced T-regs in some conditions (Akimova et al., 2011;
Gottschalk et al., 2012). In most literature, Natural T-regs may
be the mixture of thymic-derived T-regs and peripheral induced
T-reg because the T-regs were purified from spleen and lymph
nodes, and Helios and Neuropilin were not investigated. If CD4+

transgenic mice with RAG−/− background such as OT II RAG−/−

mice are used in the literature, the T-regs should be peripheral
induced T-regs because those mice lack Foxp3+ T-regs (Itoh et al.,
1999).

In the current review, we have focused on the roles of DCs in
expanding antigen-specific Natural T-regs and inducing antigen-
specific Foxp3+ T-regs (Induced T-regs) from Foxp3− CD4+

T cells. Recent studies indicate that DCs in different location
have distinct subsets for expanding Natural T-regs and generating
Induced T-regs.

THYMIC-DERIVED NATURAL T-REGS ARE ANERGIC, BUT CAN
BE EXPANDED BY ANTIGEN-PRESENTING DCs
Sakaguchi et al. (1995) investigated autoimmune diseases induced
by neonatal thymectomy, and discovered that a subpopulation
of peripheral CD4+ T cells that express IL-2 receptor-α (CD25)
derived from the thymus play a regulatory role in maintaining
immunological-self tolerance (Asano et al., 1996). Their striking
finding was that CD25+CD4+ regulatory T cells exist in normal

www.frontiersin.org June 2013 | Volume 4 | Article 151 | 75

http://www.frontiersin.org/Immunology
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/about
http://www.frontiersin.org/Immunological_Tolerance/10.3389/fimmu.2013.00151/abstract
http://www.frontiersin.org/Immunological_Tolerance/10.3389/fimmu.2013.00151/abstract
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=SayuriYamazaki&UID=76362
http://www.frontiersin.org
http://www.frontiersin.org/Immunological_Tolerance/archive
mailto:yamazas@med.nagoya-cu.ac.jp
mailto:yamazas@med.nagoya-cu.ac.jp


Yamazaki and Morita Dendritic cells control T-regs

naïve CD4+ T cell population in the periphery with no immuniza-
tion in mice. Subsequently, the groups of Shevach and Sakaguchi
simultaneously reported one of the most prominent characteris-
tics of CD25+CD4+ T-regs, specifically,“ CD25+CD4+ T-regs are
anergic and suppressive upon T cell-receptor (TCR) stimulation
with splenic antigen-presenting cells in vitro” (Takahashi et al.,
1998; Thornton and Shevach, 1998). Thymic CD25+CD4+CD8−

T cells were additionally shown to be anergic and suppressive
(Itoh et al., 1999). Therefore, at that time, thymic-derived Natural
T-regs were considered non-proliferative and tough to expand,
which posed a major limitation, as considerable numbers of
CD25+CD4+ T-regs are required to develop new treatments for
autoimmunity.

Subsequently, we and others showed that CD25+CD4+ Nat-
ural T-regs can be expanded, even without exogenous IL-2, when
DCs are used as antigen-presenting cells (Yamazaki et al., 2003;
Fehervari and Sakaguchi, 2004). According to the recent pro-
posal of the nomenclature for T-regs (Abbas et al., 2013), these
CD25+CD4+ T-regs that we used in our experiments may be
mixture of thymic-derived T-regs and peripheral induced T-
reg. Both CD25+CD4+ T-regs in the periphery and thymic
CD25+CD4+CD8− T cells produced a small amount of IL-2 fol-
lowing stimulation with antigen-presenting DCs (Yamazaki et al.,
2003; Fehervari and Sakaguchi, 2004). Moreover, expansion of
CD25+CD4+ T-regs was partially dependent on the expression
of CD86 and CD80 on DCs and IL-2 (Yamazaki et al., 2003).
IL-2 is important for T-reg function and survival (Malek et al.,
2002; Bayer et al., 2005; Setoguchi et al., 2005). Importantly, fur-
ther investigations showed that the expanded Natural T-regs by
antigen-presenting DCs suppress type-1 diabetes in NOD mice
(Tarbell et al., 2004) and graft-versus-host diseases (GVHD) in an
antigen-specific manner (Yamazaki et al., 2006b).

POSSIBLE ROLE OF MONOCYTE-DERIVED DCs IN
EXPANDING NATURAL T-REGS DURING INFLAMMATION
Examination of several types of antigen-presenting cells, including
resident classical DCs, for Natural T-reg expansion ability, revealed
that lipopolysaccharide (LPS)-stimulated mature bone-marrow-
derived DCs (BM-DCs) and lymph node DCs from complete
Freund’s adjuvant (CFA)-treated mice exhibit the highest Natural
T-reg expansion activity (Yamazaki et al., 2003).

Recent studies demonstrated that DC-SIGN/CD209a+

monocyte-derived DCs are recruited upon LPS injection, and
accumulated in the T cell area of skin-draining lymph nodes
(Cheong et al., 2010). DC-SIGN/CD209a+ monocyte-derived
DCs were as functionally active as resident classical DCs when
tested for capture of antigen and presentation ability to MHC
class I and class II to stimulate effector T cells. Specifically, DC-
SIGN/CD209a+ cells were recruited from blood monocytes in a
toll-like receptor (TLR)-4-, CD14-, and TRIF-dependent manner
(Cheong et al., 2010). CFA contains mycobacterium tuberculosis,
which can stimulate TLR-4 (Kleinnijenhuis et al., 2011).

We propose that DC-SIGN/CD209a+ monocyte-derived DCs
expand not only effector T cells, but also Natural T-regs for
the regulation of inflammation (Figure 1). This would indicate
that inflammation induced by microbe signals induces DC mat-
uration and activates effector cells, but simultaneously induces

Natural T-reg expansion to control the inflammatory process
(Figure 1). While inflammation is induced by several stimuli, it
remains to be established whether other stimuli except TLR-4 can
generate DC-SIGN/CD209a+monocyte-derived DCs in vivo. Fur-
ther studies are necessary to investigate the signals that recruit
DC-SIGN/CD209a+ monocyte-derived DCs.

The finding that Natural T-regs can be expanded by mature
DCs during inflammation is intriguing. The next issue to resolve
is whether Induced T-regs are also generated during inflammation
that have a role in controlling the inflammatory process. As we dis-
cussed below, Induced T-regs are generated via signaling through
TGF-β LPS-matured BM-DCs are active in inducing Foxp3+ T-
regs from Foxp3− CD4+ T cells in the presence of active TGF-β
(Yamazaki et al., 2007). TGF-β is produced as an inactive latent
complex from many cells, and activation is localized to sites where
TGF-β is released from latency (Li and Flavell, 2008; Yang et al.,
2012). TGF-β has been shown to be activated by αvβ8 integrin on
the DC surface (Travis et al., 2007). Therefore, it is possible that
Induced T-regs are generated by mature DCs that participate in
controlling the inflammation as well as Natural T-regs, as long as
TGF-β is provided from other cells (Figure 1).

DCs ARE PROFESSIONAL ANTIGEN-PRESENTING CELLS
THAT INDUCE FOXP3 EXPRESSION FROM FOXP3− CD4+ T
CELLS IN THE PRESENCE OF TGF-β
Foxp3 is an established critical transcription factor for T-reg devel-
opment and function (Fontenot et al., 2003; Hori et al., 2003;
Khattri et al., 2003). In addition to thymic-derived Natural Foxp3+

T-regs, Foxp3+ T-regs are induced from Foxp3− CD4+ T cells
in the periphery, designated “Induced T-regs,” “Adaptive T-regs,”
or pT-regs (Abbas et al., 2013). The finding that Foxp3+ T-regs
are induced from Foxp3−CD25−CD4+ T cells with TGF-β in the
periphery was initially reported by Chen et al. (2003).

To investigate whether DCs play a role in the induction of
Foxp3+ T-regs from Foxp3− CD4+ T precursors, using OVA
CD4+ T-cell-receptor transgenic mice with RAG−/− background,
we compared the Foxp3 induction activities of spleen CD11c+DCs
with DC-depleted splenocytes (Yamazaki et al., 2007). Notably,
lower numbers of DCs were able to induce more Foxp3+ T-regs
with smaller doses of peptide antigens in the presence of TGF-β
(Yamazaki et al., 2007). The T-regs induced by antigen-presenting
DCs were suppressive in vitro and in vivo (Yamazaki et al., 2007).
DCs were also able to induce Foxp3+ T-reg from wild-type poly-
clonal Foxp3−CD4+ T precursors via allogeneic mixed leukocyte
reactions. Allogeneic DCs expand functional Induced Foxp3+

T-regs in the presence of with TGF-β in vitro (unpublished data).
The collective findings indicate that DCs require only a small

amount of antigen to induce Foxp3+ T-regs if TGF-β is provided
from the environment, supporting the theory that DCs are the pro-
fessional antigen-presenting cells to induce Foxp3+ T-regs from
Foxp3− precursors in the periphery.

THE FOXP3+ T-REG NUMBER IS REGULATED BY DCs IN VIVO
In keeping with the above findings that DCs expand Natural T-
regs and induce T-regs from Foxp3− T cells, the numbers of DCs,
and Foxp3+ T-regs in vivo correlate with each other. GM-CSF,
a key cytokine in DC generation (Caux et al., 1992; Inaba et al.,
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FIGURE 1 | Monocyte-derived DCs expand Foxp3+ T-regs to control
inflammation. DC-SIGN/CD209a+ monocyte-derived DCs are recruited to
the site of inflammation by TLR-4 ligands such as LPS or CFA. The mature
monocyte-derived DCs present antigens to not only effector T cells but also
Natural T-regs. LPS-matured DCs can expand functional Natural T-regs

(Yamazaki et al., 2003). If TGF-β is provided from other cells, mature DCs in
the inflammatory site can stimulate the generation of Induced T-regs from
Foxp3− CD4+ T cells in the presence of antigen (Yamazaki et al., 2007).
Expanded Natural T-regs and Induced T-regs may play a role in controlling
inflammation.

1992; van de Laar et al., 2012), was shown to promote Natural
T-reg expansion via DC generation and prevent type 1 diabetes in
NOD mice (Gaudreau et al., 2007). Similarly, repetitive injection
of Fms-like tyrosine kinase 3 ligand (FLT3L), another important
cytokine for DC development (Maraskovsky et al., 1996; Waskow
et al., 2008), induced expansion of Natural T-regs (Swee et al.,
2009). Moreover, in vivo ablation of Foxp3+ T-regs in Foxp3-
diphtheria toxin (DT) receptor (Foxp3-DTR) mice led to increased
DC number in vivo (Kim et al., 2007). Division of DC precursors
is controlled by Foxp3+ T-regs (Liu et al., 2009), and the num-
bers of DCs are directly correlated with the Foxp3+ T-reg number
in vivo (Darrasse-Jeze et al., 2009). Notably, Foxp3+ T-reg number
was reduced in CD11c-DT receptor (CD11c-DTR) bone marrow
chimera mice after depletion of CD11c+DCs (Darrasse-Jeze et al.,
2009). Therefore, Foxp3+ T-regs and DCs appear to regulate each
other in vivo.

However, constitutive DC-depleted mice contain normal level
of Foxp3+ T-regs in the thymus and periphery (Birnberg et al.,
2008; Ohnmacht et al., 2009). Birnberg et al. (2008) crossed
CD11c-Cre BAC transgenic mice with those harboring a condi-
tional diphtheria toxin A (DTA) transgene in the constitutively

active Rosa26 locus (CD11c-DTA mice). CD11c-DTA mice con-
stitutively lacked classical DCs, but contained spared amount of
plasmacytoid DCs (pDCs) and epidermal Langerhans’ cells (LCs).
These mice developed myeloproliferative diseases, but contained
normal Foxp3+ T-reg numbers in thymus and spleen (Birnberg
et al., 2008). Foxp3+ T-regs from CD11c-DTA mice constitutively
lacking classical DCs exerted suppressive effects in vitro (Birn-
berg et al., 2008). Subsequently, Ohnmacht et al. (2009) developed
similar CD11c-DTA mice with constitutive loss of all classical
DCs, pDCs, and LCs. In their mice, both intrathymic Natural
T-reg development and peripheral Foxp3+ T-reg induction were
normal, but Th1 and Th17 cells were spontaneously increased
(Ohnmacht et al., 2009).

Thus, there is a discrepancy in the number of Foxp3+ T-
regs between CD11c-DT receptor (CD11c-DTR) bone marrow
chimera mice (Darrasse-Jeze et al., 2009) and constitutive DC-
depleted mice (Birnberg et al., 2008; Ohnmacht et al., 2009), in
which may be attributed to the differences between acute and
chronic DC depletion. In the case of acute DC depletion with DT,
DC activity in maintaining Foxp3+ T-regs may be easy to detect.
In contrast, upon constitutive deletion of DCs, antigen-presenting
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cells other than DC may be able to compensate and rescue the
development and homeostasis of Foxp3+ T-regs in the periphery.
Alternatively, in the case of Birngerb’s mice, it is possible that pDCs
and LCs are sufficiently active in maintaining the Foxp3+ T-regs
in the periphery.

Taken together, the results indicate that DCs regulate the num-
bers of Foxp3+ T-regs in vivo. It is possible that DCs regulate
the numbers of Foxp3+ T-regs in vivo may be dependent on IL-
2, which is an important cytokine both for Natural T-regs and
Induced T-regs (Malek et al., 2002; Bayer et al., 2005; Setoguchi
et al., 2005; Davidson et al., 2007). DCs has been shown to pro-
duce IL-2 upon LPS stimulation (Granucci et al., 2001). Treatment
of anti-IL-2 antibody reduces the numbers of T-regs in vivo and
main source of IL-2 was T cells (Setoguchi et al., 2005). How-
ever, we cannot deny the possibility that IL-2 from DCs have a
role in regulating the numbers of Foxp3+ T-regs especially in the
inflammatory condition.

The types of T-reg (Natural or Induced) regulated by DCs
in vivo were the next focus of discussion. In FLT3-treated mice,
adoptively transferred Foxp3+ T cells were expanded, but not con-
verted into Foxp3+ T-regs (Darrasse-Jeze et al., 2009; Swee et al.,
2009). Thymectomy prior to FLT-3 treatment did not affect the
observed increase of Foxp3+ T-regs. Accordingly, it is suggested
that the thymic output of Foxp3+ T-reg does not contribute to
the increase of T-reg by FLT-3 (Swee et al., 2009). GM-CSF treat-
ment induced expansion of Natural T-regs, but no conversion of
Foxp3− T cells into Foxp3+ T-regs in vitro (Zou et al., 2010). It
appears that DCs expanded by FLT-3 or GM-CSF in vivo regulate
Natural, rather than Induced T-regs.

In experiments where polyclonal Foxp3−CD4+ T cells were
used for the adoptive transfer in these reports, no cognate antigen
was employed (Darrasse-Jeze et al., 2009; Swee et al., 2009; Zou
et al., 2010). TCR repertoires from Natural T-regs are reported
to be more skewed to self antigens (Jordan et al., 2001; Hsieh
et al., 2004, 2006; Sakaguchi et al., 2008). Therefore, it is pos-
sible that TCR stimulation was insufficient to induce Foxp3 in
adoptive transferred Foxp3− CD4+ T cells from wild-type poly-
clonal mice in these reports. Peripheral induction of Foxp3 appears
to favor suboptimal TCR stimulation (Kretschmer et al., 2005;
Gottschalk et al., 2010), however, TCR stimulation is required for
induction of Foxp3 (Ohkura et al., 2012). Therefore, we cannot
discount the possibility that the Induced Foxp3+ T-regs are reg-
ulated by DCs in vivo. For example, en earlier study by Huang
et al. (2010) showed that in vivo injection of IL-10-treated BM-
DCs promoted the conversion of Foxp3−CD25−CD4+ T cells into
Foxp3+CD25+CD4+ T-regs and prevents asthma attack. In this
case, IL-10-treated BM-DCs may regulate Induced Foxp3+ T-regs.

SPECIALIZED DC SUBSETS MAY EXPAND NATURAL T-REGS
AND INDUCED T-REGS
The next issue addressed is identifying the DC subsets that regulate
Foxp3+ T-regs in vivo. DCs constitute several subsets with dis-
tinct functions (Heath and Carbone, 2009; Hashimoto et al., 2011;
Belz and Nutt, 2012; Steinman, 2012). Murine classical spleen
DCs are divided into two major subsets, i.e., CD8+DEC205+

and CD8−DCIR2+ (Dudziak et al., 2007). Accumulating evi-
dence indicates that antigen delivery to CD8+DEC205 DCs by
anti-DEC205 monoclonal antibody induces Foxp3+ T-regs from
Foxp3− T cells in vivo (Mahnke et al., 2003; Kretschmer et al., 2005;
Yamazaki et al., 2008). Moreover, Natural T-regs are expanded by
CD8− DCIR2+ DCs via model-antigen delivery by anti-DCIR2
monoclonal antibody in vivo (Yamazaki et al., 2008).

TGF-β plays an important role in the mechanisms of induction
of Foxp3+ T-regs from Foxp3−T precursors via in vivo antigen
targeting to DCs (Kretschmer et al., 2005). When the protein
level of TGF-β production was compared, DEC205+CD8+DCs
produced more TGF-β than CD8−DCIR2+ DCs in the steady
state (Yamazaki et al., 2008). DEC205+CD8+DCs induced Foxp3+

T-regs from Foxp3−CD4+ T cells without exogenous TGF-
β. The induction of Foxp3+ T-regs by DEC205+CD8+DCs
was blocked by anti-TGF-β neutralizing antibody. Importantly,
DEC205+CD8+DCs matured with poly:IC, a TLR-3 ligand, pro-
duced less TGF-β than immature DEC205+CD8+DCs DCs from
steady state (Yamazaki et al., 2008). CD8−DCIR2+ DCs were more
potent inducers of Foxp3+ T-regs after addition of TGF-β into
the culture, indicating that CD8−DCIR2+ DCs can use TGF-β
provided from other cells (Yamazaki et al., 2008) (Table 1).

Recent studies in DEC205 conditional knockout mice (DEC205
Dt/DT) (Fukaya et al., 2012) support the findings that
DEC205+CD8+DCs induce Foxp3+ T-regs from Foxp3− cells and
CD8− DCIR2+ DCs expand existing Natural T-regs (Yamazaki
et al., 2008). Fukaya et al. (2012) used bone marrow chimeric
mice reconstituted with bone marrow from DEC205 Dt/DT mice,
lacking DEC205+CD8+DCs via DT injection. DEC205+DCs were
depleted for about 7 days after DT injection,with a complementary
increase in CD8− DCs. In DEC205+DC-depleted mice, peripheral
Foxp3+ T-reg numbers were increased, suggesting that existing
Natural T-regs in the periphery are expanded by complemen-
tally increased CD8− DCs. Upon transfer of Foxp3− CD4+ OVA
transgenic OT II T cells into the chimeric DEC205+DC-depleted
mice, antigen-specific induction of Foxp3+ T-regs from Foxp3−

CD4+ T cells was impaired (Fukaya et al., 2012). Therefore,
DEC205+CD8+ DCs appear critical for the induction of Foxp3+

T-regs from Foxp3− CD4+ T cells in the periphery. Notably,
epidermal host-derived LCs remained in chimeric DEC205+

Table 1 | Foxp3+ T-regs and classical spleen DCs in the steady state.

CD8+DEC205+ DCs CD8−DCIR2+ DCs Reference

In vivo OVA targeting Induce T-regs Expand natural T-regs Yamazaki et al. (2008)

TGF-β production High in steady state Low Yamazaki et al. (2008)

Other known feature Cross presentation, excel in MHC I

presentation

Excel in MHC II presentation Dudziak et al. (2007), Kamphorst

et al. (2010)
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DC-depleted mice, since LCs are radioresistant. Based on these
results, DEC205+DCs other than LCs (mainly CD8+DEC205+

DCs), have greater regulatory effects on the Foxp3+ T-reg numbers
in the periphery (Fukaya et al., 2012).

IN VIVO ANTIGEN-TARGETING DELIVERY INDUCES
FUNCTIONAL FOXP3+ T-REGS IN TRANSGENIC TCR
Regarding the suppressive function of Foxp3+ T-regs induced by
antigen targeting to DCs in vivo, accumulating evidence has shown
that antigen delivery to the DC subset suppresses experimental
autoimmune encephalomyelitis (EAE) (Hawiger et al., 2004; Stern
et al., 2010; Loschko et al., 2011; Idoyaga et al., 2013). Antigen deliv-
ery to not only DEC205+CD8+ DCs but also Langerin+DCs and
pDCs led to induction of Foxp3+ T regs and suppression of EAE
(Loschko et al., 2011; Idoyaga et al., 2013). Some DEC205+CD8+

DCs express Langerin, and therefore, the targeting antigen to
Langerin+ DCs may represent targeting to DEC205+CD8+ DCs.
While induction of T-regs from Foxp3− cells is reported as the
main mechanism to suppress the autoimmunity via DC antigen
delivery in these reports, it should be noted that in an in vivo pro-
tection assay of EAE, mice require injection with adjuvant CFA,
which could expand Natural T-regs, as described above.

Another notable point is that these in vivo antigen delivery
studies were mainly performed using transgenic mice, and there-
fore, the results may be artificial or specific to the experimental
mice employed. In future immune therapy for autoimmunity,
transplantation tolerance, and allergy, antigen targeting to DCs
in vivo should be undertaken using polyclonal T cell repertoires.
In this regard, it is very intriguing that continuous infusion of
HY male peptide induced antigen-specific Foxp3+ T-regs in the
wild-type naïve repertoire to suppress the male-graft rejection
response (Verginis et al., 2008). Although subcutaneous infusion
of peptide antigen by osmotic pumps was performed (Verginis
et al., 2008) and not targeting antigen to DCs, it is possible that
DEC205+CD8+DCs pick up the infused peptide and present anti-
gen to T cells. Moreover, it is important to ascertain whether
antigen targeting to DCs with the polyclonal T cell repertoire
in humans induces Foxp3+ T-regs. Targeting antigen to DCs via
ASGPR in human induced IL-10 producing T-regs (Li et al., 2012).
Further research on antigen delivery to DCs in vivo with a naïve
repertoire in mice and humans is required.

CD103+DCs ARE SPECIALIZED DCs THAT INDUCE FOXP3+
T-REGS IN THE INTESTINE
It is well established that specialized DC subsets induce Foxp3+ T-
regs in the intestine. The groups of Belkaid and Powrie found that
gut DCs expressing CD103, the αEβ7 integrin, induce Foxp3+ T-
regs using endogenous retinoic acid (RA) and TGF-β (Coombes
et al., 2007; Sun et al., 2007). RA is known to imprint T cells
expressing CD103 with gut-homing instructions (Iwata et al.,
2004). Furthermore, RA, a vitamin A metabolite, controls the
Th17 and Foxp3+ T-reg balance (Mucida et al., 2007). Impor-
tantly, CD103+DCs has retinoic acid dehydrogenase (RALDH)
that activates RA (Coombes et al., 2007; Sun et al., 2007). RA sup-
presses the production of inflammatory cytokines and acts as a
co-factor for TGF-β to induce Foxp3+ T-regs (Hill et al., 2008).

Interestingly, CD103+DCs are migratory DCs that carry anti-
gens from the intestine to lymph nodes (Jaensson et al., 2008).
Therefore, intestine-derived CD103+DCs present feeding antigens
to induce Foxp3+ T-regs and play a key role in maintaining oral
tolerance. The group of Honda showed that Foxp3+ T-regs in
colon are possibly induced by commensal bacteria, Clostridium
(Atarashi et al., 2011). Germ-free mice and antibiotics-treated
mice had decreased numbers of Foxp3+ T-regs in colon, but
increased or unchanged numbers of T-regs in small intestine.
Clostridium-colonized gnotobiotic mice exhibited a robust accu-
mulation of Foxp3+ T-regs in colon, but not in small intestine.
Colonic epithelial cells stimulated with Clostridum produced TGF-
β (Atarashi et al., 2011). Therefore, Foxp3+ T-regs are induced by
Clostridium directly in the colon, but not in the small intestine. It
is possible that Foxp3+ T-reg induction in the small intestine and
colon may be regulated via different mechanisms.

THE ROLE OF VITAMIN D IN INDUCTION OF FOXP3+ T-REGS
BY DC SUBSETS
Another intriguing question to solve was whether vitamin D3

generated skin facilitates Foxp3+ T-reg induction, in view of the
finding that RA, the active metabolite of vitamin A, play a role
in inducing Foxp3+ T-regs in the intestine. Vitamin D3 (chole-
calciferol) is generated in the skin in response to sun exposure,
and converted to active 1,25 (OH)2D3 through an enzymatic cas-
cade in the liver and kidney. Vitamin D controls not only calcium
homeostasis but also the immune functions (Sigmundsdottir and
Butcher, 2008; Baeke et al., 2010; Maruotti and Cantatore, 2010).

Active 1,25 (OH)2D3 production is controlled by 25-
hydroxyvitamin D3-1α-hydroxylase (25(OH)D3-1α-hydroxylase),
the mitochondrial cytochrome P450 enzyme that catalyzes the
conversion of 25(OH)D3. Synthesis of 1,25 (OH)2D3 normally
occurs in the kidney. However, it is reported that DCs partici-
pate in local production of active 1,25 (OH)2D3 in an autocrine
or paracrine manner (Fritsche et al., 2003). In experiments using
human monocyte-derived DCs, they found that LPS-matured DCs
actively produced 1,25 (OH)2D3.

Sigmundsdottir et al. (2007) reported that the sun-light
induced precursor, vitamin D3, is metabolized by DCs and pre-
sented as 1,25 (OH)2D3 to responding T cells. The vitamin,
1,25 (OH)2D3, induced T-cell expression of CCR10 and T-
cell migration to the chemokine, CCL27. Human DCs express
both 25- and 1-hydroxylase activities (CYP27A1 and CYP27B1).
The group demonstrated that monocyte-derived DCs and skin-
draining lymph node DCs have the capacity to activate vita-
min D3. However, the type of DC subset activating vitamin D3

remains unknown and should be an exciting focus of future
research. Mouse T cells upregulate CCR10 and move by chemo-
taxis to CCL27 less efficiently than human T cells after treatment
with 1,25 (OH)2D3 (Sigmundsdottir et al., 2007; Sigmundsdot-
tir and Butcher, 2008). Therefore, identification of the vitamin
D-metabolizing DC subset that plays a role in inducing Foxp3+

T-regs or expanding Natural T-regs using mice may be difficult.
Although the DC subsets metabolizing vitamin D3 have not

been determined, vitamin D clearly play a role in Foxp3+ T-regs
(Ghoreishi et al., 2009; Jeffery et al., 2009; Urry et al., 2012). For
example, Jeffery et al. (2009) reported that human CD25− CD4+
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T cells are converted into CTLA-4+Foxp3+ T-regs in the presence
of mature DCs plus inactive 25(OH)D3. Based on this finding, it
is proposed that mature DCs produce active 1,25 (OH)2D3 and
induce Foxp3+ T-regs from Foxp3− cells. Urry et al. (2012) showed
that human and murine Natural T-regs maintain Foxp3 expres-
sion and are expanded in the presence of active 1,25 (OH)2D3,
even with the absence of DCs in the culture. Therefore, it is pos-
sible that vitamin D play a role in the stimulation of both Natural
T-regs and Induced T-regs.

SKIN DC SUBSETS AND FOXP3+ T-REGS
Dendritic cell subsets are more complex in skin and skin-draining
LNs (Figure 2). Skin-resident DCs include epidermal Langer-
hans cells (LCs) and dermal DCs. Langerin (CD207) is a C-type
lectin mainly expressed on mainly LCs. It was originally assumed
that Langerin+ dermal DCs constitute transit LCs from the epi-
dermis to skin-draining lymph nodes, until a distinct popula-
tion was identified (Bursch et al., 2007; Ginhoux et al., 2007;
Poulin et al., 2007; Nagao et al., 2012). LCs are radioresistant
and renew via in situ proliferation in the steady state (Merad
et al., 2002; Poulin et al., 2007). Some precursors of LCs are
recruited from monocytes to hair follicles after stress (Nagao et al.,
2012). In contrast, Langerin+ and Langerin− dermal DCs are
constantly maintained by blood-borne radiosensitive bone mar-
row precursors (Bursch et al., 2007; Ginhoux et al., 2007; Poulin
et al., 2007; Liu et al., 2009). Furthermore, recent reports indi-
cate that dermal DCs are divided into three subsets: Langerin+

CD11blow, Langerin− CD11b−, and Langerin− CD11b+ (Guil-
liams et al., 2010b; Henri et al., 2010). In these studies, half
of the Langerin+ CD11blow dermal DCs appeared to express
CD103, while the other half were devoid of CD103. Skin DCs
constantly migrate to skin-draining lymph nodes and constitute
migratory DC subsets. Therefore, in skin-draining lymph nodes,
there are resident classical CD8+ DCs, CD8− DCs, pDCs, and

migratory skin DCs, including LCs and three to four dermal
DCs.

Accumulating evidence has shown that lymphoid tissue-
resident CD8+ DCs and CD103+ DCs are members of the same
subset (Ginhoux et al., 2009; Edelson et al., 2010). CD8+ DCs and
CD103+ DCs play specialized roles for cross-presentation (Bedoui
et al., 2009), and their development is regulated by the same four
transcription factors (Belz and Nutt, 2012). Lagnerin+CD103+

DCs are specialized to cross-present antigens (Henri et al., 2010).
Moreover, CD103+ DCs are considered migratory DCs (Huang
et al., 2010). Some resident CD8+DCs are known to express
Langerin (Cheong et al., 2007). Malissen and colleagues pro-
posed that the universal classification of DCs into five major
subsets irrespective of tissues and species, specifically, monocyte-
derived inflammatory DCs, LCs, pDCs, CD11b-type DCs, and
CD8-type DCs (Guilliams et al., 2010b). Among these, CD11b-
type DCs are heterogeneous (Ginhoux et al., 2009). Notably, the
gut CD103+DCs that induce Foxp3+ T-regs may be different from
CD8-type DCs such as dermal Langerin+CD103+DCs because the
gut CD103+DCs express CD11b, whereas Langerin+CD103+DCs
do not (Heath and Carbone, 2009). It is possible that the gut
CD103+ DC subset is one of CD11b-type DCs (Heath and
Carbone, 2009).

According to this classification, migratory CD103+DCs and
resident CD8+DCs are Langerin± and considered part of the same
subset as CD8-type DCs. This theory is attractive since both migra-
tory CD103+DCs and resident CD8+DCs are probably active in
inducing Foxp3+ T-regs (Yamazaki et al., 2008; Idoyaga et al.,
2013). Thus, another possible common feature of CD8-type DC
may be Foxp3+ T-reg induction activity.

In view of the complex skin DC network, cross-talk between
skin DC subsets and Foxp3+ T-regs may be also complex
(Figure 2). Based on the universal classification system, CD103+

Langerin+ CD11blow dermal DCs are apparently CD8-type DCs,

FIGURE 2 |The classification of skin DC subsets. Skin DCs are epidermal
Langerhans cells (LCs) and dermal DCs. Dermal DCs constitute Langerin+ and
Langerin− subtypes. Langerin+ dermal DCs are further subdivided into
CD103+ and CD103− groups. These skin DCs carry antigens and migrate to

draining lymph nodes. Skin-draining lymph nodes contain many DC subsets,
including skin migratory DCs, resident classical CD8+DCs, CD8− DCs, and
pDCs. Therefore, interactions between DC subsets and T-regs in skin and
skin-draining lymph nodes may be complex.
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while CD103− Langerin+ CD11blow dermal DCs and Langerin−

DCs should be CD11b-type DCs. In brief, skin CD103+ dermal
DC subsets are CD8-type DCs. Considering that intestine CD103+

DCs induce Foxp3+ T-regs using RA, the issue of whether skin
CD103+ DCs also activate RA and induce Foxp3+ T-regs was
investigated by a couple of groups. Among the skin DC subsets
investigated for ability to activate RA, dermal-derived CD103−

DCs, and not CD103+ DCs, produced RA and induce Foxp3+

T-regs in the skin-draining LNs (Guilliams et al., 2010a). Simi-
larly, migratory CD11c+MHC classIIhigh DCs, which should con-
tain both CD103+ and CD103− DCs, induced Foxp3+ T-regs
from Foxp3− cells using RALDH (Vitali et al., 2012). Moreover,
Langerin+ dermal DCs, containing CD103+ and CD103− DCs
(Henri et al., 2010), induced Foxp3+ T-regs in the OVA-expressing
keratinocyte system (Azukizawa et al., 2011). Thus, it appears that
migratory dermal DCs including both CD103+ and CD103− DC
population play a role in inducing Foxp3+ T-regs from Foxp3− T
cells in skin (Table 2).

The next issue to resolve was the role of LCs in inducing Foxp3+

T-regs. LCs produce TGF-β (Kaplan et al., 2007; Bobr et al., 2012),
and are suggested to function in maintaining tolerance rather than
inducing immunity (Kaplan et al., 2005; Obhrai et al., 2008; Igyarto
et al., 2009; Bobr et al., 2010; Fukunaga et al., 2010; Yoshiki et al.,
2010; Kautz-Neu et al., 2011; Shklovskaya et al., 2011). Epidermal
RANKL-stimulated LCs expand T-regs in transgenic mice with
RANKL expression under the K14 promoter (Loser et al., 2006).
Importantly, a recent study reported proliferation of human skin
Foxp3+ T-regs with autologous LCs in the culture (Seneschal et al.,
2012). However, in this report, it was unclear whether T-regs were
expanded or induced from Foxp3− T cells, since whole T cells were
used as the starting population. It is a considerable challenge to
distinguish between Natural T-reg expansion and Induced T-reg
induction, because Foxp3 is easily up-regulated in humans (Walker
et al., 2003; Tran et al., 2007), and it is impossible to use the Foxp3-
reporter as in mice. Another recent investigation showed that LCs
protect against allergic contact dermatitis by toleralizing CD8+ T
cells through Foxp3+ T-regs (Gomez de Aguero et al., 2012). In this
study, the conversion of Foxp3+ T-regs from Foxp3− cells did not
occur, suggesting that LCs expand already existing Natural T-regs.

Finally, Langerin+DC-depleted mice lacking LCs and Langrin+

dermal DCs did not develop autoimmune diseases (Bennett et al.,

Table 2 | Skin DC subsets and probable mechanisms to induce Foxp3+

T-regs.

Skin DC subsets Reference

LCs TGF-β production Kaplan et al. (2007),

Bobr et al. (2012)

Langerin− CD103− CD11b+

dermal DCs

RALDH+ Guilliams et al.

(2010a)

MHC class IIhigh CD11c+

migratory DCs (CD103±)

RALDH+ Vitali et al. (2012)

Langerin+ dermal DCs (CD103±) TGF-β production Azukizawa et al.

(2011)

2005; Kaplan et al., 2005; Kissenpfennig et al., 2005), suggesting
that other types of DCs compensate to maintain the Foxp3+ T-reg
population.

POSSIBLE ROLE OF TLR-2 SIGNALING IN INDUCING FOXP3+
T-REGS IN SKIN
As discussed above, skin DCs appear to play a key role in expanding
Natural T-regs and inducing T-regs. It is speculated that Foxp3+

T-regs also function in maintaining the tolerance versus immu-
nity in the skin (Dudda et al., 2008; Tomura et al., 2010; Naik et al.,
2012). Indeed, Foxp3+ T-regs are enriched in skin, compared to
lymphoid tissue (Sather et al., 2007; Naik et al., 2012). It would
therefore be interesting to determine the type of signals controlling
Foxp3+ T-regs in skin. One possibility is TLR signals, since skin
is exposed to many commensals, among which yeast, Staphylococ-
cus and Mycoplasma provide a source of TLR-2 ligands (Yamazaki
et al., 2011). TLR-2 signaling is known to activate Foxp3+ T-reg
induction (Chen et al., 2009; Manicassamy et al., 2009; Round and
Mazmanian, 2010). Zymosan from yeast can bind to TLR-2 and
dectin-1, a C-type lectin, expressed on DCs, and induces TGF-β
(Dillon et al., 2006). Zymosan induces RALDH expression in DCs
via a mechanism largely dependent on TLR2-mediated activation,
which induces Foxp3+ T-regs (Manicassamy et al., 2009). Pam2
lipopeptides, derived from Staphylococcus aureus or Mycoplasma,
are TLR-2 ligands (Yamazaki et al., 2011). Therefore, stimulation
from yeast, Staphylococcus or Mycoplasma may be a trigger for the
induction of Foxp3+ T-regs through TLR-2.

TLR-2 signal induces Foxp3+ T-regs via IL-10 production and
suppresses anti-tumor response to melanoma in mice (Yamazaki
et al., 2011). Other studies have consistently reported that DCs
activated by TLR-2 express RALDH and induce Foxp3 (Manicas-
samy et al., 2009). It is unclear whether TLR-2 signals stimulate
induction of Foxp3+ T-regs from Foxp3- precursor cells or expan-
sion of Natural T-regs, since most investigators used whole CD4+

T cells as starting population. TLR-2 induces RALHD in DCs.
Therefore, it is speculated that TLR-2 signals induce Foxp3+ T-regs
from Foxp3− precursor cells as CD103+DCs from the intestine.

TLR-2 stimulation through commensals may additionally be
required for Foxp3 induction, especially in the skin where yeast,
Staphylococcus, or Mycoplasma always exist. However, a signifi-
cant finding by the group of Belkaid is that the frequency of
Foxp3+ T-regs in skin is more increased in germ-free mice (Naik
et al., 2012). In cases where a skin commensal bacteria, S. epider-
midis, was applied on the skin of germ-free mice, Foxp3+ T-regs
were reduced and IFN-γ producing effector T cells increased in
skin (Naik et al., 2012). The resident commensals in skin appear
to modulate the induction of effector T cells in a Myd88/IL-1-
dependent manner (Naik et al., 2012). Moreover, keratinocytes
from germ-free mice actively produce IL-1 receptor antagonist (IL-
1ra), leading to the suppression of effector T-cell development, and
DC populations are not affected in skin (Naik et al., 2012). Thus, it
appears that Foxp3+ T-reg and effector T cell balance is controlled
directly by commensals in skin. Surprisingly, only a single type of
commensal is sufficient to induce effector T cells and conversely
reduce Foxp3+ T-regs in skin. Further studies are required to clar-
ify whether TLR-2 signaling is required for maintaining Foxp3+

T-regs in skin.
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DCs HAVE A ROLE IN INDUCING OR EXPANDING FOXP3+
T-REGS IN THE ORAL CAVITY
We recently focused on the oral-cavity located between the skin
and intestine, which also contains many commensals. The oral
cavity is often affected by systemic immunological disorders, such
as Stevens–Johnson syndrome and Behçet disease, and exposed to
several antigens, including foods and pathogens, and mechanical
signals via biting. Antigen administration through the oral cavity,
such as sublingual (s.l.) immunotherapy, is employed to treat res-
piratory allergy and allergic rhinitis and conjunctivitis (Moingeon
and Mascarell, 2012; Passalacqua et al., 2013). However, the mech-
anisms by which tolerance versus immunity are regulated in the
oral cavity are unclear at present.

Dendritic cells from the oral cavity are capable of generat-
ing Foxp3+ T-regs, which may maintain tolerance (Figure 3)
(Yamazaki et al., 2012). CD11c+ DCs from oral-cavity-draining
lymph nodes have the capacity to generate Foxp3+ T-regs in the
presence of antigen in vitro (Yamazaki et al., 2012). It is possible
that specialized DC subsets are required to induce Foxp3+ T-regs
in the oral cavity, as CD103+DCs induce Foxp3+ T-regs in the
intestine. No increase in migratory class IIhigh DCs, CD103+ DCs,
CD8+ DCs, and pDCs in the oral-cavity-draining lymph nodes
was observed (Yamazaki et al., 2012). The frequency of CD8− DCs
in oral-cavity-draining lymph nodes was slightly higher than in
axillary lymph nodes (Yamazaki et al., 2012). In view of our former

FIGURE 3 | DCs from the oral-cavity induce Foxp3+ T-regs to maintain
tolerance. The oral cavity is exposed to several antigens and stimuli,
including foods, microbes, inhaled antigens, and mechanical stimulation.
These stimuli may be sensed by DCs that play a role in generating Foxp3+

T-regs to maintain tolerance in the oral cavity.

finding that 33D1+ CD8− DCs expand Natural T-regs (Dudziak
et al., 2007), it is possible that CD8− DCs play a role in expanding
Natural T-regs, rather than inducing Foxp3+ T-regs from Foxp3−

precursors in oral-cavity-draining lymph nodes.
Three distinct subsets of migrating DCs from the oral

mucosa have been identified in the regional lymph nodes
(Chalermsarp and Azuma, 2009), specifically, CD11chigh

Langerin−,CD11cinter/lowLangerin−, and CD11cinter/lowLangerin+,
which are all CD8 negative. It appears that CD11c+CD8− DCs
capture s.l. administered antigen and ferries it into the drain-
ing lymph nodes where both migratory CD8− DCs and resident
CD8+DCs prime the CD4 response (Song et al., 2009). S.l.-
administered protein antigens are captured by DCs and are rapidly
recruited to draining lymph nodes within 12–24 h, and the regu-
latory mechanisms established within 2–5 days in draining lymph
nodes (Passalacqua et al., 2013). Both Foxp3+ T-regs and IL-10
producing Tr1 type T-regs are induced upon s.l. immunization
(Bohle et al., 2007).

Further research is required to establish whether DCs in oral-
cavity-draining lymph nodes induce Foxp3+ T-regs from Foxp3−

precursors or expand existing Foxp3+ T-regs. Additionally, the
mechanisms underlying the maintenance of immune tolerance in
the oral-cavity require clarification.

FOXP3+ T-REGS AND DC SUBSETS IN HUMANS
The majority of studies on Foxp3+ T-regs and DCs described
above were performed using mice. It is quite important to ascer-
tain whether the interactions of Foxp3+ T-regs and DCs are similar
in mice and humans. As we mentioned earlier, a limited number of
studies have been performed in humans showing that epidermal
LCs stimulate the proliferation of Foxp3+ T-regs in the culture
(Seneschal et al., 2012) and IL-10 producing T-reg is induced by
ASGPR DCs in human (Li et al., 2012).

Murine CD8+DEC205+DCs are specialized DCs to induce
Foxp3+ T-regs from Foxp3− T cells (Yamazaki et al., 2008), but
the applicability of these results to humans requires further study.
Four groups simultaneously identified BDCA3(CD141)+ DCs
as the human equivalent of mouse CD8+DCs (Bachem et al.,
2010; Crozat et al., 2010; Jongbloed et al., 2010; Poulin et al.,
2010). In terms of similarities, murine CD8+ DCs and human
BDCA3+ DCs express XCR1, a chemokine receptor (Dorner
et al., 2009; Bachem et al., 2010; Crozat et al., 2010, 2011;
Kroczek and Henn, 2012). Moreover, both murine CD8+ DCs
and human BDCA3+XCR1+DCs are specialized DCs for cross
presentation (Dudziak et al., 2007; Dorner et al., 2009; Jong-
bloed et al., 2010; Poulin et al., 2010; Bachem et al., 2012).
Murine CD8+DCs are tolerogenic DCs in mice (Hawiger et al.,
2001; Bonifaz et al., 2002; Mahnke et al., 2003; Kretschmer et al.,
2005; Yamazaki et al., 2008). A recent study demonstrated that
BDCA3+DCs in skin induce IL-10 and regulatory T cells in
humans (Chu et al., 2012). BDCA3+DCs and Foxp3+ T-regs
are closely located within skin (Chu et al., 2012). Moreover,
BDCA3+DCs induce CD25high CD4+ T cells that suppress the
alloimmune response in vitro and in vivo (Chu et al., 2012).
Therefore, it is possible that BDCA3+DCs in humans have spe-
cialized function in inducing Foxp3+ T-regs, similar to CD8+DCs
in mice.
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Recent experiments showed that the function of Foxp3+ T-
regs is recovered in psoriatic patients after exposure to ultraviolet
(UV) therapy (Furuhashi et al., 2013). Interestingly, Krueger and
colleagues reported increased BDCA3+ DCs in skin biopsy speci-
mens after narrow band UV therapy (Kennedy Crispin et al., 2013),
suggesting that BDCA3+DCs play a key role in Foxp3+ T-reg func-
tion following UV therapy. Further studies are required to examine
human DC and T-reg interactions.

CONCLUSION
We have discussed the roles of DCs in inducing and expand-
ing Foxp3+ T-regs. Induction or expansion of antigen-specific
T-regs using DCs may be provide an effective solution to treat

autoimmune diseases, transplantation tolerance, and allergy. Fur-
ther studies focusing on polyclonal T cell repertoires to gener-
ate antigen-specific Foxp3+ T-regs are warranted, particularly in
humans.

ACKNOWLEDGMENTS
We are grateful to Dr. Ralph M. Steinman for encouraging Sayuri
Yamazaki to continue research. This work was funded by a
Grant-in-Aid for challenging Exploratory Research, a Grant-in-
Aid for Scientific Research B from Japan Society for the Pro-
motion of Science, the Mochida Memorial Foundation for Med-
ical and Pharmaceutical Research, and Aichi Cancer Research
Foundation.

REFERENCES
Abbas,A. K., Benoist, C., Bluestone, J. A.,

Campbell, D. J., Ghosh, S., Hori, S., et
al. (2013). Regulatory T cells: recom-
mendations to simplify the nomen-
clature. Nat. Immunol. 14, 307–308.
doi:10.1038/ni.2554

Akimova, T., Beier, U. H., Wang, L.,
Levine, M. H., and Hancock, W.
W. (2011). Helios expression is a
marker of T cell activation and
proliferation. PLoS ONE 6:e24226.
doi:10.1371/journal.pone.0024226

Asano, M., Toda, M., Sakaguchi, N.,
and Sakaguchi, S. (1996). Autoim-
mune disease as a consequence of
developmental abnormality of a T
cell subpopulation. J. Exp. Med. 184,
387–396. doi:10.1084/jem.184.2.387

Atarashi, K., Tanoue, T., Shima,
T., Imaoka, A., Kuwahara, T.,
Momose, Y., et al. (2011). Induc-
tion of colonic regulatory T
cells by indigenous Clostridium
species. Science 331, 337–341.
doi:10.1126/science.1198469

Azukizawa, H., Dohler, A., Kanazawa,
N., Nayak, A., Lipp, M., Malis-
sen, B., et al. (2011). Steady state
migratory RelB+ langerin+ dermal
dendritic cells mediate peripheral
induction of antigen-specific CD4+
CD25+ Foxp3+ regulatory T cells.
Eur. J. Immunol. 41, 1420–1434.
doi:10.1002/eji.201040930

Bachem, A., Guttler, S., Hartung,
E., Ebstein, F., Schaefer, M., Tan-
nert, A., et al. (2010). Supe-
rior antigen cross-presentation and
XCR1 expression define human
CD11c+CD141+ cells as homo-
logues of mouse CD8+ dendritic
cells. J. Exp. Med. 207, 1273–1281.
doi:10.1084/jem.20100348

Bachem, A., Hartung, E., Guttler,
S., Mora, A., Zhou, X., Hege-
mann, A., et al. (2012). Expres-
sion of XCR1 characterizes the
Batf3-dependent lineage of den-
dritic cells capable of antigen cross-
presentation. Front. Immunol. 3:214.
doi:10.3389/fimmu.2012.00214

Baeke, F., Takiishi, T., Korf, H.,
Gysemans, C., and Mathieu, C.
(2010). Vitamin D: modulator
of the immune system. Curr.
Opin. Pharmacol. 10, 482–496.
doi:10.1016/j.coph.2010.04.001

Bayer, A. L., Yu, A., Adeegbe, D.,
and Malek, T. R. (2005). Essen-
tial role for interleukin-2 for
CD4(+)CD25(+) T regulatory cell
development during the neonatal
period. J. Exp. Med. 201, 769–777.
doi:10.1084/jem.20041179

Bedoui, S., Whitney, P. G., Waith-
man, J., Eidsmo, L., Wakim, L.,
Caminschi, I., et al. (2009). Cross-
presentation of viral and self anti-
gens by skin-derived CD103+ den-
dritic cells. Nat. Immunol. 10,
488–495. doi:10.1038/ni.1724

Belz, G. T., and Nutt, S. L. (2012).
Transcriptional programming
of the dendritic cell network.
Nat. Rev. Immunol. 12, 101–113.
doi:10.1038/nri3149

Bennett, C. L., Van Rijn, E., Jung,
S., Inaba, K., Steinman, R. M.,
Kapsenberg, M. L., et al. (2005).
Inducible ablation of mouse Langer-
hans cells diminishes but fails
to abrogate contact hypersensitiv-
ity. J. Cell Biol. 169, 569–576.
doi:10.1083/jcb.200501071

Birnberg, T., Bar-On, L., Sapoznikov, A.,
Caton, M. L., Cervantes-Barragan,
L., Makia, D., et al. (2008). Lack
of conventional dendritic cells is
compatible with normal develop-
ment and T cell homeostasis, but
causes myeloid proliferative syn-
drome. Immunity 29, 986–997.
doi:10.1016/j.immuni.2008.10.012

Bobr, A., Igyarto, B. Z., Haley, K. M.,
Li, M. O., Flavell, R. A., and Kaplan,
D. H. (2012). Autocrine/paracrine
TGF-beta1 inhibits Langerhans
cell migration. Proc. Natl. Acad.
Sci. U.S.A. 109, 10492–10497.
doi:10.1073/pnas.1119178109

Bobr, A., Olvera-Gomez, I., Igyarto,
B. Z., Haley, K. M., Hogquist, K.
A., and Kaplan, D. H. (2010).

Acute ablation of Langerhans cells
enhances skin immune responses.
J. Immunol. 185, 4724–4728.
doi:10.4049/jimmunol.1001802

Bohle, B., Kinaciyan, T., Gerstmayr,
M., Radakovics, A., Jahn-Schmid,
B., and Ebner, C. (2007). Sub-
lingual immunotherapy induces
IL-10-producing T regulatory cells,
allergen-specific T-cell tolerance,
and immune deviation. J. Allergy
Clin. Immunol. 120, 707–713.
doi:10.1016/j.jaci.2007.06.013

Bonifaz, L., Bonnyay, D., Mahnke, K.,
Rivera, M., Nussenzweig, M. C., and
Steinman, R. M. (2002). Efficient
targeting of protein antigen to the
dendritic cell receptor DEC-205 in
the steady state leads to antigen
presentation on major histocom-
patibility complex class I products
and peripheral CD8+ T cell toler-
ance. J. Exp. Med. 196, 1627–1638.
doi:10.1084/jem.20021598

Bursch, L. S., Wang, L., Igyarto,
B., Kissenpfennig, A., Malissen,
B., Kaplan, D. H., et al. (2007).
Identification of a novel pop-
ulation of Langerin+ dendritic
cells. J. Exp. Med. 204, 3147–3156.
doi:10.1084/jem.20071966

Caux, C., Dezutter-Dambuyant, C.,
Schmitt, D., and Banchereau, J.
(1992). GM-CSF and TNF-alpha
cooperate in the generation of
dendritic Langerhans cells. Nature
360, 258–261. doi:10.1038/3602
58a0

Chalermsarp, N., and Azuma, M.
(2009). Identification of three dis-
tinct subsets of migrating dendritic
cells from oral mucosa within the
regional lymph nodes. Immunology
127, 558–566. doi:10.1111/j.1365-
2567.2008.03031.x

Chen, Q., Davidson, T. S., Huter, E. N.,
and Shevach, E. M. (2009). Engage-
ment of TLR2 does not reverse the
suppressor function of mouse regu-
latory T cells, but promotes their sur-
vival. J. Immunol. 183, 4458–4466.
doi:10.4049/jimmunol.0901465

Chen, W., Jin, W., Hardegen, N., Lei,
K. J., Li, L., Marinos, N., et al.
(2003). Conversion of periph-
eral CD4+CD25− naive T cells
to CD4+CD25+ regulatory T
cells by TGF-beta induction
of transcription factor Foxp3.
J. Exp. Med. 198, 1875–1886.
doi:10.1084/jem.20030152

Cheong, C., Idoyaga, J., Do, Y., Pack, M.,
Park, S. H., Lee, H., et al. (2007).
Production of monoclonal antibod-
ies that recognize the extracellular
domain of mouse langerin/CD207.
J. Immunol. Methods 324, 48–62.
doi:10.1016/j.jim.2007.05.001

Cheong, C., Matos, I., Choi, J. H.,
Dandamudi, D. B., Shrestha, E.,
Longhi, M. P., et al. (2010). Micro-
bial stimulation fully differentiates
monocytes to DC-SIGN/CD209(+)
dendritic cells for immune T
cell areas. Cell 143, 416–429.
doi:10.1016/j.cell.2010.09.039

Chu, C. C., Ali, N., Karagiannis, P.,
Di Meglio, P., Skowera, A., Napoli-
tano, L., et al. (2012). Resident
CD141 (BDCA3)+ dendritic cells
in human skin produce IL-10 and
induce regulatory T cells that sup-
press skin inflammation. J. Exp. Med.
209, 935–945. doi:10.1084/jem.2011
2583

Coombes, J. L., Siddiqui, K. R.,
Arancibia-Carcamo, C. V., Hall,
J., Sun, C. M., Belkaid, Y., et
al. (2007). A functionally spe-
cialized population of mucosal
CD103+ DCs induces Foxp3+ reg-
ulatory T cells via a TGF-beta
and retinoic acid-dependent mech-
anism. J. Exp. Med. 204, 1757–1764.
doi:10.1084/jem.20070590

Crozat, K., Guiton, R., Contreras,
V., Feuillet, V., Dutertre, C. A.,
Ventre, E., et al. (2010). The XC
chemokine receptor 1 is a conserved
selective marker of mammalian cells
homologous to mouse CD8alpha+
dendritic cells. J. Exp. Med. 207,
1283–1292. doi:10.1084/jem.2010
0223

www.frontiersin.org June 2013 | Volume 4 | Article 151 | 83

http://dx.doi.org/10.1038/ni.2554
http://dx.doi.org/10.1371/journal.pone.0024226
http://dx.doi.org/10.1084/jem.184.2.387
http://dx.doi.org/10.1126/science.1198469
http://dx.doi.org/10.1002/eji.201040930
http://dx.doi.org/10.1084/jem.20100348
http://dx.doi.org/10.3389/fimmu.2012.00214
http://dx.doi.org/10.1016/j.coph.2010.04.001
http://dx.doi.org/10.1084/jem.20041179
http://dx.doi.org/10.1038/ni.1724
http://dx.doi.org/10.1038/nri3149
http://dx.doi.org/10.1083/jcb.200501071
http://dx.doi.org/10.1016/j.immuni.2008.10.012
http://dx.doi.org/10.1073/pnas.1119178109
http://dx.doi.org/10.4049/jimmunol.1001802
http://dx.doi.org/10.1016/j.jaci.2007.06.013
http://dx.doi.org/10.1084/jem.20021598
http://dx.doi.org/10.1084/jem.20071966
http://dx.doi.org/10.1038/3602{\penalty -\@M }58a0
http://dx.doi.org/10.1038/3602{\penalty -\@M }58a0
http://dx.doi.org/10.1111/j.1365-2567.2008.03031.x
http://dx.doi.org/10.1111/j.1365-2567.2008.03031.x
http://dx.doi.org/10.4049/jimmunol.0901465
http://dx.doi.org/10.1084/jem.20030152
http://dx.doi.org/10.1016/j.jim.2007.05.001
http://dx.doi.org/10.1016/j.cell.2010.09.039
http://dx.doi.org/10.1084/jem.2011{\penalty -\@M }2583
http://dx.doi.org/10.1084/jem.2011{\penalty -\@M }2583
http://dx.doi.org/10.1084/jem.20070590
http://dx.doi.org/10.1084/jem.2010{\penalty -\@M }0223
http://dx.doi.org/10.1084/jem.2010{\penalty -\@M }0223
http://www.frontiersin.org
http://www.frontiersin.org/Immunological_Tolerance/archive


Yamazaki and Morita Dendritic cells control T-regs

Crozat, K., Tamoutounour, S., Vu
Manh, T. P., Fossum, E., Luche,
H., Ardouin, L., et al. (2011).
Cutting edge: expression of XCR1
defines mouse lymphoid-tissue
resident and migratory dendritic
cells of the CD8alpha+ type.
J. Immunol. 187, 4411–4415.
doi:10.4049/jimmunol.1101717

Darrasse-Jeze, G., Deroubaix, S., Mou-
quet, H., Victora, G. D., Eisenre-
ich, T., Yao, K. H., et al. (2009).
Feedback control of regulatory T
cell homeostasis by dendritic cells
in vivo. J. Exp. Med. 206, 1853–1862.
doi:10.1084/jem.20090746

Davidson, T. S., Dipaolo, R. J., Anders-
son, J., and Shevach, E. M. (2007).
Cutting Edge: IL-2 is essential
for TGF-beta-mediated induction
of Foxp3+ T regulatory cells. J.
Immunol. 178, 4022–4026.

Dillon, S., Agrawal, S., Banerjee,
K., Letterio, J., Denning, T. L.,
Oswald-Richter, K., et al. (2006).
Yeast zymosan, a stimulus for
TLR2 and dectin-1, induces reg-
ulatory antigen-presenting cells
and immunological tolerance.
J. Clin. Invest. 116, 916–928.
doi:10.1172/JCI27203

Dorner, B. G., Dorner, M. B., Zhou,
X., Opitz, C., Mora, A., Guttler, S.,
et al. (2009). Selective expression
of the chemokine receptor XCR1
on cross-presenting dendritic cells
determines cooperation with CD8+
T cells. Immunity 31, 823–833.
doi:10.1016/j.immuni

Dudda, J. C., Perdue, N., Bachtan-
ian, E., and Campbell, D. J. (2008).
Foxp3+ regulatory T cells main-
tain immune homeostasis in the
skin. J. Exp. Med. 205, 1559–1565.
doi:10.1084/jem.20072594

Dudziak, D., Kamphorst, A. O., Hei-
dkamp, G. F., Buchholz, V. R.,
Trumpfheller, C., Yamazaki, S., et
al. (2007). Differential antigen pro-
cessing by dendritic cell subsets
in vivo. Science 315, 107–111.
doi:10.1126/science.1136080

Edelson, B. T., Kc, W., Juang, R.,
Kohyama, M., Benoit, L. A.,
Klekotka, P. A., et al. (2010). Periph-
eral CD103+ dendritic cells form
a unified subset developmentally
related to CD8alpha+ conventional
dendritic cells. J. Exp. Med. 207,
823–836. doi:10.1084/jem.20091627

Fehervari, Z., and Sakaguchi, S. (2004).
Control of Foxp3+ CD25+CD4+
regulatory cell activation and
function by dendritic cells.
Int. Immunol. 16, 1769–1780.
doi:10.1093/intimm/dxh178

Fontenot, J. D., Gavin, M. A., and
Rudensky, A. Y. (2003). Foxp3

programs the development and
function of CD4+CD25+ regu-
latory T cells. Nat. Immunol. 4,
330–336. doi:10.1038/ni904

Fritsche, J., Mondal, K., Ehrnsperger,
A., Andreesen, R., and Kreutz,
M. (2003). Regulation of
25-hydroxyvitamin D3-1 alpha-
hydroxylase and production of
1 alpha, 25-dihydroxyvitamin
D3 by human dendritic
cells. Blood 102, 3314–3316.
doi:10.1182/blood-2002-11-3521

Fukaya, T., Murakami, R., Takagi,
H., Sato, K., Sato, Y., Otsuka,
H., et al. (2012). Conditional
ablation of CD205+ conventional
dendritic cells impacts the reg-
ulation of T-cell immunity and
homeostasis in vivo. Proc. Natl.
Acad. Sci. U.S.A. 109, 11288–11293.
doi:10.1073/pnas.1202208109

Fukunaga, A., Khaskhely, N. M., Ma,
Y., Sreevidya, C. S., Taguchi, K.,
Nishigori, C., et al. (2010). Langer-
hans cells serve as immunoreg-
ulatory cells by activating NKT
cells. J. Immunol. 185, 4633–4640.
doi:10.4049/jimmunol.1000246

Furuhashi, T., Saito, C., Torii, K.,
Nishida,E.,Yamazaki,S., and Morita,
A. (2013). Photo(chemo)therapy
reduces circulating Th17 cells and
restores circulating regulatory T cells
in psoriasis. PLoS ONE 8:e54895.
doi:10.1371/journal.pone.0054895

Gaudreau, S., Guindi, C., Menard, M.,
Besin, G., Dupuis, G., and Amrani,
A. (2007). Granulocyte-macrophage
colony-stimulating factor prevents
diabetes development in NOD mice
by inducing tolerogenic dendritic
cells that sustain the suppressive
function of CD4+CD25+ regu-
latory T cells. J. Immunol. 179,
3638–3647.

Ghoreishi, M., Bach, P., Obst, J., Komba,
M., Fleet, J. C., and Dutz, J. P. (2009).
Expansion of antigen-specific reg-
ulatory T cells with the topical
vitamin D analog calcipotriol.
J. Immunol. 182, 6071–6078.
doi:10.4049/jimmunol.0804064

Ginhoux, F., Collin, M. P., Bogunovic,
M., Abel, M., Leboeuf, M., Helft,
J., et al. (2007). Blood-derived
dermal langerin+ dendritic cells
survey the skin in the steady
state. J. Exp. Med. 204, 3133–3146.
doi:10.1084/jem.20071733

Ginhoux, F., Liu, K., Helft, J., Bogunovic,
M., Greter, M., Hashimoto, D., et al.
(2009). The origin and development
of nonlymphoid tissue CD103+
DCs. J. Exp. Med. 206, 3115–3130.
doi:10.1084/jem.20091756

Gomez de Aguero, M., Vocanson, M.,
Hacini-Rachinel, F., Taillardet, M.,

Sparwasser, T., Kissenpfennig, A., et
al. (2012). Langerhans cells pro-
tect from allergic contact dermati-
tis in mice by tolerizing CD8(+) T
cells and activating Foxp3(+) reg-
ulatory T cells. J. Clin. Invest. 122,
1700–1711. doi:10.1172/JCI59725

Gottschalk, R. A., Corse, E., and
Allison, J. P. (2010). TCR lig-
and density and affinity deter-
mine peripheral induction of Foxp3
in vivo. J. Exp. Med. 207, 1701–1711.
doi:10.1084/jem.20091999

Gottschalk, R. A., Corse, E., and
Allison, J. P. (2012). Expres-
sion of Helios in peripherally
induced Foxp3+ regulatory T
cells. J. Immunol. 188, 976–980.
doi:10.4049/jimmunol.1102964

Granucci, F., Vizzardelli, C., Pavelka,
N., Feau, S., Persico, M., Virzi, E.,
et al. (2001). Inducible IL-2 pro-
duction by dendritic cells revealed
by global gene expression analy-
sis. Nat. Immunol. 2, 882–888.
doi:10.1038/ni0901-882

Guilliams, M., Crozat, K., Henri, S.,
Tamoutounour, S., Grenot, P., Dev-
ilard, E., et al. (2010a). Skin-draining
lymph nodes contain dermis-
derived CD103(−) dendritic cells
that constitutively produce retinoic
acid and induce Foxp3(+) regula-
tory T cells. Blood 115, 1958–1968.
doi:10.1182/blood-2009-09-24
5274

Guilliams, M., Henri, S.,
Tamoutounour, S., Ardouin, L.,
Schwartz-Cornil, I., Dalod, M., et al.
(2010b). From skin dendritic cells to
a simplified classification of human
and mouse dendritic cell subsets.
Eur. J. Immunol. 40, 2089–2094.
doi:10.1002/eji.201040498

Hashimoto, D., Miller, J., and
Merad, M. (2011). Dendritic
cell and macrophage heterogeneity
in vivo. Immunity 35, 323–335.
doi:10.1016/j.immuni.2011.09.007

Hawiger, D., Inaba, K., Dorsett, Y.,
Guo, M., Mahnke, K., Rivera, M.,
et al. (2001). Dendritic cells induce
peripheral T cell unresponsive-
ness under steady state conditions
in vivo. J. Exp. Med. 194, 769–779.
doi:10.1084/jem.194.6.769

Hawiger, D., Masilamani, R. F., Bet-
telli, E., Kuchroo, V. K., and
Nussenzweig, M. C. (2004).
Immunological unresponsive-
ness characterized by increased
expression of CD5 on peripheral
T cells induced by dendritic cells
in vivo. Immunity 20, 695–705.
doi:10.1016/j.immuni.2004.05.002

Heath, W. R., and Carbone, F. R. (2009).
Dendritic cell subsets in primary
and secondary T cell responses at

body surfaces. Nat. Immunol. 10,
1237–1244. doi:10.1038/ni.1822

Henri, S., Poulin, L. F., Tamoutounour,
S., Ardouin, L., Guilliams, M.,
De Bovis, B., et al. (2010).
CD207+CD103+ dermal dendritic
cells cross-present keratinocyte-
derived antigens irrespective
of the presence of Langerhans
cells. J. Exp. Med. 207, 189–206.
doi:10.1084/jem.20091964

Hill, J. A., Hall, J. A., Sun, C. M., Cai,
Q., Ghyselinck, N., Chambon, P., et
al. (2008). Retinoic acid enhances
Foxp3 induction indirectly by reliev-
ing inhibition from CD4+CD44hi
Cells. Immunity 29, 758–770.
doi:10.1016/j.immuni.2008.09.018

Hori, S., Nomura, T., and Sak-
aguchi, S. (2003). Control of
regulatory T cell development
by the transcription factor
Foxp3. Science 299, 1057–1061.
doi:10.1126/science.1079490

Hsieh, C. S., Liang, Y., Tyznik, A.
J., Self, S. G., Liggitt, D., and
Rudensky, A. Y. (2004). Recogni-
tion of the peripheral self by nat-
urally arising CD25+ CD4+ T cell
receptors. Immunity 21, 267–277.
doi:10.1016/j.immuni.2004.07.009

Hsieh, C. S., Zheng, Y., Liang, Y.,
Fontenot, J. D., and Rudensky, A.
Y. (2006). An intersection between
the self-reactive regulatory and non-
regulatory T cell receptor reper-
toires. Nat. Immunol. 7, 401–410.
doi:10.1038/ni1318

Huang, H., Dawicki, W., Zhang, X.,
Town, J., and Gordon, J. R.
(2010). Tolerogenic dendritic cells
induce CD4+CD25hiFoxp3+ reg-
ulatory T cell differentiation from
CD4+CD25-/loFoxp3− effector T
cells. J. Immunol. 185, 5003–5010.
doi:10.4049/jimmunol.0903446

Idoyaga, J., Fiorese, C., Zbytnuik, L.,
Lubkin, A., Miller, J., Malissen, B., et
al. (2013). Specialized role of migra-
tory dendritic cells in peripheral tol-
erance induction. J. Clin. Invest. 123,
844–854. doi:10.1172/JCI65260

Igyarto, B. Z., Jenison, M. C.,
Dudda, J. C., Roers, A., Muller,
W., Koni, P. A., et al. (2009).
Langerhans cells suppress con-
tact hypersensitivity responses
via cognate CD4 interaction and
langerhans cell-derived IL-10.
J. Immunol. 183, 5085–5093.
doi:10.4049/jimmunol.0901884

Inaba, K., Inaba, M., Romani, N., Aya,
H., Deguchi, M., Ikehara, S., et al.
(1992). Generation of large numbers
of dendritic cells from mouse bone
marrow cultures supplemented
with granulocyte/macrophage
colony-stimulating factor. J.

Frontiers in Immunology | Immunological Tolerance June 2013 | Volume 4 | Article 151 | 84

http://dx.doi.org/10.4049/jimmunol.1101717
http://dx.doi.org/10.1084/jem.20090746
http://dx.doi.org/10.1172/JCI27203
http://dx.doi.org/10.1016/j.immuni
http://dx.doi.org/10.1084/jem.20072594
http://dx.doi.org/10.1126/science.1136080
http://dx.doi.org/10.1084/jem.20091627
http://dx.doi.org/10.1093/intimm/dxh178
http://dx.doi.org/10.1038/ni904
http://dx.doi.org/10.1182/blood-2002-11-3521
http://dx.doi.org/10.1073/pnas.1202208109
http://dx.doi.org/10.4049/jimmunol.1000246
http://dx.doi.org/10.1371/journal.pone.0054895
http://dx.doi.org/10.4049/jimmunol.0804064
http://dx.doi.org/10.1084/jem.20071733
http://dx.doi.org/10.1084/jem.20091756
http://dx.doi.org/10.1172/JCI59725
http://dx.doi.org/10.1084/jem.20091999
http://dx.doi.org/10.4049/jimmunol.1102964
http://dx.doi.org/10.1038/ni0901-882
http://dx.doi.org/10.1182/blood-2009-09-24{\penalty -\@M }5274
http://dx.doi.org/10.1182/blood-2009-09-24{\penalty -\@M }5274
http://dx.doi.org/10.1002/eji.201040498
http://dx.doi.org/10.1016/j.immuni.2011.09.007
http://dx.doi.org/10.1084/jem.194.6.769
http://dx.doi.org/10.1016/j.immuni.2004.05.002
http://dx.doi.org/10.1038/ni.1822
http://dx.doi.org/10.1084/jem.20091964
http://dx.doi.org/10.1016/j.immuni.2008.09.018
http://dx.doi.org/10.1126/science.1079490
http://dx.doi.org/10.1016/j.immuni.2004.07.009
http://dx.doi.org/10.1038/ni1318
http://dx.doi.org/10.4049/jimmunol.0903446
http://dx.doi.org/10.1172/JCI65260
http://dx.doi.org/10.4049/jimmunol.0901884
http://www.frontiersin.org/Immunological_Tolerance
http://www.frontiersin.org/Immunological_Tolerance/archive


Yamazaki and Morita Dendritic cells control T-regs

Exp. Med. 176, 1693–1702.
doi:10.1084/jem.176.6.1693

Itoh, M., Takahashi, T., Sakaguchi, N.,
Kuniyasu, Y., Shimizu, J., Otsuka,
F., et al. (1999). Thymus and
autoimmunity: production of
CD25+CD4+ naturally anergic
and suppressive T cells as a key
function of the thymus in maintain-
ing immunologic self-tolerance. J.
Immunol. 162, 5317–5326.

Iwata, M., Hirakiyama, A., Eshima,
Y., Kagechika, H., Kato, C., and
Song, S. Y. (2004). Retinoic acid
imprints gut-homing specificity on
T cells. Immunity 21, 527–538.
doi:10.1016/j.immuni.2004.08.011

Jaensson, E., Uronen-Hansson, H.,
Pabst, O., Eksteen, B., Tian, J.,
Coombes, J. L., et al. (2008).
Small intestinal CD103+ den-
dritic cells display unique func-
tional properties that are con-
served between mice and humans.
J. Exp. Med. 205, 2139–2149.
doi:10.1084/jem.20080414

Jeffery, L. E., Burke, F., Mura, M.,
Zheng, Y., Qureshi, O. S., Hewi-
son, M., et al. (2009). 1,25-
Dihydroxyvitamin D3 and IL-2
combine to inhibit T cell produc-
tion of inflammatory cytokines and
promote development of regula-
tory T cells expressing CTLA-4 and
FoxP3. J. Immunol. 183, 5458–5467.
doi:10.4049/jimmunol.0803217

Jongbloed, S. L., Kassianos, A. J.,
McDonald, K. J., Clark, G. J., Ju,
X., Angel, C. E., et al. (2010).
Human CD141+ (BDCA-3)+ den-
dritic cells (DCs) represent a
unique myeloid DC subset that
cross-presents necrotic cell anti-
gens. J. Exp. Med. 207, 1247–1260.
doi:10.1084/jem.20092140

Jordan, M. S., Boesteanu, A., Reed, A.
J., Petrone, A. L., Holenbeck, A. E.,
Lerman, M. A., et al. (2001). Thymic
selection of CD4+CD25+ regula-
tory T cells induced by an ago-
nist self-peptide. Nat. Immunol. 2,
301–306. doi:10.1038/86302

Josefowicz, S. Z., Niec, R. E., Kim,
H. Y., Treuting, P., Chinen, T.,
Zheng, Y., et al. (2012). Extrathymi-
cally generated regulatory T cells
control mucosal TH2 inflam-
mation. Nature 482, 395–399.
doi:10.1038/nature10772

Kamphorst, A. O., Guermonprez, P.,
Dudziak, D., and Nussenzweig, M. C.
(2010). Route of antigen uptake dif-
ferentially impacts presentation by
dendritic cells and activated mono-
cytes. J. Immunol. 185, 3426–3435.
doi:10.4049/jimmunol.1001205

Kaplan, D. H., Jenison, M. C., Sae-
land, S., Shlomchik, W. D., and

Shlomchik, M. J. (2005). Epider-
mal langerhans cell-deficient mice
develop enhanced contact hyper-
sensitivity. Immunity 23, 611–620.
doi:10.1016/j.immuni.2005.10.008

Kaplan, D. H., Li, M. O., Jeni-
son, M. C., Shlomchik, W. D.,
Flavell, R. A., and Shlomchik, M.
J. (2007). Autocrine/paracrine TGF-
beta1 is required for the devel-
opment of epidermal Langerhans
cells. J. Exp. Med. 204, 2545–2552.
doi:10.1084/jem.20071401

Kautz-Neu, K., Noordegraaf, M.,
Dinges, S., Bennett, C. L., John,
D., Clausen, B. E., et al. (2011).
Langerhans cells are negative reg-
ulators of the anti-Leishmania
response. J. Exp. Med. 208, 885–891.
doi:10.1084/jem.20102318

Kennedy Crispin, M., Fuentes-Duculan,
J., Gulati, N., Johnson-Huang, L.
M., Lentini, T., Sullivan-Whalen,
M., et al. (2013). Gene profiling
of narrowband UVB-induced skin
injury defines cellular and mol-
ecular innate immune responses.
J. Invest. Dermatol. 133, 692–701.
doi:10.1038/jid.2012.359

Khattri, R., Cox, T., Yasayko, S. A.,
and Ramsdell, F. (2003). An essen-
tial role for Scurfin in CD4+CD25+
T regulatory cells. Nat. Immunol. 4,
337–342. doi:10.1038/ni909

Kim, J. M., Rasmussen, J. P., and Ruden-
sky, A. Y. (2007). Regulatory T
cells prevent catastrophic autoim-
munity throughout the lifespan of
mice. Nat. Immunol. 8, 191–197.
doi:10.1038/ni1428

Kissenpfennig, A., Henri, S., Dubois,
B., Laplace-Builhe, C., Perrin, P.,
Romani, N., et al. (2005). Dynam-
ics and function of Langerhans
cells in vivo: dermal dendritic cells
colonize lymph node areas dis-
tinct from slower migrating Langer-
hans cells. Immunity 22, 643–654.
doi:10.1016/j.immuni.2005.04.004

Kleinnijenhuis, J., Oosting, M., Joosten,
L. A., Netea, M. G., and Van Crevel,
R. (2011). Innate immune recog-
nition of Mycobacterium tubercu-
losis. Clin. Dev. Immunol. 2011,
405310.

Kretschmer, K., Apostolou, I., Hawiger,
D., Khazaie, K., Nussenzweig, M.
C., and Von Boehmer, H. (2005).
Inducing and expanding regulatory
T cell populations by foreign anti-
gen. Nat. Immunol. 6, 1219–1227.
doi:10.1038/ni1265

Kroczek, R. A., and Henn, V. (2012).
The role of XCR1 and its ligand
XCL1 in antigen cross-presentation
by murine and human den-
dritic cells. Front. Immunol. 3:14.
doi:10.3389/fimmu.2012.00014

Li, D., Romain, G., Flamar, A. L.,
Duluc, D., Dullaers, M., Li, X.
H., et al. (2012). Targeting self-
and foreign antigens to dendritic
cells via DC-ASGPR generates IL-
10-producing suppressive CD4+ T
cells. J. Exp. Med. 209, 109–121.
doi:10.1084/jem.20110399

Li, M. O., and Flavell, R. A. (2008).
TGF-beta: a master of all T
cell trades. Cell 134, 392–404.
doi:10.1016/j.cell.2008.07.025

Liu, K., Victora, G. D., Schwickert, T. A.,
Guermonprez, P., Meredith, M. M.,
Yao, K., et al. (2009). In vivo analy-
sis of dendritic cell development and
homeostasis. Science 324, 392–397.
doi:10.1126/science.1170540

Loschko, J., Heink, S., Hackl, D.,
Dudziak, D., Reindl, W., Korn, T., et
al. (2011). Antigen targeting to plas-
macytoid dendritic cells via Siglec-H
inhibits Th cell-dependent autoim-
munity. J. Immunol. 187, 6346–6356.
doi:10.4049/jimmunol.1102307

Loser, K., Mehling, A., Loeser, S., Apelt,
J., Kuhn, A., Grabbe, S., et al. (2006).
Epidermal RANKL controls regu-
latory T-cell numbers via activa-
tion of dendritic cells. Nat. Med. 12,
1372–1379. doi:10.1038/nm1518

Mahnke, K., Qian, Y., Knop, J.,
and Enk, A. H. (2003). Induc-
tion of CD4+/CD25+ regulatory
T cells by targeting of antigens
to immature dendritic cells. Blood
101, 4862–4869. doi:10.1182/blood-
2002-10-3229

Malek, T. R., Yu, A., Vincek, V., Scibelli,
P., and Kong, L. (2002). CD4 regu-
latory T cells prevent lethal autoim-
munity in IL-2Rbeta-deficient mice.
Implications for the nonredun-
dant function of IL-2. Immunity
17, 167–178. doi:10.1016/S1074-
7613(02)00367-9

Manicassamy, S., Ravindran, R., Deng,
J., Oluoch, H., Denning, T. L., Kas-
turi, S. P., et al. (2009). Toll-like
receptor 2-dependent induction of
vitamin A-metabolizing enzymes in
dendritic cells promotes T regula-
tory responses and inhibits autoim-
munity. Nat. Med. 15, 401–409.
doi:10.1038/nm.1925

Maraskovsky, E., Brasel, K., Teepe, M.,
Roux, E. R., Lyman, S. D., Short-
man, K., et al. (1996). Dramatic
increase in the numbers of func-
tionally mature dendritic cells in
Flt3 ligand-treated mice: multiple
dendritic cell subpopulations iden-
tified. J. Exp. Med. 184, 1953–1962.
doi:10.1084/jem.184.5.1953

Maruotti, N., and Cantatore, F. P.
(2010). Vitamin D and the immune
system. J. Rheumatol. 37, 491–495.
doi:10.3899/jrheum.090797

Merad, M., Manz, M. G., Kar-
sunky, H., Wagers, A., Peters, W.,
Charo, I., et al. (2002). Langerhans
cells renew in the skin through-
out life under steady-state condi-
tions. Nat. Immunol. 3, 1135–1141.
doi:10.1038/ni852

Milpied, P., Renand, A., Bruneau,
J., Mendes-Da-Cruz, D. A.,
Jacquelin, S., Asnafi, V., et al.
(2009). Neuropilin-1 is not a
marker of human Foxp3+ Treg.
Eur. J. Immunol. 39, 1466–1471.
doi:10.1002/eji.200839040

Moingeon, P., and Mascarell, L.
(2012). Induction of tolerance
via the sublingual route: mech-
anisms and applications. Clin.
Dev. Immunol. 2012, 623474.
doi:10.1155/2012/623474

Mucida, D., Park, Y., Kim, G., Tur-
ovskaya, O., Scott, I., Kronen-
berg, M., et al. (2007). Reci-
procal TH17 and regulatory T
cell differentiation mediated by
retinoic acid. Science 317, 256–260.
doi:10.1126/science.1145697

Nagao, K., Kobayashi, T., Moro, K.,
Ohyama, M., Adachi, T., Kitashima,
D. Y., et al. (2012). Stress-induced
production of chemokines by hair
follicles regulates the trafficking of
dendritic cells in skin. Nat. Immunol.
13, 744–752. doi:10.1038/ni.2353

Naik, S., Bouladoux, N., Wilhelm,
C., Molloy, M. J., Salcedo, R.,
Kastenmuller, W., et al. (2012).
Compartmentalized control of
skin immunity by resident com-
mensals. Science 337, 1115–1119.
doi:10.1126/science.1225152

Obhrai, J. S., Oberbarnscheidt, M.,
Zhang, N., Mueller, D. L., Shlomchik,
W. D., Lakkis, F. G., et al. (2008).
Langerhans cells are not required
for efficient skin graft rejection. J.
Invest. Dermatol. 128, 1950–1955.
doi:10.1038/jid

Ohkura, N., Hamaguchi, M., Morikawa,
H., Sugimura, K., Tanaka, A., Ito,
Y., et al. (2012). T cell recep-
tor stimulation-induced epigenetic
changes and Foxp3 expression are
independent and complementary
events required for Treg cell devel-
opment. Immunity 37, 785–799.
doi:10.1016/j.immuni.2012.09.010

Ohnmacht, C., Pullner, A., King, S.
B., Drexler, I., Meier, S., Brocker,
T., et al. (2009). Constitutive abla-
tion of dendritic cells breaks self-
tolerance of CD4 T cells and results
in spontaneous fatal autoimmu-
nity. J. Exp. Med. 206, 549–559.
doi:10.1084/jem.20082394

Passalacqua, G., Garelli,V., Sclifo, F., and
Canonica, G. W. (2013). Sublingual
immunotherapy for allergic rhinitis

www.frontiersin.org June 2013 | Volume 4 | Article 151 | 85

http://dx.doi.org/10.1084/jem.176.6.1693
http://dx.doi.org/10.1016/j.immuni.2004.08.011
http://dx.doi.org/10.1084/jem.20080414
http://dx.doi.org/10.4049/jimmunol.0803217
http://dx.doi.org/10.1084/jem.20092140
http://dx.doi.org/10.1038/86302
http://dx.doi.org/10.1038/nature10772
http://dx.doi.org/10.4049/jimmunol.1001205
http://dx.doi.org/10.1016/j.immuni.2005.10.008
http://dx.doi.org/10.1084/jem.20071401
http://dx.doi.org/10.1084/jem.20102318
http://dx.doi.org/10.1038/jid.2012.359
http://dx.doi.org/10.1038/ni909
http://dx.doi.org/10.1038/ni1428
http://dx.doi.org/10.1016/j.immuni.2005.04.004
http://dx.doi.org/10.1038/ni1265
http://dx.doi.org/10.3389/fimmu.2012.00014
http://dx.doi.org/10.1084/jem.20110399
http://dx.doi.org/10.1016/j.cell.2008.07.025
http://dx.doi.org/10.1126/science.1170540
http://dx.doi.org/10.4049/jimmunol.1102307
http://dx.doi.org/10.1038/nm1518
http://dx.doi.org/10.1182/blood-2002-10-3229
http://dx.doi.org/10.1182/blood-2002-10-3229
http://dx.doi.org/10.1016/S1074-7613(02)00367-9
http://dx.doi.org/10.1016/S1074-7613(02)00367-9
http://dx.doi.org/10.1038/nm.1925
http://dx.doi.org/10.1084/jem.184.5.1953
http://dx.doi.org/10.3899/jrheum.090797
http://dx.doi.org/10.1038/ni852
http://dx.doi.org/10.1002/eji.200839040
http://dx.doi.org/10.1155/2012/623474
http://dx.doi.org/10.1126/science.1145697
http://dx.doi.org/10.1038/ni.2353
http://dx.doi.org/10.1126/science.1225152
http://dx.doi.org/10.1038/jid
http://dx.doi.org/10.1016/j.immuni.2012.09.010
http://dx.doi.org/10.1084/jem.20082394
http://www.frontiersin.org
http://www.frontiersin.org/Immunological_Tolerance/archive


Yamazaki and Morita Dendritic cells control T-regs

and conjunctivitis. Immunotherapy
5, 257–264. doi:10.2217/imt.12.157

Poulin, L. F., Henri, S., De Bovis, B.,
Devilard, E., Kissenpfennig, A., and
Malissen, B. (2007). The dermis
contains langerin+ dendritic cells
that develop and function inde-
pendently of epidermal Langerhans
cells. J. Exp. Med. 204, 3119–3131.
doi:10.1084/jem.20071724

Poulin, L. F., Salio, M., Griessinger, E.,
Anjos-Afonso, F., Craciun, L., Chen,
J. L., et al. (2010). Characteriza-
tion of human DNGR-1+ BDCA3+
leukocytes as putative equivalents
of mouse CD8alpha+ dendritic
cells. J. Exp. Med. 207, 1261–1271.
doi:10.1084/jem.20092618

Round, J. L., and Mazmanian, S. K.
(2010). Inducible Foxp3+ reg-
ulatory T-cell development by
a commensal bacterium of the
intestinal microbiota. Proc. Natl.
Acad. Sci. U.S.A. 107, 12204–12209.
doi:10.1073/pnas.0909122107

Sakaguchi, S., Sakaguchi, N., Asano,
M., Itoh, M., and Toda, M. (1995).
Immunologic self-tolerance main-
tained by activated T cells expressing
IL-2 receptor alpha-chains (CD25).
Breakdown of a single mecha-
nism of self-tolerance causes various
autoimmune diseases. J. Immunol.
155, 1151–1164.

Sakaguchi, S., Yamaguchi, T., Nomura,
T., and Ono, M. (2008). Reg-
ulatory T cells and immune
tolerance. Cell 133, 775–787.
doi:10.1016/j.cell.2008.05.009

Samstein, R. M., Josefowicz, S. Z., Arvey,
A., Treuting, P. M., and Rudensky,
A. Y. (2012). Extrathymic genera-
tion of regulatory T cells in pla-
cental mammals mitigates maternal-
fetal conflict. Cell 150, 29–38.
doi:10.1016/j.cell.2012.05.031

Sather, B. D., Treuting, P., Per-
due, N., Miazgowicz, M., Fontenot,
J. D., Rudensky, A. Y., et al.
(2007). Altering the distribution of
Foxp3(+) regulatory T cells results
in tissue-specific inflammatory dis-
ease. J. Exp. Med. 204, 1335–1347.
doi:10.1084/jem.20070081

Seneschal, J., Clark, R. A., Gehad,
A., Baecher-Allan, C. M., and
Kupper, T. S. (2012). Human epi-
dermal Langerhans cells maintain
immune homeostasis in skin by
activating skin resident regulatory
T cells. Immunity 36, 873–884.
doi:10.1016/j.immuni.2012.
03.018

Setoguchi, R., Hori, S., Takahashi,
T., and Sakaguchi, S. (2005).
Homeostatic maintenance of nat-
ural Foxp3(+) CD25(+) CD4(+)
regulatory T cells by interleukin

(IL)-2 and induction of autoim-
mune disease by IL-2 neutraliza-
tion. J. Exp. Med. 201, 723–735.
doi:10.1084/jem.20041982

Shklovskaya, E., O’Sullivan, B. J.,
Ng, L. G., Roediger, B., Thomas,
R., Weninger, W., et al. (2011).
Langerhans cells are precom-
mitted to immune tolerance
induction. Proc. Natl. Acad.
Sci. U.S.A. 108, 18049–18054.
doi:10.1073/pnas.1110076108

Sigmundsdottir, H., and Butcher, E. C.
(2008). Environmental cues, den-
dritic cells and the programming
of tissue-selective lymphocyte traf-
ficking. Nat. Immunol. 9, 981–987.
doi:10.1038/ni.f.208

Sigmundsdottir, H., Pan, J., Debes, G. F.,
Alt, C., Habtezion, A., Soler, D., et
al. (2007). DCs metabolize sunlight-
induced vitamin D3 to ‘program’
T cell attraction to the epidermal
chemokine CCL27. Nat. Immunol. 8,
285–293. doi:10.1038/ni1433

Song, J. H., Kim, J. I., Kwon, H.
J., Shim, D. H., Parajuli, N.,
Cuburu, N., et al. (2009). CCR7-
CCL19/CCL21-regulated dendritic
cells are responsible for effec-
tiveness of sublingual vaccina-
tion. J. Immunol. 182, 6851–6860.
doi:10.4049/jimmunol.0803568

Steinman, R. M. (2012). Decisions
about dendritic cells: past, present,
and future. Annu. Rev. Immunol.
30, 1–22. doi:10.1146/annurev-
immunol-100311-102839

Steinman, R. M., Hawiger, D., and
Nussenzweig, M. C. (2003).
Tolerogenic dendritic cells. Annu.
Rev. Immunol. 21, 685–711.
doi:10.1146/annurev.immunol.21.
120601.141040

Stern, J. N., Keskin, D. B., Kato, Z.,
Waldner, H., Schallenberg, S.,Ander-
son, A., et al. (2010). Promoting
tolerance to proteolipid protein-
induced experimental autoimmune
encephalomyelitis through target-
ing dendritic cells. Proc. Natl.
Acad. Sci. U.S.A. 107, 17280–17285.
doi:10.1073/pnas.1010263107

Sun, C. M., Hall, J. A., Blank, R.
B., Bouladoux, N., Oukka, M.,
Mora, J. R., et al. (2007). Small
intestine lamina propria dendritic
cells promote de novo generation
of Foxp3 T reg cells via retinoic
acid. J. Exp. Med. 204, 1775–1785.
doi:10.1084/jem.20070602

Swee, L. K., Bosco, N., Malissen, B.,
Ceredig, R., and Rolink, A. (2009).
Expansion of peripheral naturally
occurring T regulatory cells by
Fms-like tyrosine kinase 3 ligand
treatment. Blood 113, 6277–6287.
doi:10.1182/blood-2008-06-161026

Takahashi, T., Kuniyasu, Y., Toda, M.,
Sakaguchi, N., Itoh, M., Iwata,
M., et al. (1998). Immunologic
self-tolerance maintained by
CD25(CD4( naturally anergic and
suppressive T cells: induction of
autoimmune disease by breaking
their anergic/suppressive state.
Int. Immunol. 10, 1969–1980.
doi:10.1093/intimm/10.12.1969

Tarbell, K. V., Yamazaki, S., Olson,
K., Toy, P., and Steinman, R. M.
(2004). CD25+ CD4+ T cells,
expanded with dendritic cells pre-
senting a single autoantigenic pep-
tide, suppress autoimmune dia-
betes. J. Exp. Med. 199, 1467–1477.
doi:10.1084/jem.20040180

Thornton, A. M., Korty, P. E., Tran, D.
Q., Wohlfert, E. A., Murray, P. E.,
Belkaid, Y., et al. (2010). Expres-
sion of Helios, an Ikaros transcrip-
tion factor family member, differen-
tiates thymic-derived from periph-
erally induced Foxp3+ T regulatory
cells. J. Immunol. 184, 3433–3441.
doi:10.4049/jimmunol.0904028

Thornton, A. M., and Shevach, E. M.
(1998). CD4+CD25+ immunoreg-
ulatory T cells suppress poly-
clonal T cell activation in vitro
by inhibiting interleukin 2 produc-
tion. J. Exp. Med. 188, 287–296.
doi:10.1084/jem.188.2.287

Tomura, M., Honda, T., Tanizaki, H.,
Otsuka, A., Egawa, G., Tokura, Y.,
et al. (2010). Activated regulatory
T cells are the major T cell type
emigrating from the skin during
a cutaneous immune response in
mice. J. Clin. Invest. 120, 883–893.
doi:10.1172/JCI40926

Tran, D. Q., Ramsey, H., and She-
vach, E. M. (2007). Induction of
FOXP3 expression in naive human
CD4+FOXP3 T cells by T-cell
receptor stimulation is transform-
ing growth factor-beta dependent
but does not confer a regulatory
phenotype. Blood 110, 2983–2990.
doi:10.1182/blood-2007-06-094656

Travis, M. A., Reizis, B., Melton, A.
C., Masteller, E., Tang, Q., Proc-
tor, J. M., et al. (2007). Loss of
integrin alpha(v)beta8 on dendritic
cells causes autoimmunity and col-
itis in mice. Nature 449, 361–365.
doi:10.1038/nature06110

Urry, Z., Chambers, E. S., Xystrakis,
E., Dimeloe, S., Richards, D. F.,
Gabrysova, L., et al. (2012). The role
of 1alpha,25-dihydroxyvitamin D3
and cytokines in the promotion of
distinct Foxp3( and IL-10+CD4+T
cells. Eur. J. Immunol. 42,2697–2708.
doi:10.1002/eji.201242370

van de Laar, L., Coffer, P. J., and Wolt-
man, A. M. (2012). Regulation of

dendritic cell development by GM-
CSF: molecular control and impli-
cations for immune homeostasis
and therapy. Blood 119, 3383–3393.
doi:10.1182/blood-2011-11-370130

Verginis, P., Mclaughlin, K. A.,
Wucherpfennig, K. W., Von
Boehmer, H., and Apostolou, I.
(2008). Induction of antigen-
specific regulatory T cells in
wild-type mice: visualization and
targets of suppression. Proc. Natl.
Acad. Sci. U.S.A. 105, 3479–3484.
doi:10.1073/pnas.0800149105

Vitali, C., Mingozzi, F., Broggi, A.,
Barresi, S., Zolezzi, F., Bayry, J.,
et al. (2012). Migratory, and not
lymphoid-resident, dendritic cells
maintain peripheral self-tolerance
and prevent autoimmunity via
induction of iTreg cells. Blood
120, 1237–1245. doi:10.1182/blood-
2011-09-379776

Walker, M. R., Kasprowicz, D. J., Gersuk,
V. H., Benard, A., Van Landeghen,
M., Buckner, J. H., et al. (2003).
Induction of FoxP3 and acquisi-
tion of T regulatory activity by
stimulated human CD4+CD25− T
cells. J. Clin. Invest. 112, 1437–1443.
doi:10.1172/JCI200319441

Waskow, C., Liu, K., Darrasse-Jeze,
G., Guermonprez, P., Ginhoux, F.,
Merad, M., et al. (2008). The
receptor tyrosine kinase Flt3 is
required for dendritic cell develop-
ment in peripheral lymphoid tis-
sues. Nat. Immunol. 9, 676–683.
doi:10.1038/ni.1615

Weiss, J. M., Bilate, A. M., Gobert, M.,
Ding, Y., Curotto De Lafaille, M. A.,
Parkhurst, C. N., et al. (2012). Neu-
ropilin 1 is expressed on thymus-
derived natural regulatory T cells,
but not mucosa-generated induced
Foxp3+ T reg cells. J. Exp. Med. 209,
S1721. doi:10.1084/jem.20120914

Yadav, M., Louvet, C., Davini, D., Gard-
ner, J. M., Martinez-Llordella, M.,
Bailey-Bucktrout, S., et al. (2012).
Neuropilin-1 distinguishes natural
and inducible regulatory T cells
among regulatory T cell subsets
in vivo. J. Exp. Med. 209, S1711–
S1719. doi:10.1084/jem.20120822

Yamazaki, S., Bonito, A. J., Spisek,
R., Dhodapkar, M., Inaba, K., and
Steinman, R. M. (2007). Dendritic
cells are specialized accessory cells
along with TGF- for the differen-
tiation of Foxp3+ CD4+ regula-
tory T cells from peripheral Foxp3
precursors. Blood 110, 4293–4302.
doi:10.1182/blood-2007-05-088831

Yamazaki, S., Dudziak, D., Heidkamp, G.
F., Fiorese, C., Bonito, A. J., Inaba,
K., et al. (2008). CD8+ CD205+
splenic dendritic cells are specialized

Frontiers in Immunology | Immunological Tolerance June 2013 | Volume 4 | Article 151 | 86

http://dx.doi.org/10.2217/imt.12.157
http://dx.doi.org/10.1084/jem.20071724
http://dx.doi.org/10.1084/jem.20092618
http://dx.doi.org/10.1073/pnas.0909122107
http://dx.doi.org/10.1016/j.cell.2008.05.009
http://dx.doi.org/10.1016/j.cell.2012.05.031
http://dx.doi.org/10.1084/jem.20070081
http://dx.doi.org/10.1016/j.immuni.2012.{\penalty -\@M }03.018
http://dx.doi.org/10.1016/j.immuni.2012.{\penalty -\@M }03.018
http://dx.doi.org/10.1084/jem.20041982
http://dx.doi.org/10.1073/pnas.1110076108
http://dx.doi.org/10.1038/ni.f.208
http://dx.doi.org/10.1038/ni1433
http://dx.doi.org/10.4049/jimmunol.0803568
http://dx.doi.org/10.1146/annurev-immunol-100311-102839
http://dx.doi.org/10.1146/annurev-immunol-100311-102839
http://dx.doi.org/10.1146/annurev.immunol.21.{\penalty -\@M }120601.141040
http://dx.doi.org/10.1146/annurev.immunol.21.{\penalty -\@M }120601.141040
http://dx.doi.org/10.1073/pnas.1010263107
http://dx.doi.org/10.1084/jem.20070602
http://dx.doi.org/10.1182/blood-2008-06-161026
http://dx.doi.org/10.1093/intimm/10.12.1969
http://dx.doi.org/10.1084/jem.20040180
http://dx.doi.org/10.4049/jimmunol.0904028
http://dx.doi.org/10.1084/jem.188.2.287
http://dx.doi.org/10.1172/JCI40926
http://dx.doi.org/10.1182/blood-2007-06-094656
http://dx.doi.org/10.1038/nature06110
http://dx.doi.org/10.1002/eji.201242370
http://dx.doi.org/10.1182/blood-2011-11-370130
http://dx.doi.org/10.1073/pnas.0800149105
http://dx.doi.org/10.1182/blood-2011-09-379776
http://dx.doi.org/10.1182/blood-2011-09-379776
http://dx.doi.org/10.1172/JCI200319441
http://dx.doi.org/10.1038/ni.1615
http://dx.doi.org/10.1084/jem.20120914
http://dx.doi.org/10.1084/jem.20120822
http://dx.doi.org/10.1182/blood-2007-05-088831
http://www.frontiersin.org/Immunological_Tolerance
http://www.frontiersin.org/Immunological_Tolerance/archive


Yamazaki and Morita Dendritic cells control T-regs

to induce Foxp3+ regulatory T cells.
J. Immunol. 181, 6923–6933.

Yamazaki, S., Inaba, K., Tarbell, K.
V., and Steinman, R. M. (2006a).
Dendritic cells expand antigen-
specific Foxp3+ CD25+ CD4+ reg-
ulatory T cells including suppres-
sors of alloreactivity. Immunol. Rev.
212, 314–329. doi:10.1111/j.0105-
2896.2006.00422.x

Yamazaki, S., Patel, M., Harper, A.,
Bonito, A., Fukuyama, H., Pack, M.,
et al. (2006b). Effective expansion
of alloantigen-specific Foxp3+
CD25+ CD4+ regulatory T cells
by dendritic cells during the mixed
leukocyte reaction. Proc. Natl.
Acad. Sci. U.S.A. 103, 2758–2763.
doi:10.1073/pnas.0510606103

Yamazaki, S., Iyoda, T., Tarbell, K.,
Olson, K., Velinzon, K., Inaba, K., et
al. (2003). Direct expansion of func-
tional CD25+ CD4+ regulatory T
cells by antigen-processing dendritic
cells. J. Exp. Med. 198, 235–247.
doi:10.1084/jem.20030422

Yamazaki, S., Maruyama, A., Okada,
K., Matsumoto, M., Morita, A.,
and Seya, T. (2012). Dendritic cells
from oral cavity induce Foxp3(+)
regulatory T cells upon antigen
stimulation. PLoS ONE 7:e51665.
doi:10.1371/journal.pone.0051665

Yamazaki, S., Okada, K., Maruyama,
A., Matsumoto, M., Yagita, H.,
and Seya, T. (2011). TLR2-
Dependent induction of IL-10 and
Foxp3CD25CD4 regulatory T cells
prevents effective anti-tumor immu-
nity induced by Pam2 Lipopeptides
in vivo. PLoS ONE 6:e18833.
doi:10.1371/journal.pone.0018833

Yamazaki, S., and Steinman, R. M.
(2009). Dendritic cells as controllers
of antigen-specific Foxp3+ regula-
tory T cells. J. Dermatol. Sci. 54,
69–75. doi:10.1016/j.jdermsci

Yang, Y. C., Zhang, N., Van Crom-
bruggen, K., Hu, G. H., Hong,
S. L., and Bachert, C. (2012).
Transforming growth factor-beta1
in inflammatory airway disease:

a key for understanding inflam-
mation and remodeling. Allergy
67, 1193–1202. doi:10.1111/j.1398-
9995.2012.02880.x

Yoshiki, R., Kabashima, K., Sakabe,
J., Sugita, K., Bito, T., Nakamura,
M., et al. (2010). The manda-
tory role of IL-10-producing and
OX40 ligand-expressing mature
Langerhans cells in local UVB-
induced immunosuppression.
J. Immunol. 184, 5670–5677.
doi:10.4049/jimmunol.0903254

Zou, T., Caton, A. J., Koretzky, G. A.,
and Kambayashi, T. (2010). Den-
dritic cells induce regulatory T
cell proliferation through antigen-
dependent and -independent inter-
actions. J. Immunol. 185, 2790–2799.
doi:10.4049/jimmunol.0903740

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that

could be construed as a potential con-
flict of interest.

Received: 30 April 2013; paper pend-
ing published: 15 May 2013; accepted:
04 June 2013; published online: 21 June
2013.
Citation: Yamazaki S and Morita
A (2013) Dendritic cells in the
periphery control antigen-specific
natural and induced regulatory T
cells. Front. Immunol. 4:151. doi:
10.3389/fimmu.2013.00151
This article was submitted to Frontiers in
Immunological Tolerance, a specialty of
Frontiers in Immunology.
Copyright © 2013 Yamazaki and Morita.
This is an open-access article distributed
under the terms of the Creative Com-
mons Attribution License, which per-
mits use, distribution and reproduction
in other forums, provided the original
authors and source are credited and sub-
ject to any copyright notices concerning
any third-party graphics etc.

www.frontiersin.org June 2013 | Volume 4 | Article 151 | 87

http://dx.doi.org/10.1111/j.0105-2896.2006.00422.x
http://dx.doi.org/10.1111/j.0105-2896.2006.00422.x
http://dx.doi.org/10.1073/pnas.0510606103
http://dx.doi.org/10.1084/jem.20030422
http://dx.doi.org/10.1371/journal.pone.0051665
http://dx.doi.org/10.1371/journal.pone.0018833
http://dx.doi.org/10.1016/j.jdermsci
http://dx.doi.org/10.1111/j.1398-9995.2012.02880.x
http://dx.doi.org/10.1111/j.1398-9995.2012.02880.x
http://dx.doi.org/10.4049/jimmunol.0903254
http://dx.doi.org/10.4049/jimmunol.0903740
http://dx.doi.org/10.3389/fimmu.2013.00151
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org
http://www.frontiersin.org/Immunological_Tolerance/archive


REVIEW ARTICLE
published: 11 July 2013

doi: 10.3389/fimmu.2013.00190

Natural and inducedT regulatory cells in cancer
Dennis O. Adeegbe and Hiroyoshi Nishikawa*

Experimental Immunology, Immunology Frontier Research Center, Osaka University, Suita, Japan

Edited by:
Eyad Elkord, United Arab Emirates
University, UAE, University of Salford
and University of Manchester, UK

Reviewed by:
Axel Kallies, The Walter and Eliza Hall
Institute of Medical Research,
Australia
Yi-chi Kong, Wayne State University
School of Medicine, USA
Nathan Karin, Technion – Israel
Institute of Technology, Israel

*Correspondence:
Hiroyoshi Nishikawa, Experimental
Immunology, Immunology Frontier
Research Center, Osaka University,
3-1 Yamadaoka, Suita, Osaka
565-0871, Japan
e-mail: nisihiro@ifrec.osaka-u.ac.jp

CD4+Foxp3+ T regulatory (Treg) cells control many facets of immune responses ranging
from autoimmune diseases, to inflammatory conditions, and cancer in an attempt to main-
tain immune homeostasis. Natural Treg (nTreg) cells develop in the thymus and constitute
a critical arm of active mechanisms of peripheral tolerance particularly to self antigens.
A growing body of knowledge now supports the existence of induced Treg (iTreg) cells
which may derive from a population of conventional CD4+T cells. The fork-head transcrip-
tion factor (Foxp3) typically is expressed by natural CD4+ Treg cells, and thus serves as a
marker to definitively identify these cells. On the contrary, there is less consensus on what
constitutes iTreg cells as their precise definition has been somewhat elusive.This is in part
due to their distinct phenotypes which are shaped by exposure to certain inflammatory or
“assault” signals stemming from the underlying immune disorder. The “policing” activity
ofTreg cells tends to be uni-directional in several pathological conditions. On one end of the
spectrum, Treg cell suppressive activity is beneficial by curtailing T cell response against
self-antigens and allergens thus preventing autoimmune diseases and allergies. On the
other end however, their inhibitory roles in limiting immune response against pseudo-self
antigens as in tumors often culminates into negative outcomes. In this review, we focus on
this latter aspect of Treg cell immunobiology by highlighting the involvement of nTreg cells
in various animal models and human tumors. We further discuss iTreg cells, relationship
with their natural counterpart, and potential co-operation between the two in modulating
immune response against tumors. Lastly, we discuss studies focusing on these cells as
targets for improving anti-tumor immunity.

Keywords:Tregs, Foxp3, natural, induced, cancer, tumor, Interleukin-10, transforming growth factor β

INTRODUCTION
Early studies of T regulatory (Treg) cells, defined as a subset of
CD4+ cells that co-express high levels of CD25, the high affin-
ity IL-2 receptor α-chain, demonstrated unequivocally that these
cells are crucial for maintenance of peripheral self tolerance as
their elimination led to development of multiple organ-specific
autoimmune diseases (1). Subsequent studies identified foxp3, a
member of the fork-head/winged-helix family of transcriptional
factor as uniquely expressed by Treg cells and allowed for more
precise phenotypic identification of these cells as CD25 alone
was insufficient due to its upregulation on activated T cells (1–
3). Endowed with highly suppressive machinery, it is now well
established that CD4+Foxp3+ Treg cells regulate a diverse array
of immune responses ranging from autoimmune disease, allergies,
and transplant rejection, to infections and cancers (4). While gen-
erally beneficial in the former conditions, the inhibitory activity
of Treg cells often antagonizes protective immunity in the latter
settings. Depending on the microenvironment in which they are
found, and potential stimuli eliciting their recruitment or presence
at such sites, CD4+Foxp3+ Treg cells are now broadly described
as natural or adaptive (5, 6). Natural CD4+Foxp3+ Treg cells are
the better understood of the two with the central dogma being that
the adaptive or “induced” cells are generally derived from existing
pool of naïve conventional CD4+ T cells. Regardless of their ori-
gin, they share one key feature: their ability to potently suppress

effector T cells (5). Although expression of Foxp3 generally iden-
tifies natural, thymus-derived CD4+ Treg cells, adaptive Treg cells
may or may not express this transcription factor (5, 7, 8).

Recent years have seen a surge in studies of cancer models and in
humans highlighting the elevated levels of Treg cells in the tumor
and/or in circulation (9, 10). This often correlates with poor anti-
tumor effector response, hence compromised tumor immunity
(11, 12). Whether the Foxp3+ cells widely described in many can-
cer settings are of natural or adaptive/induced type remains largely
a bone of contention. This review focuses on the current knowl-
edge about both subsets of Treg cells, their generation, phenotypic
characteristics, and ill-defined roles as described in various tumor
models and human cancers. Current therapeutic modalities geared
toward Treg depletion and how they may impinge on recruited
natural versus tumor-induced Treg (iTreg) cells are discussed.

INDUCED/ADAPTIVE TREGS, MORE THAN JUST Foxp3+
CELLS
Adaptive Tregs encompass a number of CD4+ cells with reg-
ulatory/suppressive capabilities (7, 8, 13). Although “iTregs” is
commonly used interchangeably with “adaptive Tregs,” the former
is perhaps a better nomenclature for all extrathymically derived
CD4+ Treg cells. In this context, iTreg cells range from Tr1 cells,
which are induced by IL-10, and secrete both IL-10 and TGF-β (7),
to TGF-β-producing Th3 cells (induced by oral antigen tolerizing
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conditions) (8), to peripheral naïve CD4+CD25−Foxp3− cells
that become converted to Foxp3-expressing cells (13). Tr1 cells
regulate immune responses against ubiquitous commensal organ-
isms and promote tolerance in the gut, and accumulating evidence
reveal they play key roles in other facets of adaptive immune
response (7). Th3 cells on the other hand, appear critical in tol-
erance induced by oral antigen delivery (8). Both adaptive Treg
cell types are induced in peripheral sites and have been described
to generally lack expression of Foxp3 which distinctively iden-
tifies natural Treg (nTreg) cells of thymic origin (2, 3, 14). In
most tumor studies however, these cells have not been extensively
described. Most of the attention on iTregs in tumor settings has
largely focused on converted Foxp3-expressing cells mentioned
above. Since both peripherally induced Foxp3+ as well as Foxp3
non-expressing CD4+ regulatory T cells (e.g., Tr1− cells) are
often discussed under the umbrella of “induced” Treg cells, for
simplicity sake, the term iTreg in this review will be restricted to
CD4+CD25−Foxp3− cells that have acquired Foxp3 expression.
In order to do justice to their contributions in tumor settings,
other Foxp3 non-expressing, peripherally induced CD4+ regula-
tory cells, specifically Tr1 cells, will be discussed separately as such
in one section and the rest of our discussion will focus on Foxp3+
peripherally converted iTregs.

NATURAL VERSUS INDUCED TREGS IN CANCER: ORIGIN
AND ACCUMULATION
Several lines of evidence reveal an accumulation of Treg cells
both at peripheral sites (spleen, peripheral blood), and within
the local tumor microenvironment [reviewed in Ref. (10, 12,
15)]. This often correlates with persistent tumor burden and poor
anti-tumor effector response (11, 12). Importantly, a low CD8+
effector T cell number is also noted relative to the high proportion
of Foxp3+ Treg cells in the peripheral blood and tumor tissue
in many cancer patients (12) suggesting active recruitment of
Foxp3+ Treg cells is a key feature of many tumors. Thus, a “guilty-
by-association” analogy means that these tumor-infiltrating Treg
cells must at least, in part, be responsible for dampening anti-
tumor immunity, namely preventing effective tumor immunosur-
veillance. One outstanding issue however is the source of these
cells, and this issue is currently a subject of debate within the
tumor immunology community.

From current knowledge, the composition of Foxp3+Treg cells
within tumors and/or in circulation in human cancer patients
remains poorly understood. There are a few possibilities: (1) They
are nTregs recruited to the tumor site and actively expanding (16–
18); (2) They are a pool of induced, Foxp3-acquired Treg cells
(iTregs) derived from converted CD25− cells (19, 20); (3) They are
Tr1 cells (discussed in the following section). In support of the first
possibility, studies performed by Zou and colleagues demonstrated
specific recruitment of pre-existing human Treg cells into tumors
in a manner that was dependent on tumor-mediated CCL22 pro-
duction and gradient (16). Another study demonstrated that Treg
cells underwent substantial proliferation at tumor site and drain-
ing lymph node in response to TGF-β secreted by immature DCs
which themselves were a result of tumor cell modification (18). In
either study however, the possibility that iTregs were also recruited
or expanded at tumor site could not be excluded. The notion that

tumor-infiltrating Tregs are likely expanded nTreg cells was further
purported in a study that examined the TCR repertoire analysis
of tumor-infiltrating Treg and T conventional cells (17). In this
report, authors concluded that since the TCR repertoires of either
population were largely non-overlapping, the tumor-infiltrating
Tregs are likely of natural origin as a significant overlap would
have been observed if a fair amount of CD25− cell conversion to
Foxp3+ cells occurred.

Data supporting the second possibility comes from a number
of studies (19–21). One of these demonstrated that in thymec-
tomized, and anti-CD25-treated tumor-bearing mice, a popula-
tion of Treg cells converted from CD25− cells developed (20).
Anti-CD25 Treg depletion strategy has been described not to effi-
ciently eliminate Treg cells (22). So the possibility remains that
nTreg cells not touched by the treatment regimen expanded in
this system. In any case, the thymectomy would have at least
reduced any potential contribution by newly generated nTreg cells
after anti-CD25 treatment cessation. Many tumors secrete TGF-β
that may directly or indirectly induce naïve T cell conversion to
Foxp3+ iTregs (19, 20, 23) Consistent with this, another group
demonstrated that in a mouse prostate tumor model, tumor-
derived TGF-β potentiated the conversion of CD4+CD25− T
conventional cells into Foxp3-expressing, CD25+ iTreg cells (19).
However, sole presence of iTreg or nTreg cells within the tumor
need not be mutually exclusive as demonstrated by Zhou et al.
Using an influenza hemagglutinin (HA)-expressing tumors along
with HA TCR-transgenic T cells in an adoptive transfer system,
they were able to demonstrate that both de novo generated adap-
tive and nTreg cells contributed to the pool of tumor-Treg cells
(24). Thus, a more realistic view of their composition is that both
adaptive and nTreg cells contribute to the total Treg pool affiliated
with tumor microenvironment.

Tr1 CELLS IN CANCER
Not all regulatory CD4+ cells are endowed with Foxp3 suppressive
machinery. As mentioned previously, IL-10-producing Tr1 cells
fall under this umbrella of Foxp3-non-expressing cells. Tr1 cells by
their original description in the early literature are CD4+CD25−,
IL-10, and TGF-β-producing cells (7). The general consensus is
that they are derived from a pool of naïve CD4+ T cells that
are distinct from thymus-derived Foxp3+ cells. Suffice to say,
they are seemingly low in frequency in an unperturbed immune
environment but are readily detected in an environment rich in
cytokines such as IL-10, justifying their label as adaptive or induced
regulatory T cells.

Unlike CD4+Foxp3+ Treg cells, the involvement of Tr1 cells in
tumors has not received as much attention. There are a number
of studies showcasing the importance of these cells in tempering
anti-tumor response, some dating back to pre-Foxp3 years (25–
30). In a cohort of Hodgkins lymphoma patients, an argument
was made by Marshall and colleagues for a contributory role of
CD4+ IL-10+ Tr1 cells toward ineffective clearance of Hodgkins
lymphoma. This was in part based on their finding that these cells
were present at elevated proportions in associated lymph nodes,
and could suppress T cell response in corresponding PBMCs (26).
The co-existence of the Tr1 cells with CD4+CD25+ (presum-
ably natural Foxp3+) both of which were enriched in the lymph
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nodes in this particular study makes it difficult to ascertain to what
extent, if any, the Tr1 cells played an inhibitory role. Whiteside
and colleagues have reported extensively the presence of Tr1 cells
in head and neck squamous-cell carcinoma (HNSCC) patients
(10). Although relatively low in frequency in circulation, they were
present in a sizable proportion in tumor-infiltrating lymphocytes
(28). In vitro analysis of peripheral CD4+ cells in glioblastoma
patient also revealed a prominent Tr1 response against tumor cells
suggestive of an enriched population of Tr1 cells in this setting
(27). In a protocol involving adoptive transfer of in vitro-cultured
Th1-like cells to ovarian cancer patients, Tr1 cells were also shown
to contribute to the total circulating Treg pool (30). In general,
many of the analyses performed in these studies were dependent
on stimulation of patient’s PBMC with or without tumor anti-
gens plus Tr1 cell-enhancing cytokines to showcase their existence,
and demonstrate that cancer patients harbor more Tr1 cells than
healthy individuals. Perhaps, most of the Tr1 cells in the periphery
exist in precursor form and are only expanded at tumor site where
antigen is ubiquitous and key cytokines such as IL-10 are abun-
dant, similar to the in vitro simulations. The study performed by
Bergmann et al., certainly is in agreement with this notion (28).

The mechanisms by which Tr1 cells might be induced within the
tumor remains unclear. Some lines of evidence suggest that certain
factors uniquely produced by tumor cells could facilitate an IL-10-
rich environment that ultimately fosters Tr1 cell induction (10, 27).
In one report, cyclooxygenase-2 (COX-2) overexpressing glioma
via Prostaglandin E2 (PGE2) synthesis induced mature DCs to
express high levels of IL-10, which in turn induced CD4+ T cells
that secreted copious amounts of IL-10 and TGF-β (27). Further-
more,CD4+T cells isolated from peripheral blood of glioblastoma
patient showed marked IL-10 production against tumor cells indi-
cating an enrichment of Tr1 cells within the peripheral CD4+ T
cell pool in this patient. This sentiment was echoed by another
study which demonstrated that in vitro, highly suppressive Tr1
cells were generated from CD4+CD25− T cells in the presence of
autologous DCs and irradiated COX-2+ HNSCC cells or exoge-
nous PGE2, with a cytokine cocktail that included IL-10 (29).
Like the afore-mentioned study, the overall conclusion here is that
COX-2 overexpression, and PGE2 production by HNSCC plays
a key role in the induction of Tr1 cells in this malignancy. The
Tr1 cells in this study however, were shown to have some Foxp3
expression.

One important point is that a unifying phenotype that defin-
itively identifies these CD4+ Tr1 cells is yet to be agreed upon.
Besides being CD25 negative, IL-10, and TGF-β-producing, their
Foxp3 status remains a divisive subject. Some studies showed they
express variable Foxp3 levels (28, 29, 31), others described them as
Foxp3 negative, or foxp3 status was not addressed (26, 27, 30, 32,
33). The differences between these studies may likely stem from
experimental designs although it can be argued that the stimula-
tory conditions used in some of the in vitro assays to amplify Tr1
cells are also conducive to Foxp3 induction in lieu of the fact that
conventional human T cells can upregulate FOXP3 upon activa-
tion (34). Regardless of how they are described, Tr1 cells, like their
natural counterparts, are capable of exhibiting potent suppres-
sive functions as demonstrated in some of the above-mentioned
studies.

With respect to their perceived function within the tumor
microenvironment, it remains a possibility that they co-operate
with nTregs, a notion that has been suggested by others (35). The
dichotomy that Tr1 cells are increased in frequency in advanced
cancer stage and also in patients who had no evidence of active
disease following oncologic treatments when compared with early
stage raises the possibility that they may play differing roles under
varying tumor burdens (28). On the far end of the spectrum of
possibilities is that Tr1 cells actually may play beneficial roles that
are masked by the over-representation of their “natural cousins”
within the tumor microenvironment. Perhaps the ratio between
nTregs and Tr1 iTregs may be key to understanding their con-
tribution to shaping the course of tumor progression. In sup-
port of this idea, ex vivo stimulated PBMCs of ovarian cancer
patients who had better survival outcomes upon previous infu-
sion with Th1-like CD4+ cells, contained higher fractions of both
CD4+CD25+CD45RO+FoxP3+ and CD4+CD25−FoxP3− IL-
10-producing cells compared to cells derived from short-term
survivors (30). Importantly, the ratio of the Foxp3+ nTregs versus
IL-10+ Tr1 cells was touted to be key to better outcome as the one
patient that remained cancer-free showed a dwindling pattern in
the frequency of CD4+Foxp3+ cells while the Tr1 cell numbers
steadily increased with each cycle of T-cell infusion and ex vivo
PBMC stimulation. Could induced regulatory cells that present
in the form of IL-10-producing Tr1 cells be beneficial in the con-
text of tumor immunity? Perhaps some studies in the foreseeable
future may specifically tackle this question. IL-10 being a cytokine
that appears to play both inhibitory and immunostimulatory roles
(25, 26, 32, 36), an anti-tumor immunity-boosting role for IL-10+
Tr1 cells is thus, not unimaginable and the above study certainly
leaves room for such deduction. Consistent with this notion, IL-
10-producing CD4+ cells have been demonstrated to effect tumor
rejection in a murine glioma model by augmenting CTL and NK
cell response (32). Perhaps, “curative” outcome seen from a com-
bination of standard cancer treatments and immune modulatory
protocols favor an increase in a discrete, unobstructive, Tr1 cell
population with a concomitant decrease in a tampering nTreg
subset. At any rate, more studies are warranted to better under-
stand how Tr1 cells shape the course of anti tumor immunity,
and by extension, tumor progression. In addition, identification
of reliable markers to pin-point categorically their existence in
tumor mass and in circulation of cancer patients without a need
to amplify them in vitro is necessary.

DIFFERENTIATING NATURAL TREGS FROM INDUCED TREGS
HELIOS
Expression of Helios, a member of the Ikaros transcription factor
family has been described to be a part of Treg genetic signature
based on a number of gene array analysis (37, 38). In a recent
report, essentially all thymic Treg cells were Helios+but only about
70% of the peripheral pool retained their expression (39). Further-
more, in vitro and in vivo-generated iTregs failed to express Helios.
An argument was thus made that Helios expression may mark the
bona fide nTregs of thymic origin (39). Building on this obser-
vation, studies in tumor-bearing mice and human cancers have
also explored the composition of tumor-infiltrating Treg cells with
respect to Helios expression (40–42). Treg cells from peripheral
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blood of renal cell carcinoma (RCC) patients were found to con-
sist of a population that expressed Helios (40). In human ovarian
carcinomas, CXCR3+ Treg cells were reported to be abundantly
represented in the majority of tumor-Treg cells and they co-
express Helios (41). In another study that used a xenogeneic mouse
model of malignant human brain tumor, it was demonstrated
that majority of tumor-associated Treg cells expressed Helios, and
their frequency decreased when tumor-bearing mice were thymec-
tomized prior to tumor cell implantation (42). In all of these
studies, the consensus was that the Treg cells within the tumors
are most likely natural due to their expression of this transcription
factor. On the contrary, it was reported that the vast majority of
tumor-infiltrating Treg cells in a murine colon adenocarcinoma
expressed low levels of Helios and the authors concluded that
based on this phenotype, coupled with additional markers, these
are likely to be iTregs (43). In the absence of any immune pathol-
ogy in the colon however, it should be pointed out that colonic
Treg cells may be predominantly thymus-derived nTreg cells as
recently demonstrated (44). When weighed together, these obser-
vations only reinforce the possibility that the expression of Helios
on tumor-infiltrating Treg cells may not necessarily be an indica-
tion that they are derivatives of nTreg cells. Further putting into
question the reliability of Helios in resolving the dichotomy of “i”
versus “n” Treg cells are some existing reports (45–47). Using poly-
clonal or antigen-specific stimulation methods to activate T cells
derived from TCR-transgenic Rag−/− mice (hence, no endoge-
nous Tregs),Wraith and colleagues demonstrated that a substantial
fraction of in vitro-generated iTregs expressed Helios under the
latter stimulation condition (47). Another group also described
transient expression of Helios on activated human and murine T
conventional and Treg cells (45). Whether Helios positive versus
negative Foxp3+ cells simply represent different versions of the
same Treg group (i.e., n Tregs) is of particular interest given that
the profile of iTreg cells generated in adoptively transferred lym-
phopenic mice based on gene expression analysis was found to be
relatively similar to nTreg cells from normal mice (48). As Treg cells
encounter tumor-associated antigens (TAA), it remains a possibil-
ity that they become activated and upregulate Helios expression.
In this context, expression of Helios simply is not sufficient to
distinguish the origin of tumor-Tregs.

NEUROPILIN-1
Neuropilin-1 (Nrp-1), a type-1 transmembrane protein is yet
another molecule that is being implicated in the iTreg versus
nTreg identification issue (43, 49, 50). Using microarray analysis,
Haribhai and team demonstrated that iTreg cells induced in vitro
under TGF-β and IL-2 expressed very low levels of Nrp1 com-
pared to nTregs cells (49). In an MBP-specific TCR-transgenic
mouse model under Rag deficiency background, another report
demonstrated the existence of Foxp3+ iTreg cells in peripheral
compartments, which persisted even in athymic mice suggesting
that they were extrathymically derived (50). These cells expressed
low levels of Nrp-1. In a model of iTreg cell generation via mucosal
routes, Lafaille and colleagues demonstrated that mucosal iTreg
cells or iTreg cells generated in vivo under non-inflammatory con-
ditions also express low levels of Nrp-1 unlike nTreg cells in which
high expression levels were noted. Under inflammatory conditions

however, iTreg cells upregulated its expression (43). In tumor
settings, there is only scant data describing Nrp-1 expression in
association with sub-phenotypes of Treg cells. In one report, there
was a positive trend toward increased presence of a sizable fraction
of Foxp3+ cells which exhibited low expression levels of Nrp-1
in the tumor tissue of tumor-bearing mice. In contrast, Nrp-1hi
cells predominated in the spleen suggesting that the Nrp-lo phe-
notype may represent a population of iTreg cells induced locally
within the tumor (43). Taken together, these studies allude to the
possibility that Nrp-1 expression may be a good indicator for dis-
tinguishing between peripherally induced adaptive Treg cells and
may be particularly suitable in deciphering the composition of
tumor-infiltrating Foxp3+ Treg cells.

OTHER MARKERS
Worth mentioning are a myriad of cell surface molecules and
receptors that have also been associated with tumor-infiltrating
Treg cells (41, 51–56). Garpin (GARP; glycoprotein A repetitions
predominant) was found in one study to be significantly higher on
Foxp3+Treg cells in hepatocellular carcinoma patients (55). Lym-
phocyte activation gene-3 (LAG-3), a CD4 homolog that binds
MHC class II is yet another molecule that has been described
to distinguish a unique sub-population of CD4+Foxp3+ Treg
cells that expand at tumor sites (51). This study analyzed the
frequency and phenotype of Foxp3+ cells in melanoma and col-
orectal cancer patients at different stages of disease and discovered
that increased percentages of LAG-3-expressing Foxp3+ Treg cells
preferentially expanded in the peripheral blood and tumor sites
raising the notion that these cells represent a subset of tumor-iTreg
cells (51). Other studies identified TNFR2, TIM-3, and ICOS as
upregulated on Treg cells at tumor sites suggesting they may rep-
resent a distinct Treg cell subset that are generated specifically in
response to TAA (52–54, 56). In a human melanoma study, for
example, CD4+Foxp3+ Treg cells infiltrating tumor tissue not
only displayed upregulated expression of ICOS but also exhib-
ited a more potent suppressive activity compared to those derived
from circulating blood cells (54). While these assessments were
not particularly geared toward separating tumor-infiltrating Treg
cells into natural or induced subset, it could be insightful if their
expression patterns are considered in tandem with analysis focused
at determining the composition of tumor-Treg cells with respect to
their origin. (See Table 1 for a number of cancer studies in which
some of these markers or TCR repertoire pattern were implicated
in the suggested origin of tumor-infiltrating Treg cells.)

nTREG VERSUS iTREG IN TUMORS; A FUNCTION OF
ACTIVATION/DIFFERENTIATION STATUS?
Perhaps, a healthy dose of objectivity is ideal in our trying to piece
together the different phenotypes exhibited by Foxp3+ Treg cells
in different tumors and finding a unifying phenotype that specif-
ically identifies subsets. The increased expression of some of the
afore-mentioned molecules upon T cell activation (57, 58) raises
the possibility that the various unique phenotypes as observed in
many tumor models and human cancers may simply represent
an activation state and not an indication of a different cohort of
iTreg cells generated from peripheral non-Treg cells. For instance,
a recent study reported that the expression of GARP identifies
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Table 1 | Natural and inducedTreg cells in cancer.

Species Cancer type/tumor model Treg phenotype Suggested origin Origin indicator Reference

Human Ovarian carcinoma CD4+FOXP3+; CXCR3+, T-bet+ Natural Helios expression (41)

Human Colon adenocarcinoma CD4+FOXP3+; CCR4+CTLA-4hi Unknown (89)

Human Ovarian cancer CD4+FOXP3+; Helios+, CCR4lo Unknown (61)

Mice/Rats Colon carcinoma/melanoma CD4+CD25+/Foxp3+ Natural Expansion via mDC-TGF-β (18)

Mice Fibrosarcoma CD4+Foxp3+ Natural Distinct TCR repertoire versus

CD4+CD25−

(17)

Mice Colon carcinoma CD4+Foxp3+ Induced Foxp3 induction in

CD4+CD25−

(20)

Mice Renal cell carcinoma CD4+CD25+/Foxp3+ Induced Foxp3 induction via TGF-β (19)

Human Renal cell carcinoma CD4+FOXP3+ Natural Helios expression (40)

Mice, human Glioblastoma CD4+Foxp3+ Natural Helios expression (42)

Mice Colon adenocarcinoma CD4+Foxp3+; Nrp-1lo, Helioslo Induced Helios and Nrp-1 expression (43)

Mice Tumor cell line/melanoma CD4+Foxp3+ Natural Distinct TCR sequence versus

CD4+CD25−

(70)

Human Hodgkin lymphoma CD4+IL-10+Tr1 and

CD4+CD25+

Unknown (26)

Human Ovarian cancer CD4+CD25−FOXP3− IL-10+Tr1

and CD4+CD25+Foxp3+

Induced and natural IL-10 production or Foxp3

status

(30)

activated human CD4+Foxp3+ Treg cells especially upon in vitro
stimulation (58). Although very few studies have demonstrated
the antigen specificity of tumor-infiltrating Treg cells (59, 60),
one might speculate that the bulk of the Treg cells infiltrating the
tumor have encountered and been activated by some TAA, hence
are antigen-experienced. Therefore, it remains plausible that the
different phenotypes as observed in different tumor models and
human cancers is a reflection of their activation status and a factor
of antigen repertoire to which the Treg cells are exposed in the
tumor and/or draining lymph nodes. In sync with this notion, a
recent study in late stage ovarian cancer patients noted a dominant
population of Helios+ activated Treg cells in disseminated tumors
(61). Another issue is whether the expression of these molecules
signals a terminal differentiation stage. We previously reported
that in humans, CD45RA-Foxp3hi cells are activated and termi-
nally differentiated (62). In a murine study, KLRG1-expressing
Treg cells were identified and also deemed to be terminally dif-
ferentiated (63). Thus, tumor-infiltrating Treg cells may well be
derived from pre-existing pool of peripheral nTreg cells but exhibit
unique phenotypic properties reflective of their activation status
and/or differentiation stage as opposed to being generated from
non-Treg precursors, hence induced.

Expanding on this issue, it has been said that tumor-infiltrating
Treg cells appear to display an effector phenotype that likely
emanates from chronic exposure to TAA (10, 64, 65). Could
expression of an effector phenotype distinguish between nTregs
from iTregs? This is unlikely given that both potentially co-inhabit
the tumor and are subjected to similar antigenic cues. Cretney et
al., opined that activated/effector Treg cells display unique phe-
notypic features that distinguishes them from naïve cells (66, 67).
In one of their studies, they described a distinct population of
Blimp-1-expressing Treg cells with an effector phenotype (67).
Given that IL-2 and inflammatory signals was shown to facilitate
their production, one might speculate that the prevalence of such

inflammatory cytokines/signals in the tumor surroundings may
favor the recruitment or generation of these functionally mature
effector Treg cells. In this context, Blimp-1 could be useful to iden-
tify effector Tregs which are derived from the natural pool versus
those induced from CD25− cells in situ. Perhaps, an evaluation of
a plethora of activation-associated markers such as described by
Cretney and colleagues may yield some clues as to which subset of
tumor-infiltrating Treg cells are natural or induced regardless of
their antigen experience.

At the genetic level, molecular analysis has revealed that while
nTreg cells show a stable hypomethylation pattern at the Foxp3
locus, iTregs generated in vitro and in vivo are fickle, present-
ing with unstable Foxp3 expression with partial hypomethylation
pattern (68, 69). Although both iTreg and nTreg in the tumor may
be indistinguishable in terms of having an effector phenotype,
assessing Foxp3 epigenetic modification patterns could be useful
to differentiate nTregs from iTregs.

TCR REPERTOIRE DIVERSITY AND ANTIGEN SPECIFICITY OF
TUMOR-INFILTRATING TREG CELLS
Currently, there is paucity of data addressing the issue of antigen
specificity and TCR repertoire within tumor-associated Treg cells
and how this information may define induced versus nTreg cells.
The notion that Treg cells accumulating within tumors might be
nTreg cells was presented by Gallimore’s lab. In one of their stud-
ies as mentioned previously, they analyzed the TCR repertoires
of Treg cells and T conventional cells within the tumor tissue
and found that they were largely distinct concluding that based
on this finding, tumor-Tregs are likely derivatives of nTregs (17).
In another study using non-TCR-transgenic mice, immunoscope-
based analysis of the TCR repertoire of tumor-infiltrating Treg
cells and T effector cells revealed that each population exhibited
a skewed and distinct repertoire indicative of clonal expansion,
hinting that the tumor-infiltrating Tregs are likely a few clones
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that proliferate extensively in the tumor (70). Further analysis of
CDR3 sequences revealed some public sequences that were unique
to Treg cells obtained from multiple tumor tissues but had little
overlap with T effector cells arguing against the possibility that
the Treg cells were converted from T effector cells, although based
on the limited scope of the work, such possibility still cannot be
excluded.

Treg cells are selected with TCRs specific for self peptide:
MHC constituents (71, 72) and many TAA are self antigens
(73). Furthermore, Treg cells can recognize an array of tumor-
associated immunogenic self antigens (74, 75). So, it is possible
that tumor-infiltrating Treg cells exhibit unique TCR repertoire
highly reactive against some of the TAA. Supporting this notion,
a human-melanoma-infiltrating Treg clone specific for LAGE-1,
a cancer/testis antigen that is expressed in many types of tumors
was identified in a study (76). It should be reiterated here that the
expression of cancer/testis antigens is normally restricted to male
germ cells but not in adult somatic tissues. On that account, they
are cancer tissue-specific self antigens. In another study, the same
group reported the establishment of CD4+ Treg clones gener-
ated from tumor-infiltrating lymphocytes of cancer patients which
were reactive against another tumor-derived ARTC1 peptide (77).
In another unrelated study, NY-ESO-1 (New York esophageal
squamous-cell carcinoma-1)-specific CD4+ T cells were gen-
erated from naïve T cell preparation upon Treg cell depletion
suggesting that Treg cells, presumably an antigen-specific subset
suppressed NY-ESO-1-specific T cell induction in cancer patients
(78). Thus, circulating tumor-antigen-specific Treg cells exist at
least in patients with certain cancers (79). While these studies sug-
gest to a certain extent, the self specificity of tumor-infiltrating Treg
cells, the issue of their origin was not addressed. How might iTreg
cells and nTreg cells in the tumor differ with respect to their anti-
gen specificity and repertoire? Answering this question requires a
clear understanding of which of these two subsets predominates
in specific cancers. Then, our efforts could expand to decipher-
ing their peptide specificity, immunodominant epitopes of such
peptides, and TCR diversity of Treg cells that may recognize them
through combination of techniques including but not limited to
cloning, proteomics, and spectratyping analysis.

TUMOR-TREG CELL RECRUITMENT AND TRAFFICKING
The recruitment of Treg cells (natural or induced) into tumors
likely involves complex, multi-step processes that ultimately cul-
minate in the high frequencies observed in many cancers. Perhaps,
the expression of certain receptors may be key to unraveling some
of these processes and sorting the suppressor cells. One potential
candidate protein is Neuropilin-1 (Nrp-1), the expression of which
was found to be low on in vivo-generated iTreg cells under non-
inflammatory conditions unlike nTreg cells which preferentially
expressed this protein at high levels (43). In tumor-bearing mice,
Nrp-1 expression on Treg cells was demonstrated to promote their
recruitment to tumor site via tumor-derived VEGF gradient (80).
Anecdotally, Nrp-1, the expression of which is very low in naïve T
conventional cells is under Foxp3 control as ectopic expression of
Foxp3 in these cells led to induction of Nrp-1 (37, 81). Given that
TGF-β can bind Nrp-1 in addition to inducing Foxp3 expression
(35, 82), it remains plausible that TGF-β-induced Foxp3+ iTreg

cells, armed with Foxp3-induced Nrp-1 expression, respond to
further TGF-β binding in a positive feedback loop, and ultimately
become recruited across similar gradient as the nTreg cells.

Chemokine receptor pattern while largely unexplored, could
be another critical aspect of tumor-affiliated Treg cells that could
be useful in determining Tumor-Treg sub-groups. For example,
in human ovarian carcinomas, selective accumulation of Treg
cells expressing high levels of chemokine receptor CXCR3 was
noted (41). Similarly, Treg cells that infiltrated colorectal tumor
mass preferentially expressed CCR6 which appeared to promote
their recruitment via tumor-associated macrophage production
of CCL20 (83). In skin tumor-bearing mice, CCR5 was preferen-
tially expressed on tumor-infiltrating Treg cells, which seemed to
be recruited to the tumor via its ligands, CCL3, 4, and 5 that was
produced by myeloid-derived suppressor cells (MDSCs) (84). Sim-
ilarly, CCR5 signaling appeared to facilitate the recruitment of Treg
cells to pancreatic adenocarcinoma (85). Other chemokine recep-
tors implicated in Treg trafficking to tumor sites include CXCR4,
which drives Treg cells toward tumor site via interactions with
CXCL12 that is produced within the tumor microenvironment, as
well as CCR8 and CCR10 (86–88). In the case of CCR10, hypoxia
within ovarian tumor environment promotes the secretion of
CCL28 by cancer cells which in turn enhances the recruitment of
Foxp3+ Treg cells via CCR10 (87). Furthermore, in studies of oral
squamous-cell carcinoma and colon adenocarcinoma, increased
frequencies of tumor-associated CCR4hi cells were reported (89,
90). Consistent with this and other reports (16, 91, 92), we have
recently identified CCR4 to be highly expressed on the majority of
tumor-infiltrating Treg cells in a human melanoma study (manu-
script in preparation). Notably, their phenotype was unique and
distinct from their counterparts in non-tumor-associated periph-
eral blood. Whether these Treg cells are peripherally recruited by
tumor-derived factors such as CCL22, which is a chemokine that
is widely produced by a number of tumors, and a ligand for CCR4
(12, 65) remains to be determined and is a subject of our ongoing
investigations.

In contrast to our observations and that of others mentioned
above,one report found that tumor-infiltrating Treg cells exhibited
markedly reduced levels of CCR4 in HNSCC relative to circulat-
ing Tregs (61). One obvious explanation for variabilities between
these studies is that differences in tumor type, infiltrating immune
cells, and stage of disease likely impacts the phenotype of Treg
cells prevalent within tumors at time of investigation. Despite the
lack of any extrapolation from all these studies as to the natural or
induced status of tumor-Treg cells, they bring to light, the notion
that the tumor milieu likely shapes the composition of Treg cells
present within it as different Treg cell subsets express different
homing receptors based on the environmental cues to which they
are subjected (93). Thus, different tumors may exhibit distinct Treg
cell composition that reflects such properties. In this regard, eval-
uation of homing receptor expression pattern in various human
cancers may thus shed more light to whether they are locally
induced, or are expanded from a recruited natural population.

INDUCED/ADAPTIVE TREG GENERATION IN TUMORS
The mechanisms involved in de novo generation of adaptive
Treg cells are still unclear. Several lines of evidence point to the
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suppressive cytokine milieu prevalent within the tumor environ-
ment as a major contributory factor (94). For instance, TGF-β
can induce iTreg cells and it is well established that several tumor
lines utilized in murine tumor studies secrete TGF-β (19, 95–97).
Other tumor-derived soluble factors such as GM-CSF and VEGF
may recruit or expand MDSCs which then secrete cytokines that
could potentially induce Treg cells (98, 99). Additionally, tumor-
associated macrophages or DCs may be instrumental in inducing
Treg cells or recruiting discrete subsets of Treg cells with distinct
phenotypes (83, 100).

Similar to the phenomenon of infectious tolerance (101), Treg
cells may also directly enlist naïve T cells into the regulatory
pool. In this regard, Treg cell production of IL-10 and TGF-β
(102, 103) may also modulate some naïve CD4+ T cells, convert-
ing them to cells with inhibitory function. Another possibility is
an indirect effect via modulation of DCs. Treg cells via CTLA-
4 may keep DCs in an immature state by engaging CD80 and
CD86 molecules on these antigen presenting cells (102). Such

immature DCs may induce Foxp3 or Foxp+-like phenotype, in
line with their demonstrated ability to efficiently induce iTreg cells
in vivo (104). The modification of tumor-associated APCs is how-
ever not restricted to Treg effect alone. Other inhibitory agents
produced by tumors such as IDO (105) may re-shape DCs to
become tolerogenic and in turn promote induction of Foxp3+
Treg cells (106). Taken together, adaptive Treg cell generation
may be promoted by tumor-related expression of key cytokines
and soluble factors that have the potential to induce Foxp3+
cells from existing pool of tumor-infiltrating conventional CD4+
T cells or recruit discrete regulatory CD4+ T cells from distal
sites.

In a nutshell, it is evident that the generation of adaptive Treg
cells is likely a complex phenomenon and multiple pathways may
be involved (Figure 1). Adding to this complexity is the tumor
itself: its properties such as cytokine and chemokine milieu, angio-
genic capabilities, etc. may determine or shape the generation of
these peripherally induced adaptive Treg cells.

FIGURE 1 | Generation and recruitment of adaptive/inducedTregs in the
tumor microenvironment. Tumor cells may secrete an array of cytokines
and soluble factors that facilitate the induction of Foxp3 in Foxp3− cells or
the recruitment of multiple cell types including natural Treg cells,
myeloid-derived suppressor cells (MDSC), dendritic cells (DC), and
macrophages. These cells in turn may secrete inhibitory and

immune-suppressive factors such as TGF-β, IL-10, and indoleamine
2,3-dioxygenase (IDO) that could potentially convert some Foxp3− CD4+
cells into Foxp3+ cells. Additionally, tumor-derived factors or Treg interaction
with DCs may promote generation of tolerogenic or immature DC (iDC) that
recruit distinct populations of natural Tregs. nTreg is CD4+Foxp3+ cells while
iTreg is CD4+Foxp3 variable.
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Foxp3 STABILITY AS AN INDICATOR OF NATURAL VERSUS
INDUCED TREG CELLS IN TUMORS?
Addressing the issue of Foxp3 stability within tumor-associated
Treg cells, a recent report evaluated tumor-resident Treg cells.
Using reporter mice that bear melanoma, authors were able to dif-
ferentiate between “ex” and “current” Foxp3+ Treg cells (64). In
this study, it was found that majority of the tumor-Treg cells retain
Foxp3 expression and only a minor population lost its expression
providing evidence that Foxp3 expression even in an inflammatory
environment as the tumor remained stable. Since iTregs only show
a partial DNA hypomethylation pattern unlike nTregs (68, 69),
indicating a transient opening up of the Foxp3 locus, they do not
to stably express Foxp3 and may even likely lose its expression in
the absence of signals that elicited Foxp3 induction. Extrapolating
from this, it is tempting to conclude that majority of tumor-Treg
cells are likely nTregs based on their Foxp3 stability and not iTregs
as Foxp3 unstable Treg cells would otherwise constitute a sizable
fraction of tumor-Tregs if they were induced from conventional
CD4+ T cells. Evaluations such as genetic profiling of Foxp3 locus
thus may be useful in delineating what constituency Treg cells in
different tumors belong to, i.e., the “i” or the “n” family.

FUNCTION OF NATURAL VERSUS INDUCED TREG CELLS
Several questions linger as we attempt to understand the role of
iTreg cells versus nTreg cells in tumor immunobiology: is the role
of iTregs largely redundant when nTreg cells are present? If not, do
they possess similar specificity and or play similar roles as their nat-
ural counterparts? Two studies, one in a colitis model, the other
in Foxp3-deficient mice, which succumb to lymphoproliferative
disease, demonstrated that full protection from disease was only
achieved when both nTreg cells and iTreg cells were present, sug-
gesting that the function of each Treg cell group is complementary
(49, 107). As Lafaille and colleagues surmised, a division of labor
between nTreg cells and iTreg cells seems a plausible arrangement
as far as their functional roles in regulating immune responses
(13). One might speculate that given their sheer dominance and
omnipresence, nTreg cells share the greater bulk of curtailing T
cell responses while adaptive Treg cell contribution is solicited as
needed and differs on a case-by-case à la cancer-by-cancer model.
Relating to this principle, a study described the accumulation of
nTreg cells and iTreg cells in the tumor microenvironment, with
the latter possessing TCR specificity for a defined antigen expressed
by the tumor. Suppression by cognate-antigen-specific iTreg cells
was restricted to CD4+ T cells and occurred only within the local
tumor environment while suppression of CD8+ T-cell response
was independent of these tumor-antigen-specific iTreg cells (108).
From this, one might deduce that iTreg cells evolve peripherally as
in the tumor only to control some arms of the immune response
while the nTreg cells control others.

In many colorectal cancer studies, the observation that
increased Foxp3+ Treg cells correlate with good prognosis is par-
ticularly intriguing (109). An argument has been made that the
Treg cells in this context may largely be involved in controlling
potential inflammation that could ensue in response against the
commensal bacteria present in the lower intestine if Tregs are
absent (13). Given that GALT environment is permissive for induc-
tion of iTreg cells, it is tempting to speculate that the FOXP3+Treg

cells in colorectal cancer are mostly iTreg cells. To test this possi-
bility, phenotypic characterization, TCR repertoire analysis, and
FOXP3 methylation status of Treg cells in colorectal tumor tissues
in parallel with solid tumors from sites not heavily associated with
intestinal commensal bacteria could be a starting point.

Summarily, elucidating what environmental and molecular
cues facilitate the generation of iTreg cells and the type of role
they play particularly in various cancers would be eye-opening
and may pave way for manipulating the immune system to pre-
vent their generation in such context. At any rate, more studies are
warranted to tease out who does what and to what degree is this
division of labor shared.

TREG THERAPY: TARGETING NATURAL AND
ADAPTIVE/INDUCED TREGS
To prime and/or boost anti-tumor immune response, selective
removal or reduction of Treg cells have been carried out in a
number of murine tumor studies (12). This depletion is gener-
ally achieved via the use of anti-CD25 mAb (PC61), anti-FR4
mAb, and diphtheria toxin, the latter to DEREG mice (which
express diphtheria toxin receptor under the control of Foxp3
promoter (110–114). In humans, daclizumab (anti-CD25) and
denileukin diftitox (ONTAK, a fusion protein of diphtheria toxin
and recombinant human IL-2) treatment has also shown some effi-
cacy in some cancers, consequent to their Treg cell depletion effect
although with varying degrees of success (10, 115). Cyclophos-
phamide, a chemotherapy agent that is a part of treatment regimen
in some cancers is also known to target Treg cells by reducing their
frequencies or function (116–119). In combination with tumor
vaccination, all three agents were tested in melanoma patients
in one study. Interestingly, only modest reduction in Treg cells
(as determined by methylation status of FOXP3 intron 1 within
Treg cells) was noted in the peripheral blood of patients in the
treatment groups (120). In a recent clinical trial utilizing multi-
ple tumor-associated peptides as a therapeutic vaccine for renal
cell cancer, T-cell responses of treated patients were associated
with better disease control and correlated with lower numbers of
FOXP3+ Treg cells prior to vaccination. This revelation prompted
the incorporation of cyclophosphamide to the vaccine regimen
in subsequent study which demonstrated that reduced Treg cell
numbers achieved by this approach further improved patients’
immune responses to the tumor antigens and importantly, their
overall survival (121). The caveat to all these studies is that the
effect of these Treg cell depletion/reduction protocols have not
been evaluated on Treg cell subsets and essentially no informa-
tion is available on whether iTreg cells are more susceptible to
these regimen than nTreg cells or vice versa. Thus, critical eval-
uation of the residual Treg cell fractions not targeted by these
agents is warranted as they may represent an induced popula-
tion with phenotypic changes that make them evade depletion
regimen.

On the other hand, there is some evidence that nTreg cells are
more resistant to oxidative stress or apoptosis than conventional
T cells (122). Based on this, nTreg cells, assuming they account for
the majority of tumor-infiltrating Treg cells, may be the subset that
is more resilient to therapeutic modalities aimed at eliminating
tumor-Tregs. In this regard, multi-pronged approach combining
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multiple agents targeting “i” and “n” Tregs may be necessary to
achieve efficient elimination. While their differential expression
is yet to be assigned to either iTreg or nTregs cells, CCR4, PD-
1, and CTLA-4, which have been shown to be highly expressed
on tumor-Treg cells (123) offer potential targets for treatment
of cancers enriched in Treg cells with such phenotype. In align-
ment with this line of thinking, the combination of anti-CTLA-4
and anti-PD-1 antibody treatment in a mouse B16 melanoma
study led to substantial reduction in Treg cells as well as myeloid
cells with a concomitant increase in tumor-infiltrating effector
T cells (124). Agonist antibody against Glucocorticoid-induced
tumor necrosis factor receptor family-related protein (GITR), also
expressed on Treg cells (125), is another treatment route that holds
promise. In a murine model of melanoma, its administration
promoted potent anti-tumor immune response (126). Similarly,
in combination with anti-CTLA-4 antibody, anti-GITR adminis-
tration evoked regression of established fibrosarcoma and colon
carcinoma in other studies (127, 128). In either case, the pos-
itive outcomes were ascribed to anti-GITR antibody-mediated
attenuation of Treg function or decreased intra-tumoral Treg
cell accumulation, in addition to augmented CD+ T-cell effector
response (126–128). For advanced melanoma, it is worth mention-
ing that administration of humanized anti-CTLA-4, ipilimumab
improved survival of patients with metastatic melanoma in a
clinical trial (129). In our recent investigations, we found that
tumor-infiltrating T cells contained a higher frequency of effec-
tor Tregs with activated phenotypes compared with peripheral
blood. Correspondingly, Tregs with a naive phenotype were barely
detected in tumors while peripheral blood contained both naïve
and effector Tregs. These tumor-infiltrating effector Tregs domi-
nantly expressed CCR4, proposing CCR4 as a possible target for
Treg control (manuscript in preparation).

The finding that human adaptive CD4+FOXP3+ Treg cells
which express CD39, and CD73, and produce adenosine was
described by Whiteside and co-workers (130). They demonstrated
in vitro, the generation of iTreg cells with similar phenotype
(except for FOXP3) in co-cultures simulating some of the fea-
tures unique to the human cancer in which equivalent Treg cells
were observed (131). They found that both adenosine and PGE2
produced by these iTreg cells co-operate in mounting strong
suppressive function against autologous T effector cells. Thus,
Whiteside proposed that targeting adaptive Treg cells by inter-
fering with adenosinergic pathways and PGE2 production could
be a viable therapeutic platform to disarm iTreg cells in human
cancers (132).

Lastly, methods aimed at disrupting iTreg cell induction such as
interfering with TFG-β signaling in relevant tumors could be com-
plementary approaches to vaccination. Using siRNA-mediated
downregulation of TGF-β production by B16 melanoma cells, this
idea was explored by Mills and colleagues and they reported that
tumor growth was hampered (133). This coincided with reduced
tumor-Treg cell numbers although it was not clear as to whether
this reduction affected iTreg cells as we might postulate based on
experimental design.

Worth mentioning is the issue of Treg function at the inter-
face of autoimmunity and cancer. The pivotal and positive role of
Treg cells is exemplified in mice as well as IPEX patients in which

impaired Foxp3+ Treg cell development culminates in wholesale
breakdown of immune tolerance (1, 134, 135). When placed in
the context of tumors however, Treg suppressive function appears
for the most part, to result in unfavorable prognosis. In fact, stud-
ies that portray Treg presence within the tumor in a bad light,
i.e., inhibiting anti-tumor response outweigh those demonstrat-
ing they may have favorable contributions in cancer (10–12). In
a recent report, melanoma patients who had better response fol-
lowing treatment with high dose IL-2 plus vaccine had higher
Treg frequencies portraying a correlation between Tregs and bet-
ter response against tumor (136). Thus, therapeutic strategies
that are focused on Treg reduction in order to promote tumor
clearance need to take this apparent duality in Treg function into
account. More importantly is the effect such depletion may have
on elevating a patient’s risk for developing autoimmune con-
ditions especially if systemic Treg depleting routes are utilized.
In this regard, localized Treg reduction by intratumoral admin-
istration of Treg depleting agents which has shown efficacy at
reducing tumor burden in mice (127) may offer a more favor-
able treatment platform without the inherent risk of the global
Treg elimination assuming the tumor is accessible. Furthermore,
since Treg cells in tumor environment appear to be of the effector
Treg phenotype and may exhibit augmented suppressive activity
when compared to those in circulation (64, 137–139), localized
Treg modulation approach could be a viable option to target
only a subset of highly suppressive, effector Treg cells based on
specific molecules which they uniquely upregulate in response
to tumor antigens. By so doing, the bulk of nTreg cells are left
intact while only those “in action” are removed. This should be
a feasible approach as we have recently tested the effect of anti-
CCR4 antibody on subsets of human Treg cells in melanoma
patients and found it to efficiently eliminate a population of
CCR4-expressing effector Tregs while sparing naïve Treg popu-
lations (manuscript in preparation). Until we have some evidence
of the nature and extent of the contributions of nTregs and
iTregs in various tumors, treading carefully on indiscriminate
Treg depletion for cancer therapy however seems a reasonable
proposition.

PERSPECTIVES
Different subsets of Treg cells may be committed to regulate
specific arms of immune responses (140). Understanding the
functional capabilities of both iTreg cells and nTreg cells will no
doubt help in guiding future treatment platforms. A number of
possibilities exist: their elimination from the tumor microenvi-
ronment, blocking their ability to produce a number of immune-
suppressive/immune-altering molecules such as adenosine, PGE2,
perforin, and granzyme B, targeting anti-apoptotic pathways, dis-
rupting their ability to proliferate and or persist in tumors, etc. The
list is not conclusive as our understanding continues to expand
about the nature of Treg cells that prevail in different cancer types.
Thus, additional investigations are necessary to first determine
whether the variabilities seen among different cancer studies with
respect to phenotype associated with the tumor-Treg cells relate
to their origin, i.e., are they natural or peripherally iTreg cells.
From such information, we may be able to optimize Treg cell-
targeted approaches to reduce or eliminate not just a major subset
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that is prevalent within the tumor, but a minor subset that could
contribute to hindering optimal therapeutic success in the set-
tings where their presence is related to poor survival. To this end,
designing antibodies against some of the molecules that appear to
preferentially mark Treg cells infiltrating tumors may be a good
investigational direction worth pursuing in our quest to treat
cancers. It will be interesting to see whether such studies reveal
information about the effect of treatment on subsets of Treg cells
that are affected, and those that are resistant to modulation. At
any rate, treatment modalities focused on elimination of Tregs

or disruption of their function to bolster anti-tumor immunity
should take into account the differences between cancer types, the
subset of the Tregs that predominate within the tumor, and their
recruitment dynamics.
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The expansion of regulatoryT cells (Treg) is a common event characterizing the vast majority
of human and experimental tumors and it is now well established thatTreg represent a cru-
cial hurdle for a successful immunotherapy. Treg are currently classified, according to their
origin, into thymus-derivedTreg (tTreg) or peripherally inducedTreg (pTreg) cells. Controversy
exists over the prevalent mechanism accounting for Treg expansion in tumors, since both
tTreg proliferation and de novo pTreg differentiation may occur. Since tTreg and pTreg are
believed as preferentially self-specific or broadly directed to non-self and tumor-specific
antigens, respectively, the balance between tTreg and pTreg accumulation may impact
on the repertoire of antigen specificities recognized by Treg in tumors. The prevalence of
tTreg or pTreg may also affect the outcome of immunotherapies based on tumor-antigen
vaccination or Treg depletion. The mechanisms dictating pTreg induction or tTreg expan-
sion/stability are a matter of intense investigation and the most recent results depict a
complex landscape. Indeed, selected Treg subsets may display peculiar characteristics in
terms of stability, suppressive function, and cytokine production, depending on microen-
vironmental signals. These features may be differentially distributed between pTreg and
tTreg and may significantly affect the possibility of manipulating Treg in cancer therapy. We
propose here that innovative immunotherapeutic strategies may be directed at diverting
unstable/uncommittedTreg, mostly enriched in the pTreg pool, into tumor-specific effectors,
while preserving systemic immune tolerance ensured by self-specific tTreg.

Keywords:Treg development, heterogeneity, specialization, plasticity, epigenetic commitment, tumor antigens

Treg SUPPRESS PRO-TUMORAL INFLAMMATION OR
ANTI-TUMOR RESPONSE
INTRODUCTION
Tumor onset is a very complex process, in which cells of both
innate and adaptive immune system play crucial roles in inhibiting
or fostering tumor development. The awareness that the immune
system could act as an extrinsic tumor suppressor or as a tumor-
sculpting player resulted in the cancer immunoediting theory,
which described the interaction between tumor and host as con-
sisting of three different phases: elimination, equilibrium, and
escape (1). During the last phase of this process, transformed cells
acquire the ability to subvert the control exerted by immune cells
thus originating the clinically evident pathology. The escape is due
to different mechanisms, including reduced immunogenicity (low
expression level of MHC class I and loss of antigen expression),
acquired resistance to the cytotoxic functions of immune cells,
and accumulation in the tumor microenvironment of immuno-
suppressive mediators, like regulatory T cells (Treg) (1). The first
marker to be identified as distinguishing Treg from the other CD4+

T lymphocytes was CD25 (2) and depletion of CD25-positive cells
unveiled anti-tumor immunity in experimental models (3). Few
years later, the transcription factor Forkhead Box P3 (Foxp3) was
indicated as the master regulator of Treg (4, 5). In support of
the crucial roles played by Foxp3 in Treg fate determination and

immune homeostasis, Foxp3 mutations have been recognized as
responsible for human Immune Dysfunction, Polyendocrinopa-
thy, Enteropathy, X-linked (IPEX) syndrome (6, 7), and for the
phenotype of scurfy mutant mice (8), both characterized by
fatal autoimmune lymphoproliferation linked to severe defects
in Treg development/functions. However, very recent data have
demonstrated that the complete development of the Treg lineage
requires the concomitant, Foxp3-independent, establishment of a
Treg-specific pattern of DNA hypomethylation (9).

According to recently proposed recommendations (10), Treg

are classified into two principal subsets based on their develop-
mental origin: thymus-derived Treg (tTreg) develop in the thymus,
while peripherally induced Treg (pTreg) develop in vivo in the
periphery from conventional T cells (Tconv), through a process
called “conversion” (11). Treg can also be induced in vitro (and are
called iTreg) under TGF-β and/or retinoic acid exposure, but their
complete commitment into fully differentiated Treg is still under
debate (12). In physiological conditions, the pool of Treg, encom-
passing both tTreg and pTreg, which represents about the 5–10%
of the circulating CD4+ T lymphocytes, assures peripheral self-
tolerance and prevents exacerbated immune responses (7, 8). A
huge amount of data now demonstrates that tumor onset and pro-
gression perturb Treg homeostasis and lead to increased Treg/Tconv

and Treg/CD8 ratios both in peripheral blood and in the tumor
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microenvironment (13). The accumulation of Treg at tumor sites
may be due to the concomitant or the preferential occurrence of
distinct events, such as the recruitment of Treg from periphery, the
proliferation of pre-existing Treg in the tumor microenvironment,
and the de novo conversion of tumor-infiltrating CD4+ lympho-
cytes (TIL) into pTreg (14, 15). Despite controversy existing over
the dominant suppression mechanism, and despite the incomplete
understanding of the biological meaning of Treg accumulation in
cancer, it is well accepted that Treg are crucial players in tumor
biology and that the modulation of their function is an indis-
pensable requisite for the development of successful anti-tumor
immune-therapies.

MECHANISMS OF Treg SUPPRESSION IN TUMORS
It was recently demonstrated that Treg infiltrating different tissues
have a specific gene signature (16), thus Treg may use peculiar sup-
pression mechanisms in response to microenvironmental stimuli.
This specialization may represent the basis for designing immune
interventions targeting specific Treg functions in a given tissue
while sparing systemic immune homeostasis. Even though a tumor
Treg-specific gene signature has not been delineated yet, some
mechanisms have been described to contribute to Treg suppres-
sion in tumors, which can be clustered in three main types: surface
molecules, enzymatic activities, and cytokines (Figure 1).

Both human and mouse Treg constitutively express on their sur-
face cytotoxic T lymphocyte-associated antigen 4 (CTLA-4), a co-
inhibitory member of the CD28/B7 family, endowed with strong
immune-regulatory properties (17). The relevance of CTLA-4 in
regulating Treg function was demonstrated in several settings,
including autoimmune diseases and different tumor types (18).
A comparative gene expression profile between Treg and Tconv

revealed that Treg specifically up-modulate lymphocyte activation
gene 3 (LAG-3) (19), a homolog of CD4, that binds to MHC
class II on antigen-presenting cells (APCs). LAG-3 is upregu-
lated in tumor-infiltrating Treg and experiments with anti-LAG-3
mAb demonstrated that functional LAG-3 is required for maxi-
mal Treg suppressive function (20, 21). Treg-DC interaction is also
mediated by the transmembrane protein neuropilin-1 (Nrp-1),
expressed on Treg membrane, which ensures the stability of Treg-
DC interaction and allows Treg to efficaciously suppress DC (22).
A study conducted on patients with early-stage cervical tumor
showed that Treg infiltrating the tumor-draining lymph node
of patients with metastasis have a higher expression of several
immune-modulatory molecules, including Nrp-1 (23). The recep-
tor activator of nuclear factor-kB ligand (RANKL), member of the
tumor necrosis factor family, was found to be highly expressed on
Treg isolated from tumor-bearing hosts, and substantial evidence
indicates that RANKL expressed by Treg is involved in the onset of
metastasis in both mammary (24) and prostate tumors (25).

Regulatory T cell suppression may be mediated by enzymatic
activities, such as CD39/CD73 (26, 27), granzyme B, and perforin
(28). CD39 and CD73 are two ecto-enzymes that dephosphory-
late extracellular ATP and generate pericellular adenosine,which in
turn exerts a strong pro-tumorigenic role modulating the function
of numerous tumor-infiltrating immune cells. CD73-deficient
mice develop a stronger anti-tumor immune response compared
to CD73-sufficient mice (29). Treg are also able to control the

FIGURE 1 |Treg suppressive mechanisms in tumor microenvironment.
Treg use different strategies to inhibit target cells within the tumor mass.
Three types of Treg-related molecules can mediate these suppressive
mechanisms: (1) surface molecules (upper panel); (2) enzymes (middle
panel), and (3) cytokines (lower panel). (1) Among the surface molecules
expressed by Treg, CTLA-4, LAG-3, Nrp-1, and RANKL have a
well-demonstrated role in promoting tumor progression, mainly modulating
DC activation and function. In particular CTLA-4 and LAG-3, binding to
CD80/CD86 (B7-1/2), and MHCII respectively, significantly impair DC
capacity to activate Tconv. In addition CTLA-4 promotes IDO expression and
the production of the pro-apoptotic metabolite kynurenine. Nrp-1 instead
stabilizes Treg-DC contact, allowing Treg to adequately suppress DC. Although
the course of action of RANKL is not yet well defined, its expression is
associated to tumor metastatization. (2) The two ecto-enzymes CD39 and
CD73 generate from ATP pericellular adenosine, which is endowed with
strong tolerogenic effects. Also cAMP, similarly to adenosine, interferes
with Tconv activation and survival. Granzyme and perforin induce the
apoptosis of target cells by cytolysis. (3) Treg secrete several
immune-modulatory cytokines, which could directly modulate Tconv

functions (TGF-β, IL-10, and IL-35), or indirectly promote the establishment
of pro-tumorigenic microenvironment (VEGF).

proliferation and function of different immune cells via the Per-
forin pathway (30). In mouse models of melanoma, lymphoma,
and acute myeloid leukemia it has been demonstrated that tumor-
infiltrating Treg, but not naïve Treg, secrete high amounts of both
perforin and granzyme B, which in turn induce NK and CD8+ T
cell death (28).

Immunosuppressive cytokines, like TGF-β and IL-10, are criti-
cal players in Treg biology, being involved in both their differenti-
ation and suppressive potential, especially in tumors. Treg-derived
TGF-β was found relevant in suppression of anti-tumor T cell
response in both mouse (31) and human (32, 33) tumors. IL-10
is a well-known immunosuppressive mediator, and several pieces
of evidence highlight the relevance of Treg-derived IL-10 in con-
trolling inflammation at the mucosal interfaces such as gut and
lung (34, 35). Despite these data, little information is available
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about the roles of Treg-derived IL-10 in tumor microenviron-
ments. We have recently demonstrated that tumor-associated Treg

secrete high amounts of IL-10, which in turn impairs DC migra-
tion to the draining lymph nodes and the mounting of a specific
anti-tumor immune response. This phenotype could be reverted
by stimulating the receptor OX40 on the surface of intratumoral
Treg. Indeed, OX40-triggered Treg showed reduced secretion of IL-
10 as a consequence of the down-modulation of the interferon
regulatory factor 1 (IRF1), a transcription factor active in the IL-
10 promoter (36). Another cytokine recently described as critical
for the full Treg suppressive function is IL-35, formed by Epstein–
Barr-virus-induced gene 3 (Ebi3) and IL-12α (p35) (37). In two
different mouse transplantable tumor models (melanoma and
colon carcinoma), it was observed that Treg secrete abundant IL-
35, thus promoting the differentiation of induced IL-35-secreting
Treg (37). It is well known that tumor growth is associated with
a consistent process of new angiogenesis in response to hypoxia.
A circuit involving tumor hypoxia, Treg recruitment, and angio-
genesis has been recently discovered (38). In the hypoxic tumor
microenvironment, the chemokine axis CCL28–CCR10 plays a
determinant role in the recruitment of Treg, which secrete huge
amounts of vascular endothelial growth factor (VEGF), further
stimulating the new angiogenesis process and the establishment
of a tolerogenic microenvironment (38).

DOUBLE EFFECTS OF Treg ON PROGNOSIS
Since their discovery, Treg were considered one of the main obsta-
cles for tumor clearance, according to their tolerogenic properties
and their accumulation along tumor progression. In this view,
several anti-tumor immune-therapies focus on Treg depletion or
inhibition, in order to “contrasuppress” Treg inhibitory functions
and to block the conversion of non-regulatory cells (non-Treg)
into regulatory cells (15). Reduced Tconv/Treg ratio was observed in
patients with pancreatic tumor (39, 40), breast cancer (39), ovar-
ian cancer (41), Hodgkin lymphoma (42), and melanoma (43).
Increased Treg frequency is generally associated to advanced tumor
stage and poor prognosis, as recently demonstrated in a study
on ovarian cancer (44). In the ascites of patients with advanced
tumor, the percentage of Treg was increased compared to the ascites
of patients with early-stage tumor. Same results were obtained
with the mouse WF-3 transplantable ovarian tumor model, show-
ing augmented percentages of Treg in both spleen and tumor-
associated cells of mice with advanced tumors, compared to naïve
or mice with early lesions. In addition, the treatment of tumor-
bearing mice with the Treg-depleting mAb PC61 (αCD25) reduced
tumor growth and prolonged mice survival (44). Similarly, it has
been demonstrated that Treg number inversely correlated with
the therapy outcome in melanoma patients treated with non-
myeloablative chemotherapy, in combination or not with total
body irradiation, followed by adoptive T cell transfer (45). Respon-
der patients had a lower frequency of Treg in peripheral blood
compared to non-responder patients (45). A study conducted on
patients affected by invasive ductal carcinoma showed a positive
correlation among Treg, Th17, and tumor aggressiveness. These
data imply that Treg and Th17 cells may concomitantly expand
during tumor progression, with Treg mainly suppressing protec-
tive effector T cell proliferation while sparing Th17 proangiogenic

activities, fostering cooperatively tumor progression, and the
metastatic process (46).

Nevertheless, recent data, in particular tumor systems,point out
that Treg may exert a protective role for the host (13, 47, 48). The
connection between tumor and inflammation is a well-assessed
process (49), but now it is clearly emerging that the type of tumor-
associated inflammation imprints the behavior of Treg, becoming
detrimental or beneficial for the host. Type-1 inflammation, char-
acterized by high concentration of IFN-γ and IL-12 and fully
active cytotoxic cells, represents efficient anti-tumor immunity
(49). In this setting, the inhibitory properties of Treg may promote
tumor escape and aggressiveness (47). On the contrary, immune
responses dominated by cytokines like TNF-α, IL-1β, IL-6, IL-23,
and IL-17 act as pro-tumoral mediators (47). In this environment
Treg may suppress a pro-tumoral inflammatory status, thus playing
a protective role for the host (47).

These unexpected anti-tumoral Treg properties were observed
in patients with colorectal cancer (CRC) (50–52). In these patients,
with different tumor stages, a better prognosis and an increased
overall survival were associated with higher infiltration of FOXP3+

T cells compared to patients with a poor tumor outcome. These
data suggested the hypothesis that FOXP3+ T cells could be con-
sidered as an independent prognostic factor for CRC. Following
a strong activation, both conventional CD4+ (53) and CD8+

(54) lymphocytes up-regulate Foxp3 expression in colonic tissue.
These observations indicated that the CRC prognosis positively
correlated with non-regulatory FOXP3+ cells rather than to Treg.
However in vitro suppression assays demonstrated that FOXP3+

cells, isolated from CRC tissues, were endowed with suppressive
functions, confirming their nature as regulatory cells (55). In a
recent study conducted on 65 patients with different stages of CRC,
FOXP3 expression was systematically evaluated in both tumor-
infiltrating lymphocytes and neoplastic cells, and was correlated
to tumor progression and clinical-pathological features (56). From
this study the notion emerged that high FOXP3 expression in
tumor cells correlated with poor tumor outcome, compared to
tumors poorly expressing FOXP3; on the contrary, no correlation
was observed between CRC prognosis and FOXP3 expression by
T cells (56).

A protective role of Treg was also found in head and neck
squamous cell carcinoma (HNSCC) (57). Univariate and mul-
tivariate analysis demonstrated that the locoregional control of
the tumor was positively associated with CD4+FOXP3+ regula-
tory cell infiltration (57). However, also for this type of neoplasia,
there are some discordant data regarding the role of Treg in tumor
progression. Indeed, another study showed that Treg frequency
and suppressive function were higher in the peripheral blood of
tumor-bearing patients than in healthy volunteers (58).

The discrepancies observed in these studies may be due to the
number of patients included, different strategies of analysis and
non-homogeneity of tumor samples (stage, metastasis, etiology).
Certainly, to properly define the role of Treg in tumor outcome,
the new studies should take into account the tumor stage and
the related inflammatory features, depending on the anatomi-
cal localization. In general, those tumors arising from chronic
inflammation, almost at their initial stage, can benefit from the
suppressive properties of Treg. In fact, during the inflammatory
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process, Treg highly accumulate in the site of inflammation such to
prevent exacerbated immune responses and tissue damage, which
are the prelude to neoplastic transformation. On the contrary, in
the presence of an established tumor, Treg may reduce anti-tumor
immunity thus favoring tumor escape. A more specific definition
of Treg contribution in tumor development and progression is
desirable for the design of new and more effective immunothera-
pies, allowing the discrimination among tumors that will benefit
or not from Treg depletion/inhibition.

EVIDENCE FOR pTreg OR tTreg ACCUMULATION IN TUMORS
DISTINGUISHING FEATURES OF pTreg AND tTreg

Many efforts have been recently addressed to the identification
of phenotypic, molecular, and functional features distinguishing
tTreg and pTreg, besides their site of origin (11). Some markers
have been proposed to distinguish pTreg and tTreg, even though
with some limitations: the initial enthusiasm for the suggestion
of Helios as able to identify tTreg (59) has been soon moldered
by the observation of Helios expression in pTreg (60); the recent
finding of the Nrp-1 as a marker of tTreg (61, 62) has application
limited to murine cells, being not expressed on human Treg (63).
Several attempts have been conducted to identify genetic (64–66)
and/or epigenetic signatures distinguishing pTreg and tTreg. The
Treg-specific demethylated region (TSDR) is involved in the sta-
ble commitment of the Treg lineage, and controversy still remains
on whether iTreg or pTreg can efficiently demethylate this region
and become fully committed Treg (66–69). Despite this growing
amount of information, distinguishing the relative contribution
of pTreg and tTreg to immune suppression in physiological and
pathological conditions remains hard. However, some pieces of
evidence have accumulated in the last years that speak in favor of
tTreg or pTreg prevalence or concomitance in tumors.

EVIDENCE FOR tTreg ACCUMULATION IN CANCER
One of the first attempts to distinguish between pTreg conver-
sion and tTreg expansion in cancer was pursued by Bui and col-
leagues who adoptively transferred CD4+CD25+ cells, mixed at
1:10 ratio with CD25-depleted Thy1.1-congenic splenocytes, into
immunodeficient mice bearing a progressive sarcoma (70). The
analysis performed 10 days after tumor injection showed that the
vast majority (around 80%) of tumor-infiltrating CD4+CD25+

cells derived from expansion/recruitment of the transferred Treg,
rather than from conversion of non-Treg. This and other reports,
appeared in the“pre-Foxp3”era, were biased by the idea that CD25
was the most stringent Treg marker and that CD25-depleted cells
represented a suitable precursor population to efficiently detect
de novo generation of pTreg. However, subsequent studies have
demonstrated that the CD25+ subset of Foxp3− Tconv is enriched
in pTreg precursors (69, 71), thus the extent of pTreg differentiation
from CD25-depleted cells represents probably an underestimation
of the actual contribution of pTreg induction in the tumor con-
text. Other authors have shown that tTreg may dominate pTreg

not only quantitatively but also qualitatively, in terms of suppres-
sive function: indeed, IDO+ plasmacytoid dendritic cells, derived
from mouse tumor-draining lymph nodes, were capable to induce
Foxp3+ pTreg at very high levels but were unable to activate
the suppressive function of these cells to an extent comparable

to tTreg (72). Many studies have clearly shown Treg prolifera-
tion (in terms of de novo DNA synthesis and/or cell division) in
tumor-bearing mice or cancer patients, thus indirectly supporting
the idea that expansion of pre-existing tTreg might prevail over
pTreg differentiation in building the tumor-associated Treg pool.
For instance, Treg have been shown to incorporate high levels of
BrdU in tumor-draining lymph nodes and at cancer sites in sev-
eral experimental models (73, 74). A study conducted in patients
with multiple myeloma showed that the TREC content in naive
cells was significantly lower in Treg (identified as CD4+CD25high

cells) than CD4+CD25− or CD25low cells, suggesting that the Treg

pool mainly derived from peripheral expansion rather than recent
thymic emigration (75). However, the observation of high Treg

proliferation at tumor sites cannot be considered as an unequivo-
cal proof of tTreg prevalence over pTreg, since both subsets could
be endowed with the same proliferative potential in vivo. Indeed,
several pieces of evidence indicate that conversion and prolifera-
tion may represent uncoupled and independent events (see pTreg
Development and tTreg Expansion as Independent Processes).

EVIDENCE FOR pTreg INDUCTION IN CANCER
Some studies support the idea that pTreg conversion actually
occurs in tumor-bearing hosts at higher efficiency than in physio-
logical conditions, even if controversy still exists on whether pTreg

may prevail numerically over tTreg at the tumor site. We have in the
past demonstrated that thymectomized and CD25-depleted mice,
subsequently transplanted with carcinoma cells, showed a signifi-
cantly higher Treg recovery in tumor-draining than in contralateral
lymph nodes, suggesting that in tumor-bearing mice the Treg pool
might be replenished mostly by newly derived pTreg than by pro-
liferation of residual Treg. To prove this possibility, CD25-depleted
CD4-purified T cells were transferred into immunocompetent,
Thy1.1-congenic, CT26 tumor-bearing mice. In this setting, we
could show that the transferred cells acquired CD25 and Foxp3
at significantly higher levels in draining lymph nodes, compared
to contralateral lymph nodes of tumor-bearing mice, or to the
lymph nodes of tumor-free mice (76). This result clearly showed
that tumor progression actively promoted the conversion of non-
regulatory precursors into pTreg. Some tumor-derived molecular
signals were found to be involved in tumor-associated conversion.
For instance, in different mouse models, tumor cells have been
shown to induce in vitro Treg conversion through TGF-β, and TGF-
β neutralization abrogated Treg accumulation at the tumor site
(77). Human leukemic cells converted in vitro non-Treg into Treg

through the tumor cell-restricted IDO activity, and IDO blockade
prevented pTreg induction in vivo in a leukemia mouse model (78).
A confirmation of extensive pTreg infiltration in murine tumors
has been recently obtained thanks to the recent discovery of Nrp-1
as a tTreg-restricted marker (61, 62). The analysis of Nrp-1 expres-
sion has indeed revealed that Nrp-1-negative bona fide pTreg cells
were significantly enriched at tumor site compared to spleen, rang-
ing around 40–90% of total tumor-infiltrating Treg depending on
the tumor type (61). These Nrp-1-negative cells also presented a
gene signature (Helioslow, SWAP-70low, and Dapl1high) compati-
ble with the pTreg identity (61). Unfortunately, human Treg do not
express Nrp-1 (63), thus this marker cannot be used to estimate
the relative contribution of tTreg or pTreg in human cancers.
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DEVELOPMENTAL AND FUNCTIONAL RELATIONS BETWEEN
pTreg AND tTreg IN CANCER
pTreg DEVELOPMENT AND tTreg EXPANSION AS INDEPENDENT
PROCESSES
Many attempts have been made to understand whether tTreg accu-
mulation and pTreg development are mutually exclusive or rather
cooperative in establishing immune suppression. The evidence
that tTreg may “educate” Tconv to convert into Treg through the
secretion of cytokines, such as TGF-β and IL-10 (79), may support
the latter possibility. This event would generate a cascade of sup-
pressive function transmitted from Treg to bystander cells, estab-
lishing a loop of immunosuppression, reminiscent of a phenom-
enon called as “infectious tolerance” (80). Zhou and coworkers
have addressed this issue in the tumor setting, and have demon-
strated that tumor-antigen-specific pTreg could indeed arise from
Treg-depleted cells (adoptively transferred in mice carrying the
cognate antigen-expressing tumor), but that the extent of pTreg

induction was not affected by the concomitant presence of tTreg,
either exogenous (adoptively co-transferred) or endogenous (pre-
existing in the host) (81, 82). This result indicated that tTreg and
pTreg accumulate in tumors in a reciprocally independent fashion
and that “infectious tolerance” may play minor roles in shaping
the tumor-associated Treg pool.

A comprehensive scenario of Treg accumulation in tumors
should take into account, beside de novo conversion, the active
proliferation of not only tTreg but also pTreg. Proliferation plays
opposite roles in the differentiation of Tconv into pTreg ver-
sus the expansion of already differentiated pTreg. Regarding
the former aspect, we have demonstrated that Tconv prolifer-
ation was not required for their conversion into pTreg, since
CD25+Foxp3+ cells could develop in tumor-bearing mice from
CD25-depleted cells treated with an anti-proliferative agent (76).
A seminal study by Kretschmer and colleagues showed that
Tconv proliferation was not only dispensable but also detri-
mental to conversion: indeed, low levels of T cell proliferation,
in conditions of suboptimal antigen presentation, lack of co-
stimulation, and IL-2 paucity, favored TGF-β-mediated pTreg

induction, thus suggesting that an inverse relationship might
exist between Tconv proliferation and conversion into pTreg

(83). However, once developed, pTreg promptly proliferated in
response to experimental antigens (83) and, more importantly,
in response to tumor antigens (81, 82). Experiments performed
in CNS1-mutated mice, which are genetically unable to gen-
erate pTreg, have shown that pTreg and tTreg may occupy dis-
tinct “niches”: indeed, the efficiency of pTreg differentiation
from Tconv was higher when those Tconv were co-transferred, in
lymphopenic recipients, with a CNS1-deficient (non-containing
pTreg) compared to a CNS1-sufficient (containing pTreg) coun-
terpart, suggesting that not only the tTreg pool, but also the
pTreg niche, may be controlled by autonomous homeostatic
mechanisms (84).

DIVISION OF LABOR BETWEEN tTreg AND pTreg IN CANCER
Both tTreg and pTreg have been generally recognized as immune
suppressive cells in a variety of in vivo and in vitro experimen-
tal settings (12). However, whether the two subsets are endowed

with peculiar activities remains unclear and is a matter of intense
investigation.

Gene expression profiling revealed that the pTreg and tTreg sig-
natures were mostly overlapping but also presented some differen-
tially expressed genes, encoding for proteins involved in Treg sup-
pressive function, suggesting that pTreg may preferentially exploit
different molecules and related mechanisms to exert suppression
(64–66). The Nrp-1 itself is not only a marker discriminating
murine tTreg from pTreg, but also plays a role in Treg suppres-
sion: since this molecule prolongs Treg interactions with immature
dendritic cells, tTreg may benefit from this pathway in preferen-
tially modulating dendritic cell and cognate T cell activation (22).
Many data suggest that pTreg may be specialized suppressors of
immune responses at interfaces with external environments, such
as airways, gut, and maternal-fetal interface (64, 84–87). Of note,
a peculiar Treg suppressive molecule, IL-10, plays crucial roles at
environmental interfaces, therefore pTreg may perform their spe-
cialized activity through IL-10 secretion (34, 88). IL-10 is critically
involved in the establishment of tumor-associated immune sup-
pression, and we have clearly demonstrated IL-10 production by
around 40% of tumor-infiltrating Treg in murine transplanted
tumors (36). It would be interesting to understand whether the
fraction of IL-10-producing Treg is enriched in pTreg, rather than
tTreg, in tumors. One study has directly addressed the issue of
induced Treg functional specialization in tumors, by generating
in vitro tumor-specific iTreg and co-culturing these cells, or tTreg

as control, with NK cells: these authors found that iTreg and tTreg

equally suppressed IL-2-induced NK activation, but only iTreg

were endowed with the surprising ability not to suppress, but
to enhance, NK cytotoxicity induced by tumor target cell con-
tact (89). This observation may speak in favor of differential
roles played by tTreg and pTreg in cancer, with the former more
involved in preventing target cell-independent, and possibly self-
directed, unwanted immune responses, and the latter concurrently
enhancing tumor-specific immunity.

This division of labor may result in the progressive shaping of
the immune response toward an effective anti-tumor immunity
with minimal side effects. Such dichotomy is also reminiscent
of the double role played by Treg in different cancers, accord-
ing to the hypothesis that high Treg frequency is associated to
poor or good prognosis in non-inflammatory or inflammatory
cancer onset, respectively (13, 47). In the former case, i.e., non-
inflammatory cancers in which protective type-1 responses are
suppressed by high Treg infiltration, Treg may mainly recognize
tumor-associated self-antigens, and mostly include tTreg; con-
versely, in the case of inflammatory cancers, related to chronic
low-dose type-17 cytokines, which are typical of mucosal tissues,
high numbers of pTreg may suppress pro-tumoral inflammation
through IL-10, relevantly produced by pTreg at those sites. We
are tempting to speculate that tTreg may dominate in suppressing
anti-tumor type-1 responses, while pTreg may prevail in shaping
pro-tumor type-2 and type-17 inflammatory responses. Notably,
the prototypical example of an inflammation-related tumor in
which Treg accumulation associates to good prognosis is CRC
(50), developing in the gastrointestinal mucosa, in which immune
tolerance is under the control of pTreg (84).
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ANTIGEN SPECIFICITY OF tTreg VERSUS pTreg IN CANCER
Antigen recognition may play a crucial role in dictating whether
tTreg or pTreg will prevail in the tumor context. Controversy still
exists on the antigen specificity of these two populations. On the
one side, tTreg are generally believed to recognize self-antigens
encountered during thymic selection (90). On the other side,
pTreg, deriving from Tconv, are thought to display the same TCR
repertoire of Tconv and thus to mainly recognize foreign antigens.
Indeed, only a small overlap exists between TCR repertoires of
pTreg and tTreg (66), and pTreg are believed to recognize non-
self-antigens such as commensal microbiota, allergens, and fetal
alloantigens (84, 87).

Tumor cells can express a variety of antigens that can be broadly
classified into: (i) self-antigens physiologically expressed as in the
tissue of origin, (ii) self-antigens aberrantly expressed, in terms of
expression level, developmental stage, or histotype (called tumor-
associated antigens or TAAs), and (iii) neo-antigens uniquely
expressed by tumor cells, mostly derived from oncogenic muta-
tions (named tumor-specific antigens or TSAs). Based on the
above considerations, self-antigens and TAA should be recognized
by tTreg, while TSA would induce and activate pTreg. However, a
complex picture arises from studies analyzing the TCR specificity
of tumor-associated Treg.

Treg can recognize TAA and TSA in tumors
In different tumor models, TCR-transgenic Treg have been shown
to promptly proliferate in response to the cognate antigen specif-
ically expressed by tumor cells, suggesting that Treg can undergo
tumor-antigen-driven activation and expansion (74, 81, 82, 91).
Antigen presentation in the tumor context may favor Treg expan-
sion: in a mouse model of spontaneous prostate cancer, an efficient
Treg induction/expansion occurred only when TCR-transgenic,
antigen-specific CD4 T cells encountered the cognate antigen
expressed in the context of prostate cancer cells, rather than non-
transformed cells or viral vector-infected cells (91). In this model,
TAA-specific Treg were recognized as pTreg induced in vivo in a
TGF-β-independent fashion.

This evidence of TAA-responding Treg has been confirmed in
human tumors. CD4 clones derived from cancer patients resulted
to be regulatory cells and to recognize peptides derived from
TAAs, such as LAGE1 (92), ARTC1 (93), TRAG-3, NY-ESO-
1 (94–96), Melan-A (97), survivin, TRP1, and gp100 (94) in
melanoma patients, and WT-1 in leukemia patients (98). By using
MHCII/peptide tetramer technology, other authors failed to detect
Treg specific for NY-ESO-1 in the peripheral blood of ovarian
cancer patients (99). Bonertz et al. developed an in vitro system
to screen the suppressive function of Treg in response to single
peptides and, with this approach, could detect Treg specific for
several TAA in the peripheral blood of colon carcinoma patients
but not in healthy donors; notably, Treg depletion in vitro unveiled
TAA-specific Tconv responses (100).

The possibility that tumor-associated Treg may recognize not
only TAA but also TSA is demonstrated by the observation that
Treg specific for exogenous viral antigens, acting as TSA, may arise
in virus-related cancers. Treg clones specific for human papilloma
virus (HPV), and suppressing the cognate antigen-directed T cell
response, have been obtained from tumor-draining lymph nodes

and tumor biopsies of cervical cancer patients (101). Treg clones
specific for antigens of the Epstein–Barr virus (EBV), associated
to several hematological and solid malignancies, can be generated
from the peripheral blood of healthy donors (102).

Treg can recognize self-antigens in tumors
Several data in mouse models confirm that Treg responding to self-
antigens can play a role in suppressing the anti-tumor responses.
Immunization with serologically defined auto-antigens was found
to enhance tumor growth in different mouse models, and this
event was dependent on the expansion of Treg responding to
those self-antigens (103). This study confirmed that self-antigens-
specific Treg could suppress anti-tumor immunity, but did not
explore the Treg response to self-antigens expressed by tumor cells
themselves during tumor progression. This issue has been instead
addressed in an experimental model in which a foreign antigen,
artificially expressed in transgenic mice under tissue-specific pro-
moter, was seen (peripherally and/or thymically) by the immune
system as a self-antigen and elicited the generation of a pool of
memory Treg specific for that antigen (74). If those mice were
injected with the cognate antigen-bearing tumor, the memory Treg

pool specific for that self-antigen was hugely expanded in tumors
and tumor-draining lymph nodes, confirming that self-specific
Treg can respond to self-antigens expressed by tumor cells (74).
A seminal paper has recently reported the immunoscope analy-
sis of Treg infiltrating spontaneous prostate tumors in a mouse
transgenic model, and described the clonal enrichment of a sin-
gle Treg specificity that was directed not to a unique TSA but to
a self-antigen expressed also by normal prostate cells (104). The
development of Treg specific for peripheral tissue-restricted self-
antigens occurred in the thymus under the control of the Aire
molecule, which allows the expression of peripheral antigens in
thymic epithelial cells (104). These findings clearly demonstrate
that Treg can recognize self-antigens in cancer and suggest that
maintaining self-antigen expression may help transformed cells
to overcome the immune surveillance through self-specific Treg

expansion.

Repertoire analysis as an estimation of pTreg/tTreg balance
The direct comparison between the repertoires of tumor-
associated Treg and Tconv may help understanding the processes
underlying Treg enrichment in cancer. Some authors have reported
that the analysis of TCR diversity (performed with the immuno-
scope technology) showed that Treg infiltrating murine trans-
planted tumors displayed a biased TCR repertoire toward “pub-
lic” CDR3 sequences (i.e., shared by different mice), suggesting
Treg intra-tumor clonal expansion driven by the recognition of
dominant antigens (105). Also tumor-infiltrating activated Tconv

showed a biased TCR repertoire, but it was distinct from the Treg

spectrum, and the minimal overlap between the two subsets was
mainly confined to “private” specificities (105). By using a simi-
lar approach, others have reported distinct and not overlapping
TCR repertoires of Treg and Tconv infiltrating prostate tumors in
a genetically engineered mouse model of spontaneous prostate
carcinogenesis (104). Lack of overlap between Tconv and Treg

repertoires was also found in tumors and tumor-draining lymph
nodes in a mouse model of chemical carcinogenesis (106). Overall,
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the lack of overlap between Treg and Tconv has been interpreted in
many cases as the result of negligible pTreg conversion at the tumor
site; however, pTreg and tTreg may share more specificities than
expected, since tTreg-associated antigens may preferentially drive
Tconv fate decision toward the conversion into pTreg rather than
toward the conventional activation; moreover, already established
pTreg may then undergo intra-tumor clonal expansion together
with tTreg in response to the same antigens. Therefore, the overall
overlap between Tconv and Treg specificities may not accurately
estimate the extent of pTreg induction in tumors. Indeed, in one
study performed in advanced melanoma patients, TAA-specific
TCRs, expressed by tumor Treg clones, could be detected in both
Treg and Tconv populations, demonstrating that TAA-specific Treg

may be comprised of pTreg derived from the conversion of Tconv

(95).
Indirect data support the notion that TAA-specific Treg may

contain pTreg. TAA-specific Treg clones, obtained from patients
with advanced melanoma, suppressed in vitro the cognate antigen-
specific T cell response, but produced high levels of Th1 and/or
Th2 cytokines (95), and showed low FOXP3 expression and TSDR
demethylation, indicating that these cells may represent an incom-
pletely uncommitted Treg population, which more likely belongs
to the pTreg than to the tTreg pool (95).

A recent study has directly evaluated the consequences of pTreg

and tTreg antigen specificities in tumor-bearing hosts. Indeed,
Schreiber et al. have shown that, if purified polyclonal tTreg and
Tconv, differentially labeled with green or red fluorescence, were co-
transferred in CD4-null mice, the tTreg progeny exceeded the newly
Tconv-derived pTreg population in tumor-draining lymph nodes as
well as in the spleen; conversely, when transgenic, tumor-antigen-
specific, tTreg and Tconv were injected, tTreg and pTreg reached
comparable frequencies in tumor-draining lymph nodes (107).
These results suggest that tTreg and pTreg are mostly specific for
self- or tumor-antigens respectively, and that the balance between
pTreg and tTreg may be fine-tuned by the relative prevalence of
TSAs versus self-antigens expressed by tumor cells.

HETEROGENEITY AND PLASTICITY OF tTreg AND pTreg
Treg HETEROGENEITY IN CANCER: RELATIONS WITH THE pTreg/tTreg

DICHOTOMY
During the latest years, it has become increasingly clear that
Treg, meant as Foxp3-positive cells, are not a homogeneous lin-
eage, but rather represent a mixture of subpopulations. Indeed,
beside the tTreg/pTreg distinction based on their developmental
origin, diverse Treg subsets can be identified endowed with pecu-
liar features in terms of suppression, proliferation, and stability,
even though not properly classifiable as developmentally distinct
lineages (Figure 2). Tumor microenvironmental signals may dif-
ferentially affect these subsets, thus shaping Treg heterogeneity to
the advantage of tumor progression.

Treg stability and epigenetic commitment in cancer
Foxp3 inherent stability, rather than Foxp3 expression in a given
moment and tissue, is intimately linked to an actual commit-
ment to the Treg lineage and therefore to the maintenance of
immune suppression. Pioneer studies have demonstrated that
Foxp3 stability is strictly related to an epigenetic imprinting of

FIGURE 2 | Functional dynamics of tTreg and pTreg in cancer. This picture
summarizes development, heterogeneity, plasticity, antigen specificity, and
function of pTreg and tTreg in cancer. Activated Treg, which are epigenetically
committed and mostly self- and TAA-specific, can transiently lose Foxp3
without methylating TSDR thus becoming latent Treg; in some conditions,
they can acquire T-bet expression thus becoming specialized suppressors,
detrimental to the anti-tumor type-1 response. Activated Tconv, mostly
foreign (TSA) antigen-specific, can promiscuously express Foxp3 without
demethylating TSDR. However, a fraction (CD25+, or CD39+) of activated
Tconv can convert into pTreg, progressively moving from an uncommitted to a
committed stage. Through IL-10, committed pTreg can suppress pro-tumoral
inflammatory and type-17 responses, thus exerting beneficial roles for the
host in some cancer types. In some contexts, uncommitted pTreg (and
possibly activated Tconv) can move back to exTreg stage, acquiring the ability
to produce inflammatory cytokines. Therefore, in some tumors such as
colon cancer, Th17-like Treg may foster type-17 inflammation thus supporting
tumor growth; in other tumor contexts, Th1-like Treg can favor type-1
responses that rather block tumor growth. Green, cells specific for
self-antigens and TAA; light blue, cells specific for foreign antigens including
TSA. Yellow dash, demethylated TSDR; blue dash, methylated TSDR. Red
“F” in yellow circles, stable Foxp3; yellow “F” in empty circles, unstable
Foxp3. Dashed arrows, unclear events. Orange rounded arrows,
proliferation in the tTreg or the pTreg homeostatic niche. Light green frames,
conditions in which Treg are beneficial to the host; light orange frames,
conditions in which Treg are detrimental to the host.

CpG demethylation in the TSDR region of the Foxp3 locus (67, 86,
108). TSDR demethylation was then recognized as the mechanism
featuring the distinction between committed (demethylated) and
uncommitted (methylated) Treg, irrespective of Foxp3 expression
(9). Controversy exists on whether pTreg show complete or partial
TSDR demethylation and can then be considered as committed
Treg. Many studies show that iTreg have a partially or completely
methylated TSDR (9, 67–69), while pTreg have been described as
TSDR-demethylated (68), TSDR-methylated (66), or as a mixed
population of stable and unstable cells, characterized by CD25
high or low expression respectively (69).

Few data exist on the extent of TSDR demethylation in tumor-
associated Treg. The frequency of TSDR-demethylated cells is
higher in peripheral and intratumoral leukocytes of lung, colon,
prostate, or breast cancer patients, in relation to a higher Treg
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frequency as determined by flow cytometry or immunohistochem-
istry (109). Of note, the extent of TSDR demethylation in CRC
patients was only slightly higher than in healthy volunteers, in con-
trast to the significantly increased Treg frequency in these samples
shown by previous studies (110, 111). This discrepancy may be
explained with the peculiar nature of this inflammation-related
and mucosal tissue-located cancer, in which the inflammatory
response may specifically involve pTreg, possibly containing more
uncommitted (TSDR-methylated) cells than tTreg.

The evaluation of TSDR demethylation has been used as a
reliable analytical tool for the estimation of committed Treg in
some tumor conditions and therapies. An increased frequency
of epigenetically committed (TSDR-demethylated) Treg has been
determined in tumor-infiltrating cells of ovarian, colorectal, and
bronchial cancers compared to non-tumoral tissue counterparts
(112). TSDR demethylation was decreased in the peripheral blood
of metastatic renal carcinoma patients receiving tumor vaccina-
tion (113), and increased in patients treated with dendritic cell
vaccination and cytokine therapy (114).

Treg functional dynamics in cancer
The idea of Foxp3 as the master transcription factor of Treg lin-
eage has been challenged by the observation that some Treg features
are Foxp3-independent, and that Foxp3 plays Treg-unrelated func-
tions (115). This is especially true for human FOXP3-positive cells,
since human activated Tconv can transiently express this transcrip-
tion factor that acts as an intrinsic T cell regulator (116). The
concomitant analysis of CD45RA and FOXP3 in human Treg in
both physiological and pathological contexts allowed delineating
a classification into three subsets: CD45RA+FOXP3low resting Treg

(rTreg), CD45RA−FOXP3low non-Treg, and CD45RA−FOXP3high

(CD45RO+) activated Treg (aTreg), endowed with different poten-
tials of proliferation, suppression, stability, and plasticity (117).
Whether each subset mainly contains tTreg or pTreg is unclear.
While rTreg were recognized as CD31+ recent thymic emigrants,
thus belonging to the tTreg pool, aTreg can be considered as a
mixed population of activated tTreg (derived from rTreg) and pTreg

(derived from non-Treg or Tconv). The CD45RA−FOXP3low non-
Treg subset may represent a mixture of activated Tconv (promis-
cuously and unstably expressing FOXP3), latent Treg (transiently
downregulating FOXP3), and recently converted pTreg (117).

The three human Treg subsets can be differentially expanded
in distinct pathologies. In conditions characterized by exacer-
bated immune responses, such as autoimmune diseases, rTreg

and non-Treg are expanded; conversely, in diseases associated to
immune unresponsiveness, such as sarcoidosis, the aTreg subset
is instead enriched in the peripheral blood (117). The tumor
context, which conceivably belongs to the latter category, should
be characterized by aTreg expansion. In line with this hypothe-

sis, CD45RO+FOXP3high aTreg were found significantly expanded
in the peripheral blood, and much more at the tumor site, in
patients with malignant melanoma (118). Also the non-Treg and
the rTreg fractions were increased, but only in the peripheral blood,
in cancer patients compared to healthy controls, and both subsets
positively correlated with tumor progression (118). The non-Treg

pool produced some IFN-γ and its frequency returned to normal
levels after tumor removal, thus probably representing aberrantly

activated Tconv, or Treg with attenuated FOXP3 activity (118). A
much deeper knowledge on Treg dynamics in cancer is needed to
better understand the role played by each specialized component
in suppressing anti-tumor type-1, or pro-tumor inflammatory,
responses.

Treg subsets specified by functional/developmental markers
Several surface or intracellular markers have been suggested
to identify Treg subsets endowed with peculiar abilities other
than suppressive functions. A portion of human Treg with an
effector/memory-like phenotype (26, 119, 120) expresses CD39,
which has been proposed as a target to enrich human suppressive
Treg (119). CD39 was found overrepresented in peripheral and
tumor-infiltrating Treg from HNSCC, and was further increased
in patients with advanced-stage disease or after radiochemother-
apy (120, 121). CD39 is also expressed by a Tconv subset, which
produces lower levels of pro-inflammatory cytokines than the
bulk Tconv population, and is more prone to convert, at least
in vitro, into Treg (120). Both CD39+ Treg and CD39+ Tconv were
enriched in peripheral blood, and further increased at tumor site,
in HNSCC patients, and a positive correlation existed between
frequencies of these two populations (120). Therefore, these data
suggest that tumor-associated CD39+ Tconv may represent a reser-
voir of CD39+ Treg precursors. As a consequence, it could be
suggested that CD39+ Treg may include both tTreg and pTreg, and
that both Treg subsets can exploit the CD39-mediated suppressive
mechanisms of ATP degradation and adenosine generation.

Not only the functional arms of suppression, but also the acti-
vation requirements may differ in tTreg and pTreg: for instance,
TNFR2 expression is needed to activate tTreg but not iTreg suppres-
sive ability in experimental colitis (122). Of note, TNFR2-positive
Treg have been found enriched in murine tumors, in association
with a higher suppressive ability, ex vivo, in the standard sup-
pression assay (123). In a mouse model of metastatic melanoma,
TNF-α caused enhanced tumor progression through the TNFR2-
mediated Treg expansion at the site of metastasis (124). These data
suggest that TNFR2 expression may label tumor-infiltrating Treg

of thymic origin, and that TNF-α at the tumors site may prefer-
entially expand and activate tTreg. Supporting the idea that tTreg

may represent more stable cells, TNFR2 was found to be involved
in the maintenance of Foxp3 stability in mouse models of inflam-
mation (125). Also in human peripheral blood, CD25 and TNFR2
co-expression identifies cells highly expressing FOXP3, showing
an effector/memory phenotype and strong suppression, ex vivo
(126). The TNF-α/TNFR2 pathway may amplify Treg activation
also through the induction of a NF-kB-driven transcriptional pro-
gram enriched for other members of TNF superfamily, such as
4-1BB, FAS, and OX40 (127).

The early idea that Helios could differentiate tTreg from pTreg

(59, 128) prompted the use of this marker in delineating tTreg

accumulation in cancer. The vast majority of tumor-infiltrating
Treg were found to express Helios in a mouse model of glioblas-
toma (129), in glioblastoma multiforme patients (129), and renal
cell carcinoma patients (130). However, the value of Helios as uni-
vocal marker of tTreg has been questioned by other studies that
showed Helios also expressed in pTreg (60, 131), and in associ-
ation to Treg suppression (128, 131) and commitment. Indeed,
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Helios−FOXP3+ cells freshly isolated from healthy donors or
autoimmune disease patients showed decreased TSDR demethyla-
tion compared to Helios+FOXP3+ (132, 133), and also displayed
a higher plasticity in terms of cytokine production (133). In a
murine transplanted tumor model, tumor-infiltrating Treg were
enriched in Helios+ cells, representing the subset with the high-
est proliferative potential (as shown by Ki67 staining) (131). In
summary, the well-recognized enrichment of Helios+ Treg in sev-
eral human and mouse tumors may be attributed, rather than to
preferential attraction and expansion of tTreg, to the tumor-driven
local activation and/or commitment of both tTreg and pTreg.

SPECIALIZATION AND PLASTICITY OF tTreg/pTreg IN CANCER
It is now well established that Treg (or better, their specific sub-
sets) adapt their molecular programs to optimize their in vivo
suppressive function in distinct inflammatory milieus, which may
be alternatively dominated by Th1, Th2, Th17, or TFH responses.
Strikingly, these Treg specialized programs are orchestrated by
the same transcription factors that drive the polarization of the
targeted T-helper subset: therefore, T-bet, IRF4, Stat3, and Bcl6
expression are respectively and selectively required for the Treg spe-
cialized suppression of Th1 (134, 135), Th2 (136), Th17 (137), and
TFH (138, 139) responses. Indeed, by acquiring master T-helper
genes, Treg may gain the expression of chemokine receptors driving
the recruitment of specialized Treg into inflamed tissues. However,
in some contexts, Treg (or, again, some Treg subsets) can express not
only T-helper-related transcription factors and migratory mol-
ecules, but also cytokines such as IFN-γ or IL-17, thus turning
from specialized suppressors into so-called Th1-like or Th17-like
Treg that may rather contribute to inflammation (140). Some data,
mostly from mouse experimental models, suggest that such Treg

plasticity is not a lineage reprograming of committed Treg, which
appear instead quite stable; rather, Th1-like or Th17-like Treg may
derive from uncommitted cells expanded in inflammatory condi-
tions (69, 141). However, other studies have shown that in both
mouse and human pathologies Treg can produce relevant amounts
of type-1 and type-17 cytokines even though preserving Foxp3
expression (142–146).

Th17-like Treg in cancer
Regulatory T cells may shift to a Th17-like phenotype in inflamed
microenvironments dominated by type-17 cytokines, thus favor-
ing, rather than suppressing, pro-tumoral mechanisms of chronic
inflammation. According to this idea, human Treg have been found
to spontaneously secrete IL-17 in the intestine of patients carrying
inflammatory bowel disease (145, 147) and colon carcinoma (147).
In epithelial ovarian cancer, a malignancy associated to chronic
inflammation, Tconv were found to secrete high levels of IL-17 (and
other cytokines) when cultured ex vivo with IL-2; under similar
conditions, tumor-infiltrating Treg were prone to FOXP3 down-
regulation, attenuation of suppressive function, and prompt IL-17
production (148). In human lung adenocarcinoma, FOXP3 mes-
sage amounts correlated with Th17-related transcripts enriched
at the tumor site, where IL-17 antagonized the development of
the anti-tumor, T-bet-dependent, Th1 response (149). Myeloid
antigen-presenting cells and cytokines such as IL-2, TGF-β, IL-
1, IL-23, and IL-6 may initiate Treg polarization into Th17-like

cells in these tumor contexts (147–149). In a mouse model of
hereditary colon polyposis, as well as in human colon cancer, the
Th17-like Treg co-expressed the Th17-related transcription factor
ROR-γt, and fostered tumor progression, also through the pro-
motion of mast cell local expansion (150, 151). This study clearly
demonstrated that microenvironmental signals could direct Treg

plasticity toward pro-inflammatory and pro-tumoral activities.
One group has demonstrated that Th17-like Treg can also arise

in experimental tumors as an outcome of vaccination strategies
(152). In this study, vaccination with antigen plus TLR-9 lig-
and induced Treg reprograming into polyfunctional T-helper-like
cells, producing a wide array of cytokines including IL-2, TNF-
α, and IL-17, and expressing cell-surface CD40L, thus providing
efficient T cell help for tumor-antigen cross-presentation and
development of anti-tumor response (152). The IDO immuno-
suppressive enzymatic activity was responsible for preventing this
anti-tumor Treg polarization, which was instead enhanced using
an IDO blocker (152).

Little data exist on the precursors of Th17-like Treg in cancer. In

the peripheral blood of healthy subjects, the CD45RA−FOXP3low

non-Treg subset was found enriched in Th17-related transcripts
and in cells actively secreting IL-17, even at higher levels than
naïve or memory Tconv, a data suggesting that this population
contains Th17 or Th17-like precursors (117). It would be interest-
ing to understand whether the Th17 potential resides, within the
non-Treg gate, in activated Tconv, in latent Treg, and/or in recently
induced pTreg, possibly co-expressing FOXP3 and RORγt and thus
pre-committed to the Th17 lineage.

Th1-like Treg in cancer
Pioneer studies from Koch and colleagues demonstrated that, fol-
lowing exposure to IFN-γ in Th1-dominated microenvironments,
a subset of Treg can up-regulate the Th1-related transcription
factor T-bet, which drives Treg expansion, migration (CXCR3-
mediated), and function specifically during type-1 inflammation
(134). Further experiments have shed light on the developmen-
tal requirements and the alternative fates of murine T-bet+ Treg:
following IFN-γ stimulation, Treg could gain T-bet expression but
failed to fully polarize into IFN-γ-producing Th1-like Treg, due
to an impaired Treg susceptibility to IL-12. Indeed, IL-12 receptor
β2, which is inducible in Tconv in an IFN-γ- and T-bet-dependent
fashion, is epigenetically inaccessible in Treg (135). Only long-
lasting IFN-γ preconditioning could unlock IL-12 responsiveness,
thus allowing the complete Treg polarization into Th1-like cells
(135). Presumably, in contexts characterized by chronic IFN-γ
and IL-12 abundance, such as autoimmune, inflammatory, and
viral diseases, Treg will be oriented to a full reprograming into
Th1-like cells. Supporting this idea, IFN-γ-producing Treg have
been reported in mouse models of graft-versus-host disease (153),
viral (154) or parasite (142) infection, in human multiple sclerosis
(144), and diabetes (146, 155). In one of these systems, IFN-γ-
producing Treg were recognized to be specific for a foreign (viral)
antigen (154). Whether such Th1-like Treg can be yet considered
as classical regulatory cells is still debated. One study has shown
that in vitro polarized Th1-like Treg were less suppressive than con-
ventional Treg in the standard in vitro suppression assay, and that
suppression could be partially rescued with concomitant IL-10
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and IFN-γ neutralization (144). Another study has proven that
IFN-γ-producing human iTreg were equally functional as natural
Treg in suppressing both proliferation and cytokine production of
responder T cells (156). In a mouse model of graft-versus-host
disease, IFN-γ produced by stable (TSDR-demethylated) Treg was
shown to be even required for Treg protective effect (153), sug-
gesting that IFN-γ-releasing Treg can display in vivo unexpected
functions depending on the context.

Conversely, it could be envisaged that, in the tumor con-
text, the low levels of IFN-γ derived from Tconv, NK, and CD8
cells, and the paucity of IL-12 production by tumor-associated
APCs, may concur to induce a pool of Treg expressing T-bet
but not secreting IFN-γ, thus specialized in suppressing anti-
tumor type-1 immunity. In line with this possibility, TAA-specific
Tconv, but not TAA-specific Treg, produced IFN-γ in patients with
epithelial ovarian cancer (99). In both healthy subjects (117) and
malignant melanoma patients (118), IFN-γ-producing cells were
enriched within the circulating CD45RA−FOXP3low (CD45RO+)
non-Treg subset, mostly including activated Tconv and/or uncom-
mitted Treg. Conversely, in ovarian cancer, tumor-infiltrating Treg

were enriched in CXCR3+ cells, highly expressing T-bet but
poorly producing IFN-γ, and strongly suppressing Th1 response
ex vivo (157). Tumor-associated CXCR3+ Treg were mostly Helios-
positive, and T-bet+ Treg could be generated in vitro by cul-
turing CD45RA+CCR7+ rTreg (mostly containing tTreg) under
Th1-polarizing conditions (157), suggesting their derivation from
committed tTreg. This finding was in accordance to Koch et al. who
showed that T-bet+ Treg derived from T-bet− Treg, rather than
from activated Tconv (134). These data support the idea that tTreg,
rather than pTreg, may contain the precursors for Th1-specialized
suppressors, thus playing critical roles in suppressing protective
responses in tumors whose high Treg frequency correlates with
poor prognosis (13).

Some therapeutic interventions can force tumor-associated
Treg toward a fully differentiated Th1-like phenotype. For instance,
circulating Treg from melanoma patients showed significantly
higher IFN-γ secretion following a protocol of tumor peptide vac-
cination plus IL-2 and cyclophosphamide, in line with enhanced
serum IL-12 (158). On the whole, these data suggest that, especially
in the human system, the transition from T-bet+ Treg, special-
ized Th1 suppressors, into T-bet+ IFN-γ+ Treg, Th1-like plastic
cells, may not only depend on the availability and the responsive-
ness to exogenous stimuli, but may differentially occur in distinct
Treg precursors: on the one side, tTreg, enriched in committed
and self-specific cells, may be forced to arrest to the specializa-
tion (T-bet+) endpoint; on the other side, pTreg, containing less
committed and foreign antigens-specific cells, may be more prone
to the complete reprograming into pro-inflammatory (T-bet+

IFN-γ+) cells. Future studies will elucidate the mechanisms by
which different growing tumors may favor the expansion of pro-
tumoral specialized Th1 suppressors or the induction of Th1-like
plastic Treg.

IMPLICATIONS FOR CANCER IMMUNOTHERAPY
The initial enthusiasm on the use of therapeutic cancer vaccines
has been soon disappointed by the observation of a low response
rate in many trials (159). After the discovery of Treg as potent

immune suppressive cells hampering the establishment of anti-
tumor immunity, it soon became clear that anti-tumor vaccination
might fail to elicit an effective immune response and to achieve suc-
cessful tumor eradication, because of the immune suppressive bar-
rier created by Treg. In addition, since Treg may recognize TAA and
TSA at higher frequency than Tconv, tumor-antigen-based vaccines
may expand/induce Treg rather than effector cells, thus inhibiting
rather than boosting the anti-tumor response. Indeed, Zhou et al.
first demonstrated that TCR-transgenic CD4 T cells specific for
a TAA, adoptively transferred into mice bearing TAA-expressing
tumor cells, proliferated extensively after administration of a ther-
apeutic tumor vaccine (in the form of a recombinant vaccinia
virus encoding the antigen), but tumor-antigen-experienced cells
were mostly regulatory cells, ex vivo suppressive, and anergic to
subsequent stimulation (81).

In cancer patients receiving tumor-antigen vaccination, the
expansion of antigen-specific Treg has been documented. Circu-
lating NY-ESO-1-specific Treg spontaneously develop in late-stage
melanoma patients and are expanded following immunization
with NY-ESO-1 protein supplemented with adjuvants (96). Ther-
apeutic vaccination with an HPV synthetic long peptide vaccine,
administered to patients with HPV-positive cervical carcinoma,
induced both CD8 and CD4 T cell immunity, but also enhanced
the HPV-specific Treg pool (160). The pool of vaccine-specific
Treg may derive not only from the expansion of pre-existing
tumor-antigen-specific clones, but also from de novo generation of
vaccine-specific pTreg. This is suggested by results obtained vacci-
nating melanoma patients with an HLA-DP4-restricted MAGE-
A3 peptide: in this setting, a subset of vaccine-specific Treg

becomes detectable only after vaccination (161). Vaccine-elicited
Treg showed some degree of heterogeneity: out of five CD25+ regu-
latory clones isolated from vaccinated patients, four expressed high
FOXP3 mRNA levels, produced TGF-β, and showed demethylated
TSDR; one clone expressed less FOXP3, had methylated TSDR
and produced some Th2 cytokines (161). These data suggest that
antigen-specific Treg, induced in the periphery following anti-
gen exposure and thus recognizable as pTreg, can contain both
committed and uncommitted cells.

The concomitant and detrimental Treg expansion in anti-
tumor vaccination can be avoided by using CD8 T cell-targeted
approaches. A melanoma vaccination protocol based on an
MHCI-restricted Melan-A peptide significantly decreased the fre-
quency of Melan-A-specific Treg, in association with an improved
and more diverse Th1 response (97).

Some attempts have also been made to combine active
immunotherapy with Treg depletion or functional blockade. Sev-
eral studies showed that depletion of CD25+ cells in vivo in cancer
patients could enhance the tumor-specific T cell responses induced
by cancer vaccines (15). However, CD25-directed strategies may
fail to achieve sustained results, since activated effector cells may
be concomitantly eliminated and pTreg may replenish the Treg

pool after depletion (15). Interestingly, a recent study has demon-
strated that different Treg-depleting agents, either CD25-targeted
(IL-2/diphtheria toxin fusion protein, or anti-CD25 antibody) or
not (low-dose cyclophosphamide), failed to consistently elimi-
nate more than 50% of committed Treg, as identified by TSDR
demethylation (162).
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Therefore, alternative strategies are needed to counteract the
“hard core” of immune suppression that is represented by epi-
genetically committed Treg. We have proposed in the past that
Treg functional inactivation, rather than depletion, may repre-
sent a successful strategy to prevent massive pTreg induction and
concomitantly block Treg suppression (15). This idea may be
corroborated by the observation that markers associated to Treg

suppressive functions, and therapeutically targetable, may show
enriched or restricted expression in epigenetically committed Treg.
For instance, GITR stimulation has been shown to attenuate Treg

suppression and favor the rejection of experimental tumors (163).
A recent study has demonstrated that GITR engagement in vivo
led to the downregulation of Foxp3 expression in intratumoral
Treg (164). Of note, GITR+ Treg were found enriched in Helios+

cells, representing highly committed Treg (131), thus GITR tar-
geting may preferentially block the strongest suppressors among
the Treg pool. A similar possibility could be envisaged for thera-
peutic strategies aimed at TNF-α/TNFR2 blockade, since this axis
may be mainly involved in the activation of more committed and
stable cells (122–126). Committed Treg may also be targeted by
virtue of their high proliferative potential: indeed, high prolifer-
ation rates, in terms of Ki67 positivity, were detected in healthy
subjects within the aTreg subset, enriched in stable and commit-
ted Treg (117), and also in murine tumor-infiltrating Helios+ Treg

(131). Therefore, treatments based on the depletion of prolifer-
ating cells, such as low-dose cyclophosphamide, may efficiently
target committed Treg.

An innovative way to improve immunotherapy would be to
reprogram tumor-associated Treg into fully armed effector cells,
which would then become “exTreg.” Different from other vaccine-
based approaches, Treg reprograming is expected to trigger anti-
tumor response very rapidly, since Treg are already located at
the tumor site and already tumor-antigen-experienced, thus not
requiring a de novo T cell priming. Therefore, exTreg may function
in an “innate-like” manner, promptly providing co-stimulatory
and pro-inflammatory signals when adequately modulated, before
a novel adaptive anti-tumor response develops (140). An exam-
ple of this approach has been proposed by Sharma et al. who
demonstrated that reprograming of mature pre-existing tumor-
associated Treg into CD40L-expressing helper effector cells was
needed to achieve tumor regression in a model of immunother-
apy combining antigen vaccination, TLR-9 stimulation, and IDO
blockade (152).

The above-discussed data overall indicate that tTreg and pTreg

may not be equally susceptible to functional reprograming,but this
dichotomy may turn into a benefit for the efficacy and safety of the
evoked response. Indeed, on the one hand, tTreg, predominantly
self-specific, highly committed, and hard to be reprogrammed into
T-helper-like cells, would be preserved, thus ensuring immune tol-
erance to self-antigens and maintaining systemic immune home-
ostasis. On the other hand, pTreg, mainly representing tumor-
specific and uncommitted cells, may be more easily converted
into exTreg, thus mounting an immediate helper and/or effector
response in a mostly tumor-antigen-specific fashion.

Reprograming into exTreg may be achieved by immunothera-
pies aimed at subverting the immune suppression mechanisms
established by innate cells in tumor microenvironments. For

instance, in the above-reported model of tumor vaccination,
CD40L upregulation by Treg following TLR-9 stimulation was
strictly dependent on host-derived MyD88 and IL-6 signals (152).
In melanoma patients, tumor peptide antigen vaccination com-
bined with low-dose cyclophosphamide and low-dose IL-2 evoked
Th1-like Treg accumulation, in line with a less tolerogenic microen-
vironment and with enhanced IL-12 availability (158). Of note,
in this system, depletion of proliferating (conceivably committed
and thymus-derived) Treg by means of cyclophosphamide allowed
the functional reshuffling of innate cells that in turn unveiled the
emergence of Th1-like exTreg.

However, it is arguable that microenvironmental rearrange-
ments would better accomplish full Treg reprograming with the
concomitant direct modulation of Treg activities, aimed especially
at enhancing Treg susceptibility to external signals. For instance,
expression of IL-12 receptor, which is epigenetically regulated
in Treg (135), could be artificially boosted by pharmacological
approaches. Also, targeting with monoclonal antibodies some
receptors expressed on Treg surface and correlated with Treg sta-
bility (such as TNFR2 and GITR) could result in enhancing Treg

propensity to reprograming. In line with this idea, treatment of
murine melanomas with a GITR agonistic antibody resulted in
the accumulation of exTreg at the tumor site (164). Suppressor of
cytokine signaling (SOCS) 1 and 2, which maintain Foxp3 stabil-
ity and prevent Treg polarization into effector cells (165, 166), may
be pharmacologically inhibited to unlock Treg responsiveness to
pro-inflammatory microenvironmental cytokines.

CONCLUSION
Even though discrimination between pTreg and tTreg by simple
surface phenotyping is not yet possible many pieces of evidence
indicate that both subsets contribute to the Treg pool condi-
tioning the tumor microenvironment. Nevertheless, the devel-
opment/expansion of pTreg and tTreg are independent processes,
possibly resulting from disparate antigens and signals, and their
activities seem characterized by very peculiar features in terms
of specificity, stability, and specialization. On the one side, tTreg

may expand at tumor site in response to self-antigens expressed
by tumor cells, mostly include committed (TSDR-demethylated)
Helios- and TNFR2-expressing cells, and contain the precursors
of specialized T-bet+ Th1-suppressing cells, thus representing not
only the guardians of systemic immune homeostasis but also the
“hard core”of tumor immune escape. On the other side, pTreg may
mostly develop following local encounter with TAA or TSA anti-
gens, possibly represent a mixed population of committed (TSDR-
demethylated) and uncommitted (TSDR-methylated) cells, and
are more prone to be reprogramed into Th1-like or Th17-like
effector cells. We envisage that future successful immunothera-
pies may not only target committed Treg but also favor “recycling”
uncommitted Treg into prompt anti-tumor effectors.
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CD4+Foxp3+ regulatoryT cells (Tregs) have a fundamental role in maintaining immune bal-
ance by preventing autoreactivity and immune-mediated pathology. However this role of
Tregs extends to suppression of anti-tumor immune responses and remains a major obsta-
cle in the development of anti-cancer vaccines and immunotherapies. This feature of Treg
activity is exacerbated by the discovery that Treg frequencies are not only elevated in the
blood of cancer patients, but are also significantly enriched within tumors in comparison to
other sites. These observations have sparked off the quest to understand the processes
through which Tregs become elevated in cancer-bearing hosts and to identify the specific
mechanisms leading to their accumulation within the tumor microenvironment. This man-
uscript reviews the evidence for specific mechanisms of intra-tumoral Treg enrichment
and will discuss how this information may be utilized for the purpose of manipulating the
balance of tumor-infiltrating T cells in favor of anti-tumor effector cells.
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WHAT ARE Tregs?
Regulatory T cells (Tregs) are suppressor cells that are necessary
for maintaining immune homeostasis and immunological toler-
ance to self and which play a key role in limiting excessive and
harmful immune responses (1). Several different types of suppres-
sor T cells have been described including cells within both CD4+

and CD8+ populations (2). The most prominent of these express
both CD4 and Foxp3 and can arise either in the thymus or in the
periphery (1). A recent correspondence in Nature Immunology rec-
ommended the adoption of new nomenclature for Tregs (3). The
authors suggested that thymus-derived Treg cells be called tTreg

(rather than nTreg) to denote those that are thymus-derived and
pTreg for those that differentiate in the periphery [therefore replac-
ing the terms i(induced)Treg and a(adaptive)Treg]. This review
will, as far as possible, adopt the recently recommended nomen-
clature. In addition the term Treg will only be used to describe cells
where suppressor activity has been demonstrated either in vivo or
in vitro and where suppressor function has not been confirmed,
the cells will be termed Foxp3+CD4+ T cells.

PROMOTION OF TUMOR PROGRESSION BY Tregs
There is an emerging consensus that effective anti-tumor immu-
nity is characterized by a Thelper1 (Th1)/CD8+ T cell response
(4). This type of response however, is susceptible to suppression
by Tregs and several studies using mouse models have shown that
partial or complete removal of this inhibitory influence uncovers
anti-tumor immune responses capable of preventing tumor devel-
opment and limiting tumor progression (5–7). Approaches aimed
at modulating Foxp3+ T cell frequencies in patients with cancer
have been shown to enhance vaccine-induced anti-tumor immune
responses and even boost endogenous responses (8–11). These

exciting findings underpin the importance of fully understanding
the role of Tregs in cancer so that these cells can be manipulated in
order to optimize cancer immunotherapy.

MECHANISMS OF Foxp3+ T CELL ENRICHMENT WITHIN
TUMORS
Studies have shown that progressing mouse and human tumors
can be associated with enhanced Tregs activity and escalating
immune suppression (12, 13). Indeed Foxp3+ T cells manage
to successfully pervade, and often dominate the tumor-specific
immune response; Foxp3+ to Foxp3− T cell ratios in the range
0.5–1:1 have been described in some tumors (12, 14, 15). A few
theories have been proposed to explain how Foxp3+ T cells become
enriched in tumors and in the peripheral blood of tumor-bearing
hosts. There may be preferential migration of Foxp3+ T cells
to tumors in response to chemokines expressed by tumor cells
and stroma. Foxp3+ T cells, preferentially attracted to the tumor
microenvironment may use the same or additional cues to aid their
retention within the tumor mass. In addition, tumor establish-
ment may trigger production of a cocktail of factors that support
increased Foxp3+ T cell proliferation and/or the conversion of
conventional Foxp3−CD4+ T cells into Foxp3+ cells. Various lines
of supporting evidence exist for these mechanisms of Foxp3+ T
cell enrichment in tumors and will be discussed in this review.

CHEMOKINE-MEDIATED RECRUITMENT OF Foxp3+ T CELLS
INTO TUMORS
Migration of cells into peripheral tissues and sites of inflamma-
tion depends on their expression of various chemokine receptors,
selectins (and selectin ligands), and integrins. Generally, effector-
like inflammation-seeking T cells (including Tregs) express inflam-
matory chemokine receptors and adhesion molecules that enhance
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their capacity to migrate to inflamed tissues (16–24). Different
tumors are characterized by unique albeit overlapping chemokine
signatures. Tumor cells and surrounding stromal cells can express
these chemokines, which serve to facilitate migration and accu-
mulation of various leukocytes in the tumor (25–27). While some
of these leukocytic infiltrates comprise macrophages (28) and
myeloid derived suppressor cells (MDSCs) (29) which promote
tumor progression and metastasis, a high frequency of infiltrat-
ing CD3+ T cells often correlates with improved clinical outcome,
e.g., in ovarian and colorectal cancer (CRC) (30, 31). Whether or
not the degree of CD3+ T cell infiltrate correlates with strong
anti-tumor immunity may also depend on the frequency and
suppressive capacity of tumor-infiltrating Tregs. Consequently,
increased infiltration of Foxp3+ T cells is often associated with
a poor prognosis and accelerated tumor progression (32).

INFLAMMATORY CHEMOKINES AND THEIR RECEPTORS
CCR4
CCR4 has been shown to be expressed on a greater proportion
of Tregs than conventional T cells and to be important for guiding
Tregs to sites of inflammation (24, 33). Several studies indicate that
the tumor-expressed chemokines CCL22 and CCL17, which are
ligands for CCR4, play a role in the recruitment and enrichment
of Tregs. A study by Curiel and colleagues, clearly demonstrated a
major role for CCL22 in recruitment of CCR4+ Tregs into human
ovarian carcinomas (13). CCL22 alone, or in combination with
CCL17, has been implicated in Treg recruitment to human breast
(34, 35) and prostate (36) cancers. Increased levels of CCL17
and/or CCL22 are also associated with higher frequencies of
CD4+Foxp3+ T cells in cerebral spinal fluid of patients with lym-
phomatous and carcinomatous meningitis (37), gastric (38), and
esophageal squamous cell carcinomas (39). Using mouse models,
several approaches, including the use of specific antibodies, antag-
onists, or siRNA, have been used to block the CCL22/CCL17 –
CCR4 axis, resulting in reduction in Treg frequencies and a
concomitant increase in anti-tumor activity (40–42).

CCR5
Disruption of CCR5/CCL5 signaling has also been shown in
mouse models to impair intra-tumoral Treg accumulation and
slow tumor progression (43). Similarly, CCL5 levels correlate with
increased Treg frequencies and impaired CD8+ T cell responses in
human colon cancer (44). Further evidence for CCR5-dependent
Treg enrichment comes from a study exploring the potential
mechanisms through which MDSCs inhibit anti-tumor immu-
nity. MDSCs infiltrating mouse RMA-S lymphomas were shown
to increase the levels of CCL3, CCL4, and CCL5, which in
turn enhanced the recruitment of CD4+Foxp3+ T cells via
CCR5 (45). CCR5 deficiency (demonstrated by use of CCR5−/−

mice) or CCL5 blockade (using Met-RANTES) led to diminished
CD4+Foxp3+ T cells numbers and slower tumor growth (45).
However, apart from its ability to attract CD4+Foxp3+ T cells
to tumors, the pivotal role for CCR5 in mediating recruitment
and activation of conventional T cells dictates that CCR5 is also
important for achieving strong anti-tumor immune responses and
regression of established tumors (46–49). Thus, although the find-
ings of some mouse models indicate that the CCR5 axis can be

targeted to reduce Treg accumulation, the general utility of this
approach is likely to be limited by the potential for concurrent
effects on anti-tumor effector cells.

CXCR3
A similar situation applies to the chemokine receptor CXCR3.
Intra-tumoral accumulation of CXCR3+Foxp3+ T cells has
been reported in human ovarian, colorectal, and hepatocellu-
lar carcinomas (50, 51). However, like CCR5, CXCR3 is abun-
dantly expressed on activated cells, binding the IFN-γ-induced
chemokines, CXCL9, CXCL10, and CXCL11. Indeed, homing and
migration of activated effector cells (CTL, NK, NKT, and T helper)
is highly dependent on CXCL9/CXCL10/CXCL11 – CXCR3 signal-
ing thereby limiting the utility of this pathway for targeted preven-
tion of Treg recruitment. CXCR3 and CCR5 are often co-expressed
by effector T cells. In a study of human colorectal carcinomas
expressing CXCL10 and CCL5, the CD8+IFNγ+ T cell infiltrate
comprised predominantly CXCR3+CCR5+ cells (52), concurrent
with a favorable prognosis as previously described (30). Similarly,
CXCL9, CXCL10, and CXCL11 expression by sporadic human
renal cell carcinomas was associated with increased frequency of
CXCR3+CCR5+ T cells and a favorable prognosis which was char-
acterized by the absence of recurrences following curative surgery
(53). Furthermore tumor-expressed CXCL9 was shown to be cru-
cial for immune control of murine cutaneous fibrosarcomas (54)
while CXCL11 secretion by genetically modified mouse T cell lym-
phoma cells (EL4) led to increased infiltration of CD8+CXCR3+

T cells and subsequent tumor rejection (55). Considering the body
of evidence highlighting a favorable prognosis for cancers express-
ing these IFN-γ induced chemokines, disruption of the CXCR3
and/or CCR5 pathways to prevent Treg accumulation in tumors is
unlikely to be effective for promoting tumor immunity.

HYPOXIA-INDUCED CHEMOKINES AND THEIR RECEPTORS
CCR10
Hypoxia and angiogenesis are both characteristic features of
advanced solid tumors. Both of these features also serve to mod-
ulate the enrichment of intra-tumoral Tregs expressing CCR10.
CCL28, a chemokine known to be upregulated by hypoxia has
recently been shown to recruit CCR10+ Tregs to mouse ovarian
cancers (56). These CCR10+ Tregs contributed to tumor progres-
sion by secreting vascular endothelial growth factor A (VEGF-A),
thereby promoting angiogenesis. Understanding the nature of the
relationship between VEGF-A and Tregs may prove important.
VEGF-A blockade not only reduced angiogenesis but also has
been shown to reduce the extent of Treg infiltration in mouse
models resulting in enhanced vaccine-induced immune responses
(57). Moreover, treatment of CRC patients with the anti-VEGF-
A monoclonal antibody bevacizumab reversed Treg accumulation
in patients’ blood (58) whilst VEGFR2+CD4+Foxp3+ cells are
reportedly associated with poor prognosis in CRC (59) supporting
the theory that angiogenic factors may be targeted for the pur-
pose of modulating both angiogenesis and the anti-tumor immune
response.

CXCR4
Vascular endothelial growth factor A has also been shown to work
synergistically with CXCL12, a chemokine commonly expressed by
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tumors, to promote tumor angiogenesis (60). In a study of patients
with basal-like breast cancers, infiltration with Foxp3+ cells was
shown, as above, to correlate with tumor hypoxia (61). In this study
however, a preferential accumulation of Foxp3+ cells expressing
CXCR4, the receptor for CXCL12, was observed. The authors fur-
ther showed that accumulation of these CXCR4+Foxp3+ cells
was associated with a poor prognosis. Although CD8+ and
Foxp3−CD4+ T cells can also express CXCR4, there are reports
that CXCL12 preferentially attracts Tregs to human lung ade-
nocarcinomas (62) and advanced cervical cancers (63), thereby
indicating that targeting the CXCR4–CXCL12 axis may repre-
sent a useful means of selectively reducing the intra-tumoral Treg

infiltrate. In support of this, using a mouse model of ovarian can-
cer, Righi and colleagues showed that administration of a specific
CXCR4 antagonist, AMD3100 (64), was associated with several
anti-tumor effects including increased tumor cell death, reduced
dissemination and angiogenesis and better survival of the treated
animals (65). Significantly, the authors also observed a selective
reduction in the recruitment of Foxp3+ T cells in comparison
with CD8+ T cells (65).

The picture that emerges from these reports is that tumors with
high levels of Tregs, recruited in response to hypoxia (via CCR10
and/or CXCR4), are rich in VEGF-A and therefore, serve to drive
neovascularization. Such a pathway implies that angiogenesis and
the recruitment and activity of Tregs work side-by-side, facilitating
tumor growth directly through neovascularization and indirectly
through promoting immune suppression. With this in mind, it
may prove useful to further explore potential synergy between
therapies targeting angiogenesis and those targeting Tregs.

LYMPHOID-ASSOCIATED CHEMOKINES AND THEIR
RECEPTORS
CCR7
The role of CCL21/CCR7 signaling in the recruitment and accu-
mulation of Tregs in tumors has been described in one study using
B16 melanomas engineered to express higher levels of CCL21.
These tumors recruited high numbers of Tregs and progressed
more rapidly compared to tumors expressing normal or lower
CCL21 levels (66). In contrast, other studies indicate that the
CCL21/CCR7 pathway promotes increased tumor control as a
result of increased recruitment of effector immune cells (67).
Furthermore, intra-tumoral expression of CCL21 boosted CTL
responses after DNA vaccination of mice and induced regres-
sion of B16 melanomas (68). In another study, intra-tumoral
delivery of CCL21 inhibited lung cancer growth in mice. Inhi-
bition of tumor growth was associated with reduced frequencies
of Tregs and MDSC but enhanced recruitment of CCR7+Foxp3−

T cells (69). Moreover, a recent study of patients with metasta-
tic CRC indicated that tumor infiltration with CCR7+ T cells
was associated with a more favorable prognosis (70). Given the
plethora of studies highlighting the important role of CCL21
in recruitment of immune effector cells and subsequent tumor
immunity and the paucity of studies to support enhanced
Treg recruitment to the tumor via CCL21/CCR7, it is highly
unlikely that selective targeting of this pathway as a means to
prevent Treg recruitment will be of clinical benefit in cancer
patients.

Whether chemokines lead to the preferential enrichment of
Tregs in tumors is as yet unclear although there is evidence
that Treg recruitment to tumors may be selectively inhibited
through chemokine receptor blockade: the most notable candi-
dates being CCR4, CXCR4, and CCR10. Such strategies may not
however, impinge on the existing pool of tumor-infiltrating Tregs.
Chemokines may perform functions other than to attract Tregs to
tumors. It is highly likely for example, that chemokines, expressed
intra-tumorally, serve to retain Treg cells, perhaps preferentially,
within the tumor mass. If this is the case, selective retention of
Tregs in the tumor microenvironment could significantly influ-
ence their fate compared to that of conventional T cells, with
clear immunosuppressive consequences. Although the key role of
chemokines is to act as chemoattractants, a role for CCL5 in pro-
moting T cell activation has been demonstrated; in these studies
CCL5 was shown to induce signaling events in T cells in antigen-
independent fashion (71, 72). This finding raises the intriguing
possibility that chemokines present within the tumor microen-
vironment may influence T cell activity, including the activity
of Tregs.

INDUCTION OF Tregs IN THE TUMOR MICROENVIRONMENT
The possibility that conversion of conventional T cells into Tregs

represents a mechanism of Treg enrichment in tumors has been
explored. In adoptive transfer experiments, purified CD4+CD25−

T cells transferred into tumor bearing mice have been shown to
convert into Foxp3+CD4+CD25+ cells within the tumor microen-
vironment (73, 74). In studies of patients with melanoma, Four-
cade and colleagues demonstrated that CD4+CD25− T cells and
Foxp3+CD4+ T cells could recognize the same peptide and more-
over, clonotypic analyses of these cells revealed a common T cell
receptor (TCR) Vβ usage (75). These findings are compatible with
the hypothesis that conventional tumor-specific T cells can con-
vert into Tregs. Whilst the potential for conversion of conventional
T cells into Tregs is undoubtedly demonstrated in these types of
studies, the extent to which this contributes to what is a significant
intra-tumoral enrichment of Foxp3+ T cells is unclear. Addressing
this question directly has been hampered by reports that Foxp3 can
be transiently upregulated on activated T cells without necessarily
conferring suppressor functions and a lack of definitive mark-
ers to discriminate tTregs from pTregs. The “best” markers are the
transcription factor, Helios, and the type 1 transmembrane pro-
tein, neuropilin 1 (Nrp1), which, according to some reports, are
expressed mainly by tTregs (76, 77). In the case of renal cell can-
cer patients, the significant increase in Foxp3+ T cells observed
in both untreated and IL-2-treated patients are helios+ suggesting
that tumors drive expansion of tTreg and not pTregs (78). The same
observation has been made in studies of patients with glioblastoma
multiforme (GBM) and parallel studies of orthotopic mouse mod-
els of brain tumors (79). Studies of Nrp1 expression have resulted
in mixed findings where in some mouse tumors Nrp1+Foxp3+ T
cells predominate whereas in others they do not (80, 81). The valid-
ity of both helios and Nrp1 as true discriminators of tTregs versus
pTregs has however been disputed, thus no definitive conclusions
can be drawn from the studies described above (82, 83).

Working on the premise that pTregs and conventional T
cells share the same TCRs, we used a mouse model of
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carcinogen-induced tumors to compare the TCR repertoires of
tumor-infiltrating Foxp3− and Foxp3+CD4+ T cells in order to
determine the extent of TCR overlap between the two popula-
tions following their recovery from the tumor microenvironment
(15). The data clearly indicated that the TCR repertoires of tumor-
infiltrating Foxp3− and Foxp3+CD4+ T cells are distinct, implying
that at least in the case of carcinogen-induced tumors, conver-
sion of conventional T cells is not a significant cause of intra-
tumoral Treg enrichment. This finding was confirmed in a similar
analysis of CD4+Foxp3+ T cells recovered from TRAMP mice in
which prostate cancer is driven by transgenic expression of SV40
large T antigen (84). In this study, thymic development of the
CD4+Foxp3+ T cells was Aire-dependent and the cells appeared
to be specific for a prostate-associated self-antigen. Overall, the
results of this study support enrichment of intra-tumoral tTregs as
the main mechanism of Treg accumulation in tumors rather than
conversion of conventional T cells to pTregs.

Collectively, evidence to support conversion as a major mech-
anism of Treg enrichment in tumors is currently weak. Most of
the direct evidence for a limited role for conversion has how-
ever, come from mouse models. There are reports that human
CD4+Foxp3− cells can convert into CD4+Foxp3+/lo Tregs in vitro
and that the phenotypic characteristics of these cells can resemble
CD4+ T cell sub-populations isolated from tumors (85). Whilst
these data do not provide definitive answers relating to the rela-
tionship between different tumor-infiltrating T cell subpopulation
(such as that gained from TCR clonotyping), it remains possible
that in human cancers, there is some enrichment of pTregs.

SUPERIOR PROLIFERATION OF tTregs WITHIN THE TUMOR
MICROENVIRONMENT
Given the evidence that Foxp3+CD4+ T cells gain an edge in
accessing the tumor microenvironment through a combination
of differential chemokine receptor expression and an increased
capacity to migrate in response to hypoxia-induced chemokines
and VEGF-A, it is reasonable to speculate that migration does con-
tribute to their observed enrichment within the tumor microenvi-
ronment. Higher frequencies of Foxp3+CD4+ T cells are however
also observed in spleen/blood and draining lymph of tumor-
bearing mice and patients with cancer compared to non-tumor-
bearing controls. In carcinogen-induced tumors, enhanced pro-
liferation of CD4+CD25+ T cells has been reported (86). Studies
examining proliferation of intra-tumoral Foxp3+ T cells in brain
tumors imply that the majority of proliferating cells are helios+;
for example in mouse models of glioblastoma, it has been reported
that the majority of tumor-infiltrating Foxp3+ T cells express
helios and are highly proliferative, significantly more so than
helios−Foxp3+ and Foxp3−CD4+ T cells (79). Moreover, if these
highly proliferative CD4+Foxp3+helios+ cells are, as this study
suggests, suppressive within the tumor microenvironment then
the available evidence favors intra-tumoral expansion of tTreg as a
major mechanism of Treg enrichment in tumors.

Why might CD4+Foxp3+ Tregs demonstrate enhanced prolifer-
ation in the tumor microenvironment compared to CD4+Foxp3−

T cells? Evidence suggests that the Treg population contains a
higher number of cells that respond to self-antigens compared
to Tconv cells (87, 88). Thus, in the case of tumors, Tregs may

receive stronger antigen-driven signals than conventional T cells,
promoting their expansion in tumors. Using a mouse model of
melanoma (B16), Ghiringhelli and colleagues showed that tumors
can license dendritic cells (DCs) to promote the proliferation
of Tregs through the production of TGF-β (89). Another study,
also utilizing the B16 tumor cell line showed that plasmacytoid
DCs promoted Treg activation in an indoleamine 2,3-dioxygenase
(IDO)-dependent manner (90). Whilst both studies assessed Treg

activity in tumor-draining lymph nodes, it is possible similar sig-
nals serve to further promote Treg cell proliferation and survival
within the tumor microenvironment. Of note, IDO production
by human monocyte-derived DCs has also been shown to drive
proliferation of highly suppressive CD4+Foxp3+ T cells (91).
In addition, to these pathways, it has recently been shown that
VEGFR+ Tregs, purified from tumor-bearing mice proliferated in
response to VEGF. The same study also demonstrated reduced Treg

frequencies in the peripheral blood of CRC patients treated with
the VEGF-A blocking antibody, bevacuzimab (58).

Any signal that serves to promote Treg activity, also therefore
serves to indirectly suppress the activities of conventional T cells,
one effect of which is to reduce local production of IL-2. Through
expression of high levels of CD25, Tregs may out-compete con-
ventional T cells for the limited supply of IL-2. Thus, within the
tumor microenvironment Tregs may gain superiority by utilizing
the available IL-2 to support their own proliferation and moreover,
to further promote their immunosuppressive capability (92).

Foxp3+ Tregs – THE TIP OF THE ICEBERG
Although most available evidence indicates that the bulk of tumor-
infiltrating Foxp3+ Tregs are tTreg, this does not preclude a signifi-
cant immunosuppressive role for pTreg or indeed Foxp3− cells.
With the possible exception of melanoma, there is a distinct
paucity of publications detailing the phenotypic and functional
characteristics of tumor-infiltrating T cells, particularly tumor-
infiltrating CD4+ T cells. There are however suggestions that
Foxp3+ Tregs, whether pTregs or tTregs, are not the only sup-
pressive CD4+ T cell sub-population found in tumors. Using a
transgenic mouse model of prostate cancer, Donkor et al. showed
that TGF-β-blockade in Foxp3− T cells resulted in heightened
CTL responses and better immune-mediated control of primary
and metastatic tumors (93). In human studies, elevated frequen-
cies of CD4+ T cells expressing latency associated peptide (LAP)
have been observed in blood of CRC patients compared to healthy
controls. Interestingly, many of these did not express Foxp3 but
could suppress proliferation of LAP− cells in a TGF-β-dependent
fashion (94). Moreover the LAP+CD4+ sub-population cells were
also found in colorectal tumors where their proportions within
the CD4+ tumor-infiltrating T cell pool increased with disease
progression (94). Similarly, in a study of patients with hepatocellu-
lar carcinoma, elevated frequencies of intrahepatic CD4+Foxp3−

cells were observed in cancer patients compared to hepatitis C virus
infected individuals with chronic liver disease; these CD4+Foxp3−

T cells expressed IL-10 and were suppressive in vitro (95). Collec-
tively the data thus far, support a major role for the immuno-
suppressive cytokines IL-10 and TGFβ in mediating the suppres-
sive effects of CD4+Foxp3− T cells. Whether Foxp3− suppres-
sor T cells arise through sustained but inadequate activation of
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FIGURE 1 | Are intra-tumoral Foxp3+ tregs simply the tip of the iceberg?
The tumor microenvironment may consist of several subsets of Treg that
serve to suppress the activities of tumor-specific CD4+ and CD8+ T cells. It
is not yet known whether development of pTreg or suppressor activity
within CD4+Foxp3− T population requires the presence of tTreg.

conventional T cells and/or through mechanisms of infectious
tolerance is unknown. It is extremely important however, to deter-
mine whether or not Foxp3+ Tregs are responsible, directly or
indirectly, for driving the acquisition of suppressor functions of
tumor-infiltrating Foxp3−CD4+ T cells. This information will
reveal whether or not modulating Foxp3+ Tregs will be suffi-
cient for overcoming the influence of intra-tumoral suppressor
T cells or whether multiple suppressor T cell subsets will need to
be independently targeted (Figure 1).

IMPLICATIONS FOR CANCER IMMUNOTHERAPY
Strategies aimed at non-specifically targeting pathways of toler-
ance induction have proven extremely informative and potentially
useful methods of cancer immunotherapy. Boosting conventional
T cell activity through use of CTLA4-blocking antibodies can be
highly effective in the treatment of metastatic melanoma (96,
97). Similarly, early findings with PD-1- or PDL1-blockade has
shown clinical efficacy in melanoma patients without the toxic-
ities observed with anti-CTLA4 antibody treatment (98). These
differential toxic effects of CTLA4- versus PD-1-blockade reflect
the phenotypes described for CTLA4- and PD-1-deficient mice.
Whereas mice lacking CTLA4 exhibit systemic T cell prolifera-
tion (99, 100), those lacking PD-1 exhibit milder symptoms (101).
This difference may be due to the ability of CTLA4 blockade to
induce global T cell activation whereas PD-1 blockade serves to
promote effector T cell responses. Differential effects of CTLA4-
and PD-1-blockade on Tregs are also likely to contribute.

Has our understanding thus far of intra-tumoral Foxp3+

T cell-enrichment identified mechanisms through which their
potential influence on the anti-tumor immune response can be
modulated and used to improve current T cell-orientated treat-
ments (Figure 2)? Blockade of recruitment may be possible;

FIGURE 2 | Pathways ofTreg enrichment in tumors. Studies thus far
indicate that selective migration of Treg and preferential proliferation of tTreg

result in their accumulation in tumors – the main pathways identified thus
far are indicated. Mechanisms promoting both recruitment and proliferation
are indicated in red.

administration of methyl gallate has been shown to inhibit recruit-
ment of CD4+Foxp3+ cells through modulating expression of
CCR4 whilst AMD3100 can antagonize the CXCR4–CXCL12
interaction (41, 65). VEGF-A blockade may also reduce the num-
bers of tumor-infiltrating Tregs through effects on both recruit-
ment (57, 80) and proliferation (58). Moreover, this approach
may also serve to enhance homing of anti-tumor T cells, pos-
sibly due the effects of its blockade on normalization of tumor
blood vessels (102, 103). It may also be the case that targeting
blood vessels can alter the composition of the intra-tumoral T cell
pool. Recently we found that carcinogen-induced tumors were
controlled in a proportion of mice in which Tregs had been largely
ablated. The tumors of these mice, unlike progressing tumors, were
distinguished by the presence of high endothelial venules (HEV);
specialized blood vessels normally found only in lymph nodes that
when present in tumors facilitated entry of anti-tumor effector
cells (5). Thus, disabling Tregs can, directly or indirectly, impact
on blood vessel differentiation, promoting access of anti-tumor
T cells.

As well as VEGF-A, IDO has been implicated in both the
recruitment and activation of Tregs, underpinning the potential
for targeting these molecules for modulating Treg numbers within
tumors (57, 80, 104) (Figure 2). Thus, inhibition of IDO, shown
to be successful in promoting tumor-immunity in many mouse
models, may prove a useful therapeutic target (105).

The enhanced proliferative activity of CD4+Foxp3+ T cells can
also be exploited as a means of targeting Tregs with chemothera-
peutic drugs such as cyclophosphamide. The findings of a recent
study suggest that modulating Treg numbers in this way can be suc-
cessfully combined with vaccination strategies aimed at inducing
or boosting anti-tumor effector T cells (11). It was demonstrated,
in a phase 2 trial involving patients with renal cell carcinoma,
that a single dose of cyclophosphamide reduced Treg numbers and
promoted immune responses to a peptide-based vaccine. These
immune responses were associated with longer overall survival
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(11). Collectively, the data described herein point to the impor-
tance of exploring immunotherapeutic strategies aimed at modu-
lating Treg numbers, boosting anti-tumor T cell responses through
vaccination and influencing blood vessel differentiation for the
purpose of facilitating access of effective anti-tumor T cells to the
tumor microenvironment.

As discussed above, it appears that in terms of T cell-mediated
immunosuppression in the tumor microenvironment, Foxp3+

Tregs are just one subpopulation of suppressor T cell. It is likely that
the tumor-infiltrating CD4+ T cell pool is highly heterogeneous
comprising both Foxp3+ and Foxp3− suppressor cells. It is not
surprising therefore that even in mouse models whereby Foxp3+

Treg cells can be specifically and almost completely ablated that
effects on tumor growth are often modest and in the majority
of cases, despite the systemic autoreactivity induced by Foxp3+

Treg depletion, tumors continue to grow (5–7). It is important
therefore to determine whether ablation of Foxp3+ T cells also
reduces or removes the immunosuppressive influence of Foxp3−

Tregs. Moreover, the nature of anti-tumor T cell responses is not
completely understood. Whilst it is clear that Th1/CD8+ T cell
responses can exert potent anti-tumor activities, some reports also

suggest that Th17 cells can also participate in limiting tumor pro-
gression (106, 107). As reported recently in a study of patients
with pancreatic cancer, Th17 cells may also represent relevant
targets for suppression by Tregs (108). With these questions in
mind, it is imperative that we continue to characterize tumor-
infiltrating T cell pools with respect to deciphering the origins,
specificities, and phenotypes of both Foxp3+ and Foxp3− Tregs

cells and their targets. Such studies may reveal new means of
disabling intra-tumoral Tregs.

Overall, our current knowledge of Tregs indicates that there is
room for optimism. Preclinical and clinical studies will continue
to use current and new findings to examine both benefits and tox-
icities of combination therapies (e.g., immune modulation, blood
vessel normalization, vaccination) aimed at redressing the balance
between tolerance and immunity within the tumor microenviron-
ment. Modulating Treg numbers and activity is likely to represent
an integral part of this process.
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One of the hallmark features of glioblastoma multiforme (GBM), the most com-
mon adult primary brain tumor with a very dismal prognosis, is the accumulation of
CD4+CD25+Foxp3+ regulatory T cells (Tregs). Regulatory T cells (Tregs) segregate into
two primary categories: thymus-derived natural Tregs (nTregs) that develop from the inter-
action between immature T cells and thymic epithelial stromal cells, and inducible Tregs
(iTregs) that arise from the conversion of CD4+FoxP3− T cells into FoxP3 expressing cells.
Normally, these Treg subsets complement one another’s actions by maintaining tolerance
of self-antigens, thereby suppressing autoimmunity, while also enabling effective immune
responses toward non-self-antigens, thus promoting infectious protection. However,Tregs
have also been shown to be associated with the promotion of pathological outcomes,
including cancer. In the setting of GBM, nTregs appear to be primary players that contribute
to immunotherapeutic failure, ultimately leading to tumor progression. Several attempts
have been made to therapeutically target these cells with variable levels of success.
The blood brain barrier-crossing chemotherapeutics, temozolomide, and cyclophosphamide
(CTX), vaccination against theTreg transcriptional regulator, FoxP3, as well as mAbs against
Treg-associated cell surface molecules CD25, CTLA-4, and GITR are all different therapeutic
approaches under investigation. Contributing to the poor success of past approaches is the
expression of indoleamine 2,3-dioxygenase 1 (IDO), a tryptophan catabolizing enzyme over-
expressed in GBM, and critically involved in regulating tumor-infiltratingTreg levels. Herein,
we review the current literature on Tregs in brain cancer, providing a detailed phenotype,
causative mechanisms involved in their pathogenesis, and strategies that have been used
to target this population, therapeutically.

Keywords: malignant glioma, glioblastoma multiforme, regulatoryT cells,Tregs, naturalTregs, tumor-inducedTregs,
IDO (indoleamine 2,3-dioxygenase)

MALIGNANT GLIOMA
Brain tumors fall into different classifications that depend on cel-
lular origin, histological characteristics (i.e., grade), as well as sub-
type. There are many central nervous system (CNS)-resident cells
including neurons, oligodendrocytes, and astrocytes that when
transformed, become neuroblastoma, oligodendroglioma, and
astrocytoma. Although all of these types of tumors are potentially
hazardous, here we focus on malignant glioma, with an emphasis
of astrocytoma grade IV [also known as glioblastoma multiforme
(GBM)], the most common primary adult brain tumor. GBM is
routinely associated with a poor prognosis. Even with an aggressive
treatment regimen that involves gross total resection when possi-
ble, followed by high dose irradiation and temozolomide (TMZ),
the median survival still remains at only 14.6 months (Stupp et al.,
2005). Although the annual incidence of GBM is only 3–5 cases
per 100,000 individuals, the anatomical localization within the
CNS combined with a selectively impermeable blood brain bar-
rier (BBB), results in a lack of many therapeutic agents from
entering the tumor effectively. However, today we have a consider-
ably more advanced understanding of the underlying pathogenic
mechanisms that lead to gliomagenesis. This rapidly evolving
understanding is informing the development of several different
therapeutic avenues for future treatment. Of these novel therapeu-
tic strategies, immunotherapy is one of the leading candidates for

creating durable and effective outcomes for patients. However, a
considerable challenge to developing effective GBM immunother-
apy is the complexity of the GBM microenvironment. Within the
stroma of the GBM is an intricate but poorly defined meshwork
of astrocytoma cells, microglia, astrocytes, pericytes, endothelial
cells, as well as many subtypes of leukocytes and hypoxia-induced
molecules that collectively contribute to a highly immunosuppres-
sive environment. Converting the glioma microenvironment from
one that is tolerant of GBM cells to one that supports immune-
mediated tumor rejection is considered to be one of the critical bar-
riers to achieving effective immunotherapy. Of the many immuno-
suppressive aspects intrinsic to GBM, CD4+CD25+FoxP3+ reg-
ulatory T cells (Treg) play a dominant role in deactivating pro-
ductive anti-GBM immune responses (El Andaloussi and Lesniak,
2006; El Andaloussi et al., 2006; Fecci et al., 2006a).

REGULATORY T CELLS
Regulatory T cells, which normally account for only 5–10%
of all circulating CD4+ T cells, are classically defined as cells
that possess the ability to suppress the proliferation of any
cytokine-secreting effector T cell [by down-regulating IL-2 and/or
interferon-gamma (IFN-γ) production]. Regulatory T cells con-
stitutively express the nuclear transcription factor, FoxP3, as
well as cell membrane-resident interleukin-2 receptor alpha
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[IL-2Rα (CD25)], cytotoxic T lymphocyte antigen-4 (CTLA-4),
glucocorticoid-induced tumor necrosis factor (TNF) receptor
(GITR), and TNF receptor superfamily member, OX40 (CD134).
Under normal physiological conditions, Treg function to main-
tain tolerance to both host and foreign antigens, resulting in the
inhibition of autoimmunity and contribution to the resolution of
productive effector T cell responses. In contrast, Treg deregulation,
either in the form of loss or gain of function, as well as the deple-
tion or accumulation of cells, contributes to autoimmune and
carcinogenic outcomes, respectively (Bennett et al., 2001; Curiel
et al., 2004).

The balance between the recruitment and functional state of
CD8+ cytotoxic T cells (Tc), CD4+ conventional T cells (Tconv),
and CD4+CD25+FoxP3+ regulatory T cells (Treg) is responsi-
ble for maintaining tolerance to self, while also responding to
pathogenic challenges arising from foreign bacteria and viruses
or endogenous stimuli in the form of cancer. An imbalance in this
carefully articulated balance can lead, and sometimes promote,
maladaptive reactions to both intrinsic and extrinsic pathogens.
This may take the form of autoimmunity, sepsis, chronic inflam-
mation, allergies/asthma, infection, or tumorigenesis. With regard
to the latter outcome, the collective action of Tc and Tconv is
thought to be overcome by malignancy-induced immunosuppres-
sion. Although there are many cellular players involved in sup-
pressing the effector immune response, the hyperactivation and
expansion of Treg appears to play a dominant role in inhibiting Tc
and Tconv through both cell-contact dependent and -independent
processes.

REGULATORY T CELL DIFFERENTIATION
Regulatory T cells are divided into two subsets based on origin:
natural Treg (nTreg) that develop in the thymus and inducible
Treg (iTreg) that arise by the induction of FoxP3 in CD4+FoxP3−

Tconv that have already gone through positive and negative selec-
tion in the thymus and emigrated into the periphery (Curotto
de Lafaille and Lafaille, 2009; Josefowicz and Rudensky, 2009;
Bilate and Lafaille, 2012). During thymic differentiation, Tc and
Tconv cell fate is regulated by T cell receptor (TCR) signal strength
and duration (Germain, 2002; Singer et al., 2008). Similarly, Treg
selection is mediated by a tightly controlled but poorly defined
range of TCR affinity and avidity, typically somewhere between
the level required for positive selection and the level needed to
delete self-reactive effector T cells. Utilizing transgenic mice that
possess a fixed TCR-β, direct sequence analysis has defined that the
Treg TCR repertoire is very diverse with minimal overlap of TCR
repertoire when compared to FoxP3− Tconv (Hsieh et al., 2004;
Pacholczyk et al., 2006). Importantly, retroviral transfer of Treg
vs. naïve CD4+ TCR-α libraries into RAG−/− TCR transgenic T
cells showed that the Treg TCR repertoire exhibits increased self-
reactivity, based on the ability of Treg TCR-expressing RAG−/− T
cells to expand and induce wasting disease in lymphopenic mice,
when compared to naïve CD4+ Tconv TCR-expressing RAG−/− T
cells. T cells retrovirally transduced with Treg TCR also proliferate
in vitro in response to autologous splenic antigen presenting cells
(APC) (as well as in response to invariant chain-deficient APC,
which primarily present endogenous protein-derived peptides that
are ubiquitously synthesized) in contrast to T cells transduced

with non-Treg TCR. Collectively, these data suggest that Treg TCR
recognize ubiquitously presented self-antigens (Hsieh et al., 2004).

Physiologically (i.e., in vivo), there is minimal TCR recognition
overlap between thymic-born and peripherally induced Foxp3+

cells, as well as when comparing peripherally induced FoxP3+ and
Foxp3− cells (Hsieh et al., 2006). In support of this suggestion
is data from a mouse model encoding a transgenic TCR-specific
for a pancreatic antigen showing that TCR-α chain utilization
from both thymic and peripheral Tconv was distinct from the
TCR-α chains isolated from Foxp3+ Treg (Wong et al., 2007).
Furthermore, in vitro-generated Treg with TCR stimulation com-
bined with TGF-β and IL-2 exposure, appear to be genetically
distinct from in vivo-isolated Treg from Foxp3-GFP mice, even
though a significant number of genes are shared by both Treg
subsets (Haribhai et al., 2011). Interestingly, this study also found
that both nTreg and iTreg are required for protection from lym-
phoproliferative disease, suggesting distinct but complementary
roles for the two Treg subsets. Collectively, these data indicate
that the majority of Treg are thymic in origin, with specific and
distinct requirements for iTreg generation and non-overlapping
immunosuppressive roles. A detailed comparison elucidating the
differences between nTreg and iTreg is listed in Table 1.

Although TCR signaling is required for Treg development, the
TCR signal, alone, is not sufficient for inducing FoxP3 expression
and downstream Treg lineage commitment. Interesting work has

Table 1 | Characteristics that distinguish nTreg from iTreg.

Characteristic NaturalTreg InducedTreg

Anatomical site of

maturation

Thymus Secondary lymphoid

organs/tissue sites

of inflammation

Co-stimulation CD28 and CTLA-4 CTLA-4

Cytokine

requirement

IL-2, TGF-β (?) TGF-β, IL-2, Retinoic

Acid

Transcription factors

required for

development

FoxP3 FoxP3, Ahr

Stability +++ +

TCR-specificity Self-antigens (primarily) Foreign antigens

(primarily)

General shared

markers

Foxp3, CD25, GITR, CTLA-4 Foxp3, CD25, GITR,

CTLA-4

Cell-specific markers Helios, Nrp1, PD-1, Swap70 Dapl1, Igfbp4

Mechanism of

suppression

Cell-contact dependent Cytokine-dependent

(?)

IL-6 can block

suppressor activity

Yes No

Hsieh et al. (2004), Horwitz et al. (2008), Quintana et al. (2008) Rubtsov et al.

(2010), Thornton et al. (2010) Bilate and Lafaille (2012), Verhagen et al. (2013).
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recently shown that expression of the TGF-β enhancer, CNS1, is
critical for the downstream commitment of iTreg, but not nTreg
(Samstein et al., 2012). The lack of iTreg led to increased fetal
resorption and placental leukocyte infiltration in allogeneic, but
not syngeneic hosts, further indicating a physiological comple-
mentarity of the nTreg and iTreg subsets. Moreover, while it has
been known for some time that CD28 plays a critical role in the
negative selection of Tconv and induction of FoxP3 in thymocytes,
recent work has now shown that CTLA-4 also plays a key role in
antigen specificity of both nTreg and Tconv (Verhagen et al., 2013).
Whether CTLA-4 plays a similar role in iTreg generation has yet to
be investigated.

Aside from the differences in nTreg and iTreg function and
development, critical differences exist in the regulation of FoxP3
between mice and humans (Ziegler, 2006). Human T cells express
two isoforms of FoxP3; the murine FoxP3 ortholog, as well as
a splice variant lacking exon 2 (Allan et al., 2005). Another dif-
ference in the regulation of Foxp3 expression between mice and
humans was found through analysis of stimulated CD4+CD25−

cells. Stimulation of human CD4+CD25- cells using CD3 and
CD28 mAbs results in the detectable expression of FoxP3 by
24 h, with a peak in FoxP3 expression at 72 h following the ini-
tial stimulus (Walker et al., 2003). In contrast, the CD4+CD25−

mouse cells do not result in the induction of FoxP3 expression
(Fontenot et al., 2003; Hori et al., 2003), suggesting that the tem-
porary induction of FoxP3 is linked to TCR stimulation, alone,
in human-, but not mouse-Treg. Another important consider-
ation is that the function of the thymus changes dramatically
over a similar period of time between mice and humans. In
mice, the naïve T cell pool is sustained throughout the lifetime of
the animal by continued thymic production, whereas in humans,
the naïve T cell pool is sustained almost entirely through T cell
division in the periphery due to the eventual involution of the
thymus in adulthood (de Braber, Immunity 2012). Thus, study-
ing the in vivo differences between nTreg and iTreg in mice may
not fully recapitulate the physiological characteristics relevant to
humans.

NATURAL AND INDUCED TREG SUBSETS IN CANCER
A consistent finding between previous studies demonstrates that
tumors recruit FoxP3+ Treg and that this accumulation tends to
be progressive, depending on tumor grade (El Andaloussi and
Lesniak, 2007; Quezada et al., 2011; deLeeuw et al., 2012; Sav-
age et al., 2013). For the majority of cancers, the accumulation of
Treg is associated with an impaired anti-tumor immune response
(Onizuka et al., 1999; Shimizu et al., 1999; Turk et al., 2004). In
these pre-clinical investigations, the elimination of CD25+ Treg
results in CD8+ T cell-mediated rejection of tumors from various
models. Whether tumor-infiltrating Treg are thymic or periph-
eral in origin remains a subject of open and active study. There
is ample evidence supporting the hypothesis that tumors con-
vert CD4+FoxP3− (Tconv) into CD4+FoxP3+ (iTreg) by tumor-
derived signals, while others suggest that nTregs are recruited
and/or expanded by the tumor (Nishikawa et al., 2003; Curiel et al.,
2004; Valzasina et al., 2006; Liu et al., 2007b; Hindley et al., 2011).
The roles of the two Treg subsets in cancer are not necessarily
mutually exclusive. In a study using a model of B cell lymphoma

and hemagglutinin, it was found that both nTreg and de novo-
produced iTreg combinatorially contribute to the Treg pool in the
context of a tumor (Zhou and Levitsky, 2007). Ultimately, the
ratio of nTreg to iTreg in a specific cancer may simply depend on
anatomical location, grade of tumor, and cellular origin. However,
determining this type of Treg may result in the ability to develop
more selective Treg-depleting therapies.

TREGS AND GLIOMA
Early work from our laboratory and independent groups iden-
tified a progressive increase in the numbers of CD25+FoxP3+

Treg with WHO grade II, III, and IV (GBM) astrocytoma, respec-
tively, either in the peripheral circulation or within the tumor of
human resected gliomas (Fecci et al., 2006a; El Andaloussi and
Lesniak, 2007; Heimberger et al., 2008a). Subsequent observations
found that thymus-derived nTreg, rather than glioma-induced
iTreg, represent the predominant population of CD4+FoxP3+ T
cells within brain tumors (Wainwright et al., 2011) (Figure 1).
Our group compared normal mice with brain tumors to those

FIGURE 1 | A model depicting the development, maturation and
recruitment of regulatoryT cells (Treg) in glioma-bearing hosts.
Thymus-derived (natural) nTreg are the predominant resident in glioma,
when compared to the tumor-induced iTreg. Although both Treg subsets
express FoxP3, these subsets respond to different classes of antigens and
possess different epigenetic stability with regard to FoxP3-regulated
immunosuppressive control and cytokine function. Moreover, nTreg
primarily recognize self-antigens, while iTreg predominantly recognize
tumor-associated antigens that are not normally endogenously expressed.
Upon infiltration and/or expansion in(to) the glioma, Treg promote tumor
formation by suppressing CD8+ cytotoxic T cell-mediated tumor rejection.
(Floess et al., 2007; Thornton et al., 2010; Wainwright et al., 2011).
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that had been previously thymectomized, with or without admin-
istration of the Treg-depleting CD25 mAb. Thymectomy, alone,
resulted in a significant decrease of tumor-infiltrating Treg, sup-
porting the hypothesis that glioma is predominantly infiltrated
by thymus-derived Treg. Furthermore, combining thymectomy
with CD25 mAb further decreased tumor-infiltrating Treg levels,
although this was not statistically significant from the thymectomy
alone group. In support of these data, we reported the expres-
sion of Helios, an Ikaros-family transcription factor shown to be
expressed exclusively by nTreg and not iTreg (Thornton et al.,
2010), to be expressed by ∼90% of all brain tumor-resident Treg.
To confirm that this finding was not specific to mice, we also
showed that Helios+ Tregs predominate in human GBM as well.
Our finding that nTreg are the predominant Treg subtype in brain
tumors has recently been supported in other cancer models using
updated and refined methodology of detection (Hindley et al.,
2011; Malchow et al., 2013). Therapeutically, these results imply
that future Treg-depleting strategies by targeting nTreg based on
their unique antigen-specific TCR repertoire may be more selec-
tive and therefore (potentially) possess fewer side-effects. This
relies on the hypothesis that nTreg depletion is associated with
more effective anti-glioma effector response coincident with a
greater survival advantage, which is now the suggested dogma
(El Andaloussi et al., 2006; Grauer et al., 2008; Banissi et al., 2009;
Maes et al., 2009; Wainwright et al., 2011).

Independent of the importance related to Treg origin is the find-
ing that soluble factors originating from GBM promote the in vitro
expansion of Tregs while simultaneously inducing the expression
of pro-apoptotic genes in Tconv (Crane et al., 2012). The pres-
ence of tumor cell-conditioned medium also causes conventional
CD4+ T cells to transiently upregulate the expression of Foxp3
and TGF-β. Interestingly, 10 days of co-culturing CD4+ T cells in
GBM-conditioned media was long enough to return TGF-β and
FoxP3 levels to a similar level found in Tconv. This temporary
induction of the Treg phenotype in Tconv, in vitro, is in line with
our in vivo finding that brain tumor-infiltrating Tregs are primarily
thymus-derived, rather than converted from a Tconv population.

TREG TRAFFICKING TO GBM
Chemotaxis of leukocytes occurs, in part, through the interac-
tion of chemokines interacting with cognate chemokine receptors.
This interaction represents a highly promiscuous relationship and
reflects the interaction between many different chemokine recep-
tors that possess redundant roles for recognizing multiple cognate
chemokines (Mailloux andYoung,2010; Zlotnik andYoshie,2012).
Once such interaction is between the chemokine, CCL22, and its
cognate chemokine receptor, CCR4, which is expressed on Tregs
and has been implicated in Treg recruitment to tumors using mul-
tiple models (Curiel et al., 2004; Miller et al., 2006; Jacobs et al.,
2010). In glioma,∼74% of Treg isolated from the peripheral blood
of GBM patients express CCR4, which is significantly increased
when compared to the ∼43% of Treg expressing CCR4 in healthy
(control) patients (Jordan et al., 2008). These data suggest that
some soluble factor(s) originating from the GBM primes Treg to
induce or upregulate CCR4. Coincidently, GBM-resected speci-
mens have previously been shown to produce CCL2 and CCL22,
both of which are chemokines that attract CCR4-expressing Treg

(Sebastiani et al., 2001; Jordan et al., 2008). These findings collec-
tively suggest that one novel strategy for therapeutic intervention
may involve the inhibition of Treg trafficking to the GBM, as
has been shown to be an effective approach in other models of
cancer (Pere et al., 2011). However, to determine the physiolog-
ical significance of inhibiting the CCL22-CCR4 axis in human
GBM, it may be prudent to first test this as a proof-of-concept
in mouse GBM models, which has yet to be performed. Critical
points to address in these pre-clinical studies include the degree of
redundancy between Treg-recruiting chemokines, whether selec-
tive chemokine blockade unintentionally disrupts Tc and Tconv
homing to the glioma, as well as the clinically relevant consider-
ation: how chemokine neutralization affects the Treg population
already within the tumor bed.

TGFβ, TREGS, AND GLIOMA
TGF-β production by glioma represents a complex aspect regu-
lating Tregs in brain tumors. Since glioma expresses high levels
of select TGF-β isoforms, combined with the role of TGF-β in
converting Tregs in vitro, one might expect an increased level
of iTreg in brain tumors (Kaminska et al., 2013). However, one
possible explanation for the finding that most Treg are thymus-
derived (Wainwright et al., 2011), is the contribution of the stroma
in determining whether Treg are recruited rather than converted
from Tconv. Given the microenvironment of the brain, including
the unique contribution of the BBB, unique mode of lymphatic
drainage and highly immunosuppressive environment, even under
normal conditions, the mechanisms regulating Treg accumulation
in brain tumors may be independent of the TGF-β signaling path-
way. However, it is important to note that TGF-β neutralization
leads to a decrease in the level of brain tumor-infiltrating Tregs
(Ueda et al., 2009) suggesting that this cytokine somehow plays a
role in Treg recruitment and/or expansion.

REGULATORY T CELLS AND ANTIGEN SPECIFICITY
The antigen specificity of tumor-infiltrating Tregs is a complex
issue and is under current investigation by many laboratories,
including our own. Since nTreg primarily recognize self-antigens,
whereas iTreg most frequently recognize foreign antigens, the
question of which antigens are being recognized by tumor-
infiltrating Treg is important, given that nTreg appear to dominate
in many tumor environments; including GBM. Moreover, the
enrichment of nTreg may reflect an insufficient level of TCR stim-
ulation required for peripheral Treg induction in response to “for-
eign” antigens. It is also possible that iTreg promoting cytokines
are not present at the requisite levels in the tumor microenviron-
ment (Savage et al., 2013). Although the identification of a Treg
antigen in the context of malignancy remains to be a challenging
task, a central question regarding tumor-infiltrating nTreg anti-
gen specificity has recently been addressed. In a recent study by
Malchow et al. (2013), a single TCR (designated MJ23) was found
to be over-represented in the tumor-infiltrating Treg population
using a transgenic mouse model of prostate cancer. Interestingly,
the identified TCR was specific to an antigen expressed in nor-
mal prostate tissue. After generating a mouse with the transgenic
MJ23 TCR, the authors demonstrated that it was sufficient to drive
Treg development in the thymus in an Aire-dependent manner.
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These results have important implications for Treg antigen speci-
ficity in glioma. Since a majority of Treg in the GBM are nTreg,
these GBM-infiltrating Treg may recognize self-antigens that are
derived from the CNS. However, whether this paradigm holds
true in experimental GBM models and in patients remains a tan-
talizing consideration for further study. Ultimately, investigating
the antigen specificity of Treg in glioma is a way to increase our
understanding of Treg biology for the design of selective thera-
peutic strategies to counter Treg-induced immunosuppression in
brain tumors.

TRYPTOPHAN CATABOLISM AND BRAIN TUMORS
Indoleamine 2,3-dioxygenase 1 (IDO) is the rate-limiting enzyme
that mediates catabolism of the essential amino acid, tryptophan,
to downstream catabolites leading to end products of picolinic
acid and NAD+, as well as CO2 and ATP (Figure 2). Addi-
tional enzymes that have a tryptophan catabolizing capability
include indoleamine 2,3-dioxygenase 2 (IDO2) and tryptophan
2,3-dioxygenase (TDO). Notably, TDO has recently been high-
lighted to have an association between upregulated expression
in patient glioma specimens and an overall decrease in survival
(Opitz et al., 2011). However, here we focus on the function of
IDO, its relevance in cancer and inflammation and how it regulates
Treg in GBM.

IDO AND TRYPTOPHAN CATABOLISM
Indoleamine 2,3-dioxygenase 1 was first identified to be involved
in tryptophan catabolism in 1975 by a group that provided the
first evidence of catalytic activity and biological function (Hayaishi
et al., 1975; Hirata et al., 1975). Shortly therein, the group identi-
fied superoxide anions to be a critical component required for IDO
activity (Taniguchi et al., 1977) and that Fe2+ was also required
for this complex assembly (Hirata et al., 1977). By 1978, it was
suggested that IDO was associated with inflammatory processes,
since it was induced upon the exposure of mice to E. Coli-derived
lipopolysaccharide in the lungs of mice (Hayaishi and Yoshida,
1978; Yoshida and Hayaishi, 1978). Importantly, this mecha-
nism possessed a quick turnover based on a peak in tryptophan
catabolism at ∼24 h and decreasing back to baseline by 6 days
post-treatment. Collectively, these data demonstrated IDO to be
induced by inflammation, superoxide anion-dependent, and pos-
sessing both a heme group and catalytic activity for the pyrrole
ring of indoleamine-containing compounds.

INTERACTION BETWEEN IDO, LEUKOCYTES, AND TUMOR
CELLS
Several pro-inflammatory factors have been identified that induce
IDO expression in human peripheral blood cells including IFN-α,
IFN-β, IFN-γ, and LPS (Carlin et al., 1987, 1989); although other
individual and combinatorial pro-inflammatory agents are capa-
ble of regulating IDO expression and activity as well. At approx-
imately the same time, it was found that lung cancer patients
bearing malignant tumors had a 20-fold higher level of IDO,
when compared to patients bearing benign lesions (Yasui et al.,
1986). In vitro exposure of lung slices to IFN-γ further demon-
strated that this cytokine played a critical role in the induction of
IDO; although IFN-α was also capable of inducing IDO expres-
sion, albeit less potently. Interestingly, early experiments analyzing

FIGURE 2 | Schematic representation of l-Tryptophan consumption in
the body. l-tryptophan is an essential amino acid that is utilized during
protein synthesis. In the presence of tryptophan hydroxylase and the
co-factor, iron (not shown), l-tryptophan is converted to the
neurotransmitter, serotonin. However, in the presence of indoleamine
2,3-dioxygenase 1 (IDO), l-tryptophan is converted to l-kynurenine.
l-kynurenine can then be converted to kynurenic acid, 3-hydroxykynurenine,
or anthranilic acid via kynurenine aminotransferase (KAT), kynurenine
3-monooxygenase (KMO), and kynureninase [KYNU (also known as
l-kynurenine hydrolase)], respectively. 3-hydroxyanthranilic acid is converted
by 3-hydroxyanthranilic acid oxygenase (not shown) to
2-amino-3-carboxymuconate-6-semialdehyde. This downstream catabolite
can further be catabolized to the final metabolic products of picolinic acid
via picolinic carboxylase [also known as
2-amino-3-carboxymuconate-6-semialdehyde-dacarboxylase (ACMSD)],
quinolinic acid through a non-enzymatic process or glutaryl CoA through a
series of oxido-reductive reactions.

the allogeneic anti-tumor immune response found that IDO was
induced in tumor cells when injected into an allogeneic-, but
not syngeneic-hosts (Yoshida et al., 1988). When allogeneic and
syngeneic cells were mixed and then injected, intraperitoneally
(i.p.), the induction of IDO occurred in both cell types, suggest-
ing a global inflammatory promoter (such as IFN-γ). However,
it is important to note that only the allogeneic cells were rejected
under these conditions and not syngeneic cells, even though both
cell types were infiltrated by mononuclear cells (Yoshida et al.,
1988). Thus, IDO induction appeared to be regulated by pro-
inflammatory factors and is involved the anti-tumor immune
response.

In 1995, IFN-γ-induced IDO activity was demonstrated in
three different types of ovarian xenografts in nude mice that
lack endogenous T cells (Burke et al., 1995). In all three tumor
models, l-tryptophan was significantly depleted, commensurate
with the presence of l-kynurenine, which was also found in the
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surrounding tissues. Interestingly, in situ hybridization demon-
strated IDO expression in all areas of the tumor, not just in
the surrounding peripheral cells. Also notable was that IDO
expression remained elevated in tumor cells, even when tryp-
tophan levels had already returned to normal levels, suggesting
some level of post-transcriptional regulation of the expression.
By the year 2000, a correlation between IDO-expressing den-
dritic cells and T cell function was established (Hwu et al.,
2000). It was found that both CD40L and T cell-expressed IFN-γ
could regulate IDO expression by in vitro-cultured DCs. Func-
tionally, the impairment in T cell proliferation induced by DC-
expressed IDO could be reversed when 1-dl-methyltryptophan
(1-MT), a pharmacological inhibitor of IDO, was added to
the DC-T cell co-cultures. Further studies showed that IL-6
played a critical role in reversing the tolerogenic functions of
in vitro-cultured CD8+ tolerogenic DCs by decreasing IFN-γ
receptor and that this activity was correlated to the decreased
ability for tryptophan degradation (Grohmann et al., 2001).
Shortly thereafter, it was shown that mice pre-immunized with
IDO-transfected cells could significantly inhibit the allogeneic
T cell response in adoptively transferred cells (Mellor et al.,
2002).

INHIBITION OF IDO AS A POTENTIAL TUMOR THERAPY
The first evidence that inhibiting IDO could be utilized as a ther-
apeutic modality against tumors came in 2002, when Friberg
et al. (2002) showed that mice bearing Lewis lung carcinoma and
administered 1-MT demonstrated slower tumor growth, when
compared to mice not administered the IDO inhibitor. Further
evidence showed that many different types of human tumors
express high levels of IDO expression including 100% of prosta-
tic, colorectal, pancreatic, cervical, and endometrial carcinomas,
with 90% of GBM specimens expressing variable levels of IDO
(Uyttenhove et al., 2003). It was also demonstrated that pre-
immunized mice were unable to reject tumors that were IDO+,
suggesting that IDO overrides the anti-tumor immune response.
This effect could be partly reversed when the pre-immunized mice
were co-administered 1-MT.

Independent of tumor-derived IDO, it has been shown in
mouse models that DC residing in tumor-draining lymph nodes
also possess potently immunosuppressive properties (Munn et al.,
2004) which include the activation of mature Treg (Sharma et al.,
2007). Functionally, these plasmacytoid DCs (pDC) are rendered
ineffective when genetically deficient for- or pharmacologically
inhibited for-IDO activity, strongly suggesting that IDO is a crit-
ical requirement for the immunosuppression induced in pDC.
Independent support for this hypothesis was demonstrated when
investigators showed that the CD200 engagement with CD200R
on pDC induces and/or regulates IDO expression (Fallarino
et al., 2004). However, the relationship between CD200 expres-
sion in tumor-draining lymph nodes has yet to be established.
In vitro-based work has also identified a 2-step requirement for
induction and enzymatic activation of IDO in DC (Braun et al.,
2005). The induction step requires exposure to prostaglandin E2
(PGE2), while the activation step requires signaling through either
the tumor necrosis factor receptor or a toll-like receptor ago-
nist. These data may be particularly relevant when considering

DC-based immunotherapy protocols, since limiting IDO expres-
sion would be a desirable characteristic for maximal therapeutic
efficacy.

Although 1-MT has long been used as a potent inhibitor of IDO
enzymatic activity, the search for other, potentially more effec-
tive and/or combinatorially applied agents continues. Accordingly,
3-(4-morpholinyl)sydnonimine, a peroxynitrite generator, signif-
icantly inhibits IDO activity without affecting expression levels
(Fujigaki et al., 2006). Specifically, nitration of Tyr15 was the most
important factor related to inhibiting IDO activity. In a separate
in vitro study, H2O2 showed potent inhibitory properties against
IDO activity by oxidation of cysteine residues to sulfinic and sul-
fonic acids (Poljak et al., 2006). Intriguingly, celecoxib, a cyclooxy-
genase 2 inhibitor has been shown to decrease the expression of
IDO in a spontaneous mammary gland tumor model, in vivo (Basu
et al., 2006). With regard to the various IDO inhibitors, tonic reg-
ulation of IDO expression and inhibition is likely to depend on
dosage of the agent. One example of this is the demethylating drug,
Zebularine. At low-doses, Zebularine increases the immunogenic-
ity of tumor cells, while high doses decreases immunogenicity;
the latter of which is dependent on increased IDO expression
(Liu et al., 2007a). From an immunotherapeutic perspective, it
would be desirable to increase the immunogenicity of tumors to
increase the likelihood of antigen-specific Tc-mediated tumor cell
killing. Finally, it is important to note that stereoisomers of differ-
ent compounds may possess greatly different effects in future IDO
inhibitory strategies. For example, 1-MT is found as 2 stereoiso-
mers; levorotary (L) and dextrorotary (D). Importantly, while
L1-MT appears to significantly inhibit IDO1 activity, D1-MT is
a relatively inefficient inhibitor of IDO1 and rather, appears to
effectively inhibit IDO2 (Lob et al., 2009). This highlights how
subtleties in enzymatic modulation can vary widely using virtu-
ally identical compounds, while also raising questions as to why
D1-MT appears to play a stronger immunotherapeutic role, when
compared to the actions of L1-MT (Hou et al., 2007).

IDO, TREGS, AND GLIOMA
Early work in human astrocytes demonstrated that these cells are
very sensitive to the effects of IFN-γ by upregulating the enzyme,
IDO and the production of NAD (Grant et al., 2000). Further
studies showed that IFN-γ also stimulated IDO expression in
transformed astrocytes in vitro (Grant and Kapoor, 2003; Miyazaki
et al., 2009) and in vivo (Uyttenhove et al., 2003). Although
this potent IFN-induced IDO expression may play a protective
anti-viral role under certain conditions (Adams et al., 2004), it
also appears to play a maladaptive role in the context of brain
cancer.

Recent work from our laboratory has demonstrated that the
upregulation of IDO mRNA in resected glioma specimens is asso-
ciated with a significant decrease of overall survival in patients
with glioma (Wainwright et al., 2012). This correlation between
increased IDO and decreased survival has been confirmed at the
protein level, independently (Mitsuka et al., 2013). Our investi-
gation found that the expression of IDO by brain tumor cells,
rather than peripheral cells (i.e., astrocytes, microglia, pDC, etc.),
mediated tumorigenesis. This was supported by the finding that
IDO-competent tumors accumulate immunosuppressive Tregs
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in both IDO-competent and -deficient mice (Wainwright et al.,
2012). In contrast, IDO-deficient tumors fail to support sig-
nificant Treg expansion in both IDO-competent and -deficient
mice. Importantly, the IDO-regulated Treg expansion was asso-
ciated with a significant decrease in overall survival, when com-
pared to mice bearing IDO-deficient brain tumors. Notably, the
beneficial effect on survival was not solely due to the lack of
Treg recruitment to the glioma since mice lacking any major
T cell subset (i.e., Tc and/or Tconv) failed to support long-
term survival, even in the absence of IDO expression by brain
tumors.

The IDO-mediated Treg accumulation in brain tumors pre-
dominantly reflects an expansion of thymus-derived, rather than
tumor-induced Tregs (Wainwright et al., 2011). This implies that
one of the primary effects of IDO is to induce and/or increase
the chemokines that attract Tregs. Supporting this hypothesis is
the finding that IDO+, but not IDO− DCs express the Treg-
recruiting chemokine,CCL22 (Onodera et al., 2009). Coincidently,
GBM cells resected from patients have been shown to express the
chemokine, CCL22 (Jordan et al., 2008). Whether IDO expres-
sion directly mediates the upregulation of CCL22 in GBM cells
has yet to be determined. Since the principal function of IDO
is suggested to be enzymatic in nature, it is possible that IDO
catabolizes tryptophan to kynurenine and that a downstream
kynurenine catabolite acts as a co-factor to increase CCL22. This
may occur through the recently discovered interaction between
kynurenine and aryl hydrocarbon receptor (Ahr) (Mezrich et al.,
2010), based on previous data showing that Ahr cooperates with
RelB to affect chemokine production (Vogel et al., 2007a,b,c).
Although CCL22 was not analyzed in these studies, the potential
effect of Ahr on CCL22 transcription is likely to be contextual
and therefore, dependent on multiple factors from the tumor
microenvironment.

The complexity of IDO signaling may allow it to directly acti-
vate CCL22 transcription through a slightly different mechanism
in addition to the one described above. Recent work has now
shown that aside from the enzymatic function of IDO, there is
a distinct signaling component due to the interaction of IDO
with TGF-β-induced SHP1 and SHP2 (Pallotta et al., 2011). The
interaction leads to the phosphorylation of IKKα and the release
of RelB, nuclear translocation and subsequent downstream tran-
scriptional effects. In the context of a brain tumor, it is therefore
possible that the TGF-β-induced SHP proteins interact with IFN-
γ-induced IDO, resulting in the release of RelB, interaction with
Ahr and downstream effects that include the activation of CCL22
transcription (Figure 3). However, this hypothesis remains to be
tested.

THERAPEUTIC TARGETING OF TREGS
Given the pathogenic role that Treg mediate in the context of
malignant brain tumors, an obvious therapeutic direction is their
selective depletion from both the tumor microenvironment and/or
secondary lymphoid tissues, where Tc and Tconv priming and
effector function is affected. This highly translational research arm
is a very active and dynamic field, with the goal of determining
which monotherapy and/or combinatorial therapy will lead to
the greatest impact on decreasing Treg numbers and/or function.

FIGURE 3 | A theoretical model depicting the process of regulatoryT
cell (Treg) recruitment and expansion in brain tumors. The interaction of
Treg with cervical (draining) lymph node (cLN)-resident dendritic cells (DC)
through the T cell receptor (TCR)-peptide/major histocompatibility complex
(MHC) II activates and epigenetically stabilizes the expression of
CCR4-expressing Treg. These recently stimulated Treg then emigrate from
the cLN into the circulation where they can respond to the gradient of the
Treg-recruiting chemokine, CCL22, being produced by the glioma. Within
the glioma, innate natural killer (NK) cells that initially respond to the tissue
disruption and inflammatory signals produced by the tumor are later joined
by antigen-specific CD8+ cytotoxic T cells (Tc); both of which produce the
pro-inflammatory cytokine, interferon-gamma (IFN-γ). This cytokine acts on
the glioma-expressed, IFN-γR, resulting in downstream Janus-kinase/signal
transducer and activator of transcription (JAK/STAT) activity that
subsequently induces indoleamine 2,3-dioxygenase 1 (IDO). IDO mediates
the enzymatic conversion of l-tryptophan to l-kynurenine. The latter
metabolite interacts with the cytoplasmically localized, aryl hydrocarbon
(AHR). This interaction drives the localization of this hormone-like receptor
into the nucleus. Simultaneously, TGF-β signaling (via glioma-expressed
TGF-βR engagement) drives SMAD-induced IKK-α phosphorylation, leading
to p52 (RelB) nuclear translocation. Nuclear Ahr and p52 interact, leading to
a unique transcriptional response further driving IDO expression (not
shown), as well as CCL22 and TGF-β chemokine and cytokine expression,
respectively. Independently, and due to the permeable nature of the
downstream catabolite, l-kynurenine, Treg proliferation occurs. However,
while many components of this paradigm have been shown to occur in
disparate cell types, the comprehensive scheme proposed has yet to be
shown in glioma, specifically. (Hotfilder et al., 2000; Vogel et al., 2007b,c;
Jordan et al., 2008; Mezrich et al., 2010; Opitz et al., 2011; Pallotta et al.,
2011; Wainwright et al., 2011, 2012).

Below, we highlight some of the most prescient targets leading
to the disruption of Treg function and/or depletion (Figure 4).
However, it should be noted that in addition to those therapeutic
agents and targets described below, far more effective and specific
methods are currently being developed.

TEMOZOLOMIDE
Temozolomide, a second generation DNA alkylating agent, methy-
lates the O6 position of guanine causing double stranded DNA
cross-linking. The DNA damage results in calcium-dependent
apoptosis and autophagy, eventually leading to cell death. TMZ
is also reported to activate p53 and p21WAF1/Cip1-mediated G2/M
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FIGURE 4 | Possible modes of therapeuticTreg neutralization for the
treatment of glioblastoma multiforme (GBM). (A) Low-dose
administration of the chemotherapeutic agents, temozolomide (TMZ), and
cyclophosphamide (CTX), have been shown to have a beneficial impact on
Treg levels in both patients and animal models of GBM. (B) Targeting
constitutively expressed receptors on the cell surface of Treg is another way
that has demonstrated variable levels of success. IL-2Rα (CD25) targeting
with monoclonal antibodies neutralizes and/or depletes Treg, in vivo.
Similarly, agonistic GITR mAb leads to inhibition of Treg suppressor
capability and loss of tumor-homing capacity. In contrast, CTLA-4 mAb
appears to inhibit the Treg-mediated induction of indoleamine
2,3-dioxygenase 1 (IDO) in dendritic cells (DC), as well as possesses
independent effects on effector T cells. (C) Neutralizing GBM-expressed
chemokines that attract Treg are an additional mode for potential therapy.
However, it is important to note that since most GBM patients will be
diagnosed after Treg accumulation has begun to occur, chemokine
neutralization may not be a promising approach. Regardless, the
physiological (i.e., in vivo) potential for this therapeutic effect has to be
investigated in glioma. (Fallarino et al., 2003; Dannull et al., 2005; Ko et al.,
2005; El Andaloussi and Lesniak, 2006; El Andaloussi et al., 2006; Fecci
et al., 2006a, 2007; Jordan et al., 2008; Banissi et al., 2009; Davies et al.,
2009; Zhao et al., 2010; Mitchell et al., 2011, 2012; Pere et al., 2011; Fong
et al., 2012; Sampson et al., 2012).

cell cycle arrest with subsequent apoptosis or senescence (Naga-
sawa et al., 2012). Although TMZ is well-tolerated and has an
overall beneficial impact on patient survival, it has also been well-
described to induce immunosuppression, most often described as
various forms of lymphopenia (Lanzetta et al., 2003; Kocher et al.,
2005). The association between TMZ and lymphopenia is the pref-
erential depletion of CD4+CD25+ Treg (Su et al., 2004). Both
in human and animal studies of glioma, TMZ has been demon-
strated to alter Treg trafficking toward glioma cells, in vitro, as
well as solid tumors, in vivo. (Jordan et al., 2008; Banissi et al.,
2009; Kim et al., 2010). Clinically, TMZ appears to be beneficial
when combined with a peptide vaccine targeting the epidermal
growth factor receptor variant III (EGFRvIII) (Heimberger et al.,
2008b). Perhaps the reason this vaccine strategy worked well was
that the TMZ was administered to coincide with times points that

would target maximal Treg depletion. The strategy of combin-
ing TMZ-induced Treg depletion and vaccination is now being
in tested in ongoing phase II and III clinical trials. Since TMZ is
the current standard of care for glioma patients, manipulating the
beneficial TMZ-induced side-effect(s) holds a particular appeal in
this patient cohort.

CYCLOPHOSPHAMIDE
Cyclophosphamide, like TMZ, is also an alkylating agent that at
high doses, results in potent cytotoxicity and lymphoablation. CTX
has been used as an anti-cancer therapy since 1959. However, due
to the high cytotoxicity and side-effects, the routine use of CTX
in glioma is limited with the exception of administering continu-
ous low-doses (also called metronomic dosing). Metronomic CTX
dosing has been shown to have immunostimulatory effects that
include the expansion of antigen-specific tumor-reactive T cells, a
transient depletion of Treg and the restoration of DC homeosta-
sis (Radojcic et al., 2010). This mechanism has been suggested to
occur by the preferential depletion of CD8+ lymphoid-resident
DC, increased potency of pDC, increased migratory capacity of
DC, as well as elevated antigen presentation and cytokine secretion
(Nakahara et al., 2010). Ultimately, the metronomic CTX schedule
has been shown to result in an anti-tumor immune responses by
stimulating the effector arm of the immune response, while simul-
taneously inhibiting immunosuppression (Langroudi et al., 2010;
Sharabi et al., 2010; Zhao et al., 2010).

In a murine model of colon cancer, the combination of IL-
12 and CTX eliminates intratumoral Treg and myeloid-derived
suppressor cells, while simultaneously inducing pro-inflammatory
myeloid cells within the tumor microenvironment, an essential
component for facilitating effector T cell infiltration and subse-
quent tumor rejection (Medina-Echeverz et al., 2011). In support
of this approach, PD-1 blockade, low-dose CTX, and combina-
torial peptide administration has been shown to synergistically
induce a strong antigen-specific immune response by increasing
Tc and Tconv infiltration into the malignancy, ultimately lead-
ing to potent tumor rejection (Mkrtichyan et al., 2011). Even in
a canine model, 15 mg/m2/day of CTX leads to a decrease in the
total number and frequency of Treg in the peripheral blood, while
simultaneously increasing serum IFN-α concentrations (Burton
et al., 2011; Mitchell et al., 2012). Moreover, in 12 patients with
treatment-refractory metastatic breast cancer receiving single-
agent CTX, there was a significant initial reduction in circulating
Treg by more than 40% (p= 0.002), although this decrease was
transient, since Treg levels returned to pre-CTX treatment levels
due to increased proliferative activity (Ge et al., 2012). Moreover,
while Treg suppressor activity was maintained at normal levels, the
overall Treg depletion led to an increase in breast tumor-reactive
T cells (p= 0.03) that remained at high levels throughout treat-
ment; correlating with disease stabilization (p= 0.03) and overall
survival (p= 0.027). Depleting Treg has been attempted, clini-
cally, in several human cancers including ovarian cancer (Vermeij
et al., 2012), cervical cancer (Peng et al., 2013), renal cancer (Hui-
jts et al., 2011), melanoma (Berd et al., 1990), and glioma (Plautz
et al., 2000). However, the optimal timing of this strategy still
requires better definition with regard to anatomy and malignant
progression.
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STAT3
Signal transducer and activator of transcription 3 (STAT3) con-
trols the transcription of several genes in response to cytokines and
growth factors. IL-2, a cytokine critical for the maintenance of Treg
in vivo, contributes to Foxp3 expression in human CD4+CD25+

Tregs via STAT3 and STAT5 (Zorn et al., 2006). However, it should
be noted that while STAT3-/- progenitors show no sign of Treg
developmental block, STAT5α/β−/− lymphoid progenitors possess
a significant inhibition toward developing into thymus-derived
Treg (Yao et al., 2007). Thus, the regulation of STAT3-induced
Treg development appears to require additional co-factors (i.e.,
STAT5) for normal maturation.

STAT3 regulates the expression of TGF-β and IL-10, crucial
cytokines that contribute to the presence of tumor-associated
Treg (Kinjyo et al., 2006). Interestingly, tumor-bearing mice with
STAT3−/− hematopoietic cells possess a significant reduction in
the number of tumor-infiltrating Treg (Kortylewski et al., 2005).
Thus, developing agents that inhibit STAT3 is a rapidly emerg-
ing goal for eventually designing a new class of compounds that
inhibit Treg development, function and/or tumor-infiltration. In
the context brain metastasis arising from melanoma cells, the
novel STAT3 inhibitor, WP1066, reverses immune suppression
through the inhibition of FoxP3 induction in peripheral T cells
and down-regulation of Foxp3 expression in nTreg (Kong et al.,
2009). Based on this and other promising pre-clinical studies
demonstrating the beneficial effects of STAT3 inhibition (Bill
et al., 2010; Hatiboglu et al., 2012; Liu et al., 2013), STAT3
inhibitors are now being tested in clinical trials for advanced solid
tumors.

CD25
Several strategies have been attempted for depleting Treg based
on the constitutively expressed cell surface marker, CD25. In the
context of hematological malignancy, a phase I study using LMB-
2, a CD25 mAb conjugated to truncated Pseudomonas exotoxin,
was found to elicit a promising clinical response (Kreitman et al.,
2000). However, in the setting of metastatic melanoma, despite
inducing a transient decrease in Treg in vivo, LMB-2 administra-
tion failed to augment the immune response to cancer vaccination
and patients neither experienced an objective beneficial response
nor severe side-effect in the form of autoimmunity (Powell et al.,
2007).

The recombinant IL-2-diphtheria toxin conjugate,DAB(389)IL-
2 (also known as denileukin diftitox and ONTAK) was designed
for use as a Treg-depleting agent. However, there are mixed reports
regarding its ability to successfully deplete Treg and stimulate the
anti-tumor immune response (Attia et al., 2005a; Dannull et al.,
2005; Mahnke et al., 2007). In non-Hodgkins lymphoma patients,
although the combination of denileukin diftitox with rituximab
decreased the number of CD25+ T cells, denileukin diftitox sig-
nificantly increased the toxicity of the combination without an
improvement in response rate or time to progression (Ansell et al.,
2012).

In the setting of malignant glioma, CD25 mAb has been used
in several studies as a means to deplete Treg. In an experi-
mental model of glioma, GL261 cell-based brain tumor-bearing
mice pre-treated with CD25 mAb lived significantly longer than

those bearing tumor and receiving control IgG antibody (El
Andaloussi et al., 2006). The mechanism of action was associ-
ated with a decrease in the frequency of brain tumor-infiltrating
CD4+CD25+ T cells, while simultaneously eliminating their sup-
pressor activity. The inhibition of Treg function permits enhanced
lymphocyte proliferation and IFN-γ production with as much
as 80% lysis of glioma cells in vitro. When combined with DC
immunization, CD25 mAb elicits tumor rejection in 100% of
challenged mice (Fecci et al., 2006b). Furthermore, using GL261
cell-based brain tumor-bearing mice treated with both intraperi-
toneally and intracranially administered CD25 mAb results in
long-term survival and complete tumor rejection, when com-
pared to the systemic administration of CD25 mAb alone.
(Poirier et al., 2009). Accordingly, the depletion of Treg with
CD25 mAb strongly enhances the efficacy of DC vaccination,
although CD25 mAb had an anti-tumor effect independent of
the DC vaccination response as well (Maes et al., 2009). Impor-
tantly, DC vaccination is required to protect animal models from
intracranial tumor re-challenge, since no long-term protection
was observed in animals that had initially received CD25 mAb
alone.

Treg depletion functions differently based on immunocom-
petent and lymphopenic contexts, as well as when it is given in
relation to the overall tumor burden. Accordingly, CD25 mAb in
normal mice decreases intratumoral Treg and contributes to tumor
rejection in small tumors, but is less effective in large established
tumors and also disrupts the effector arm of the immune response
(Curtin et al., 2008). In contrast, in lymphodepleted hosts, CD25
mAb decreases Tregs without impairing effector T cell responses
(Mitchell et al., 2011). In a randomized placebo-controlled pilot
study, combinatorial administration of humanized CD25 mAb,
Daclizumab, with peptide vaccination against the EGFRvIII and
lymphodepleting TMZ safely and selectively depleted Treg in
patients with GBM (Sampson et al., 2012). Moreover, it was
reported that Daclizumab treatment was well-tolerated with no
symptoms of autoimmune toxicity and a significant decrease in
the frequency of circulating Treg when compared to saline-treated
controls.

CTLA-4
CTLA-4 is a constitutively expressed cell surface molecule on Treg.
Like its closely resembling ligand, CD28, CTLA-4 also binds to
the co-stimulatory molecules, CD80 and CD86 on APC, acting
as a powerful negative regulator of T cell activation (McCoy and
Le Gros, 1999) via the induction of indoleamine 2,3-dioxygenase
and/or TGF-β (Fallarino et al., 2003; Rudd, 2008). In both humans
and in mouse models, Treg from malignant gliomas have been
shown to express high levels of CTLA-4 (El Andaloussi and
Lesniak, 2006; El Andaloussi et al., 2006). CTLA-4 is not only
associated with glioma progression and prognosis, the CTLA-4
A49G polymorphism might also be a potential clinically relevant
biomarker for distinguishing individuals with a high risk for devel-
oping glioma (Wu et al., 2011). In a human study of DC vaccines,
it was found that monitoring the changes in Treg frequency and
dynamic expression of the negative co-stimulatory molecules on
peripheral blood T cells, before and after DC vaccination, may
predict survival (Fong et al., 2012). In the GL261 mouse model
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of glioma, combining Treg depletion with CTLA-4 neutralization
boosts glioma-specific Tc and Tconv effector T cell responses,
while also increasing anti-glioma IgG2A antibody titers; ulti-
mately resulting in complete tumor rejection (Grauer et al., 2007).
Using the same model, vaccination with granulocyte-macrophage
colony-stimulating factor (GM-CSF)-expressing whole glioma cell
vaccination followed by CTLA-4 blockade has been demonstrated
to significantly improve survival (Agarwalla et al., 2012). In the
SMA-560 mouse model of glioma, neutralization of CTLA-4 with
monoclonal antibody, 9H10, confers a long-term survival ben-
efit in 80% of treated mice with re-establishment of normal
CD4 counts concomitant with a decreased Treg fraction. Inter-
estingly, treatment benefits appeared to be primarily mediated
through the CD4+CD25− T cell population rather than the Treg
population, as CD4+CD25− T cells from treated mice showed
improved proliferative responses and resistance to Treg-mediated
suppression, whereas Treg from the same mice remained “tolero-
genic” and displayed no defect in suppressor function (Fecci et al.,
2007). Based on these and other promising pre-clinical studies,
humanized CTLA-4 mAb has now been successfully tested in clin-
ical trials for the treatment of metastatic melanoma (Mathew
et al., 2013; Wilgenhof et al., 2013). However, results from late
phase clinical trials studying the therapeutic effects of this anti-
body for treating patients with malignant glioma have yet to be
reported (Phan et al., 2003; Attia et al., 2005b; Maker et al., 2005)
and must be considered in the context of the potent neurolog-
ical side-effects that have been previously reported (Bot et al.,
2013).

GITR
Gluococorticoid-induced TNFR-related protein (GITR, also
known as TNFRSF18), a type I transmembrane protein with
homology to other TNF receptor family members such as OX40,
CD27, and 4-1BB, is normally expressed at very low levels on rest-
ing Tc, low levels on Tconv and at constitutively high levels on
Treg (Cohen et al., 2010). Currently, there are competing theo-
ries regarding the impact of the GITR-GITRL interaction on Treg.
While there is evidence to suggest that this interaction renders
responder T cells more susceptible to suppression by Treg, it has
also been shown that GITR signaling in Treg, directly, inhibits
the ability to mediate suppression of responder T cells (Shevach
and Stephens, 2006). In a mouse model of fibrosarcoma, T cell
stimulation by agonistic GITR mAb attenuated Treg-mediated
suppression and enhanced tumor-killing by Tc and Tconv cells
via increased secretion of IFN-γ. This worked synergistically with
co-administration of CTLA-4, but not with CD25 mAb (Ko et al.,
2005) reinforcing the hypothesis that while both GITR and CD25
mAb inhibit Treg-mediated suppressor activity as a primary mech-
anism of promoting tumor immunity, CTLA-4 mAb indepen-
dently contributes to tumor rejection by directly acting on effector
T cells. In the B16 cell-based mouse model of melanoma, the ago-
nist GITR mAb, DTA-1, induces regression of small established
tumors in mice. Although DTA-1 neither altered systemic Treg
frequencies nor their intrinsic suppressor activity, intratumoral
accumulation of Treg was significantly impaired, resulting in a
greater Teff:Treg ratio, thereby enhancing tumor-specific CD8+ T
cell activity (Cohen et al., 2010).

Independently, we have shown that IDO-competent brain
tumors promote tumor-infiltrating Treg to significantly upreg-
ulate the expression of GITR, when compared to IDO-deficient
tumors (Wainwright et al., 2012). Interestingly, this effect is locally
regulated since Treg in IDO-competent tumors have upregulated
levels of GITR when compared to those Treg in draining cervi-
cal lymph nodes and/or spleen. Ultimately, the overabundance
of GITR on glioma-infiltrating Treg may provide the necessary
avidity for future therapeutic antibody approaches that selectively
target intratumoral – rather than systemic – Treg inhibition. Cur-
rently, a humanized GITR mAb (TRX518), developed by Toleryx,
Inc., is in a Phase 1 safety and tolerability dose-escalation clinical
trial for late stage (III and IV) melanoma patients with unre-
sectable tumor, although this agent has not yet been investigated
for primary brain tumor patients.

OX40
OX40 (also known as CD134), another member of the TNF recep-
tor family, is expressed on naive Tregs and transiently upregu-
lated following TCR stimulation. OX40 stimulation in Treg using
agonistic antibodies inhibits the capacity to suppress, thereby
restoring effector T cell proliferation, IL-2 gene transcription
and cytokine production (Valzasina et al., 2005). Using a mouse
tumor model, it has been shown that agonistic OX40 mAb,
but not CD25 mAb, induces tumor rejection in 80% of mice.
OX40-mediated functional inactivation of Treg recruits nearby
DC, promoting the induction of an adaptive immune response
(Piconese et al., 2008). Additionally, combinatorial therapy using
CTX and OX40 mAb provides potent anti-tumor immunity result-
ing in the regression of established melanoma in a B16 cell-based
model. Within the tumor, combinatorial therapy induces a pro-
found depletion of Treg depletion accompanied by an influx of
effector T cells leading to a favorable Teff:Treg ratio (Hirschhorn-
Cymerman et al., 2009). In a brain tumor model, mice bear-
ing GL261 cell-based glioma were susceptible to the treatment
with OX40 mAb and tumor regression was dependent on the
participation of both Tc and Tconv cells (Kjaergaard et al.,
2000). Similarly, mice bearing intracranial GL261 cell-based brain
tumors and treated with a combination of OX40 mAb, local cra-
nial radiotherapy, as well as intrasplenic vaccination with DC
demonstrated the complete regression of tumor resulting in long-
term survival (≥120 days) with no evidence of tumor recurrence
and resistance to further intracranial tumor challenge (Kjaer-
gaard et al., 2005). Importantly, OX40 mAb-mediated therapy
is currently being tested in a Phase 1/2 trial for patients with
metastatic melanoma (NCT01689870), as well as in a Phase 1
trial for patients with advanced forms of cancer (NCT01644968)
although it has yet to be initiated for primary brain tumors,
specifically.

FOXP3
Targeting the constitutively expressed receptor, CD25, to neutral-
ize Treg is limited by the challenge of the transient expression on
Tc and/or Tconv during activation-induced upregulation, includ-
ing those vaccine-associated effector T cells that carry out anti-
tumor responses. As of today, Foxp3, a nuclear transcription factor
required for generating nTreg, is the only gene product known to
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be (almost) exclusively expressed by Treg in mice. Notable excep-
tions to this rule are Tr1 and Th3 CD4+ regulatory T cells that
professionally express IL-10 and TGF-β, respectively, but do not
express FoxP3.

Vaccination of mice with FoxP3 mRNA-transfected DC elicits
a robust FoxP3-specific Tc response that contributes to vaccine-
associated protective immunity. As might be implied by the more
promiscuous expression of CD25, relative to FoxP3 on or in Treg,
respectively, CD25 mAb and FoxP3 vaccination have slightly dif-
ferent effects in tumor-bearing mice. While CD25 mAb depletes
Treg systemically, FoxP3 vaccination leads to Treg depletion intra-
tumorally, with sparing of Treg in the periphery (outside of the
tumor (Nair et al., 2007). This disparity may reflect the ability
of vaccine-programed effector T cells to differentially sense aber-
rantly programed Treg, as we and others have demonstrated that
intratumoral Treg are phenotypically distinct (Gounaris et al.,
2009; Cohen et al., 2010; Wainwright et al., 2010, 2012; Blat-
ner et al., 2012), vs. the effects of an antibody that lacks such
sophistication.

Another strategy for targeting FoxP3 in Treg utilizes a syn-
thetic peptide, P60, that binds directly to FoxP3. P60 enters Treg
and inhibits FoxP3 nuclear translocation, decreasing the ability
to suppress the transcription of NF-κB and NFAT. When P60
was administered to BALB/c mice and immunized with the Tc
epitope, AH1, from CT26 tumor cells, immune-mediated protec-
tion against tumor implantation occurred (Casares et al., 2010).
Although this approach has shown some promising results, pre-
clinically, this strategy has yet to be tested in the context of patients
with cancer.

CONCLUSION
Regulatory T cells are a highly important lineage of immune
cells that maintain tolerance to self, provide regulatory stabil-
ity during the resolution of inflammation and expand as a
population during pregnancy to suppress the potential sponta-
neous T cell-mediated rejection due to paternally derived fetal
alloantigens. Although beneficial under normal circumstances,
pathological Treg responses can promote autoimmunity or malig-
nant transformation in the absence or overabundance of func-
tion/accumulation, respectively. Thus, understanding factors that
regulate Treg suppressor activity, cytokine production, homing,
expansion, contraction, induction, conversion, TCR reactivity,
and interaction with other cells is a critically relevant area of
investigation.

The level of Treg accumulation in malignant astrocytoma is
progressive; increasing with tumor grade and maximal in GBM (El
Andaloussi and Lesniak, 2006). The depletion of Treg in models of
malignant brain tumors extends survival and ameliorates disease,
depending on timing, tumor size, and dosage of the depleting
agent. Given the constitutively high expression of certain mole-
cules on the Treg cell surface (i.e., CTLA-4, GITR, and CD25),
depleting, and/or neutralizing these cells with CTLA-4-, GITR-,
and CD25-mAbs is an attractive therapeutic modality. However,
these approaches tend to have many side-effects, additional targets
(i.e., Tc and Tconv), as well as a relatively high degree of toxicity to
patients. Thus, additional approaches are needed to address these
concerns.

Recent identification of Treg in brain tumors as predomi-
nantly arising from a thymus-derived origin (Wainwright et al.,
2011) may enlighten future investigation with regard to delin-
eating antigen specificity, clonality of this cellular pool, as well
as epigenetic programing (given the high stability of nTreg rel-
ative to iTreg). If it is found that the tumor-infiltrating nTreg
are primarily clonal in nature and therefore, expand from few
Treg progenitors, antigen-specific therapies may have a higher
chance of becoming highly effective, given the smaller TCR reper-
toire that will be required to target against. However, if it is
determined that Treg in GBM arise from a more heterogenous
population, and therefore originating from a high amount of
TCR-distinct clones, then an antigen-specific therapy for depleting
Treg may be a less attractive approach, given the potentially enor-
mous amount of variation between Treg in tumors, as well as the
additional variation that may arise between individuals. Regard-
less of either outcome, the TCR repertoire in GBM-infiltrating
Treg is currently unknown and therefore an important future
research endeavor to pursue. It is equally important to keep in
mind that nTreg depletion via TCR-specific targeting may lead to
more effective tumor rejection, while simultaneously increasing
bystander damage to CNS-resident astrocytes (and any other cells
co-expressing the TCR-specific peptide/MHC II complex that the
Treg is reactive to). Theoretically, this would be due to the loss
of Treg-mediated tolerance against astrocytes. However, the over-
all risk due to the loss of dominant tolerance to a single antigen
is likely to play a minimal role in causing autoimmune pathol-
ogy, since nTreg are likely to react with many astrocyte-specific
antigens.

The recent finding that nTreg accumulation in brain tumors is
dependent on the expression of IDO represents an exciting new
direction for Treg research in neuro-oncology. IDO is an attractive
target for therapeutic consideration given its minimal expression
in normal CNS-resident neurons and glia, versus its high expres-
sion in GBM. It is important to appreciate that in vitro-cultured
GBM cells express negligible IDO levels normally (Miyazaki et al.,
2009). In contrast, the exposure of pro-inflammatory cytokines,
such as IFN-γ, rapidly induces IDO expression and tryptophan
catabolic activity in GBM cells, in vitro. However, whether this sim-
ple induction of IDO, in vitro, fully reflects the pro-tumorigenic
activity, in vivo, is doubtful, given that this enzyme also possesses
the ability to regulate downstream signaling events. Moreover, our
recent observation demonstrating IDO promoting gliomagenesis
by increasing the recruitment of Treg to brain tumors (Wainwright
et al., 2012) must be interpreted carefully. This observation was
based on the orthotopic GL261 cell-based model whereby shRNA
was used to permanently knockdown IDO expression in implanted
tumors. However, by virtue of intracranial implantation, the BBB
was temporarily disrupted at a time that inflammation was ectopi-
cally induced. This inflammation is likely to have co-induced
the upregulation of damage associated molecular pattern recep-
tors (DAMP) and downstream signaling cascades (Topfer et al.,
2011), as well as a presumed release of CNS-resident antigen to
the cervical draining lymph nodes. This collective action may
have contributed to an artificially induced anti-tumor response
that aided brain tumor rejection in the absence of IDO expres-
sion. Although we did verify a decreased level of glioma-resident
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Table 2 | Ongoing clinical trials using 1-MT as an adjuvant immunotherapy.

Title Status Identifier Goal

IDO inhibitory study for relapsed or

refractory solid tumors (D1-MT)

Terminated NCT00739609 Determine the safety and efficacy of D1-MT in patients

with recurrent or refractory solid tumors. Establish the

toxicities of D1-MT and define any dose-limiting toxicities.

D1-MT in treating patients with

metastatic or refractory solid tumors

that cannot be removed by surgery

Recruiting

patients

NCT00567931 Phase I trial to study effects and best dose of D1-MT in

treating patients with metastatic or refractory solid

tumors that cannot be removed by surgery.

D1-MT and Docetaxel in treating

patients with metastatic solid tumors

Recruiting

patients

NCT01191216 Phase I trial to study the effects and best dose for giving

D1-MT and Docetaxel together in treating patients with

metastatic solid tumors.

Vaccine therapy in treating patients

with metastatic breast cancer

Recruiting

patients

NCT01042535 Randomized Phase I/II trial to study the side-effects and

best dose of giving vaccine therapy and to assess the

effectiveness in treating patients with metastatic breast

cancer.

Study of chemotherapy in combination

with IDO inhibitor in metastatic breast

cancer

Ongoing, not

recruiting

patients

NCT01792050 To compare the effects, good and/or bad, of standard of

care therapy (Docetaxel) with or without the

co-administration of D1-MT.

Phase II study of Sipuleucel-T and

Indoximod for patients with refractory

metastatic prostate cancer

Recruiting

patients

NCT01560923 Randomized Phase II, double blind, multi-institutional

study of Indoximod or placebo after the completion of

standard of care Sipuleucel-T in men with asymptomatic

or minimally symptomatic metastatic prostate cancer

that is hormone refractory.

Treg in the GFAP:(12)V-Ha-Ras transgenic glioma model (Shan-
non et al., 2005) that was backcrossed to a globally IDO−/−

background, this did not distinguish the contribution of glioma-
expressed- and peripherally expressed-IDO to CNS-resident Treg.
To better understand the role of IDO in brain tumors under
normal conditions, we have now created a transgenic model of
glioma that is selectively deficient for IDO only in cells capa-
ble of forming astrocytoma by backcrossing a tamoxifen-induced
GFAP-Cre driven high grade astrocytoma mouse model (Chow
et al., 2011) with floxed IDO mice. This new mouse model
will allow us to study the contributions of tumor-derived ver-
sus peripheral sources of IDO with regard to Treg recruitment,
the anti-tumor immune response, as well as overall impact on
survival.

Aside from IDO1, IDO2, and TDO are also tryptophan cata-
bolic molecules co-expressed by glioma. Coincidently, the upreg-
ulation of TDO in glioma is strongly associated with decreased
overall survival in patients (Opitz et al., 2011). However, the roles
of IDO2 and TDO in the regulation of Treg recruitment to glioma
has yet to be investigated. It is interesting that clinical trials cur-
rently investigating IDO inhibitors as an adjuvant immunotherapy
are currently utilizing D1-MT (Table 2), which inhibits IDO2,

rather than IDO1 (Lob et al., 2009). However, this finding is
controversial, since a separate study found that L1-MT, rather than
D1-MT, is a better inhibitor of IDO2 tryptophan catabolic activ-
ity (Qian et al., 2012). Regardless, it was also shown that even
in the presence of a high concentration of 1-MT, IDO2-induced
T cell proliferative growth arrest could not be inhibited. Collec-
tively, these data suggest that, in addition to IDO1, IDO2 and TDO
may also be high-impact targets for investigating their contribu-
tion to modulating Treg levels, as well as overall future therapeutic
possibilities for glioma patients.

In summary, we highlight Treg as critical cells involved in
suppressing the anti-glioma immune response. This mecha-
nism involves the co-inhibitory ligand CTLA-4, is therapeutically
modulated with Treg-depleting CD25 mAb and Treg function-
modulating GITR agonistic mAb. We also highlight the trypto-
phan catabolizing enzyme, IDO1, as a critical modulator of Treg
recruitment and/or expansion to/within the glioma, as well as raise
the possibility that enzymes with similar catabolic activity, IDO2
and TDO, may be attractive future targets for immunotherapeutic
consideration. With these insights in mind, Treg immunomodu-
lation as a means to increase GBM immunogenicity appears to be
a rapidly developing approach.
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The influence of CD4+CD25+Foxp3+ regulatory T-cells (Tregs) on cancer progression has
been demonstrated in a large number of preclinical models and confirmed in several types
of malignancies. Neoplastic processes trigger an increase ofTreg numbers in draining lymph
nodes, spleen, blood, and tumors, leading to the suppression of anti-tumor responses.Treg-
depletion before or early in tumor development may lead to complete tumor eradication
and extends survival of mice and humans. However this strategy is ineffective in estab-
lished tumors, highlighting the critical role of the earlyTreg-tumor encounters. In this review,
after discussing old and new concepts of immunological tumor tolerance, we focus on the
nature (thymus-derived vs. peripherally derived) and status (naïve or activated/memory)
of the regulatory T-cells at tumor emergence. The recent discoveries in this field suggest
that the activation status of Tregs and effector T-cells (Teffs) at the first encounter with the
tumor are essential to shape the fate and speed of the immune response across a variety
of tumor models.The relative timing of activation/recruitment of anti-tumor cells vs. tolero-
genic cells at tumor emergence appears to be crucial in the identification of tumor cells as
friend or foe, which has broad implications for the design of cancer immunotherapies.

Keywords:Treg, Foxp3, memory, cancer, tolerance, tumor cells, vaccination, early immune response

TUMOR RECOGNITION BY THE IMMUNE SYSTEM:
IGNORANCE, SURVEILLANCE, AND TOLERANCE
A now receding branch of tumor immunology literature favors the
view that antigens expressed by many tumors would be ignored
by the immune system due to inadequate antigen presentation (1–
3). Hewitt, after examining the immunogenicity of many tumor
cell lines, concluded that only virus-induced tumors are likely to
induce an immune response against them (4). Beyond this found-
ing observation, and the reports that many tumor cells do not
express MHC proteins, several groups have found functional alter-
ations of the proteasome (5, 6) and TAP (7) in tumor cells and
APCs (8), reducing tumor visibility to the immune system. In
contrast, many studies have proven that the immune system is acti-
vated in the presence of spontaneous tumors (9–12), revitalizing
the concept of immunosurveillance.

This concept, first proposed in 1909 (13), was formally defined
in 1957 when – based on the findings that the immune system
can specifically recognize and reject tumor cells in a chemically
induced murine sarcoma model (14) – Burnet proposed that the
immune system may prevent tumor development by recognizing
antigens absent in normal tissues (15). According to his theory, the
immune reactions against tumor antigens expressed by neoplastic
cells generally eliminate them at an early stage before any clinical
hint of their existence, and frank tumors can grow only after escap-
ing the immune system by diminishing their immunogenicity.

The existence of tumor-specific antigens was indeed confirmed in
the 1960s by Klein (16). Later, tumors developing in immunode-
ficient mice were proven to be more immunogenic than tumors
developing in immunoproficient mice (17), suggesting that tumors
undergo selection by the immune system.

However, in other mouse models, immunodeficiency did not
promote tumor development (18–20), and the ability of tumor
cells to diminish the expression of their most immunogenic
epitopes by adaptation or selection, also called cancer immu-
noediting, has been questioned (21). The involvement of innate
immunity in tumor surveillance was further explored in studies on
natural killer cells (NKs), and has produced similar arguments pro
(22–24) and con (20, 25, 26). The conflicting accounts on the role
of ongoing anti-tumor surveillance produced in animal models are
mirrored by findings in clinical studies that measured the risk of
tumor development in patients with immunodeficiencies. Numer-
ous publications have observed a significant increase of cancer
occurrence in immunodeficient patients, but at the same time
there is no study reporting an “explosion” of cancer cases in these
patients. For example, in a study of 2005 on a very large number
of immunosuppressed renal transplantation recipients, Hollen-
beak et al. observed that of the 89,786 patients who underwent
transplantation, 246 patients developed melanoma, with an age-
adjusted incidence rate of 55.9 diagnoses per 100,000 individuals.
This represented an increase in age-adjusted, standardized risk that
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was 3.6 times greater than the general population (27). Thus, while
such studies support a real role of immunosuppression in pro-
moting cancer susceptibility, the risk of developing a melanoma
in the absence of a functional immune system, if increased and
non-negligible, is still only 0.056%. One interpretation is that
tumor development in the absence of immune system is still a
rare event, another interpretation is that the immunodeficient
state in patients mostly increases risk of cancers of viral etiol-
ogy, and that the impact of immunosurveillance on preventing
non-viral human cancer may actually be relatively minor (28–
31). On the other hand, in already established tumors, presence
of tumor-infiltrating lymphocytes is correlated with improved
survival (32), and intra-tumoral CD8 T-cells infiltration is associ-
ated with delayed recurrence and extended survival in oncologic
patients (33). A consensus is that the immune surveillance may
guard against cancer under certain conditions, but the precise
nature of these conditions is unclear.

The first clue that immune tolerance might be a part of the
equation came from the works of Nishizuka and Sakakura. While
investigating the role of the thymus in tumor immunity in mice
susceptible to mouse mammary tumor virus (MMTV)-induced
cancer, they observed that neonatal thymectomy at 3 days of
age (day 3 nTx) resulted in reduced frequency of breast cancer
in tumor-prone (C3H/HeMs× 129/J)F1 females (34), suggesting
that cells produced by the thymus after day 3 may protect the
tumor. In the following studies, they also looked at tumor devel-
opment in extra-mammary tissues. There was no increase in the
lung and liver tumors after neonatal thymectomy, but the authors
reported increased ovarian, lymphoreticular, and pituitary tumor
development (35). A notable point of these studies was the dis-
covery that mammary gland development in day 3 nTx female
mice was delayed (34) and that mice became infertile secondary
to the development of oophoritis (36). At the time, Sakakura and
Nishizuka attributed these features to an endocrine role of the
thymus, although it is now known to be the manifestation of
T-cell-mediated autoimmunity, which paved the road to the dis-
covery of thymic-derived suppressor T-cells, and active tolerance
to the tumors.

Treg-MEDIATED TUMOR SURVEILLANCE: EXPAND TO REIGN
T-cells capable of suppressing the rejection of implanted tumors
were first observed in the late 1970s (37–40). These reports
remained underappreciated as were most findings pointing to
the existence of suppressor cells, caused, in part, by lack of
suppressor-specific cellular markers. The doubts have disappeared
only in the 1990s, when Sakaguchi, a former student of Nishizuka
demonstrated that CD4+CD25+ T-cells, baptized “regulatory,”
were responsible for the induction of dominant immune tolerance
to tumors. First, the transplantable tumors grew in immunodefi-
cient hosts transferred with whole splenocytes, but were rejected
in hosts that have received splenocytes depleted of CD25+ cells
(41). Second, the tumors were rejected following preventive treat-
ments with anti-CD25 antibody (42). In both cases, the presence
of CD25+ cells inhibited the anti-tumor immune response and
their removal led to the complete elimination of the tumor.

In a short time, an impressive number of reports confirmed
the association between malignant tumors and the regulatory

T-cells (Tregs). Clinical studies have shown that CD4+CD25+

cells are often present within the tumor mass, and have reported
a link between a presence of a tumor and an increase in the pro-
portion and/or the number of CD4+CD25+ Tregs in the blood
(43–47). However some results were more heterogeneous depend-
ing of the cancer type, and in some studies, no Treg increase was
observed (48). Moreover, sometimes the observed proportion of
Tregs seems falsely increased by the reduction of the absolute num-
ber of CD4+CD25− effector cells (Teffs) (49). Regardless of its
causes, an important question was whether the observed increase
in Tregs is informative for prognosis. Animal models have argued
that Tregs have pro-tumorigenic effects (see above), and tumor
volume appears directly correlated to the number of Tregs present
in the secondary lymphoid organs in several models (50–52).

Starting with the report correlating presence of Tregs within
the tumor infiltrate and a poor survival prognosis in patients
with ovarian cancer (Curiel, 200,456), the majority of studies have
agreed that an increase in Tregs/Teffs ratio or in an absolute Treg
number confers a poor prognosis in cancer patients [see below,
and in these recent reviews (48, 53, 54)]. Yet there are instances
in which Treg increase is actually linked to a good prognosis, for
example in lymphomas (55, 56) and in colorectal cancer (57–59).
The reasons for this discrepancy appear to depend on the spe-
cial nature of these cancers, in which inflammation may promote
tumor growth if not regulated by Tregs, but may also be related to
a difference in the origin of cells with Treg characteristics observed
in individual malignancies.

Concerning the causes of the tumor-induced increase in
Tregs, the literature describes several mechanisms: (i) Preferential
recruitment of existing thymic-derived Tregs (tTregs), which may
be mediated, in part, by chemokines produced by tumors, such
as CCL22, that attracts regulatory T-cells, which predominantly
express the cognate agonist receptor (60, 61). However, as effec-
tor lymphocytes express chemokine receptors as well, chemokine
secretion alone cannot explain the preferential recruitment of
Tregs to tumor sites (62, 63). The two alternative explanations are
(ii) fate conversion – de novo induction of peripheral Treg (pTregs)
out of effector T-cells; and (iii) clonal expansion – cytokine and/or
antigen-induced proliferation in the periphery of tTregs. Given
the vast variety of tumor systems in which all these scenarios have
been explored, it is conceivable that the nature of the transform-
ing event, or the tissue of origin of the tumor may determine the
specific biological mechanism leading to an increase in Tregs.

PERIPHERALLY AND THYMIC-DERIVED Tregs IN CANCER
Discovered in the early 2000s in mice (64) and in humans (65),
pTregs quickly became the subject of active investigation in tumor
immunology, generating evidence both for and against their role in
tumor tolerance. Adoptive transfer of CD4+CD25− T-cells in mice
challenged with either colon cancer or B cell lymphoma resulted
in induction of CD25 expression in a significant proportion of
donor Teffs, as well as appearance of Foxp3 transcript (66, 67).

A major line of research pursued a possible instructive role of
TGF-ß, a signaling molecule with pleiotropic functions in both
immunity and cancer, and in the conversion of CD4+CD25−

T-cells to pTreg cells (65). TGF-ß acts by binding to the type II
TGF-ß receptor (TGF-ßRII), which is constitutively active as a
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serine/threonine kinase (68, 69). A CD4+ cell-restricted blockade
of TGF-ß signaling in mice expressing a dominant negative version
of the receptor resulted in eradication of TGF-ß expressing lym-
phoma or metastatic B16F10 melanoma (70) and has established
a firm link between TGF-ß and tumor immune tolerance. In part,
such a blockade may impair the pro-tumorigenic conversion to
pTregs. Indeed, an in vitro study has implied that TGF-ß expressing
kidney or prostate tumor cells can stimulate the pro-tumorigenic
conversion to pTregs (71). Accordingly, the anti-TGF-ß treatment
of mice injected with these tumor cells resulted in fewer tumor
nodules; but the in vivo experiments did not exclude a possibility of
a direct effect of TGF-ß-blockade on RENCA and TRAMP-C2 cell
growth. Moreover, pancreatic tumor-derived TGF-ß was shown to
activate Foxp3 expression in tumor cells themselves (72). The func-
tional significance of this upregulation is unclear, as in the tumor
cells the Foxp3 transcription factor remains restricted to the cyto-
plasm, contrary to nuclear localization in Tregs, but it may result
in a lower immunogenicity of the tumor, as siRNA-mediated inhi-
bition of Foxp3 expression in tumor cells may shift their cytokine
expression pattern toward IL-6 and IL-9 secretion (72).

The effect of TGF-ß on the conversion in vivo in tumor-
bearing mice was addressed more recently using adoptive transfer
of CD4+25−Foxp3− T-cells into Rag−/−mice. In the presence of a
TGF-ß-producing pancreatic Pan02 tumor, the transferred T-cells
converted into Foxp3+ pTregs, but few FoxP3+-converted cells
were found when mice were transplanted with a TGF-ß-negative
esophageal Eso2 tumors (73). As predicted, the induction of cells
with Tregs characteristics in Pan02-bearing mice was blocked
by systemic injection of an anti-TGF-ß-antibody. This finding
mirrors the clinical situation, when increase of Foxp3+ Tregs is
observed in patients with a TGF-ß-producing pancreatic adeno-
carcinoma but not in those with a TGF-ß-negative esophageal
tumor (74). Similarly, in non-small cell lung cancer patients, TGF-
ß plasma concentrations directly correlated with the frequency of
circulating Tregs (75).

As stated above, the spectrum of biological effects of TGF-ß
is wide, and is spread beyond the pTreg induction to regulate
other Teff responses. For example, anti-TGF-ß treatment signif-
icantly and synergistically improved vaccine efficacy as measured
by a reduction in growth of the TC1 lung tumor allografts, but
anti-TGF-ß alone without vaccine had no impact (76). Moreover,
anti-TGF-ß treatment did not affect Treg numbers in lymph nodes
and tumors, or their function (76). The resultant synergistic pro-
tection induced by anti-TGF-ß plus vaccine combined treatment
was likely mediated by CD8+ T-cells since anti-CD8 treatment
completely abrogated this effect (76). These results, of course,
do not exclude a role for peripherally derived-CD4+ pTregs, but
greatly diminish the chances that CD4+ pTregs are the sole culprit
behind the TGF-ß effects on tumor tolerance.

Overall, the role of TGF-ß in Treg maintenance is mixed, as
it inhibits Teffs and Treg cell proliferation, but is important for
tTreg and pTreg survival in the periphery (77). In fact, the nature
of TGF-ß/Treg interactions may be more complex than a direct
conversion scenario would suggest. For example, a mammary
tumor cell line, 4T1, can induce recruitment of TGF-ß-producing
Gr-1+CD11b+ monocytes (78), and a mouse melanoma and a rat
colon tumor were shown to convert dendritic cells (DCs) into the

TGF-ß-producing cells, which then led to Treg proliferation (79),
possibly through a GILZ-dependent mechanism (80). A similar
hierarchy of APC/Treg exchange has been clearly demonstrated in
colitis. There, DC-produced TGF-ß was shown to be critical to
avoid colitis due to its Treg inducing power (81). In this paper,
the Sheppard team showed that DCs lacking the TGF-β-activating
integrin αvβ8 failed to induce Tregs in vitro, and that mice with
conditional deletion of αvβ8 in DCs presented reduced propor-
tions of Treg cells in colonic tissue. If It should not be excluded
that effector cell expansion may contributes to this observed reduc-
tion in the fractional number of Treg cells in the colon, these
in vitro and in vivo results reinforce observations that DCs are
essential in the maintenance of both pTreg and tTreg cells in the
periphery (82–85).

A major complication that weakens the accounts of de novo
pTreg induction after adoptive transfer of Teffs in tumor-bearing
mice is that the CD4+CD25− Teffs subset purified in the major-
ity of the conversion experiments of the pioneer articles, con-
tains around 2% of CD4+CD25−Foxp3+ T-cells that exhibit
suppressive functions (86) and can gain CD25 expression and
expand after stimulation (87, 88). The experimental approaches
based on the sorting of CD25− T-cells do not provide sup-
portive evidence for a de novo induction of pTregs, and do not
exclude a possibility of tumor-driven activation and expansion of
CD4+CD25−Foxp3+ thymus-derived tTregs. Accordingly, exper-
iments using Teffs transfer from donor mice expressing a Foxp3-
reporter indicate that generation of peripherally derived FoxP3+

pTregs out of GFP− Teffs within tumors is inefficient and that
tumor-infiltrating GFP+FoxP3+ tTregs are highly stable and do
not readily convert back to FoxP3− T-cells contrary to pTregs
(89). Some authors suggest that proliferating Helios+ Treg cells
are a major population in tumors (90), which may be interpreted
against pTregs conversion in tumors, Helios being a tTreg marker
(91, 92). But Helios may be upregulated in peripherally derived
pTregs after activation by DCs (93).

Another line of evidence questioning the primary role of pTregs
in tumor tolerance comes from a recent paper describing the
tolerogenic response against the prostate-associated MJ23 self-
antigen expressed by prostate tumors induced by an SV40 TAg
transgene. On an immunoproficient background, these tumors are
infiltrated with MJ23 tumor-specific Tregs, but no MJ23 tumor-
specific Tregs were found in tumors that have developed in Aire−/−

mice. As Aire is important for tTreg development but dispens-
able for pTreg induction, these findings indicate that the tumor-
infiltrating Treg cells specific for the highly immunogenic MJ23
are principally of the thymic origin (94).

Overall, there is little doubt that pTregs may appear from
CD25− subsets, probably from recent tumor emigrant cells (95),
in the presence of tumors under certain experimental conditions.
Whether this subset plays a substantial role during spontaneous
tumor development, is less clear. The difficulty is best illustrated
by recalling the original report of Sakaguchi, showing that the
immunodeficient mice reconstituted with CD25 depleted spleno-
cytes acquired efficient anti-tumor responses in various cancer
models (41). Stated otherwise, any spontaneous pTreg conversion
that may occur in this experimental setup does not prevent
clearance of the transplantable tumors.
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ACTIVATED/MEMORY Tregs IN THE EARLY IMMUNE
RESPONSE TO CANCER
When we were studying the kinetic of early immune responses
in various models of cancer by adoptive transfer of CFSE-labeled
T-cells, we were struck by the fact that Treg response was not a
late event, secondary to the activation of IL-2-releasing anti-TAA
effector T-cells (Tumor-associated antigen-specific Teffs), but was
actually a very early event, preceding any Teffs activation (52). Such
a rapid tumor-specific response of the immune system was coun-
terintuitive in a model of primary tumor exposure, but it bore well
with the earlier reports that tumor growth can activate immune
cells very quickly.

In 1975, Bhatnagar and colleagues have measured ex vivo
thymidine incorporation by splenocytes and detected substantial
cellular immune responses as early as 1–2 days after i.p. injection of
methylcholanthrene-induced fibrosarcoma cells (96). The inten-
sity and rapidity of the cellular response was dependent of the
number of cells injected and was always followed by a gradual loss
of cellular reactivity against the tumor cells. The progressive loss
of immune recognition for tumor cells correlated with progres-
sion of tumor growth (96). These observations were confirmed
by Berendt and North, who provided evidence supporting the
hypothesis that immunity to tumors declines with time as a result
of T-cell-mediated immunosuppression (40). More recently, in
several injected tumor models (B16 melanoma, 4T1 carcinoma,
AB1 mesothelioma, and more) and in an inducible-oncogene-
driven breast tumor model, an increase in T-cell division was
detected as soon as 2 days after the emergence of the tumor by
measure of CFSE dilution as well as BrdU incorporation (52).
But this early response was restricted to CD4+CD25+Foxp3+

regulatory T-cells, and it appeared to precede the response of
conventional T-cells (Figure 1). The responding Treg cells were
specific to the antigens, which, although expressed by tumors,
were already present in mice before tumor appearance (Figure 1).
In other words, the tumor-derived antigens able to stimulate Tregs
were self-antigens. Indeed, no Treg expansion was observed against
tumors that were not bearing a cognate self-antigen recognized
by the transferred tTregs. These observations confirmed previ-
ous observations that the self-specific Tregs suppress anti-tumor
responses (97, 98), although it did not exclude a possibility that
Tregs specific for tumor neoantigens may also participate to the
induction of tolerance to the tumor (99, 100). Recently, it was
demonstrated that Aire-mediated expression of peripheral tissue
antigens drives thymic development of a subset of organ-specific
tTregs, which are likely recruited by tumors developing within the
associated organ (94).

Concerning the APCs that may be responsible for presentation
of the tumor self-Ags to Tregs, the good candidates are tissue DCs,
which are known to be especially potent in stimulating and main-
taining the actively dividing Treg pool (83). Indeed, DCs from
tumor-bearing mice were shown to recruit Tregs and to favor their
proliferation in the draining lymph nodes (79) (Figure 1). These
DCs may present antigens derived from proteins secreted by the
live tumor cells, or those derived from tumor cells that die during
transformation-induced apoptosis. Of note, microvesicles that are
released by tumors and may be captured by DCs for tumor antigen

FIGURE 1 | Early events during cancer emergence lead to immune
tolerance against tumor. Activated memory Tregs (AmTregs or amTr,
beige lymphocytes) are the first to be stimulated by the presence of the
tumor (gray round-shaped cells) via recognition of self-Ag presented by
dendritic cells (DCs, star-shaped cells) coming from the tumor site (t1).
AmTreg will then proliferate faster than TAA-specific Teffs (Th, gray
lymphocytes) that are naïve (or have already been suppressed at the steady
state). AmTreg will then inhibit either Teff activation, proliferation, migration,
and function either/or DCs presentation and costimulation (t2).

presentation (101) appear to have a role in Treg expansion and acti-
vation (102) (Figure 1). Moreover, Treg subset expands after adop-
tive transfer in MHCII+/+ but not in MHCII−/− tumor-bearing
mice, which proves that cytokines released in the tumor-bearing
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mice are not sufficient by themselves to favor Treg recruitment,
and that antigen-driven proliferation is mandatory (83).

Isolation of Tregs with activated/memory vs. naïve phenotype
from tumor-free mice followed by adoptive transfer to tumor-
bearing mice showed that the initial proliferation of Tregs in
tumor-draining lymph nodes was confined to the pool of acti-
vated/memory Tregs (amTregs) present in naive mice, (52). These
cells were previously characterized as an activated/memory sub-
type of Tregs, constantly stimulated by self-antigens at the steady
state (103). These amTregs are phenotypically and functionally
distinct from naïve Tregs (103, 104), and are highly potent at
suppressing autoimmune responses (105, 106). The intensity of
the early anti-tumor Treg response is thus explained by their
self-specificity and activated/memory status.

The early dividing cells described in tumor-bearing mice since
1975 are thus the tolerogenic amTregs cells, a conclusion that is fur-
ther confirmed by observing tumor rejection following short-term
depletion of proliferating immune cells via early administration
of anti-mitotic hydroxyurea (HU) or cyclophosphamide (CY) in
mice bearing HU/Cy-resistant tumors (50, 52, 107, 108). The early
administration of these drugs has a much stronger effect than
the late administration, once again suggesting that the immune
cells that divide early in the presence of an emerging tumor
favor tolerance. Accordingly, a recent analysis of Treg subsets
in Her2/Neu-expressing mammary tumor-bearing mice revealed
the existence of a Cy-sensitive CD4+Foxp3+CD25+ subset with
tumor-seeking migratory phenotype, characteristic of amTregs,
and capable of high avidity T-cell suppression (109). In addi-
tion, the tumor-infiltrating Foxp3+ T-cells express high levels
of memory/tumor-associated CCR8 and CXCR4 receptors, and
antigen priming is required for the induction of this trafficking
receptor phenotype. Thus only antigen-primed, but not antigen-
inexperienced naive, FoxP3+ T-cells can efficiently migrate into
tumors (89). Of course, the effector T-cells also start to pro-
liferate after an adoptive transfer into tumor-bearing mice, but
with a primary kinetics that is much slower (9–12 days) than that
observed in Treg subset (2–4 days) (83). This delay appears to be
sufficient for the establishment of a stable immunosuppressive
environment.

To test if tolerance to tumors was due to the Treg/Teffs
imbalance induced by the delays between their respective acti-
vation/expansion, we adoptively transferred high numbers of
HA-specific Teffs in mice bearing HA-expressing tumor cells.
We observed complete remission in mice adoptively transferred
with antigen-experienced HA-specific Teffs (52). Complete regres-
sion was also found (i) in secondary-challenged mice cured
from first tumor challenge by temporary Treg-depletion (42, 52)
and (ii) in tumor-pre-immunized mice (52, 110–112). The acti-
vated/memory Teffs, are able to eradicate very efficiently even
poorly immunogenic tumors like B16 melanoma (110, 111),
regardless of the number of Tregs present in the mice (52). Even
highly suppressive adoptively transferred tumor-specific Tregs are
not able to reverse the anti-tumor memory response (52). The
resistance of activated/memory Teffs (amTeffs) to Treg-mediated
suppression demonstrated was also observed in other condi-
tions like allograft rejection (113) and autoimmune inflammation
(114). Nishikawa and colleagues also observed that CD45RO+ but

not CD45RA+ tumor-specific CD4 T-cells from cancer patients
were resistant to Treg suppression (115). This resistance could be
due to the fact that activated Tregs can downregulate expression
of costimulation molecules by DC (116), but activation/function
of amTeffs is much less dependent on costimulation than that of
naive T-cells (117). Together, these observations suggest that anti-
tumor amTeffs could be inherently more resistant to Tregs, and
explain why detection of amTeffs correlates with good prognosis
in cancer patients (118, 119).

The memory status of Treg and Teffs in early tolerance induc-
tion might be important in other settings than just cancer. Several
analogies between pregnancy and cancer [reviewed in (120)] point
to similarities between the early Treg responses to embryo implan-
tation and tumor emergence. In a just-released study, we observed
that early Treg responses to embryo implantation obey to the
same rules as those in cancer setting: Tregs expressing markers of
the amTreg subset are rapidly recruited to para-aortic conceptus-
draining lymph nodes and are activated in the first days after
embryo implantation in both syngeneic and allogeneic matings
(121). They are also at least in part self-Ag specific, as seen in tumor
emergence. Finally, pre-immunization against paternal tissue Ags
results in the increase of aborted fetus frequency, and additional
Treg-depletion (by anti-CD25) at the time of pre-immunization
against paternal tissue Ags, leads to very high frequencies of fetus
loss (121). Thus, thymic-derived amTregs appear as a driving force
of tolerance to self-ambiguous tissues in the absence of infectious
danger signals or pre-immunization.

One can then wonder how an immune system that protects
deadly tumor cells may survive evolution. We speculate that the
AmTreg tolerant response has been actually positively selected
to protect allogeneic fetuses against immune rejection. Indeed,
Foxp3-expressing Treg-like cells appeared in the first live-bearing
animals like Tetraodon (2400 million years) (122) and zebrafish
(123), both histotrophic viviparous species. Tregs were thus prob-
ably selected in part to protect allogeneic fetuses against immune
rejection (121, 124), but the pro-tumorigenic activity of Tregs was
not counter-selected because cancers mostly develop late in life
(125) without affecting reproductive life span.

IMPLICATIONS FOR THE DESIGN OF ANTI-CANCER
IMMUNOTHERAPIES
Activation kinetics and memory status of different T-cell subsets at
tumor emergence are pivotal in the outcome of cancer (Figure 2)
and explains why preventive immunization is more effective than
therapeutic immunization and suggests (i) that preventive vacci-
nation against cancer should be considered seriously and (ii) that
therapeutic vaccination could actually worsen host tolerance to
tumor antigens (126, 127). Development of vaccination strategies
must include treatments aimed at Treg-depletion (128–130) or at
inhibition of their function (131–133), with mandatory valida-
tion of the effect of therapeutic vaccination on the level/function
of Tregs. Preventive vaccination with tumor-specific antigens pre-
sented in a context that would not stimulate amTregs will improve
development of efficient amTeffs, which may mount efficient
effector responses when a tumor emerges.

Noteworthy, although amTeffs are resistant to Tregs, and can
cure mice if provided at the time of tumor implantation, the global
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FIGURE 2 | Immune tolerance vs. immune rejection decision process.
Activation kinetics and memory status of Tregs (green) and Teffs (red) in
the tumor-draining lymph nodes (dLNs, left) after stimulation by dendritic

cells (DC, blue) result in the infiltration of the tumor by different cell
subsets with different speed and different tumor fate (right, with tumor
cells in gray).

immunosuppressive environment established by Tregs in draining
lymph modes and at the tumor site (134) can develop to a point
where later therapeutic administration of amTeffs would no longer
be effective (52).

Together with vaccination and beyond, ablation of Tregs in can-
cer patients appears to be a promising direction, especially if per-
formed early in the course of the disease (129, 135). Nonetheless,
we need to remember that the efficiency of anti-tumor responses
after Treg ablation is certainly tumor- and genetic background-
dependent: Treg ablation results in minimal rejection and delayed
growth of B16 tumors in B6 mice, 60% rejection of 4T1 tumors
in BALB/c mice (83), and close to a 100% rejection of RLZ1,
MOPC-70A, and Meth A tumors in BALB/c mice (41, 42). These
diverse outcomes may depend upon (a) the percentage of Treg
cells in a given strain of mice in the steady state, (b) the natural

ability of some mouse backgrounds to favor strong Th1 responses,
and (c) the tumor-specific expression of immunodominant anti-
gens able to trigger strong anti-tumor effector responses (136).
These observations from tumor-bearing mice must be kept in
mind while designing new immunotherapies strategies in cancer
patients.

Altogether, these recent discoveries on the events taking place
during the early tumor immune response highlight the impor-
tance of the timing and kinetic of Treg and Teff engagement,
which depends on their memory status (Figures 1 and 2). In
theory, this may disqualify tumor-induced pTregs from playing
a substantial role during the early tumor development as they
arise preferentially from naïve recent thymic emigrants (95). This
does not exclude their eventual involvement in some later events
that may sustain the ongoing tolerance. But the fate of the tumor
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is being decided early, pTregs are unlikely to have much impact
in most cancers. Their late arrival in the battle and the absence of
memory status puts pTregs at disadvantage during the early tumor
development. In tumor immunology and beyond, the timing of
engagement dictates the final outcome of an immune response.
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Graft versus host disease (GVHD) is the major complication of allogeneic hematopoietic
stem cell transplantation. GVHD is characterized by an imbalance between the effector
and regulatory arms of the immune system which results in the over production of inflam-
matory cytokines. Moreover, there is a persistent reduction in the number of regulatory T
(Treg) cells which limits the ability of the immune system to re-calibrate this proinflamma-
tory environment. Treg cells are comprised of both natural and induced populations which
have unique ontological and developmental characteristics that impact how they function
within the context of immune regulation. In this review, we summarize pre-clinical data
derived from experimental murine models that have examined the role of both natural and
induced Treg cells in the biology of GVHD. We also review the clinical studies which have
begun to employ Treg cells as a form of adoptive cellular therapy for the prevention of
GVHD in human transplant recipients.

Keywords: graft versus host disease, regulatory T cells, allogeneic stem cell transplantation, induced regulatory T
cells, mouse models

GRAFT VERSUS HOST DISEASE
Although hematopoietic stem cell transplantation (HSCT) has
been a successful therapeutic strategy for treating hematological
malignancies for several decades, its broad application is lim-
ited by the high incidence of graft versus host disease (GVHD).
GVHD is primarily a donor T cell-mediated syndrome whereby
T cells in the graft elicit an immune response, resulting in host
tissue damage (Korngold and Sprent, 1978). HSCT recipients typ-
ically receive conditioning regimens consisting of chemotherapy
and/or radiation in order to eliminate their underlying malig-
nancy and facilitate the engraftment of allogeneic stem cells.
However, the conditioning regimen can cause damage to host
tissues, triggering the release of proinflammatory cytokines such
as TNF-α, interleukin-1β, and interleukin-6, and activating the
innate immune system, including host antigen presenting cells
(APCs) (Hill et al., 1997; Shlomchik et al., 1999). Early following
transplantation, donor T cells in the graft interact with activated
host APCs, recognize presented host peptides as foreign, and dif-
ferentiate into cytokine-producing T effector cells. The ensuing
proinflammatory cytokine storm recruits other effector cells, like
NK cells and macrophages. This perpetuates the proinflammatory
cytokine cascade that is a hallmark of acute GVHD (aGVHD)
and results in direct tissue damage, generally to a restricted set
of organs (i.e., skin, liver, and gastrointestinal tract) (Antin and
Ferrara, 1992). A second phase of GVHD, known as chronic
GVHD (cGVHD) tends to have a more delayed presentation in
patients, broader organ involvement, and clinical features that
bear strong resemblance to autoimmune disorders (Graze and
Gale, 1979). Both aGVHD and cGVHD can be characterized as
resulting from an imbalance between the effector and regula-
tory arms of the immune system (Chen et al., 2009). Clinical

approaches that restore effective immune regulation are therefore
an attractive treatment strategy for GVHD, which currently has
no FDA-approved therapies. To that end, regulatory T (Treg) cells
which are potent suppressors of immune responses have been a
focal point of research studies designed to mitigate the severity of
GVHD in both pre-clinical murine models and in early stage clini-
cal trials. The optimization of these approaches, however, requires
a thorough understanding of the various Treg cell subsets and
how they coordinately regulate alloreactive donor T cell responses
during GVHD.

CD4+ TREG CELL SUBSETS
In 1995, Sakaguchi et al. (1995) identified a suppressive popula-
tion of CD4+ T cells that expressed high levels of the IL-2 receptor
α-chain (CD25). These cells, termed Treg cells, express the fork-
head box transcription factor Foxp3, which is both necessary and
sufficient for the suppressive ability of Treg cells (Fontenot et al.,
2005). Importantly, there are two distinct subsets of CD4+ Treg
cells. Natural Treg (nTreg) cells comprise 5–10% of the CD4+ T cell
compartment and develop in the thymus (Sakaguchi et al., 2006).
During negative selection, nTreg cells upregulate Foxp3 when they
recognize self-antigen rather than undergoing clonal deletion.
nTreg cells are responsible for maintaining immune homeosta-
sis and tolerance to self-antigen by inhibiting self-reactive T cells
in the periphery (Sakaguchi et al., 2006; Curotto de Lafaille and
Lafaille, 2009). A second subset of Treg cells which has been termed
induced Treg (iTregs) cells is generated when conventional T cells
are activated in the context of TGF-β and IL-2, resulting in the
upregulation of Foxp3 (Fantini et al., 2004). Alternatively, iTregs
can also be induced in a TGF-β-independent fashion (Schallen-
berg et al., 2010). Although the role of iTreg cells in controlling
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the immune response is not completely understood, these cells
are thought to be important for regulating peripheral T cell acti-
vation during infection and mediating the contraction phase of
the immune response (Curotto de Lafaille and Lafaille, 2009).
iTreg cells can also be generated in vitro by activating naive T
cells with either antigen or anti-CD3/anti-CD28 antibodies in the
presence of TGF-β and IL-2 (Chen et al., 2003; Fantini et al., 2004).
In vitro-generated iTreg cells are clinically attractive since they can
be grown in large numbers which facilitates the adoptive transfer of
these cells into recipients under conditions where obtaining a sim-
ilar number of nTreg cells may be logistically difficult. The relative
roles of nTreg and iTreg cells in regulating immune responses and
the extent to which they have unique or overlapping capabilities,
however, has not been defined and is an area of active investi-
gation. Studies performed by Haribhai et al. in murine models
of colitis or Foxp3-deficiency both suggest that nTreg cells and
in vivo-derived iTreg cells have distinct roles in preventing dis-
ease and that these populations act in a complementary fashion
to reduce inflammation (Haribhai et al., 2009, 2011). Elucidating
whether a similar relationship exists between these two Treg cell
populations in GVHD has not been critically examined.

ROLE OF CD4+ nTREG CELLS IN PRE-CLINICAL MODELS OF
GVHD
Since GVHD is characterized by the loss of tolerance and the
development of autoimmune manifestations, it is reasonable to
postulate that a deficiency in Treg cell reconstitution plays a crit-
ical role in GVHD pathophysiology. In fact, studies in mice have
demonstrated that there is a progressive loss of Treg cells during
aGVHD, and this leads to the emergence of autoreactive proin-
flammatory donor T cells (Chen et al., 2007). These cells are able
to mediate pathological damage when re-exposed to self antigens
which leads to autoimmunity, a hallmark of cGVHD. Thus, the
absence of Treg cells appears to contribute to both aGVHD and
cGVHD.

Given the critical role of Treg cells in the maintenance of
tolerance, several groups have tested the hypothesis that the adop-
tive transfer of Treg cells should ameliorate disease by restoring
defective tolerance mechanisms. These studies have been typically
performed by the isolation of CD4+ CD25+ T cells from the spleen
and secondary lymphoid tissue, or more recently, by obtaining
Treg cells from reporter mice in which GFP and Foxp3 proteins
are co-expressed in transgenic animals. It should be noted that
this population of cells which is generally considered to consist of
nTreg cells may actually include some iTreg cells, as there are cur-
rently no reliable markers to distinguish the two subsets (Curotto
de Lafaille and Lafaille, 2009). However, since iTreg cells must be
activated in order to upregulate Foxp3 (Fantini et al., 2004), naïve
mice are presumed to have much lower numbers of iTreg cells.
Therefore, CD4+ Foxp3+ T cells isolated from naïve mice have
been operationally considered to be nTreg cells.

The first published study was from Taylor et al. (2002) who
reported that both depletion of CD25+ T cells from the trans-
plant inoculum as well as in vivo CD25+ T cell depletion after
transplantation was associated with worsening of GVHD. In con-
trast, the adoptive transfer of CD4+ CD25+ nTreg cells along
with the marrow graft resulted in the amelioration of disease.

Since nTreg cells are difficult to isolate in large numbers from the
spleen and secondary lymphoid tissues, this group ex vivo acti-
vated and expanded CD4+ CD25+ T cells, and demonstrated that
these expanded nTreg cells were also potent suppressors of GVHD
(Taylor et al., 2002). These results were rapidly confirmed by other
investigators (Hoffmann et al., 2002; Edinger et al., 2003). Sub-
sequent studies demonstrated that adoptively transferred nTreg
cells must be of donor origin and that their suppressive ability
was due, at least in part, to IL-10 secretion (Hoffmann et al.,
2002; Tawara et al., 2012). Notably, nTreg cell adoptive transfer
was most effective when these cells were transferred before or at
the time of transplantation, while cell transfer at later time points
post transplantation was less effective at attenuating disease sever-
ity (Hoffmann et al., 2002; Taylor et al., 2002; Edinger et al., 2003).
The critical role for timing derived from the fact that nTreg cells are
necessary for inhibiting the early expansion of alloreactive donor
T cells (Edinger et al., 2003).

Early post transplantation, nTreg cells migrate to secondary
lymphoid organs, where they interact with effector T cells (Nguyen
et al., 2007) (Figure 1). Two studies concluded that only CD62Lhi

nTreg cells and not CD62Llo nTreg cells were able to mitigate
GVHD, suggesting that migration to the spleen and lymph nodes
early post transplantation is critical for nTreg cell suppressive func-
tion (Taylor et al., 2004; Ermann et al., 2005). This was further
evidenced by the fact that CD62Llo nTregs were able to suppress
alloreactive T cell proliferation in vitro but were non-functional
in vivo (Ermann et al., 2005). Subsequent studies demonstrated
that nTreg cells were necessary during T cell priming in order to
suppress GVHD-induced CD8+ T cell proliferation (Wang et al.,
2009) and render CD8+ T cells anergic (Kim et al., 2006). A
requirement for host antigen presentation on host APCs was also
identified to be both necessary and sufficient for nTreg cells to
attenuate lethal GVHD (Tawara et al., 2010).

Studies involving chemokine receptor expression on nTreg cells
further elucidated the importance of trafficking in nTreg cell-
mediated suppression of GVHD. CXCR3, CCR5, and CCR6 are
chemokine receptors that are responsible for directing cells toward
GVHD target organs (liver, lung, intestine) which are the sites
of GVHD-associated tissue damage (Wysocki et al., 2005; Varona
et al., 2006; Hasegawa et al., 2008). nTreg cells transfected with
CXCR3 display increased protection against GVHD as compared
to untransfected nTreg cells (Hasegawa et al., 2008). Similarly,
nTreg cells that are either CCR5 or CCR6 deficient exhibit dimin-
ished suppressive function in vivo despite their potent suppressive
function in vitro, as they are unable to migrate to sites of inflam-
mation (Wysocki et al., 2005; Varona et al., 2006). Zhao et al.
(2008) also reported that CD4+ CD103+ Foxp3+ nTreg cells
migrate directly to GVHD target organs due to high expression
of CCR5 and low expression of CD62L, and are able to ameliorate
cGVHD severity, providing additional confirmation that Treg cell
trafficking is critical for optimal protection from GVHD.

Although ex vivo nTreg cell adoptive transfer studies have been
relatively successful in preventing lethal GVHD, in vivo expansion
of nTreg cells may provide a more clinically relevant approach
for nTreg cell therapy. As previously noted, nTreg cells repre-
sent a minor population in the periphery; thus isolating these
cells in sufficient numbers for clinical use may be challenging.
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FIGURE 1 | Proposed mechanism(s) ofTreg cell suppression during
GVHD. (A). nTreg cells migrate to secondary lymphoid tissues, where they
prevent allorecognition by blocking the interaction between T cells and
dendritic cells. (B,C) nTreg and iTreg cells inhibit T cell activation in the
periphery by various mechanisms including cytokine deprivation, inhibitory

receptors, and release of suppressive cytokines. (D) A subset of nTreg and
iTreg cells lose Foxp3 expression and begin to secrete proinflammatory
cytokines due to unknown environmental cues. The role of these cells in
mediating pathological damage during GVHD is unknown. (This figure was
created using Visi ScienceSlides® Software).

Furthermore, while ex vivo expansion of nTreg cells preserves their
suppressive function, conducting clinical protocols that require
extended cell culture can be expensive, technically challenging,
and difficult to implement in many centers. In vivo expansion
of nTreg cells is therefore an attractive option when confronted
with limited resources for clinical translation. To that end, several
pre-clinical studies have demonstrated feasibility of this approach.
One strategy has employed IL-6 receptor blockade to increase
both nTreg and iTreg cell numbers in animals undergoing GVHD.
Mice treated with an anti-IL-6R monoclonal antibody exhib-
ited increased Treg cell reconstitution, decreased proinflammatory
cytokine secretion, and improved overall survival (Chen et al.,
2009). These studies are particularly relevant given that there
is currently an FDA-approved anti-IL-6R antibody, Tocilizumab,
which has shown activity in steroid refractory GVHD (Drobyski
et al., 2011), although whether this is attributable to an increase
in Treg cell numbers awaits further study. An alternative approach
has employed a monoclonal anti-CD28 antibody that acts as a
superagonist and results in the preferential expansion of nTreg
cells and a corresponding mitigation in GVHD severity (Kitazawa
et al., 2009).

Pharmacological strategies have also been tested in murine
GVHD models to determine whether Treg cell numbers can be

augmented after allogeneic HSCT. To that end, Shin et al. (2011)
demonstrated that the in vivo administration of rapamycin plus
IL-2 antibody complexes expanded the nTreg cell population and
reduced GVHD severity. Furthermore, a synthetic derivative of
a-galactosylceramide (KRN7000) which is a ligand for the CD1d
molecule has been shown to expand donor-derived Treg cells in a
dose-dependent manner and reduce GVHD-associated mortality
(Duramad et al., 2011). It is pertinent to note that it is difficult to
distinguish between in vivo expansion of nTreg cells and in vivo
conversion and/or expansion of iTreg cells. Thus, it is difficult to
exclude that these approaches may also result in the expansion of
iTreg cell populations as well.

ROLE OF CD4+ iTREG CELLS IN PRE-CLINICAL MODELS OF
GVHD
While the majority of rodent models of GVHD have focused on the
biology of nTreg cells, there has been much less attention devoted
to the role of iTreg cells in GVHD biology. This has been due, in
part, to the fact that there are no proven cell surface markers that
distinguish nTreg cells from iTreg cells. Consequently, isolation of
a pure iTreg cell population from donor animals for selective adop-
tive transfer studies is not currently feasible. Furthermore, de novo
iTreg cell generation in recipient mice is negligible during GVHD

www.frontiersin.org June 2013 | Volume 4 | Article 163 | 156

http://www.frontiersin.org
http://www.frontiersin.org/Immunological_Tolerance/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Beres and Drobyski Treg cells and GVHD biology

(Chen et al., 2009; Beres et al., 2011), making identification and
isolation of these cells in the host problematic as well. However,
iTreg cells can be easily generated from the conventional T cell pool
and expanded in culture (Fantini et al., 2004; Beres et al., 2011).
For this reason, the study of iTreg cells during GVHD has been
almost exclusively limited to the in vitro induction/expansion of
this population followed by adoptive transfer into recipient ani-
mals. In initial studies, iTreg cells were stimulated with allogeneic
dendritic cells or treatment with anti-CD3/anti-CD28 antibod-
ies in the presence of TGF-β and IL-2 to induce Foxp3 expression.
Administration of in vitro-differentiated iTreg cells along with BM
grafts containing alloreactive donor T cells did not result in any
significant protection from lethal aGVHD (Koenecke et al., 2009;
Beres et al., 2011), although one study did demonstrate efficacy in
a lupus-like cGVHD model (Zheng et al., 2004). A major reason
for the lack of observed protection in the aGVHD models was the
fact that there was limited in vivo survival of these cells which was
accompanied by instability of Foxp3 expression, resulting in a loss
of suppressive function early post transplantation (Koenecke et al.,
2009; Beres et al., 2011).

The reason that iTreg cells are unstable in vivo is not clear, but
one potential explanation is that the proinflammatory cytokine
milieu that occurs during GVHD may also render iTreg cells
more unstable. Supporting this premise are data demonstrating
that in vivo-derived iTreg cell conversion is significantly enhanced
when mice are treated with monoclonal antibodies that block
signaling through IL-6 or IL-21 which serves to reduce inflam-
matory cytokine production (Bucher et al., 2009; Chen et al.,
2009). Notably, both of these cytokines signal through Stat3 and
Stat3-dependent cytokines have been reported to limit iTreg cell
generation during GVHD (Pallandre et al., 2007; Laurence et al.,
2012). Indirect support for this premise also comes from the fact
that the only study in which iTreg cells that were generated by allo-
geneic dendritic cell stimulation were able to mitigate GVHD and
maintain their suppressive phenotype (Sela et al., 2011) was one
which employed a non-irradiation GVHD model where inflam-
matory cytokine production is more attenuated. Apart from block-
ing Stat 3-dependent cytokines as a strategy to augment iTreg cell
reconstitution in vivo, an alternative approach has involved the
culture of CD4+CD25− T cells with the hypomethylating agent 5-
azacytidine. Choi et al. (2010) reported that this treatment induced
Foxp3 expression in conventional CD4+ T cells both in vitro and
in vivo, and that transplantation of these cells ameliorated GVHD
severity.

We would note that instability of Foxp3 expression has also
been noted to occur in nTreg cells in non-transplant models (Zhou
et al., 2009; Pillai et al., 2011) as well as in GVHD (Laurence et al.,
2012), where these cells can revert to a proinflammatory pheno-
type under inflammatory conditions. Thus, inflammation appears
to affect Foxp3 stability in both CD4+ Treg cell populations.

CD8+ TREG CELLS IN GVHD
Foxp3+ Treg cells are classically defined as being a subset of the
CD4+ T cell compartment. However, a CD8+ Foxp3+ Treg popu-
lation has been described and found to be capable of suppressing
T cell responses in animal models of autoimmunity and allergen
exposure (Hahn et al., 2005; Tsai et al., 2010; Wong et al., 2010).

Furthermore, these cells have been shown to play a suppressive role
in patients that have undergone autologous HSCT for systemic
lupus erythematosus, and robust reconstitution of this cell popu-
lation has been associated with more durable remissions (Zhang
et al., 2009). CD8+ Foxp3+ T cells have also been documented in
the tumor microenvironment of patients with colon and prostate
cancer, suggesting that they may be a mechanism by which tumors
escape immune surveillance (Kiniwa et al., 2007; Chaput et al.,
2009). With respect to GVHD, work by three independent groups
reported that a suppressive population of CD8+ Foxp3+ iTreg
cells are induced early during GVHD (Beres et al., 2012; Robb
et al., 2012; Sawamukai et al., 2012). Like their CD4+ counter-
parts, these cells were found to be dependent on TGF-β and IL-2
for induction (Sawamukai et al., 2012) and comprised up to 70%
of the total iTreg population post transplantation (Beres et al.,
2012). Using different methodologic approaches, all three studies
also demonstrated that at least one functionally competent CD4+

or CD8+ iTreg cell population was required to prevent increased
GVHD-associated mortality (Beres et al., 2012; Robb et al., 2012;
Sawamukai et al., 2012). Interestingly, a small adoptively trans-
ferred population of CD8+ iTreg cells could be expanded in GVHD
recipients using IL-2 antibody complexes in conjunction with
Rapamycin as has been previously described with CD4+ Treg cells
(Shin et al., 2011; Robb et al., 2012). Recently, alloantigen-specific
human CD8+ Foxp3+ T cells have been induced in vitro and found
to suppress GVHD in a humanized mouse model (Zheng et al.,
2012). Protection was associated with a reduction in chemokine
and inflammatory cytokine production. These data suggest that
these cells may also be relevant in human allogeneic HSCT for the
protection from lethal GVHD. Since these cells do not exist in the
naïve state, however, they will likely need to be expanded using
in vitro or in vivo methodological approaches for translational
application.

ROLE OF TREG CELLS IN HUMAN GVHD
The approach that has been employed to address whether Treg cells
may serve to modulate the severity of GVHD in man has been to
correlate the absolute number and/or frequency of Tregs with the
subsequent incidence and severity of aGVHD and cGVHD. Sev-
eral reports have demonstrated a decreased frequency of Treg cells
in the peripheral blood of patients with high clinical grades of
aGVHD as compared to patients with lower grade aGVHD or no
GVHD (Li et al., 2010; Bremm et al., 2011). Moreover, Treg cell
frequency was shown to be reduced by as much as 40% in the
peripheral blood of allogeneic HSCT recipients that developed
GVHD as compared to autologous or allogeneic HSCT recipients
that displayed no signs of GVHD (Magenau et al., 2010). Similar
results have also been observed in cGVHD, where the frequency of
Treg cells negatively correlated with disease severity (Zorn et al.,
2005; Li et al., 2010; McIver et al., 2012). Whereas most human
studies have examined peripheral blood Treg cells; Rieger et al.
assessed mucosal Treg cell frequencies in intestinal biopsies, which
are perhaps a more relevant marker of disease. This group reported
that the ratio of Foxp3+ Treg cells to CD8+ T cells was significantly
decreased at the mucosal interface of GVHD patients as com-
pared to patients with intestinal inflammation unrelated to GVHD
(Rieger et al., 2006). Although most of these human studies have
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examined Treg cell frequency several weeks post transplantation
after the establishment of GVHD, one report found that the ratio
of Treg cells to T cells was decreased in aGVHD patients within
2 weeks of transplantation, prior to disease onset, suggesting that
this ratio may also be a good clinical predictor of GVHD (Fujioka
et al., 2013).

It is important to note, however, that not all studies have
demonstrated a correlation between reduced Treg frequency and
GVHD severity. Clark et al. (2004) observed that cGVHD patients
had increased numbers of peripheral blood CD4+CD25hi Treg
cells as compared to individuals without GVHD. This was sup-
ported by a more recent study that reported increased peripheral
Treg cell numbers in transplant recipients that developed cGVHD
with no prior aGVHD diagnosis (Ukena et al., 2011a). Interest-
ingly, the same study found decreased peripheral blood Treg cell
frequencies in patients whose aGVHD transitioned into cGVHD,
although the frequency of Treg cells in these patients increased
over a 6-month observation period (Ukena et al., 2011a). Treg
cells isolated from the peripheral blood of GVHD patients were
also found to display normal suppressive function (Clark et al.,
2004; Noel et al., 2008). Arimoto et al. (2007) employed an alterna-
tive strategy and demonstrated no significant correlation between
Foxp3 expression and the incidence of either aGVHD or cGVHD,
as measured by mRNA isolated from peripheral blood lympho-
cytes from allogeneic HSCT recipients. Finally, gastric biopsies
had comparable mucosal Treg cell frequencies in patients with
gastric GVHD and patients with no GVHD, suggesting that Treg
cell frequencies do not correspond to disease incidence or severity
in this tissue site (Lord et al., 2011).

The reason for the differences observed in these studies is not
entirely clear. For the most part, however, studies that have failed
to demonstrate that a reduction in Treg cell frequency and/or
absolute numbers is associated with increased GVHD severity
have relied on CD25 expression to delineate Treg cell popula-
tions, whereas those that have reported a positive correlation have
tended to employ Foxp3 expression as a readout for this Treg cell
population. Thus, it is possible that the reliance on different phe-
notypic markers may result in somewhat different populations
being examined and be a potential explanation for these discordant
results.

DONOR-DERIVED TREG CELLS IN HUMAN HSCT
An alternative approach to examine the effect of Treg cells on
GVHD severity in human allogeneic HSCT has been to assess the
number of donor-derived Treg cells within the graft prior to trans-
plantation. In this regard, Rezvani et al. (2006) determined that
increased frequencies of CD4+Foxp3+ Treg cells in the periph-
eral blood of the donor negatively correlated with the incidence of
GVHD in the graft recipient. Several subsequent studies confirmed
this correlation in recipients of HLA-identical sibling and unre-
lated donor stem cell grafts (Pabst et al., 2007; Wolf et al., 2007),
indicating that hematopoietic stem cell graft content appears to
modulate GVHD severity. Notably, Blache and colleagues reported
that although peripheral blood stem cell (PBSC) grafts include
increased numbers of CD4+CD25+CD127lo Treg cells as com-
pared to bone marrow grafts, the frequency of peripheral blood
Treg cells is reversed post transplantation. This was presumed to be

due to the fact that PBSC Treg cells tended to be CD62Llo as a con-
sequence of both granulocyte colony stimulating factor treatment
for mobilization and the subsequent leukapheresis process (Blache
et al., 2010). In that regard, increased numbers of CD62L+ Treg
cells in the graft have been found to correlate with reduced GVHD
incidence (Lu et al., 2011), which is likely due to the ability of these
cells to enter the secondary lymphoid tissue where allorecognition
by donor T cells and GVHD initiation occurs. This is consistent
with what has been reported in rodent models of GVHD where
the CD62L+ Treg cell population is more potent at suppressing
GVHD than the corresponding CD62Llo population (Taylor et al.,
2004).

TREG CELL CLINICAL TRIALS
Less than two decades after their discovery, Treg cells are now enter-
ing into clinical trials in allogeneic HSCT recipients. Pre-clinical
murine models of GVHD have provided much insight into Treg
cell-based therapy, but most mouse studies have been performed
using Foxp3-GFP reporter mice where Foxp3-expressing Treg cells
can be definitively isolated for adoptive transfer studies. This is not
a luxury that is available in human studies where CD25 expression
necessarily serves as a surrogate for Foxp3. However, since CD25
is upregulated on all activated T cells, further phenotypic charac-
terization of these cells has been generally thought to be necessary
for their use in man. To that end, Ukena et al. (2011b) compared
the phenotype, function, and stability of many Treg cell subsets
and deemed that CD4+CD25hiCD127− or CD4+CD25hiICOS+

Treg populations were likely to be most suitable for human adop-
tive transfer studies. Many groups have also identified in vitro
expansion protocols that yield high number of Treg cells for adop-
tive transfer (Karakhanova et al., 2006; Hippen et al., 2011a,b;
Veerapathran et al., 2011; Chakraborty et al., 2013; Golab et al.,
2013). Recently, Hippen et al. (2011a) utilized rapamycin and
TGF-β treatment to generate and expand iTreg cells, which were
potent suppressors in a xenogeneic model of GVHD. Likewise,
Chakraborty et al. defined a protocol for the large-scale expan-
sion of nTreg cells. These ex vivo-expanded cells also amelio-
rated disease in a xenograft model of GVHD (Chakraborty et al.,
2013).

One of the first reported clinical studies was conducted by
Brunstein et al. who performed a phase I clinical prophylaxis trial
with cord blood-derived Treg cells. The rationale for the use of
cord blood-derived Treg cells was based, in part, on earlier stud-
ies, that had shown that they express similar levels of CTLA-4,
Foxp3, GITR, and CD25 as adult peripheral blood Treg cells, and
when stimulated by alloantigen, were potent suppressors of T cell
expansion (Chang et al., 2005). Furthermore, cord blood Treg cells
were shown to be resistant to immunosuppressant drugs that are
commonly used to treat GVHD (Porter et al., 2006) and could
therefore interfere with Treg suppressive function. In this phase I
trial, Brunstein et al. (2011) demonstrated that these cells could
be safely administered, but whether they had a role in protecting
patients from GVHD could not be adequately assessed due to the
design of the study.

A second clinical trial was performed by Di Ianni et al. (2011),
in which Treg cells were adoptively transferred into patients receiv-
ing haploidentical transplants. This was also a prophylaxis trial but
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the source of Treg cells was from the donors who also provided
the stem cells that were used to engraft the patients, as opposed
to cord blood. In this report, >90% of enrolled patients engrafted
and only 2/26 patients had ≥grade 2 aGVHD. No patient had
developed cGVHD at the time of publication.

There has been one small study involving two patients in which
expanded Treg cells were administered to patients with docu-
mented GVHD (Trzonkowski et al., 2009), as opposed to being
given to prevent disease. Cells were obtained from family donors
who were HLA-identical with the recipients, activated with anti-
CD3/CD28 beads and then cultured in high doses of IL-2 for
3 weeks. One patient had cGVHD, while the second had refractory
aGVHD. The former patient had a partial response as determined
by the ability to reduce concurrent immune suppressive agents
along with objective improvement in some clinical parameters.
The latter patient, however, had no sustained improvement despite
multiple Treg cell infusions.

An alternative approach to harness the potential for Treg cell
therapy in humans is based on the requirement of these cells for
IL-2. Specifically, Zorn et al. (2009) found that IL-2 therapy in
combination with CD4+ donor leukocyte infusions, used to treat
relapsed hematologic malignancies post HSCT, resulted in Treg
cell expansion in vivo. This same group then utilized this strategy
to treat glucocorticoid refractory cGVHD patients. The adminis-
tration of low dose IL-2 was associated with an amelioration of
disease severity and this correlated with an increase in the num-
ber of Treg cells (Koreth et al., 2011). Thus, the administration of
cytokines capable of inducing the in vivo expansion of Treg cells
may be a more clinically feasible strategy to enhance Treg reconsti-
tution post transplantation, as compared to more costly expansion
strategies.

Collectively, these studies are exciting evidence that Treg
cell therapy has now entered into the clinic. Going forward,

well-designed trials will be necessary to determine whether these
cells are indeed capable of preventing and/or treating patients with
established GVHD.

UNRESOLVED QUESTIONS
Despite the significant progress that has been made in under-
standing the role of Treg cells in GVHD biology, a number of
questions remain. First of all, the relative roles of CD4+ nTreg cells,
CD4+ iTreg cells, and CD8+ iTreg cells in GVHD biology remain
unclear. Elucidating the mechanisms by which the respective cell
subsets function may provide insight for developing better thera-
peutic strategies. Furthermore, additional studies are required to
ascertain whether CD4+ and CD8+ Treg cell populations function
cooperatively or whether they have overlapping redundant roles
in GVHD biology.

Secondly, accumulating evidence indicates that Treg popula-
tions, particularly those that are expanded in vitro, have unstable
Foxp3 expression. Since Foxp3 expression is necessary for sup-
pressive function, further inquiry is needed to determine whether
Foxp3 expression can be stabilized especially under pro inflamma-
tory conditions which characterizes the GVHD milieu (Koenecke
et al., 2009; Beres et al., 2012; Laurence et al., 2012).

Finally, current Treg cell-based immunotherapy approaches
rely on the expansion of polyclonal populations of Treg cells. The
best source of Treg cells and the optimal culture conditions for
ex vivo expansion remain unresolved. Moreover, it is possible that
alloantigen-specific Treg cells may be more potent in suppressing
GVHD, and should be studied further (Albert et al., 2005; Gaidot
et al., 2011; Sagoo et al., 2012). A potential advantage of this strat-
egy is that adoptively transferred Treg cells may not suppress the
immune response to third party antigens which could preserve
the ability of patients to mount competent anti-infectious and
anti-tumor immunity (Gaidot et al., 2011).
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Thymically derived Foxp3+ regulatory T cells (tTregs) constitute a unique T cell lineage that
is essential for maintaining immune tolerance to self and immune homeostasis. However,
Foxp3 can also be turned on in conventionalT cells as a consequence of antigen exposure in
the periphery, under both non-inflammatory and inflammatory conditions. These so-called
peripheral Tregs (pTregs) participate in the control of immunity at sites of inflammation,
especially at the mucosal surfaces. Although numerous studies have assessed in vitro
generated Tregs (termed induced or iTregs), these cells most often do not recapitulate the
functional or phenotypic characteristics of in vivo generated pTregs. Thus, there are still
many unanswered questions regarding theT cell receptor (TCR) repertoire and function of
pTregs as well as conditions under which they are generated in vivo, and the degree to
which these characteristics identify specialized features of pTregs versus features that are
shared with tTregs. In this review, we summarize the current state of our understanding
of pTregs and their relationship to the tTreg subset. We describe the recent discovery of
unique cell surface markers and transcription factors (including Neuropilin-1 and Helios) that
can be used to distinguish tTreg and pTreg subsets in vivo. Additionally, we discuss how
the improved ability to distinguish these subsets provided new insights into the biology of
tTregs versus pTregs and suggested differences in their function and TCR repertoire, con-
sistent with a unique role of pTregs in certain inflammatory settings. Finally, these recent
advances will be used to speculate on the role of individual Treg subsets in both tolerance
and autoimmunity.

Keywords: regulatoryT cell, immune tolerance, autoimmunity, neuropilin-1, Helios

INTRODUCTION
Immune tolerance is a key feature of the immune system that is
designed to preserve self-tissues while allowing effective responses
against infections. While most autoreactive T cells are deleted
centrally in the thymus, peripheral T cells harbor self-reactive T
cells that are kept in check by a number of intrinsic and extrin-
sic immunoregulatory mechanisms, among which suppressor or
regulatory T cells (Tregs) play a crucial role. The importance of
Tregs in maintaining peripheral tolerance to self-tissues is evi-
denced in both mice and humans by the fatal autoimmune disease
that results from a loss of function mutation in the Foxp3 gene,
the master transcription factor expressed selectively in Tregs (1–
3). Tregs arise both in the thymus (tTregs) and extrathymically in
the periphery (pTregs) as a consequence of induction of Foxp3
upon antigen exposure (4, 5). This nomenclature used to describe
Treg subsets in this review is based on the recent recommenda-
tions by prominent researchers in the field (5). The discovery
that TGF-β induces Foxp3 expression and suppressive activity
in conventional T cells in vitro raised the possibility that Tregs
could be extrathymically generated from naïve T cells in both
mice (6, 7) and humans (8). However, signals that lead to the
generation of pTregs in vivo have been less clearly defined. Histori-
cally, sub-immunogenic doses of antigen (9) as well as endogenous
expression of foreign antigen in a lymphopenic environment (10)

have been shown to induce pTregs in vivo. It is now becoming
increasingly clear that pTregs arise in various conditions and could
constitute a significant portion of Tregs in the periphery, especially
in tissues such as the lamina propria (11). This also raises the
question of whether pTregs are functionally similar to tTregs. Are
pTregs induced to carry out a specific function or are they merely
generated as a byproduct of antigen exposure in the periphery?
Neonatal thymectomy experiments in mice strongly suggest that
Tregs generated in the thymus are key to immune tolerance and
peripherally generated Tregs are not sufficient to keep autoreac-
tive cells in check (12–14). However, recently, pTregs have been
shown to perform indispensable functions in controlling autoim-
mune responses under certain inflammatory conditions (15–17).
With recent advances in the ability to distinguish thymic versus
peripherally derived Tregs using neuropilin-1 (Nrp-1) and Helios,
specific differences in gene expression, epigenetic modification,
and the stability of Foxp3 expression between these two subsets
are starting to emerge. Further defining their commonalities and
differences will be important for elucidating biological functions
and contributions of each Treg subset in maintaining peripheral
tolerance, as well as their respective role in a variety of disease
settings ranging from autoimmunity to cancer and infectious dis-
eases. Of note, other subsets of Foxp3− regulatory T cells with
suppressor functions have been described, such as IL-10 producing
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Tr1 cells and TGF-β producing Th3 cells. However, in this review,
we will focus on Foxp3+ tTregs and pTregs, highlighting key find-
ings and recent progress in the field, and discussing the remaining
unanswered questions.

CHARACTERISTICS OF pTREGS
Ever since it was discovered that TGF-β plays a key role in inducing
Foxp3 expression in naïve T cells in vitro, there has been a consid-
erable amount of interest in determining if a similar conversion of
conventional T cells into Foxp3+ Tregs takes place in vivo. While
Foxp3 is a critical orchestrator of Treg biology, it is not enough by
itself to drive their full transcriptional program (18–21). Neither
the induction of Foxp3 by TGF-β nor its exogenous expression by
retroviral transduction can fully recapitulate the canonical Treg
signature or the suppressive activities of tTregs (19, 20). Hence,
in vitro generated iTregs may not replicate the true phenotype of
in vivo peripherally generated Tregs and therefore are not ideal for
studying pTregs.

Early evidence that pTregs were generated in vivo came from
studies performed before the identification of Foxp3 as the mas-
ter transcription factor for Tregs (22). Interestingly, pTregs in these
studies were shown to exhibit a true Treg phenotype and to express
canonical Treg markers such as CTLA-4, GITR, and CD103.
Although the role of antigen exposure was not addressed in those
studies, the requirement for IL-2 was clearly established. Later on,
it was shown that optimal induction of pTregs is associated with
non-immunogenic antigen delivery methods such as oral or intra-
venous injection, peptide pumps, or antibody-mediated DC tar-
geting in the absence of adjuvants (9, 23). In vivo converted pTregs
are effective suppressors in in vitro assays (9, 10, 24, 25) whereas
TGF-β induced iTregs are not fully suppressive and acquire only a
portion of the Treg transcriptional signature (6, 8, 19, 26) further
highlighting the differences between iTregs and pTregs.

Feuerer et al. performed a comprehensive gene-expression
analysis to characterize Foxp3+ Tregs generated under different
conditions in vivo. Their analysis showed a remarkable hetero-
geneity between different populations, which perhaps highlighted
the true adaptive nature of pTregs (20). Helios, an ikaros family
transcription factor, was recently described as a specific marker for
tTregs. Indeed, Thornton et al. reported that Helios is expressed
highly on Foxp3+ Tregs in the thymus while approximately 70%
of Tregs express Helios in the periphery (27). They suggested that
these Helios+ cells may represent tTregs and that Helios could
be used to distinguish between thymus- and periphery-generated
Tregs. However, others have argued that Helios is induced during
T cell activation and proliferation, and can also be upregulated in
Foxp3+ iTregs in vitro and pTregs in vivo (28, 29). In addition to
the these controversies, Helios is localized intracellularly and thus
has a limited value as a marker to separate the two subsets of Tregs
for functional studies.

We recently generated a myelin basic protein (MBP)-specific
T cell receptor (TCR) transgenic (Tg) named 1B3 mouse in
which pTregs were spontaneously generated in the periphery
when these mice were crossed onto the RAG-2 knockout back-
ground. Through a series of experiments utilizing pTregs from
this strain, we found that Nrp-1 was expressed on tTregs only
and that Nrp-1 expression could be used to distinguish tTregs

from peripherally generated pTregs in other settings (30). Con-
sistent with the MBP.TCR.Tg 1B3 mouse, pTregs generated with
low dose-antigen in ovalbumin-specific TCR.Tg BALB/c mice also
failed to express Nrp-1, indicating that a lack of Nrp-1 expres-
sion is a general feature of pTregs. The Lafaille group reported
similar findings where mucosa-generated pTregs expressed low
levels of Nrp-1 in contrast to tTregs. This was further addressed
in studies in mice lacking conserved non-coding elements at the
Foxp3 locus (CNS1), the region that has binding sites for Smad 3
and the retinoic acid receptor. CNS1−/− mice have normal num-
bers of tTregs but show severe impairment in the development of
pTregs (16, 31). The frequency of Nrp-1−Foxp3+ Tregs is greatly
reduced in the periphery in the CNS1−/− mice, which is con-
sistent with a lack of pTregs. The defects were most striking at
mucosal surfaces, which are the primary sites for pTreg genera-
tion. Finally, Foxp3+ Tregs in the thymus express high levels of
Nrp-1, although a small proportion of Nrp-1lo cells are present
among CD8−CD4+Foxp3+ cells. Not surprisingly, this subset is
restricted to the CD24hiQa-2lo immature thymocyte subset, sug-
gesting that tTregs upregulate Nrp-1 before they mature in the
thymus (30). Weiss et al. further validated this finding in a series
of experiments showing that Nrp-1lo Foxp3+ cells in the thymus
upregulate Nrp-1 before exiting the thymus (31). Of note, expres-
sion of Nrp-1 can distinguish pTregs and tTregs in circulating cells
but not inflamed tissues since pTregs can upregulate Nrp-1 during
inflammation, as discussed in the next section.

Epigenetic regulation of gene-expression plays an important
role in differentiation and stabilization of T cell lineages (32, 33).
In tTregs, demethylation of CpG islands in Foxp3 conserved non-
coding region 2 (Treg-specific demethylation region or TSDR) is a
hallmark feature and is thought to reflect stable, constitutive Foxp3
expression in this population (34). In vitro induction of Foxp3 by
TGF-β is not sufficient to induce TSDR demethylation, whereas
in vivo generated pTregs exhibit variable patterns. Some of the
initial studies showed that in vivo generated pTregs have demethy-
lated TSDR (35), although, this has been contradicted in recent
studies showing that pTregs express methylated CpG motifs in
TSDR (15). This, as discussed above, may reflect differences in the
animal models used or perhaps may be due to the heterogeneity
of the pTreg population. In our studies, pTregs that were isolated
based on Nrp-1 expression show a pattern similar to tTregs with
>85% demethylation in TSDR. Similarly, a recent study by Miyao
et al. (36) showed that pTregs, once stabilized in vivo, display a
demethylated TSDR (36). Recently, the Sakaguchi group further
established that Treg development is contingent upon on CpG
demethylation not only in the TSDR but also in signature genes
such as Tnfrsf18, CTLA-4, Ikzf4, and Il2ra (37). Demethylation
in these genes in tTregs establishes a tTreg-type CpG hypomethy-
lation pattern, which is required for full Treg cell development
in addition to Foxp3 expression. Interestingly, in vivo converted
pTregs in their studies exhibited remarkable demethylation in the
genes listed above, similar to what was observed in tTregs (37).
Thus, Treg development is not solely dictated by the epigenetic
regulation of Foxp3 but is achieved by the establishment of Treg-
specific demethylation patterns and future epigenetic studies of
pTregs need to include not only TSDR but also other signature
genes to determine a fully committed Treg state.
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ARE TREGS IN TISSUES COMPRISED MOSTLY OF pTREGS?
During inflammation Treg numbers increase in the relevant tis-
sue and could constitute up to 50% of all CD4+ T cells. Tregs
in tissues exhibit a unique phenotype that is reminiscent of the
tissue microenvironment, as exemplified by PPARγ expression
in Tregs in the adipose tissue (38). The term “tissular Tregs”
has been used to define these tissue-resident Tregs (39). Tissu-
lar Tregs are not only important in controlling inflammation
locally but also perform unique functions (which may be direct
or indirect) such as controlling insulin sensitivity in the fat (40).
Unpublished observations from our group further indicate that
Tregs in tissues such as the muscle may be involved in tissue
remodeling during an inflammatory or damage response (Vil-
lalta et al., unpublished observations). However, where these Tregs
originate from is still unclear. They could arise in the thymus
and accumulate in the tissue due to migration and prolifera-
tion in response to inflammation. Conversely, there is a strong
possibility that these Treg cells are generated by conversion of
CD4+CD25− conventional T cells (Tconv cells) upon antigen
encounter in the tissue. In support of this hypothesis, a recent
study showed that tissue-resident macrophages play a key role in
generation of pTregs in lungs. These macrophages coexpressed
TGF-β and retinal dehydrogenases (RALDH1 and RALDH 2)
under steady-state conditions and sampling of airborne antigens
by these macrophages and presentation to antigen-specific CD4
T cells resulted in the generation of tissue-resident Foxp3+ Tregs
(41). In ongoing studies in our lab, we have observed the accu-
mulation of Tregs in muscles during inflammation. The origin of
these Foxp3+ Tregs is still not known but they express high lev-
els of Nrp-1 (Villalta et al., unpublished observations), suggesting
their thymic origin. However, pTregs have been shown to upreg-
ulate Nrp-1 expression, especially in tissues during inflammation.
Indeed, pTregs upregulate Nrp-1 during EAE or lung inflamma-
tion, and we also observed upregulation of Nrp-1 expression on
pTregs during autoimmune response in pancreas (unpublished
observations). Thus, Nrp-1-expressing Tregs present in inflamed
tissues may not solely be thymically derived but could be gen-
erated by conversion. We believe that presence of pTregs could
play a critical role in controlling local inflammatory responses
in tissues and may have clinical significance for certain human
diseases.

DIFFERENCES IN pTREG VERSUS tTREG DEVELOPMENT
It has been postulated that tTreg development in the thymus
is associated with high affinity TCR/MHC-peptide interactions
while pTreg differentiation in the periphery is induced under sub-
immunogenic conditions (9, 23, 31, 42, 43). This was evident
in studies utilizing adoptive transfers of antigen-specific T cells,
where the largest induction of Foxp3 in the periphery occurred
after priming with low doses of their cognate antigen (44, 45).
Interestingly, a low dose of high affinity agonist peptide sup-
ports pTreg induction while a low affinity peptide agonist poorly
generates pTregs (46).

The relationship between the signaling pathways that promote
the development of tTregs in the thymus and that elicit conversion
into pTregs in the periphery is not entirely clear. TCR engage-
ment and IL-2 signaling are indispensable for generation of all

Tregs but pTregs require additional factors such as TGF-β and
retinoic acid (47, 48). Blockade of TGF-β in vivo inhibits differ-
entiation of antigen-specific pTregs (49). In mice lacking binding
sites for smad3 in the Foxp3 enhancer region (CNS1), there is a
lack of pTregs development (16). When congenically marked WT
or CNS1−/−CD4+Foxp3− T cells were transferred into RAG1−/−

recipient mice, the induction of Foxp3 was observed only in WT
and not in the CNS1−/− cells. Similarly, the in vitro assay demon-
strated a significant reduction in the induction of Foxp3 in naïve
T cells deficient in CNS1 (16) suggesting a dominant role for
TGF-β signaling in extrathymic pTreg generation. It has also been
argued that tTregs and pTregs have different requirement for co-
stimulation. CTLA-4 has been shown to be upregulated on iTregs
induced with TGF-β and its role in tTreg generation is debated
(50, 51). In contrast, contribution of CD28 co-stimulation in tTreg
generation in the thymus is well documented. The CD28-deficient
mice show markedly lower number of Foxp3+ in thymus and the
periphery (52, 53). CD28 may regulate Treg generation though
alteration of avidity of T cell antigen-presenting cell (APC) inter-
action, promote IL-2 production or directly affect T cells signaling
and survival (53, 54). However, whether CD28 is indispensable for
pTreg generation has not been proven.

Besides these factors, pTreg generation in the periphery is
thought to require self-antigen encounter by Tconv and may
depend on encountering a specialized subset of APCs. As discussed
earlier, APCs such as lung resident macrophages are conditioned
by the local milieu and can develop the ability to induce pTreg
conversion (41). In this regard, dendritic cells (DCs) are known
to be highly tolerogenic in certain circumstances and their deple-
tion can lead to decreased Foxp3+ Tregs and increased effector
T cell responses, suggesting a major role for antigen presenta-
tion by DCs in maintaining/converting Tregs in the periphery
(55–57). Recent studies have led to the hypothesis that certain
DC subsets are better equipped at converting Tregs than others.
It was initially believed that antigen presentation by immature
DCs leads to pTreg cell conversion whereas mature DCs promote
effector function but more recent studies have questioned this
(57–59). Targeting of antigen to immature DCs via DEC205 or
antigen presentation by CD103-expressing DCs favor the induc-
tion of pTregs in vivo (10, 48, 60). A recent report showed that
migrating DCs are superior to tissue-resident DCs in their ability
to induce Foxp3 (61). In this study by targeting self-antigen to skin
migratory or lymphoid-resident DCs the investigators found that
skin langerin+ DCs have unique ability to promote generation
of pTregs in vivo. Moreover, there is evidence that plasmacytoid
DC subsets can also enhance induction of pTregs in mucosal sites
such as the lung (62). Hence, the combination of soluble factors
in the microenvironment, such as TGF-β and IL-2, and antigen
presentation by specialized APCs seems to be critical for pTreg
cell generation. This is particularly evident in the gut mucosa,
where pTregs are generated with precise antigen specificities and
characteristics. This results in a specialized pTreg subset, which is
important for controlling local inflammatory responses but differ
functionally from the tTregs that are generated to maintain gen-
eral immune homeostasis. In this regard, the specific contribution
of individual APC subsets to Treg induction in the thymus is not
completely understood. Although it has been shown that antigen
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presentation by AIRE expressing medullary epithelial cells and
DCs are important in Treg differentiation, the pathways involved
are still poorly defined (63–65). Recently, the CD27-CD70 pathway
has been shown to be important in promoting Treg development
by DCs and medullary epithelial cells (66). CD70 expression on
medullary thymic epithelial cells and on DCs enhanced positive
selection of Tregs and promoted the survival of developing Tregs.
Of note, AIRE expressing extrathymic cells have been described
as regulating peripheral tolerance but whether this is mediated
through pTreg induction has not been addressed (67).

FUNCTION AND STABILITY OF pTREGS
It is well established that tTregs are crucial for preventing autoim-
munity and exaggerated immune responses. Thymectomy in mice
on day 3 after birth results in organ-specific autoimmune diseases
due to lack of Treg development, which can be prevented by inoc-
ulation of CD25+CD4+ Tregs (13, 14). These findings suggest
a limited role for pTregs in the absence of tTregs in controlling
autoimmune responses. However, studies aimed directly at ana-
lyzing pTregs function in vivo have been few, due to the lack of
appropriate animal models. Most functional studies have utilized
in vitro TGF-β-induced iTregs and have shown them to be pro-
tective (25, 68, 69). In this regard, TGF-β-induced antigen-specific
iTregs are highly efficient in controlling onset of autoimmunity in
murine model of autoimmune gastritis through inhibition of DC
functions and modulation of T cell trafficking (70, 71). However,
studies comparing suppressive functions of Treg subsets directly,
have found iTregs to be less efficient than tTregs (15, 19). These
studies likely reflect a lack of acquisition of the full Treg program by
TGF-β-induced iTregs, which in combination with other factors,
such as number of cells injected and type of animal model used,
may influence their efficacy. The functional analysis of pTregs has
mostly been limited to mucosal tolerance, inflammatory responses
to foreign antigens, and animal models that may not reflect phys-
iological conditions. Haribhai et al. showed recently that tTregs
were unable to suppress chronic inflammation and autoimmu-
nity in the absence of pTregs (15). In their model, tTregs alone
were not sufficient to maintain tolerance when transferred into
Foxp3-deficient mice. However, when Foxp3− Tconv cells were
co-injected with tTregs, peripherally generated pTregs represented
∼15% of Treg pool and acted in concert with tTregs to restore tol-
erance. It is difficult to draw full conclusion based on these studies
due to the reported inconsistencies in the behavior of effector T
cell responses in scurfy mice. Despite this, if similar functions of
pTregs were observed in other animal models, it would support
an interesting paradigm, that pTregs are generated to complement
tTregs and contributions by both pTregs and tTregs are neces-
sary to establish tolerance. We further hypothesize that tTregs are
required for immune homeostasis and broad-spectrum control of
autoimmune responses, whereas pTregs are generated to control
inflammation locally in tissues and this suppression may be tran-
sient due to the short lifespan/stability of pTregs (Figure 1). In this
regard, the Rudensky group has argued that pTregs have a limited
role in maintaining tolerance by showing that the absence of pTregs
does not result in spontaneous autoimmunity or exacerbation of
induced tissue-specific autoimmunity. They used CNS1−/− mice,
which have selective impairment in pTreg generation, and showed

FIGURE 1 | Model depicting the generation and function of tTregs and
pTregs. Nrp-1hi tTregs are generated in the thymus and are important in
maintaining immune homeostasis and controlling autoimmune responses.
During the course of an immune response, Nrp-1lo pTregs are generated in
response to Ag presentation by specialized APCs and control effector T cells
(Teff) at the site of inflammation. pTregs help in controlling inflammation
locally and may be more effective than tTregs at suppressing Teff due to
overlapping antigen specificity.

that CNS1−/− mice developed pronounced Th2-type pathologies
with hallmarks of allergic inflammation and asthma (16). This
was attributed to a lack of GATA-3-expressing Tregs in CNS1−/−

mice, in agreement with recent studies showing that Tregs can
specifically suppress immune responses driven by a given effec-
tor T cell subset (Th1, Th2, etc. . .) by expressing transcription
factors and chemokine receptors typically associated with this
subset. Although consistent expression of Foxp3 is required to
reinforce the regulatory program, Treg cells can also undergo
stimulus-specific differentiation that is regulated by transcription
factors typically associated with the differentiation of conven-
tional CD4+ T cells. This results in effector Tregs with unique
migratory and functional properties expressing transcription fac-
tors involved in regulation of the corresponding type of effector
immune responses. These “effector Tregs” have unique functional
properties and are better equipped to control ongoing immune
responses (72, 73). The first evidence of effector Tregs came from
findings showing that the expression of IFN regulatory factor
(IRF) 4, which is required for the differentiation of Th2 and Th17
cells, is required for the control of Th2-driven autoimmunity (74).
This concept has further been extended after subsequent studies
showing T-bet and STAT3 expression in Tregs control Treg migra-
tion and suppressive functions during Th1 and Th17 immune
responses, respectively (75, 76). Hence, in CNS1−/− mice, the
lack of GATA-3+ Tregs could be responsible for the exaggerated
Th2 response. This raises an interesting possibility that effector
Tregs are part of the pTreg pool, which allows them to be bet-
ter equipped with effector T cell machinery. This possibility has
not been addressed directly. One of the most prominent func-
tions of pTregs has been reported in the maintenance of fetal
tolerance during pregnancy. During pregnancy, pTregs are gen-
erated against a paternal alloantigen in a CNS1 dependent man-
ner and enforce maternal-fetal tolerance. CNS1 deficient females
exhibit increased embryo resorption accompanied by increased
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immune cell infiltration during allogeneic but not syngeneic preg-
nancy, which are features observed in human preeclampsia (17).
A similar phenomenon has been observed in human pregnancy,
where Helios−Foxp3+ Tregs are increased in the peripheral blood
of healthy pregnant women when compared to non-pregnant
controls or preeclamptic patients (77). These results argue that
pTregs serve as the predominant subset in suppressing the fetal-
specific immune response and defect in pTregs may be central to
pathogenesis of preeclampsia (78, 79).

In our studies, we found that pTregs were efficient in con-
trolling the islet-specific autoimmune response in lympho-replete
conditions in NOD.CD28−/− mice, which have a greatly reduced
number of tTregs (30). In contrast, in lymphopenic conditions,
we found that Nrp-1hi tTregs were able to control EAE induced
by MBP-reactive T cells but Nrp-1lo pTregs were unable to exhibit
similar suppressive functions in vivo. These results suggest that
the functions of pTregs and tTregs are not overlapping and these
subsets may present specialized suppressive functions adapted
to individual immunological milieus and inflammatory settings.
Nrp-1 is a key protein with important functions in Tregs that
may provide Nrp-1-expressing tTregs a functional superiority over
pTregs. Indeed, Nrp-1 can enhance the interactions between Treg
cells and DCs and can directly promote the activation of the latent
form of TGF-β (80, 81). It remains to be explored whether reduced
expression of Nrp-1 on pTreg cells result in compromised sup-
pressive function under certain inflammatory conditions. In this
regard, it has been shown that Treg cells from Nrp-1−/− mice are
less suppressive than WT Treg cells and blocking of Nrp-1 abro-
gates suppression of proliferation of responder T cells by Treg
cells (81).

One of the striking differences we observed between two subsets
of Tregs was the stability of Foxp3 expression. Under lymphopenic
conditions, where IL-2 availability might be limited, a greater pro-
portion of pTregs lost Foxp3 compared to tTregs. This was also
evident when the MBP.TCR.Tg 1B3 mouse was crossed onto a
Treg lineage reporter system. 1B3.RAG−/− mice, which develop
Tregs only in the periphery, lack Tregs in the thymus. In order
to lineage track Tregs we crossed MBP.TCR.Tg 1B3 mouse onto
Foxp3.GFP.Cre.YFPfl/fl background (82), there was a significant
increase in the frequency of YFP+GFP− “exFoxp3 cells” compared
to WT or 1B3.RAG+/− mice (Figure 2). Decreased stability and
plasticity of Foxp3 expression in pTregs is perfectly in line with the
overall function of pTregs, i.e., to control ongoing inflammation
and then decline once immune responses are terminated (83–85).
The instability of Foxp3 expression in pTregs may allow these cells
to revert back to Tconv cells once the inflammation is cleared or
antigen presentation is reduced, helping them in responding to a
local inflammation without having a long-term suppressive out-
come. This notion was further supported in studies by Miyao et
al. showing that peripherally induced Foxp3+ T cells contain both
unstable and stable cells which show reduced stability compared
to tTregs in lymphopenic conditions (36). Thus, the growing evi-
dence suggests that while tTregs are central to immune homeostasis
and controlling autoimmunity, pTregs have specialized functions
depending on the type of inflammation while playing an indispen-
sible role in certain settings such as mucosal immunity and fetal
tolerance.

FIGURE 2 | Stability ofTreg subsets in MBP.TCR.Tg 1B3 mice using
lineage reporter system. The MBP.TCR.Tg mouse when crossed onto
RAG−/− background lacks tTregs but generates pTregs in the periphery
highlighted by red box (GFP+YFP− subset). The FACS plots depicting
expression of GFP and YFP by CD4+ T cells from LNs of 3- to 4-week-old
MBP.TCR.Tg.RAG−/−.Foxp3-Cre×R26-YFP or MBP.TCR.Tg.RAG+/−.
Foxp3-Cre×R26-YFP mice are shown. In the current gating strategy,
GFP+YFP+ population represents the stable Treg subset whereas GFP−YFP+

gate represents unstable Tregs, which previously expressed Foxp3. Cells
gated on CD4+ T cells are shown and numbers around the outlined areas
indicate percent. Graph on bottom shows the frequency of GFP−YFP+

among YFP+ cells with each symbol representing an individual mouse and
bars representing mean values for each group.

DIFFERENCES IN THE TCR REPERTOIRE OF pTREGS AND
tTREGS
It is now well accepted that TCR diversity plays a crucial role in
thymic selection and also differentiation of Tregs. During T cell
development in the thymus, an extremely diverse set of TCRs is
selected into the peripheral repertoire during a process in which
thymocytes with highly reactive TCRs that potentially see self-
antigens are eliminated while cells with intermediate affinity TCRs
are selected into Tregs. The Treg repertoire is highly diverse with
a wide range of antigen specificities but marked reactivity to self-
antigens, and very little overlap with the repertoire of Tconv cells
(86–88). Although the affinity of TCRs expressed by Tregs for self-
antigenic peptide/MHC complexes remains to be fully defined, it
is believed to be 100-fold lower than negatively selected TCRs.
Only a handful of studies have tried to address the shaping of the
TCR repertoire in pTregs compared to tTregs, partly because of
the paucity of an appropriate model to generate pTregs in vivo.
The “division of labor” concept for the pTreg and tTreg popu-
lations would suggest a limited clonal relationship between these
two subsets. In this regard, studies of TCR repertoire in Tregs from
the intestinal mucosa, which comprises mostly pTregs (discussed
in details later), have provided some useful insights (89). Indeed,
Tregs isolated from the gut express TCRs that appear different from
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those used by Tregs in other locations, implying that pTregs in the
gut have a distinct repertoire that may be shaped by interactions
with local antigens.

We took advantage of our ability to separate Tregs into
different subsets based on Nrp-1 expression to compare the
TCR repertoire of Nrp-1hi and Nrp-1lo Treg subsets using
complementarity-determining region 3 (CDR3) sequencing. To
limit the overall diversity of the repertoire for this study, we
used MBP.TCR.Tg.Foxp3-GFP mice and isolated Nrp-1hi tTregs,
Nrp-1lo pTregs, and Tconv (CD4+Foxp3−) cells, then amplified,
cloned, and sequenced a region of the α chain encompassing the
CDR3 for Vα2+ TCR. Although it was a limited analysis and
may not represent the whole repertoire, it still provided useful
information. Out of nearly 290 clones per subset, 175 pTregs, 212
tTregs, and 192 Tconv cells had productive V–J rearrangements.
CDR3 amino acid sequence analysis of Vα2 revealed that there
was limited overlap between the tTreg and pTreg CDR3 sequences
(Figure 3). The pTreg subset shared only 8 and 9.1% CDR3 amino
acid sequences with Tconv cells and tTregs, respectively. As shown
in Figure 3, the most frequent CDR3 sequences detected in tTreg
and Tconv cells were rarely used in pTregs. The limited overlap
between the pTreg and tTreg subsets was expected and is consis-
tent with other recent studies using peripherally generated pTregs
(15, 89) and again emphasized the different lineage development
of Nrp-1hi tTregs and Nrp-1lo pTregs. Interestingly, very few of the
TCRs sequences overlapped with Tconv TCRs as well suggesting
that the pTregs represent a very small, presumably self-antigen-
specific TCR subset within the large Tconv repertoire. This is

consistent with recent findings by others (89) and fit with the
notion that distinct TCR ligand affinity may dictate the genera-
tion of pTregs in the periphery. However, our analysis was limited
to a relatively small number of TCR sequences and a more thor-
ough repertoire analysis of Nrp-1hi and Nrp-1lo Tregs is needed
to further substantiate these findings.

Having distinct sets of TCRs in pTregs allows Tregs to have a
broader repertoire overall, which is important for recognition of a
wide array of potential self and foreign antigens and ensures that
Tregs can play their role in a large variety of immune responses.
Although it remains unclear if cells expressing certain TCRs are
more disposed to turn on Foxp3 in the periphery. It is well
known that TCR affinity required for tTreg development is higher
than that required for positive selection of Tconv cells and lower
than for negative selection. Interestingly, the lack of overlap in
the repertoire of pTregs and tTregs (Figure 3) suggests that the
TCRs of Tconv cells that turn on Foxp3 in the periphery evade
being selected on tTregs in the thymus. This indicates that anti-
gen encounter by a TCR has different outcome in the periphery
versus the thymus. One possibility that has been raised recently
is that antigenic peptides may bind in more than one register to
the MHCII and this may affect interactions with the TCR. Poor
binding, or binding in a different register, may prevent thymic
deletion and allow autoreactive T cells targeting self-antigens to
escape negative selection. For instance, a segment from the insulin
beta chain (B:9–23), which is a major target of autoreactive CD4+

T cells in humans and NOD mice (90), can bind the groove of
NOD MHC I-Ag7 molecules in at least three overlapping adjacent

FIGURE 3 | DistinctTCR repertoire of pTregs and tTregs. (A) Venn diagram
showing distribution of unique and overlapping pTreg, tTreg and Tconv CDR3
sequences. Nrp-1hi tTregs, Nrp-1lo pTregs and CD4+Foxp3− Tconv cells were
sorted from MBP.TCR.Tg (1B3)-Foxp3.GFP mice. cDNA was amplified with
Vα2-specific primers and amplicons were subcloned and sequenced to

determine CDR3 sequences. (B) Frequency of unique CDR3 sequences
(identified by peptide number along horizontal axis) in Nrp-1hi tTregs (black
bars; top graph), Foxp3− Tconv cells (white bars; top graph) and Nrp-1lo pTregs
(gray bars; bottom graph) sorted from 1B3 mice. Data from one
representative mouse is presented here.
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registers. Most B:9–23 specific CD4+ T cells in the periphery rec-
ognize peptides bound in an unusual and not predicted register
due to the poor affinity for MHC class II binding (91–95). These
unique registers of insulin peptides may be generated by process-
ing of insulin and peptide loading into I-Ag7 molecules that occur
specifically in the pancreas and are distinct from the classical APCs
(94, 96). Thus, the fact that functional peripheral registers display
weak binding to I-Ag7 molecules and/or are generated exclusively
in the periphery may explain how T cells specific for these peptides
can escape thymic negative selection in NOD mice. In the periph-
ery, uptake and processing of tissue-derived proteins and peptides
by a different type of APCs could give rise to peptide-MHC com-
plexes in a distinct register, which are not found in the thymus
and could result in high affinity interactions with the TCR that
trigger the activation of T cells. Such interactions have been show
to turn on Foxp3 in naïve T cells in the periphery and participate
in induction of peripheral tolerance (97). Thus, presentation of
antigen differently in the periphery for Foxp3 induction could be
one of the ways by which a broader TCR repertoire in the Treg
pool is achieved.

ROLE OF THE GUT MICROBIOTA IN INDUCING pTREGS
Several studies have shown that the frequency of Foxp3+ Tregs
among CD4+ T cells is notably higher, due to peripheral con-
version, in mucosal surfaces than in other tissues (48, 49, 60). In
humans, >100 trillion bacteria, which represent over 100 differ-
ent species, colonize the skin and mucosal surfaces, including the
oral cavity and the intestine. This leads to a complex ecosystem
with continuous interplay between host cells and the microbiota.
Many studies have shown that the intestinal mucosa is a preferen-
tial site for the peripheral induction of Tregs, suggesting that the
high frequency of mucosal Tregs may be due to this locally supe-
rior conversion into pTregs. Consistent with this hypothesis, the
frequency of Nrp-1loFoxp3+ Tregs is increased in the colonic lam-
ina propria. Another non-exclusive possibility is that the increased
frequency of pTregs in the presence of commensal bacteria in the
gut microenvironment is partly due to selective survival of Nrp-
1lo pTregs. Interestingly, colonic Treg numbers are greatly reduced
in germ-free mice, suggesting the dependence of gut Tregs on the
commensal microbiota (98–100). However, the exact mechanisms
by which Tregs are generated in response to self-antigens or for-
eign antigens derived from commensal bacteria remain unclear.
Bacterial metallo-matrix proteases could potentially contribute to
the conversion of TGF-β to its active form and thus participate in
induction of pTregs in the gut (101). There is a growing amount
of literature suggesting that the development of T cell subsets,
including Tregs, is influenced by a single species of microbe in the
gut (101–104). Indeed, colonization by the bacterium Clostrid-
ium, or Bacillus fragilis, leads to induction of Foxp3 expression
in Tconv cells (101). The Clostridium species is indigenous and
provides a TGF-β-rich environment that may facilitate the induc-
tion of Foxp3 in colon. While B. fragilis is a human commensal,
it could increase the frequency of colonic Tregs when it colonized
the mouse gut by means of a protease-resistant capsular polysac-
charide. Polysaccharide A from B. fragilis can also act directly on
Tregs through TLR2 (104). Although this field is still in its early
stages, these findings may result in development of novel ways

of inducing tolerance through colonization of a single species in
the gut, which could be useful in inflammatory bowel disease or
other indications requiring the generation of pTregs. The induc-
tion of Tregs in the gut is also influenced by the presence of APCs
specialized in picking up bacterial products and presenting them
to T cells. CD103-expressing DCs are present in abundance in
the gut and are specialized in inducing Treg differentiation from
naïve CD4+ T cells (48, 60). These migratory DCs are responsible
for picking up bacterial pathogens from the intestinal epithelium
and transporting them to the lymph nodes to present antigens to T
cells (105, 106). In addition, CD11b+ lamina propria macrophages
express retinoic acid dehydrogenase and are able to induce the dif-
ferentiation of Tregs in the intestine (107). Thus, gut microbes can
initiate the generation of pTregs in the gut in many different ways.

IMPORTANCE OF SEPARATING SUBSETS OF TREGS IN
HUMANS
We have learned a great deal about the functions of Foxp3+ Tregs
through studies of murine Tregs. However, in light of current and
future clinical applications of Tregs, it is imperative to define the
subsets of human Tregs and how they relate to mouse Tregs. The
extent to which pTregs are represented in the peripheral pool in
humans is controversial, and differences observed between Tregs
in humans and mice could hamper our ability to translate find-
ings on murine pTregs to pTregs in humans. For example, a vast
majority of circulating human Tregs express CD31, a marker for
recent thymic emigrants, thus suggesting their thymic origin (108).
However, when we analyzed in humans the expression of Nrp-1, a
marker for murine circulating tTregs as discussed above, we could
not detect Nrp-1 expression on human Tregs in the peripheral
blood whereas greater than 70% of circulating Tregs express Nrp-
1 in mice. This is consistent with earlier reports with exception of
one study in which Nrp-1+ Tregs were detected in human lym-
phoid organs (109, 110). We also analyzed healthy human splenic
Tregs and found little or no expression of Nrp-1 on Foxp3+

cells (unpublished observations). Another significant difference
between human and mouse T cells is that human Tconv cells can
express Foxp3 upon transient activation more readily than mouse
cells (111–113). Whether Foxp3 expression in activated cells is
(111, 114) or is not (115–117) associated with acquisition of sup-
pressor function remains controversial. However, because human
T cells can express Foxp3 upon activation even in the absence of
TGF-β (118), it makes it harder to distinguish activated T cells
from pTregs even though Foxp3+ activated T cells do not exhibit
any of the canonical markers of human Tregs.

Among other markers found on mouse Tregs, Helios expres-
sion has correlated very well in humans Tregs. Like mouse,
Helios is expressed highly on human Tregs with greater than
70% of Foxp3+ Tregs expressing Helios in the peripheral blood.
Although the Helios−Foxp3+ Tregs fit the profile of pTregs,
whether these cells originate outside thymus remains controver-
sial. Among other evidences, effector cytokine secretion, which
has been proposed to be a function of pTregs, has been associ-
ated with Helios−Foxp3+ Tregs (119, 120). Conversely, a recent
study made the argument that both Helios− and Helios+ Tregs
are of thymic origin by showing that both Helios− and Helios+

Tregs exhibit a demethylated TSDR and express canonical Treg
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markers such as CD39 and CTLA-4 in human peripheral blood
(121). However, Helios− Tregs were gated on the CD45RA+ naïve
Treg population in that study and may not include the whole
Helios−Foxp3+ T cell population. In addition, studies in mice
have shown that pTregs are very similar to tTregs in terms of
TSDR demethylation and expression of Treg canonical markers,
raising the possibility that these parameters may not adequately
discriminate the pTreg and tTreg subsets in humans as well. It
has also been argued elsewhere that Helios can be expressed in
conventional human T cells upon activation (28). In this regard,
Nrp-1 expression is upregulated in iTregs in mice and pTregs
can also upregulate Nrp-1 expression during inflammation in
tissues suggesting similar upregulation of Helios could be hap-
pening on human T cells. Hence, despite the controversies Helios
remains the best marker to separate tTregs from the peripherally
generated pTregs in the human peripheral blood. In our labora-
tory, we recently identified a subset of Foxp3+ Tregs in humans
that also expressed IFN-γ. Despite high levels of Foxp3, these
IFN-γ+Foxp3+ cells lack Helios expression and show a partially
methylated TSDR in the Foxp3 locus, and therefore fit the profile
of peripherally generated Tregs. Moreover, since Helios is selec-
tively expressed on IFN-γ− Tregs (119), ongoing studies in our
laboratory aimed at characterizing these cells may facilitate the
identification of a putative surface marker for Helios-expressing
Tregs that will more reliably separate tTregs from other pTreg
subsets.

Lastly, understanding Treg subsets in humans is also important
because Treg dysfunctions have been reported in several human
autoimmune diseases (119, 122–125). We learned from mouse
studies that pTregs are less stable than tTregs and may have com-
promised functions in certain inflammatory conditions, notably
in the autoimmune setting. Whether a similar defect in pTreg pop-
ulation leads to Treg dysfunction in autoimmune patients remains
to be seen. It would be possible to address these issues once
the markers for human pTregs are defined. This may also have
important repercussions on immunotherapies designed to restore
Treg-mediated tolerance in diseases where targeting tissues are not
readily accessible for functional studies, such as type 1 diabetes or
multiple sclerosis. Using mouse models that mimic the human
immune system may also help approach some of these questions.

In this regard, humanized mice generated using cord blood or
transplantation of human thymus and bone marrow cells could
prove useful and may help resolve some of these issues.

CONCLUDING REMARKS
Ever since the discovery of CD25 and Foxp3 as markers of regula-
tory T cells, there has been some controversy in the field regarding
the existence and development of pTregs. New technologies in gene
profiling, cell sorting, and mouse engineering have made it clear
that pTregs develop under normal homeostasis as well as under
inflammatory conditions. Identification of genes that are differen-
tially expressed between Treg subsets and mouse models of pTreg
generation have helped in differentiating characteristics of pTregs
from tTregs. Functionally, the role of pTregs in mucosal tolerance is
already pretty well established, and it is now becoming increasingly
evident that these Tregs have specialized functions in response to
non self-antigens during conditions such as asthma and fetal tol-
erance. However, a number of key questions still remain. What are
molecular determinants that contribute to the induction of Foxp3
in the periphery? Is Foxp3 induction in the periphery restricted
to a subset of Treg precursors? How does TCR affinity or strength
of signal influence Treg generation in the thymus versus periph-
ery? What are the different conditions under which pTregs play an
indispensable role? Finally, how can we utilize pTregs to improve
Treg therapy in human conditions? The definition of new mark-
ers to complement Nrp-1 and Helios and new mouse models and
humanized mouse models of pTreg generation will undoubtedly
play a part in answering some of these questions in the very near
future. A better understanding of the biology of pTregs will in
turn provide a clearer view of the respective role of pTregs versus
tTregs in a number of human pathologies and will be important
in devising optimal therapeutic strategies as Tregs are increasingly
being considered as either tools or targets of immunotherapy in
many diseases.
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Antigen specificT regulatory cells (Treg) are often CD4+CD25+FoxP3+T cells, with a pheno-
type similar to natural Treg (nTreg). It is assumed that nTreg cannot develop into an antigen
specific Treg as repeated culture with IL-2 and a specific antigen does not increase the
capacity or potency of nTreg to promote immune tolerance or suppress in vitro. This has
led to an assumption that antigen specificTreg mainly develop from CD4+CD25−FoxP3− T
cells, by activation with antigen and TGF-β in the absence of inflammatory cytokines such
as IL-6 and IL-1β. Our studies on antigen specific CD4+CD25+ T cells from animals with
tolerance to an allograft, identified that the antigen specific and Treg are dividing, and need
continuous stimulation with specific antigen T cell derived cytokines. We identified that
a variety of cytokines, especially IL-5 and IFN-γ but not IL-2 or IL-4 promoted survival of
antigen specific CD4+CD25+FoxP3+Treg.To examine if nTreg could be activated to antigen
specific Treg, we activated nTreg in culture with either IL-2 or IL-4. Within 3 days, antigen
specific Treg are activated and there is induction of new cytokine receptors on these cells.
Specifically nTreg activated by IL-2 and antigen express the interferon-γ receptor (IFNGR)
and IL-12p70 (IL-12Rβ2) receptor but not the IL-5 receptor (IL-5Rα).These cells were respon-
sive to IFN-γ or IL-12p70. nTreg activated by IL-4 and alloantigen express IL-5Rα not IFNGR
or IL-12p70Rβ2 and become responsive to IL-5. These early activated antigen specific Treg,
were respectively named Ts1 and Ts2 cells, as they depend on Th1 or Th2 responses. Fur-
ther culture of Ts1 cells with IL-12p70 induced Th1-like Treg, expressing IFN-γ, and T-bet
as well as FoxP3. Our studies suggest that activation of nTreg with Th1 or Th2 responses
induced separate lineages of antigen specific Treg, that are dependent on late Th1 and Th2
cytokines, not the early cytokines IL-2 and IL-4.

Keywords: antigen specificTreg, nTreg,Th1-likeTreg,Th2-likeTreg, immune tolerance

HISTORICAL PERSPECTIVE
Immune tolerance results from a combination of deletion of anti-
gen specific T and B cell clones, anergy, and suppression. Like
all biological systems, immunity has in built self-regulation that
prevents induction of destructive autoimmunity and controls or
limits all immune effector responses against any antigen. While a
variety of leukocytes can regulate, this review will focus only on
CD4+ T regulatory cells (Treg).

Since the first description of suppressor T cells, the difference
between non-antigen specific Treg that reside in thymus, bone mar-
row, and peripheral lymphoid tissues, and antigen specific Treg that
are present mainly in spleen and tissues, has been appreciated (1–
3). This division is consistent with natural Treg (nTreg) and antigen
specific Treg. Early studies characterized CD8+ T suppressor cells,
reviewed (4) but this work was discredited (5) and a common view
was suppressor T cells did not exist, until the recognition of CD4+

Treg.

ANTIGEN SPECIFIC CD4+CD25+ Treg

Alloantigen specific transplant tolerance was found in the mid
1980s to be mediated by CD4+ T cells not CD8+ T or B cells

(6–8). In the early 1990s Waldman’s group found CD4+ T cells
from host transplant tolerant animals infect adoptive hosts’ T cells
to maintain alloantigen specific tolerance (9).

At that time, we observed that the CD4+ T cells that transferred
antigen specific tolerance rapidly died in vitro (10–12). Death of
antigen specific tolerance transferring CD4+ T cells could be pre-
vented by both stimulation with specific antigen and cytokines
provided at that time by supernatant from Concanavalin A stim-
ulated spleen cells. This supernatant was a crude source of IL-2
(12), but is now known to contain a number of cytokines, as well
as IL-2. This suggested that the CD4+ T cells that transfer trans-
plant tolerance were activated cells that may depend on IL-2. We
thus examined and found they expressed the IL-2 alpha receptor
(CD25) (11). In 1990 we identified alloantigen specific tolerance
transferring cells as CD25+ Class II MHC+CD45RC+CD4+ T
cells (11). At that time CD25 was expressed by CD4+ T cells
activated to effect rejection (13), thus we assumed the suppres-
sor cells were derived from specific alloantigen activated CD4+ T
cells. As IL-2 alone only partially sustained the capacity of tolerant
CD4+ T cells to transfer antigen specific tolerance, we concluded
other cytokines were required (12). Since we have systematically
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examined which cytokines are involved in the maintenance of anti-
gen specific CD4+CD25+FoxP3+ Treg, and this is the focus of this
review.

NATURAL Treg

We also found that normal animals have cells, particularly in thy-
mus and bone marrow, that suppress immune responses in a
non-antigen specific manner, and that adult thymectomy depletes
these cells, leading to heightened immune responses (14) and
greater susceptibility to autoimmunity (15). Alloantigen specific
CD4+ T suppressor cells have a different tissue distribution, being
greatest in spleen, less in lymph nodes, and not in thymus or bone
marrow (7). Further, they do not re-circulate rapidly from blood to
lymph, suggesting they re-circulated through peripheral somatic
tissue not through lymphoid tissues (7), similar to memory T cells
(16), and not like naïve T cells that re-circulate from blood through
lymphoid tissues (17). These basic differences in the migration of
antigen specific and nTreg can be used to distinguish these cell
populations by cell surface markers that direct their migration
pathways, reviewed (18).

Later, activated CD4+ T cell in normal animals that expressed
CD25 and prevented autoimmunity in neonatal thymectomized
mice were described (19). These CD4+CD25+ Treg suppressed in
a non-antigen specific manner, and are known as nTreg. nTreg are
thymus derived and express FoxP3 (20) that prevents IL-2 induc-
tion and induces CD25 expression. FoxP3 expression in mice is
a marker of Treg, but in man activated CD4+ and CD8+ T cells
transiently express FoxP3 (21) and can be induced to have pro-
longed expression of FoxP3 (22). IL-2 is essential for survival of
nTreg in peripheral lymphoid tissues (23, 24). CD4+ T cell with

high expression of CD25, are regulatory, whereas CD4+CD25lo T
cells are not regulatory (25).

Natural Treg have low expression of CD127, the IL-7 receptor,
which is highly expressed by effector lineage CD4+CD25− T cells
(26), albeit activated CD4+ T cells (27), and T follicular helper
cells (Tfh) also have low expression of CD127 (28). The survival
of nTreg without an immune response is dependent on low levels
of IL-2, whereas CD4+CD25− T cells depend upon IL-7 (29) not
IL-2 for their survival without antigen activation. In the thymus
IL-2 (30), not IL-7 (31) is critical for production of nTreg, although
IL-7 plays a separate role in induction of nTreg in the thymus (32).

The CD4+CD25+FoxP3+ T cells are a heterogeneous group,
and include naïve nTreg produced by the thymus, that have TCRs
with increased affinity for self either due to thymic selection for
self or expansion of self reactive clones in the periphery (33, 34).
These naïve nTreg are polyclonal, with a wide repertoire of TCR.
In normal immunological naïve hosts, some naïve nTreg, with
TCR specific for autoantigens, may have contacted antigen and
been activated or expanded, to increase the repertoire of autoreac-
tive nTreg. In addition, especially in hosts with acquired immune
tolerance, there may be CD4+CD25+ Treg reactive to foreign or
alloantigens, that have been expanded and function as antigen spe-
cific Treg. These are no longer naïve nTreg. Hosts with established
antigen specific tolerance may have a large population of activated
Treg with TCR specific for the tolerated antigen that mediate this
tolerance, as well as the normal naïve nTreg with a TCR repertoire
for self as well as a limited repertoire for other foreign antigens.

INDUCTION OF Treg FROM CD4+CD25− T CELLS
CD4+CD25− T cells can be activated by antigen in the absence of
inflammatory cytokines, to antigen specific Treg. The first induced
Treg (iTreg) described by Weiner are Th3 cells induced by TGF-β in
oral tolerance, reviewed (35). Groux et al. described induction of
antigen specific Treg by repeated culture of CD4+ T cells with anti-
gen and IL-10, producing Tr1 cells that suppress via production of
IL-10 and TGF-β (36). Tr1 and Th3 cell do not express CD25 or
FoxP3 (35, 37).

Induced Treg are derived from peripheral CD4+ T cells that
are stimulated by antigen and TGF-β in the absence of inflam-
mation and inflammatory cytokines. These iTreg are induced to
express FoxP3, albeit its expression is not stable as the Treg specific
demethylation region (TSDR or CBS2) for FoxP3 is not demethy-
lated (38). Both TGF-β which down regulates many genes, and
FoxP3 expression which down regulates other genes, are required
to induce iTreg from CD4+ T cells (39).

Most attempts to describe Treg oversimplify the complex nature
of these cells in vivo, by describing all Treg as one type of cells, or
dividing their description into nTreg and iTreg. nTreg remain non-
antigen specific polyclonal Treg when cultured with IL-2 alone,
whereas antigen specific nTreg are not expanded by IL-2. This and
the small frequency of nTreg reactive to a specific antigen has led
some to conclude that some, if not the majority, of antigen spe-
cific Treg reactive to foreign antigens may be derived from iTreg and
not from activation of nTreg (40–43). The lack of a distinct sur-
face marker to distinguish antigen specific Treg produced as iTreg

from those derived from nTreg, makes determination of the pre-
cise contribution of nTreg and iTreg to states of induced tolerance
difficult (44, 45).

This review will focus on antigen specific Treg induced from
nTreg, not on iTreg. Most of the material presented is derived from
murine models. In each section, murine results will be presented
first, then any human data will be discussed. At the end of each
section, any information on similar cells derived from iTreg will be
briefly mentioned.

Our work on Treg has shown that differential cytokine receptor
expression is key to the identification of different T cell sub-
types, including nTreg (46). This differential expression of cytokine
receptors can be used to identify and distinguish a large number
of functionally distinct Treg populations and is the major focus of
this review.

ARE THERE ANTIGEN SPECIFIC Treg?
Acquired or induced immune tolerance is antigen specific, as
shown in allograft (6–8, 11) and autoimmune tolerance (47, 48).
In autoimmunity induced tolerance is epitope specific (47, 48).
The CD4+ T cells that transfer transplant tolerance are alloanti-
gen specific (6–8, 11). Antigen specific Treg, not polyclonal nTreg,
are needed to prevent autoimmunity including myelin basic pro-
tein induced EAE (49), type I diabetes (50–52), gastritis (53), and
peptide specific Treg control EAE induced by that peptide (54).

Animals with tolerance to an antigen or allograft do not have
a major increase in CD4+CD25+ T cells, which remain at ratios
of approximately 1:10 to CD4+CD25− T cells (55, 56). As these
antigen specific Treg represent a fraction of the CD4+CD25+ T
cells, they suppress the immune response at ratios well below 1:10,
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whereas nTreg are required at non-physiological ratios of 1:1 to
suppress in vivo (57) and in vitro (58, 59). Ratios of 1:1 have only
transiently been achieved with IL-2/IL-2 mAb complexes where
they can suppress pancreatic islet allograft rejection and autoim-
munity (60). It has recently been appreciated that the number of
nTreg that need to be produced for transfer to induce tolerance
is impossibly large (61). Thus generation of antigen specific Treg

from nTreg that suppress at ratios of <1:10 in an antigen specific
manner would be highly desirable. We have described how such
antigen specific Treg can be generated from naïve nTreg in vitro
with 3–4 days of culture (46).

IS THERE MORE THAN ONE ANTIGEN SPECIFIC SUBSET
OF Treg?
There is ample evidence that the pathways for activation of nTreg

and iTreg are multiple and complex, producing antigen specific
Treg that control different subpopulations of effector CD4+ T
cells, including Th1, Th2, Th17, and Tfh cells. The generation
of antigen specific Treg from either naïve nTreg or effector lineage
CD4+CD25− T cells, is complex involving activation of antigen
specific T cells with antigen in an environment of cytokines that
promotes maturation and clonal expansion of these antigen spe-
cific Treg. The cytokines that induce these lineages differ and relate
to the environment present at the location of activation.

Our hypotheses are that: (i) every phase of the immune
response is regulated to some degree, and that Treg are inte-
gral to control of all immune responses. (ii) All normal immune
response, both in vivo and in vitro, are associated with activa-
tion of a CD4+ Treg response. (iii) Treg activation is driven by the
cytokines present, including those produced by activated effector T
cells. (iv) The more advanced or aggressive the immune response,
the more potent the Treg that are generated by the cytokines
produced, to control the response. We propose there are several
levels of regulation by different functional subclasses of CD4+

Treg that are induced and activated by the ambient cytokines.
Some of these separate Treg lineages and types are described in
Table 1.

WHY ARE ANTIGEN SPECIFIC Treg HARD TO IDENTIFY?
A key unanswered question is the relationship of naïve non-
antigen specific Treg generally described as nTreg, to antigen
specific Treg. In particular whether antigen specific Treg are
derived from nTreg or a product of activation of effector lineage
CD4+CD25− T cells, now known as iTreg (62). Whilst some con-
clude that antigen specific Treg are mainly iTreg, this review will
examine the pathways by which nTreg can be activated to antigen
specific Treg, raising the possibility that activation of nTreg may be
the dominant source of antigen specific Treg.

Our thesis is based on our findings that antigen specific Treg

die in vitro and in vivo, unless stimulated by specific antigen
and cytokines produced by activated effector cells during immune
response to the antigen (10–12). This makes identification of anti-
gen specific Treg very difficult, unless they are re-exposed to specific
antigen and the cytokines they depend upon. Further, antigen spe-
cific Treg do not require IL-2, and in fact may be killed by IL-2 (12).
Thus most current protocols for the ex vivo expansion of nTreg will
not promote antigen specific Treg.

ANTIGEN SPECIFIC Treg EXPRESS CELL SURFACE MARKERS
OF ACTIVATED T CELLS
Activated Treg express different cells surface markers to nTreg. As

examples nTreg express CD45RA and are CD44lo, whereas acti-
vated Treg express markers of memory cells, being CD45RO+ and

CD44hi. CD45RC is a marker of an activated Treg (11). Class II
MHC is only expressed by activated Treg, and is a marker of these
cells in man (63) and rats (11) but not in mice. nTreg express
CD62L and re-circulate from blood to lymph, whereas activated
Treg lose expression of CD62L and migrate through peripheral tis-
sue not through lymphoid tissues in murine (64, 65) and humans
(66). In naïve CD4+CD25+ Treg, CD62L+ not CD62L− Treg sup-
press GVHD (67, 68). Expression of CCR4 and CCR7, which
facilitate migration to lymphoid tissues are expressed by nTreg

but not antigen activated Treg (69). Activated Treg migrate to sites
of inflammation and express E/P selection (70) and chemokine
receptors (65, 71) that will direct them to the site of inflamma-
tion that they are programed to control (18). Thus, Treg effective
against Th1 responses express CXCR3 (72), those effective against
Th2 express CCR8 (73), those for Th17 express CCR6 (74), and
those for Tfh express CXCR5 (75).

ACTIVATION OF Treg TO EXPRESS TRANSCRIPTION FACTORS AND
CYTOKINES OF Th LINEAGES, MAKING Th-LIKE Treg THAT SUPPRESS
THE RELEVANT Th RESPONSE
Cytokines normally associated with induction and function of
Th1, Th2, Th17, and Tfh CD4+ T cells are now found to play a key
role in the induction, maintenance, and function of activated Treg.
Transcription factors that were considered the master regulators
of Th responses, play an essential role in activated Treg function,
including T-bet the Th1 transcription factor (76), GATA3 the Th2
transcription factor (77), and RORγt the Th17 transcription factor
(78). There is plasticity in Th cell lineages, in that various lineages
can at time express transcription factors and cytokines not classi-
cal for the lineage (79). Epigenetic modification of transcription
factor genes and miRNA expression contribute to stability of a
lineage, but this can be broken, discussed by O’Shea and Paul
(79). CD4+CD25+FoxP3+ Treg can express Th effector lineage
transcription factors, together with FoxP3, thereby retaining Treg

capacity.

ACTIVATION OF Treg IN ASSOCIATION WITH Th1 RESPONSES
In our studies, culture of nTreg with a specific alloantigen and
either IL-2 or IL-4 induce antigen specific Treg within 3–4 days of
culture (46). They suppress the capacity of naïve CD4+ T cells to
proliferate in vitro to specific donor at 1:32–64 and to effect rejec-
tion of specific donor grafts at 1:10 (46), whereas nTreg only fully
suppress at 1:1, both in vivo and in vitro (46, 57, 59). In an autoim-
mune model, antigen specific Treg were also induced in vitro by
culture with specific autoantigen and IL-2 that prevented disease
in vivo (unpublished results). No other Th1 or Th2 cytokines pro-
mote proliferation of nTreg, including IFN-γ, IL-12p70, IL-12p40,
IL-5, IL-13, nor did TGF-β, and IL-10 (46).

With CD4+CD25+ T cells from animals with tolerance to a fully
allogeneic graft, we found that IL-2 or IL-4 induces proliferation
to self, specific donor, and third party alloantigen. Proliferation
of these Treg to specific donor, and not to self or third party, is
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Table 1 | Subclasses of CD4+ T cells with regulatory function.

(A) PRESENTTO CONTROL AUTOIMMUNITY IN NORMAL HOSTS

nTreg produced in thymus and released into periphery, prevent activation of destructive autoimmune responses. Absence of nTreg due to neonatal

thymectomy (19), lack of IL-2, CD25, or FoxP3 (223) leads to widespread autoimmunity. Expression of CTLA4 is required for function of nTreg (224).

These cells will control low level immune responses, and suppress at a ratio of 1:1 with more aggressive immune responses (58) including fully

allogeneic responses (57, 59). They inhibit antigen presenting cells by direct contact and act in peripheral lymphoid tissues not at sites of inflammation

InducedTreg generated when antigen is presented in a non-inflammatory environment, when TGF-β is present in the absence of activated antigen

presenting cells and inflammatory cytokines such as IL-1β and IL-6. This produces additional Treg, that are antigen specific to prevent induction of

autoimmune response, in situations where self antigen is released due to non-inflammatory tissue injury such as trauma, ischemia, or chemical injury of

tissue as well as in normal tissue re-modeling and failed or incomplete apoptosis, reviewed (225). In these circumstances TGF-β produced to promote

repair of tissue also induces iTreg to prevent unwanted and unnecessary autoimmune responses. Their survival is ephemeral if there is repair of tissue,

but they may be further activated if inflammation supervenes

Th3 andTr1 cells produced in mucosal sites, in response to antigens that penetrate the mucosa. There is abundant IL-10 and IL-10 family of cytokines, as

well as TGF-β at these sites, that promotes tolerance induction to normal mucosal flora and oral antigens to prevent local and unwanted immune

responses and inflammation that would disrupt the mucosal integrity. They are essential to the preservation of mucosal integrity and act by production of

TGF-β and IL-10 that in turn promotes induction of more Th1 and Tr1

(B) PRESENT AFTER ACTIVATION OF AN IMMUNE RESPONSETO A SPECIFIC ANTIGEN

Antigen Activation of nTreg by inflammatory immune responses with cytokines produced early after activation of effector CD4+ T cells. The best

described is the effects of high concentrations of IL-2, inducing expansion of nTreg in the presence of a specific antigen. IL-4 also can induce activation of

antigen specific Treg from nTreg. Th1 and Th2 responses induce expansion of antigen specific Treg, respectively called Ts1 and Ts2 cells, that control

responses other that that of the inducing response. This contributes to polarization to one response, for example Th2 cytokine activated nTreg inhibit Th1

and Th17 responses

Activation of antigen specific activated nTreg by cytokines produced late in an ongoing immune response. This induces the Treg to express cytokines

and transcription factors of the activated Th cells, so the Treg become Th-like and express the transcription factor and late cytokines of that Th lineage

Conversion of activated effector cells to regulatory cells

(i) Activated Treg infecting activated T cells, via IL-35/IL-10 (226) or surface TGF-β (227) to a regulatory T cell phenotype and function

(ii) Persistent activation of effector lineage induces them to produce IL-10 and dampen their own response as was described some 20 years ago (228–230)

promoted by IFN-γ, IL-12p70, and IL-5, but not TGF-β, IL-12p40,
IL-10, or IL-13 (Hall et al., unpublished data). These cytokines
became candidates for the promotion of survival of alloantigen
specific CD4+ Treg in vitro, where we had not yet identified the spe-
cific cytokines involved (12). We had shown that antibody blocking
IFN-γ (12) IL-5 and TGF-β (55) does not prevent transfer and
maintenance of tolerance by CD4+ T cells from tolerant animals,
however. Polyclonal activation of nTreg was induced by self anti-
gen and IL-2 or IL-4, and with an antigen proliferation of nTreg

induced by IL-2 or IL-4 was further increased (46).
This led us to examine if there are two pathways for activation of

antigen specific Treg, one promoted by Th1 cytokines and the other
by Th2 cytokines (46). We identified separate pathways for Th1
and Th2, and called the early Th1 activated Treg, Ts1 cells, and the
early Th2 activated Treg, Ts2. The characteristics of these cells are
summarized in Table 2, which also shows that Ts1 and Ts2 cells are
an intermediate step in the activation of antigen specific Treg, and
that they can be further activated by late Th1 and Th2 cytokines to
more potent Th1-like Treg (Figure 1) or Th2-like Treg (Figure 2).

IL-2 AND ANTIGEN ACTIVATION OF nTreg

In cultures of naïve CD4+CD25+FoxP3+ Treg with allo or
autoantigen and IL-2, we found that within 2–4 days there was
a change in phenotype of the cells, see Table 2. Their expression of
mRNA for interferon-γ receptor (IFNGR) increases (46) and the

receptor for IL-12p70 (IL-12Rβ2) is induced, whereas the receptor
for IL-5 (IL-5Rα) is not induced. There is also enhanced expres-
sion of mRNA for IL-5 and reduced expression of IFN-γ. Other
cytokine expression remains unchanged, with no IL-2, and sim-
ilar expression of IL-4, IL-10, and TGF-β to that of fresh naïve
nTreg. Foxp3 expression is maintained in the majority of cells, and
there is no induction of T-bet or GATA3. These changes are not
observed when nTreg are cultured with IL-2 and self antigen, sug-
gesting these changes occur related to activation of antigen specific
Treg. We called these cells Ts1 (46).

Ts1 cells are more potent than nTreg in suppression in vitro,
as they fully suppress naïve CD4+ T cells proliferation in MLC
at 1:32–1:64 (46), whereas nTreg only fully suppress MLC at 1:1
or greater (59). Evidence that antigen specific Treg are activated
is that Ts1 cells suppress specific donor allograft rejection medi-
ated by naïve CD4+ T cells at a ratio of 1:10 (46), whereas naïve
nTreg only suppress rejection at 1:1 (57), and Ts1 cells do not sup-
press third party rejection at 1:10 (46). The animals where Ts1
suppressed rejection, develop tolerance to the allograft and after
150 days have CD4+CD25+FoxP3+ T cells that expressed IFNGR
and IL-5, consistent with these Ts1 cells retaining their phenotype
over a long period and being key to the maintenance of tolerance.

In other hosts with transplant tolerance, we identified
CD4+CD25+FoxP3+ T cells that expressed IFNGR and IL-5, that
in vitro respond to specific donor and not third party when IFN-γ
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Table 2 | Summarizes the differences inTh1 andTh2 activated Ag

specificTreg and nTreg.

Gene expression nTreg Subclasses of Ag specific

CD4+CD25+ T regulatory cells

Th1 induced Th2 induced

Ts1 Th1-likeTreg Ts2 Th2-likeTreg

IFNGR + +++ ++ − ?

IL-12Rβ2 − ++ +++ − ?

IL-5Rα − − − +++ ?

IL-4Rα − ++ ? ++ ?

IL-2 − − − − −

IFN-γ +/++ − +++ +++ ?

IL-4 ++ ++ ? ++ ++

IL-5 − ++ ++ − ++

IL-10 ++ ++ ? ++ +

TGF-β ++ ++ ++ ++ ?

FoxP3 +++ +++ +++ +++ +++

T-bet − − ++ − ?

GATA3 − − − − ?

IRF4 ? ? ? ? +++

STAT1 − ? ++ ? ?

Chemokine ligand CCR4 ? CXCR3 ? CCR8

Receptors CCR7

is present (Hall et al., unpublished data). Further the capacity of
tolerant CD4+ T cells to transfer tolerance is maintained in vitro
by culture with specific donor and IFN-γ not IL-2 (Nomura et al.,
unpublished data). We suggest that these Ts1 maintain alloantigen
specific tolerance but are dependent on production of IFN-γ by
Th1 cells.

In an autoimmune model we have also generated antigen spe-
cific Ts1 cells in vitro by culture of nTreg with IL-2 and autoantigen.
These Ts1 are induced to express IFNGR and IL-5, and suppressed
the autoimmunity in an antigen specific manner (Tran et al.,
unpublished data).

We suggest induction of Ts1 cells is a key step in induction of
antigen specific tolerance to Th1 responses. Ts1 would be pro-
moted by the IFN-γ produced by an ongoing Th1 response, after
they stop producing IL-2, which is an early Th1 cytokine. Ts1 cells
may in part account for the paradoxical anti-inflammatory effects
of IFN-γ, reviewed (80, 81).

IFN-γ AND ACTIVATION OF ANTIGEN SPECIFIC Treg

IFN-γ is better known as a pro-inflammatory cytokine, but also
has well described effects that control immune responses. IFN-γ
directly inhibits Th2 and Th17 cell development, but promotes
Th1 responses, including B cell isotype switching, macrophage
activation, and cytotoxic T cell development. Activation of the Th1
lineage depends upon IFN-γ activating STAT1, which induces the
Th1 transcription factor T-bet, which in turn regulates IFN-γ pro-
duction by Th1 cells. Once CD4+ T cells are activated to a Th1
lineage, they cannot be converted to a Treg lineage (82). IFN-γ is

key to CD8+ T cell mediated rejection (83, 84) and to allograft
vasculopathy (85–87). IFN-γ also activates macrophages to M1
cells and promotes Ig switching to a complement fixing isotypes.
IFN-γ promotes MHC class I and II expression on inflamed tissues
such a during rejection (88). By induction of MHC class I, IFN-
γ protects allografts from CD8+ T perforin/granzyme mediated
rejection (84, 89–91).

IFN-γ can limit inflammation (92). IFNGR deficient mice have
increased severity and reduced recovery from EAE (93, 94). IFN-γ
induces iNOS to produce NO, which limits inflammation (95–98).
IFN-γ treatment inhibits GVHD (99). CD8+ T cells deficient in
IFN-γ mediate more severe GVHD, indicating IFN-γ produced by
these cells inhibits the CD8+ T cell response by inhibiting prolif-
eration and promoting cell death. CD8+CD45Rlo T cells induced
to express IFN-γ, in turn induced indoleamine 2,3-dioxygenase
(IDO), and accounts for promotion of indefinite allograft survival
after blocking the CD40–CD40L interaction (100).

IFN-γ is also important in the generation and function of
CD4+CD25+ Treg that mediate allograft tolerance (101) and
prevents immune destruction of tumors (102). In vitro, IFN-γ
promotes induction of alloantigen specific CD4+CD25+FoxP3+

Treg that prevent rejection (103). This work by Wood’s group in
Oxford identifies that naïve CD4+ T cell cultured over a period
of time in MLC supplemented with IFN-γ, produces antigen
specific Treg that can prevent rejection (41, 103–107). Whether
IFN-γ induces iTreg or expands nTreg or a combination of both
is unclear. One possibility is that nTreg are initially activated by
IL-2 produced by the activated CD4+CD25− T cells to induce
antigen specific Ts1 cells, that in turn are activated by IFN-γ
to expand and maintain the antigen specific Treg (as shown in
Figure 1), while a variety of factors such as IFN-γ induction of
NO or IDO by antigen presenting cells or IFN-γ promotion of
antigen specific Treg may reduce the growth of the effector lin-
eage. IFN-γ inhibits induction of iTreg from CD4+ T cells (82),
whereas other report IFN-γ is key to induction of CD4+CD25−

T cells to iTreg that suppress autoimmunity in IFN-γ deficient
mice (108).

Th1-LIKE Treg

Th1-like Treg were first described in 2004 associated with a polar-
izing Th1 response to ovalbumin (109). Ovalbumin specific Treg

are induced from CD4+CD25− T cells by mature CD8α+ DC that
produced both IL-12 and IL-10 that are required to induce Th1-
like Treg (109). These Th1-like Treg express both FoxP3 and the
Th1 transcription factor T-bet, as well as ICOS, IFN-γ, and IL-
10. The Th1-like Treg suppressed Th1 inflammation in vivo (109).
In cancer, Th1-like Treg expressing FoxP3, helios, T-bet, IFN-γ,
CXCR3 suppress Th1 responses and are associated with infiltrat-
ing Th1 effector cells, probably impairing tumor immunity (110).
T-bet expression is required for full Treg function, as T-bet defi-
cient nTreg do not fully control autoimmunity in FoxP3 deficient
scurfy mice (72).

Treg induced by activation with a specific alloantigen become
FoxP3+IFN-γ+ and suppress in an antigen specific manner
(111). Human iTreg that express T-bet, IFN-γ, and CXCR3 are
CD4+CD25+FoxP3+ T cells and suppress (112). Th1-like IFN-
γ producing CD4+CD25+FoxP3+ Treg are present in the blood
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FIGURE 1 | Shows how IL-2 withoutTCR engagement with specific Ag induces polyclonal expansion of nTreg. If antigen is present a minority
population of nTreg that have TCR specific for antigen are activated to Ts1 by IL-2 and their specific antigen. Ts1 cells express IFNGR, IL-12Rβ2, IL-5, and
FoxP3 but not IFN-γ, T-bet, or IL-2. The second step of activation of nTreg converts Ag specific Ts1 to Th1-like Treg and requires specific antigen and either IL-12
or IFN-γ in the absence of IL-2. The Ts1 are antigen specific Treg that continue to express FoxP3, CD25, and CD4, but also express IFNGR, IL-12Rβ2, T-bet,
and IFN-γ. Ts1 cells have increased potency over nTreg of at least 10-fold that is antigen specific. Th1-like Treg have 100- to 1000-fold increased suppressor
potency over nTreg.

FIGURE 2 | Shows how IL-4 withoutTCR engagement with specific Ag induces polyclonal expansion of nTreg. If antigen is present a minority population
of nTreg that have TCR specific for antigen are activated to Ts2 by IL-4. Ts2 cells express IL-5Rα, IFN-γ, and FoxP3 but not IL-5, IFNGR, IL-12Rβ2, GATA3, T-bet,
or IL-2. Ts2 cells have increased potency over nTreg of at least 10-fold that is antigen specific. The second step of activation of nTreg converts antigen specific
Ts2 to Th2-like Treg and requires specific antigen and Th2 cytokines, probably IL-5. Th2-like Treg express IRF4 with FoxP3 and Th2 cytokines IL-4 and IL-5.

of multiple sclerosis and renal transplant patients during active
immune responses (113, 114). Th1-like Treg can be induced by
IFN-γ, IL-12, or IL-27 and each may be a separate lineage, albeit
they all express FoxP3, T-bet, STAT1, IFN-γ but not IL-2.

IFN-γ PROMOTES Th1-LIKE Treg

Thymus derived nTreg activated in a Th1 environment initially by
IL-2, can be further activated by IFN-γ inducing STAT1 to promote
expression of the Th1 transcription factor T-bet (115). Absence
of STAT1 results in impaired CD4+CD25+ Treg development
and increases host susceptibility to autoimmunity (115). These
STAT1/T-bet/FoxP3+ Treg control Th1 responses and express
CXCR3, which promotes their migration to sites of Th1 inflam-
mation (72). IFN-γ induces T-bet+CXCR3+ Treg that inhibit
Th1 responses in the periphery (116). Collectively these studies

confirm IFN-γ can act on Treg to increase their effectiveness in
controlling Th1 responses, albeit excessive activation by IFN-γ
can reduce their suppressive capacity and may convert them to
effector Th1 cells.

IL-12 PROMOTES Th1-LIKE Treg

IL-12p70 is a hetero-dimer composed of p35 and p40 that is pro-
duced by APC not T cells (117). IL-12 is a pro-inflammatory
cytokine that enhances Th1 (76, 118), cytotoxic CD8+T (119),
and NK (120) cell responses by increasing IFN-γ (121).

IL-12p70 acts by binding to a high affinity receptor, which is
a hetero-dimer of IL-12Rβ1 and IL-12Rβ2 (122), which when
activated by IL-12p70 induces STAT4 and T-bet to stabilize the
Th1 phenotype and IFN-γ production (123, 124). Resting T cells
do not express high affinity IL-12Rβ2 (117), but both chains are
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up-regulated by TCR and CD28 stimulation, as well as by IL-2 and
IFN-γ. IL-4 and IL-10 decrease expression of IL-12Rβ2.

Because IL-12p70 promotes induction of Th1 and cytotoxic T
cell responses, it was predicted to amplify rejection and GVHD
(125). Paradoxically, treatment with one dose of IL-12p70 at the
time of bone marrow transfer inhibits fully allogeneic GVHD
(126). Prevention of GVHD by IL-12p70 is dependent on donor
IFN-γ (127) acting via Fas to inhibit donor T cell expansion (128).
IL-12p70 treatment delays allograft rejection (98) and inhibits
autoimmunity including uveitis (129) and EAE (130). The pro-
tective effects of IL-12p70 are associated with induction of IFN-γ
and iNOS (129). Blocking IFN-γ or iNOS with L-NIL prevents
IL-12p70 prolonging graft rejection (98). In other models IL-12
promotes autoimmunity (131–133).

IL-12p35−/− (134), IL-12Rβ2−/− (135), IFN-γ−/− (136), and
IFNGR−/− (94) mice are more prone to type I diabetes and have
reduced numbers of CD4+CD25+FoxP3+ Treg that are less sup-
pressive in vitro (137). Some Treg express the IL-12Rβ2 (137). In
a situation of an uncontrolled Th1 response, IL-12p70 induces
Treg to express T-bet and with high IL-12p70 levels these Treg pro-
duce IFN-γ (138). These changes only occur when there is limited
IL-2 (138).

In our studies, nTreg cultured with IL-2 and alloantigen (Ts1)
expressed IL-12Rβ2 and proliferated with IL-12p70. Ts1 cells acti-
vated by specific antigen and IL-12p70 in the absence of IL-2
had greater capacity to suppress alloimmune responses in vitro
at 1:1000 and in vivo at 1:100 (Verma et al., unpublished data).
Further, these Ts1 cells cultured with IL-12p70 in the absence
of IL-2, expressed mRNA for T-bet and IFN-γ. They contin-
ued to express CD25, FoxP3, and mRNA for IFNGR and IL-
12Rβ2. Ts1 cultured with IL-2 and IL-12p70 did not express
mRNA for T-bet or IFN-γ. The concept of how Th1 cytokines
induce Ts1 cells that are activated to a specific antigen to express
IFNGR and IL-12Rβ2, and the effects of IFN-γ and IL-12p70 on
their further expansion of Ts1 to Th1-like Treg is illustrated in
Figure 1.

Many of the anti-inflammatory effects of IL-12p70 are attrib-
uted to increased production of IFN-γ that in turn induces iNOS
to produce NO (98) but this was not required for Th1-like Treg

development in vitro. Our results suggested that Ts1 cells, express
IL-12Rβ2, and that IL-12p70 directly promotes Treg proliferation
and maturation of Ts1 to more potent Th1-like Treg similar to that
described by others (72, 138).

IL-27 PROMOTES Th1-LIKE Treg

IL-27 is a member of the IL-12 family of hetero-dimers, that
was thought to promote Th1 responses (139). A subset of
CD4+CD25+ Treg express IL-27Rα (140) a receptor required to
control excess inflammation during infection (141). IL-27 inhibits
Th1, Th2, and Th17 by direct inhibition of cells and induction of
T effectors to produce IL-10 (142, 143). IL-27 promotes T-bet and
CXCR3 expression in Treg at mucosa sites (116). IL-27 produces
specialized Treg that control immunity at sites of inflammation
and these Treg appear to express IL-27 as well as IL-27Rα (116).
For IL-27 iTreg to function, they must express IFNGR1 and IL-10
(116). The IL-27 induced Th1-like Treg express different genes to
Th1-like Treg induced by IFN-γ (116).

IL-27 via the STAT1 pathway, promotes FoxP3 expression by
STAT1 binding to the FoxP3 promoter region in iTreg (144).

ACTIVATION OF Treg IN ASSOCIATION WITH Th2 RESPONSES
Dominance of Th2 responses (145–148) and Th2 cytokines IL-
4 (148–150), IL-10 (151), and IL-13 (152), can protect against
autoimmunity, but their effects are variable. Th2 cytokine expres-
sion is associated with prolongation of allograft survival in some
models (153–158), including neonatal (159–161), and irradiation
(162, 163) induced tolerance, but not in all models (164). Th2
cells transfer protection against chronic rejection (165) but do not
directly mediate tolerance (166).

IL-4 EFFECTS ON nTreg AND iTreg

IL-4 is key to the induction of Th2 responses by binding to the
IL-4Rα and common gamma chain and inducing STAT6 signaling
(167) which is required for GATA3 and Th2 cell induction (168).
IL-4 makes Th2 cells resistant to Treg (169).

IL-4 also induces STAT6 in Treg and stabilizes expression of
FoxP3 (169). GATA3 is essential for full expression of FoxP3
by nTreg and binds to a conserved element of the FoxP3 locus
to enhance transcription of FoxP3 (170). GATA3 expression is
required to maintain FoxP3 expression in nTreg (77). GATA3 binds
to the CNS2 site of the Foxp3 promoter site as well as the Th2
locus, whereas in Th2 cells it only binds to the Th2 locus (77). This
induction of GATA3 in nTreg is not via the IL-4/STAT6 pathway
(171), whereas induction of GATA3 via the IL-4/STAT6 pathway
in nTreg and iTreg (172) suppresses FoxP3 expression by binding
to the FoxP3 promoter region (172).

GATA3 is induced in nTreg during inflammation, and sustains
FoxP3 expression (171) especially in Treg at sites of low grade
inflammation such as mucosa and skin. Absence of GATA3 in
Treg results in a spontaneous inflammatory disorder and defective
nTreg that gain a Th17 phenotype (77). Th1 polarizing conditions
down regulate GATA3 in Th2 and Treg cells (77). GATA3 induced
in nTreg in early inflammation inhibits induction of polarizing
factors and generation of effector T cells from nTreg (171). This
early induction of GATA3, is dependent upon IL-2 as it is enhanced
by IL-2/anti-IL-2 mAb complexes and is absent in IL-2 deficient
mice (171).

TGF-β inhibits T-bet expression (173) and GATA3 expression
(174) in CD4+ T cells reducing Th1 and Th2 cell expansion,
thereby favoring FoxP3 expression and iTreg development. On the
other hand GATA3 inhibits FoxP3 expression in iTreg activated
from CD4+ T cells by TGF-β (77) and diverts the cells to an IL-9
producing effector CD4+ T cell (175, 176). Thus IL-4 may pro-
mote nTreg, but inhibit induction of iTreg by promoting GATA3
induction, that down regulates FoxP3 expression. GATA3 is not
expressed by RORγt or T-bet expressing Treg, nor by Th17 and
Th1 cells (171).

IL-4 in culture prevents apoptosis of mice nTreg (177), but IL-4
does not induce proliferation of nTreg only inducing proliferation

of CD4+CD45RBhiCD25− T cells (177). IL-4 enhances the capac-
ity of nTreg to suppress IFN-γ induction in CD4+CD25− T cells
(177). Others found IL-4 induces nTreg proliferation (178) and
expression of CD25, FoxP3, and IL-4Rα (169, 177). In cultures, IL-
4 induces proliferation of both CD4+CD25+ and CD4+CD25−
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T cells but promotes survival of CD4+CD25− T cells countering
inhibition by nTreg (179).

IL-4 AND ANTIGEN ACTIVATION OF nTreg

We found IL-4 and antigen in culture induced nTreg to antigen
specific Treg (46, 56). This activation induces expression of the
specific receptor for IL-5 (IL-5Rα) as well as for IL-4 (IL-4Rα)
but not IFNGR or IL-12Rβ2, that we observe in cultures with IL-2
and an antigen (46). We call these antigen and Il-4 activated Treg,
Ts2 cells (46). They continue to express FoxP3, but do not express
GATA3, T-bet, or IL-2 (46). Ts2 cells features are summarized in
Table 2. Ts2 cells have less expression of IL-5, enhanced expression
of IFN-γ, and no change in expression of IL-4, IL-13, TGF-β, or
IL-10 (46) (Table 2). These changes are not observed when nTreg

were cultured with IL-4 and self antigen, suggesting they are due
to activation of antigen specific Treg (see Figure 2).

Ts2 cells have increased potency of suppression in vitro as they
fully suppressed naïve CD4+ T cells proliferation in MLC at 1:32
(46), whereas nTreg only fully suppress MLC at 1:1 or greater (59).
Evidence that Ts2 cells are antigen specific Treg is that Ts2 cells sup-
press specific donor allograft rejection mediated by naïve CD4+

T cells at a ratio of 1:10 (46), whereas naïve nTreg only suppress
rejection at 1:1 (57). Ts2 cells do not suppress third party rejection
at 1:10 demonstrating the Ts2 cells are antigen specific (46). The
animals restored with Ts2 cells to suppress rejection develop toler-
ance to the allograft and after 150 days have CD4+CD25+FoxP3+

T cells that expressed IL-5Rα and IFN-γ. These tolerant Treg

proliferate in culture to specific donor, but not to self or third
party alloantigen, if IL-5 is present (46). This is consistent with
these alloantigen specific Treg retaining their phenotype over a
long period and IL-5 being key to the maintenance of tolerance
mediated by antigen specific CD4+CD25+FoxP3+ Treg.

In other hosts with transplant tolerance, we have identified
CD4+CD25+FoxP3+ Ts2 cells that expressed IL-5Rα and IFN-γ,
that in vitro responded to specific donor and not third party when
IL-5 was present (unpublished). Alloantigen with IL-5, but not IL-
4, promoted in vitro survival of transplant tolerance transferring
alloantigen specific CD4+ T cells (Plain et al., unpublished data).
We suggest that these Ts2 cells maintain alloantigen specific toler-
ance, albeit animals with tolerance can have both antigen specific
Ts1 and Ts2 cells.

In an autoimmune model, we have also generated antigen spe-
cific Ts2 cells in vitro by culture of nTreg with IL-4 and autoantigen.
These Ts2 cells are induced to express IL-5Rα and IFN-γ, not
IFNGR, and IL-12Rβ2 (56).

Human CD4+CD25+CD127loFoxp3+ T cells cultured with
antigen and IL-4 express IL-5Rα consistent with a human Ts2
cell (56).

We concluded that induction of Ts2 cells is a key step in induc-
tion of antigen specific tolerance to Th2 responses. Ts2 would be
promoted by the IL-5 produced by an ongoing Th2 response, after
the Th2 cells stop producing IL-4, an early Th2 cytokine.

IL-5 AND ANTIGEN ACTIVATION OF nTreg

As IL-5Rα is not expressed by any other T cells subtype, and is
mainly expressed by eosinophils and mast cells, and in rodents B
cells, we proposed that IL-5 may be a therapy that could promote

immune tolerance by activation and expansion of antigen spe-
cific Ts2 (56). Treatment with IL-5 delays neonatal heart allograft
rejection and inhibit Th1 cytokine induction (180).

In an autoimmune demyelination model, IL-5 therapy given
before disease onset prevents clinical disease and nerve demyeli-
nation. IL-5 therapy given after onset of disease, reduces clinical
severity of disease and the number of demyelination nerves (56).
This is associated with an increase in CD4+CD25+ Treg and these
Treg express IL-5Rα. Further responses of these hosts Treg to the
immunizing antigen are enhanced by adding IL-5 to cultures (56).
The effect of IL-5 are abrogated by treatment with monoclonal
antibodies to deplete CD25+ cells or to block IL-4, confirming that
the nTreg of the host are activated by antigen and exposure to IL-
4 produced in the immune response to the autoantigen (56). The
IL-5 therapy promotes expansion of the IL-5Rα expressing antigen
specific Ts2 cells (56). IL-5 therapy markedly reduces tissue inflam-
mation and expression of mRNA for the Th1 cytokines IL-2 and
TNF-α as well as the Th17 associated cytokine IL-17A. The Th2
cytokines IL-4 and IL-5 are not suppressed (56). This suggests that
Ts2 cells may selectively suppress Th1 and Th17 responses, while
sparing the Th2 response that produces the IL-4 and IL-5 required
for the induction and expansion of Ts2 cells. Thus these Ts2 cells
contribute to polarization of Th2 responses by suppressing Th1
and Th17 cells.

Human CD4+CD25+CD127loFoxP3+ Treg cultured with anti-
gen and IL-4, but not IL-2, express IL-5Rα, suggesting IL-5 may
promote these antigen specific Treg (56).

Th2-LIKE Treg

Th2-like Treg express the transcription factor Interferon regulatory
factor-4 (IFR4) to control Th2 responses (73). IRF4 also promotes
Th2 and Th17 (181) responses. IRF4 binds to the promoter region
of FoxP3 and induces Treg to express IL-4 and IL-5 (73). Thus
induction of IRF4 results in a Th2-like Treg. Antigen specific Th2-
like Treg are induced in Th2 responses by IL-10 and ICOS/ICOS
ligand interaction and secrete IL-10 and some IL-4 but not IL-13
(182). ICOS expressed on Treg promotes their expansion in sites
of inflammation during parasitic infestation, whereas in lymphoid
tissues ICOS promotes Th2 responses not Treg expansion (183).

During parasitic infestations, CD4+CD25+ Treg develop in
parallel with the Th2 polarization and regulate the size of the
immune response (184). These Th2 iTreg inhibit Th1 responses,
thereby facilitating Th2 polarization (185, 186). The early immune
response to parasites is markedly controlled by Treg (187). Persis-
tence of parasitic infestation is due to CD4+CD25+ Treg (188,
189) and these hosts have expanded CD4+CD25+FoxP3+ Treg

populations (190).
Chronic infestation with parasites is associated with domi-

nance of Treg, which suppress Th1 and Th2 responses against
the parasite (191, 192). Animals who fail to eliminate para-
sites have protective CCR8+CD4+CD25+ Treg producing IL-10
that regulates Th2 response (193). Transfer of CD4+CD25− T
cells confer some protection against infestation, while transfer
of activated CD4+CD25+FoxP3+CD103+ Treg impairs parasite
clearance with greater effect than nTreg (194).

Animals with parasitic infections and an active Th2 response are
resistant to the induction of autoimmunity (195, 196) through the
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effects of TGF-β (197) and have delayed allograft rejection (198–
200). This suggests the Th2 milieu and possibly Th2 activated Treg

protect these animal from Th1 and Th17 responses (201).
Multiple sclerosis patients with eosinophilia from parasitic

infestation have markedly reduced episodes of relapses and new
MRI lesions in brain associated with increased CD4+CD25+

Treg (202). Treatment of parasitic infestations leads to increased
relapses and progression of multiple sclerosis with a reduction in
Treg (203). Trials of therapeutic parasitic infestation are underway
in inflammatory bowel disease (204) and MS (205). As parasitic
infestation is associated with Th2 responses and production of
IL-5, that induces eosinophilia, one possibility is that this IL-5
promotes antigen specific Ts2 cells to control autoimmunity.

A plausible hypothesis is that the evolution of the immune sys-
tem was with persistent parasitic infestations and Th2 responses
that inhibit innate and Th1/Th17 immunity (206). There is an
increasing incidence of autoimmunity in the Western World where
the parasitic infestation rate has markedly declined (206). Para-
sites induction of immune responses that promote Treg, possibly
by production of IL-5, may also explain the reduced incidence of
autoimmunity in populations that live closer to the equator and
have poorer hygiene (206).

Our hypothesis is that persistent Th2 responses releasing IL-5
may through a by-stander effect promote expansion of activated
antigen specific IL-5Rα+ Treg generated to new non-parasite anti-
gens. We demonstrated that IL-5 was an essential growth factor
for nTreg activated by IL-4 and these Ts2 cell reduce autoim-
mune injury (56). We propose that one of the beneficial effects
of parasites may be the high IL-5 level produced by a chronic Th2
response, promotes IL-5Rα expressing antigen specific Ts2 cells to
control autoimmunity and allograft rejection.

ACTIVATION OF Treg IN ASSOCIATION WITH Th17
RESPONSES
Th17-LIKE Treg

T regulatory cells expressing both FoxP3 and IL-17 occur in mice
and man (78, 207). IL-17 producing Treg are produced in the
periphery not the thymus (78). STAT3, a transcription factor
required for Th17 induction, is also required in Treg for induc-
tion and maintenance of FoxP3 expression induced by CD28
co-stimulation to produce iTreg (208). Specific deletion of STAT3
in Treg results in a fatal Th17 meditated colitis (209). It is proposed
that STAT3 and FoxP3 together coordinate expression of a set of
genes that specifically regulate Th17 effector T cells (209). STAT3
induces the receptors for IL-10, and for the pro-inflammatory
cytokines IL-6 and IL-23 on Th17 cells and presumably on Treg

associated with Th17 responses. IL-27 inhibits Treg via STAT3
(210). IL-10 at the site of inflammation can promote activated
FoxP3+ Treg and FoxP3− Tr1 (211) and can directly inhibit Th17
and Th17/Th1 cells at the site of inflammation in colitis (212).
This suggests that IL-10R is expressed by Th17, Th1/Th17 cells, as
well as Th17-like Treg that suppress Th17.

Human peripheral blood and lymphoid tissue contain
CD4+FoxP3+ Treg that express CCR6 and when activated pro-
duce IL-17. They express both FoxP3 and RORγt (78). These
CD4+CD25+FoxP3+ cells, that produce IL-17, strongly inhibit
CD4+ T cell proliferation, and could be cloned (78). Naïve

CD4+FoxP3+CCR6− Treg that have their TCR stimulated in the
presence of IL-1β, IL-2, IL-21, and IL-23 differentiate into IL-17
producing Treg (78). Human Treg that secrete IL-17A express the
Th17 transcription factor RORγt (213). Both naive and memory
Treg suppress Th17 cells and inhibit their production of IL-17 and
IL-22, as well as their expression of CXCL8 (214).

CD4+CD25+FoxP3+ Treg expressing IL-17, that acquire IL-
1R1 can be converted to Th17 cells by IL-1β (215). This group
suggested the preferred route of induction of Th17 in man may be
via activation of nTreg with lineage differentiating factors, such as
activated APC, IL-1β, TGF-β, and IL-23 as well as IL-2 (74). They
propose a new role for nTreg as precursors of Th17 effector cells.
IL-2 therapy triggers conversion of Th17 producing FoxP3+ Treg

to Th17 cells that do not express FoxP3 (216). The Th17 effec-
tors, that no longer suppress, do not express FoxP3 or IL-1R1, but
express CCR6; similar to a smaller population of Treg that express
FoxP3 and IL-17 (74).

IL-21 synergizes with IL-2 to promote activation of effector
CD4+ and CD8+ T cells but inhibits induction of iTreg when
combined with IL-2 and TGF-β (217). Thus, there is evidence for
activated Treg and iTreg being induced to suppress Th17 responses
that use induction pathways, in part, shared with Th17 cells.

ACTIVATION OF Treg IN ASSOCIATION WITH Tfh RESPONSES
Tfh-like Treg are specialized Treg that control germinal center
expansion and autoimmune responses that are found in primary B
cell follicles. These CD4+CD25+FoxP3+ T cells migrate to the T-B
border areas of secondary lymphoid tissues, where they suppress
Tfh dependent antibody responses by inhibiting both B cells and
T cells (218, 219) These cells are CD4+CD25+FoxP3+ T cells that
share transcription factors and cell surface phenotype with Tfh
cells, including expression of the Tfh chemokine receptor CXCR5
(75, 219) and PD1 which is expressed by Tfh (75). The devel-
opment of Tfh-like Treg is similar to Tfh cell development as it
depends upon expression of the transcription factor Bcl-6 (75).
Bcl-6 is a transcription factor that promotes Tfh and represses
other Th lineages. They also express Blimp-1, which is repressed
in B cells and Tfh that express Bcl-6 (75). Bcl-6 is a transcriptional
repressor that promotes Tfh but represses other Th lineages. Bcl-
6−/− Treg are selectively impaired at controlling Th2 responses,
but not Th1 and Th17 responses, as Bcl-6 suppresses GATA3 and
Th2 (220).

Both Tfh and Tfh-like Treg depend upon SAP, CD28, and B cells
for their activation (75). Similar to Tfh cell induction, the Tfh-like
Treg are induced by IL-21 and IL-6 and produce IL-21 with STAT3
expression. Tfh-like Treg are derived from nTreg and are not iTreg

(75). Tfh-like Treg prevent over expansion of germinal centers and
mediate tolerance in B cell responses.

CONCLUSION
This review sets out the evidence that nTreg are activated by
cytokines released by the activation of CD4+CD25− T cells in
all immune responses. It describes how the responsiveness of anti-
gen activated nTreg changes during the immune response. Initially
nTreg are activated by early cytokines such as IL-2 in Th1 and
IL-4 in Th2 responses. With persistent active immune responses,
the cytokines produced change. In late Th1 responses IFN-γ and
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IL-12p70, not IL-2 is produced, and these late Th1 cytokines fur-
ther expand and activate IL-2 and antigen activated Ts1 cells.
In late Th2 responses IL-5 and IL-13 are produced not IL-4. In
late Th2 response IL-5 promotes IL-4 and antigen activated Ts2
cells.

Excessive amounts of these cytokines can further induce anti-
gen specific Treg to express the transcription factor of the dominant
inflammatory response, so that in Th1 responses T-bet and STAT1
are induced to Th1-like Treg that produce IFN-γ. In Th2 responses
Treg express IRF4 and produce IL-5 and IL-4 to become Th2-like
Treg. In Th17 responses activated Treg express RORγt and IL-17A
to become Th17-like Treg, whereas in Tfh responses, Treg express
Bcl-6, and IL-21 to become Tfh-like Treg. Each step of activation is
associated with an increase in potency to suppress of the activated
Treg, so that they can suppress at ratios of 1:10–1:1000, whereas
nTreg only fully suppress at 1:1. These subsets are identifiable by
expression of chemokine ligands, CXCR3 in Th1 responses, CCR8
in Th2 responses, CCR6 in Th17 responses, and CXCR5 in Tfh
responses. Highly potent antigen specific Treg, with the potential
to migrate to sites of tissue inflammation to control active destruc-
tive immune responses, has far reaching potential in therapy for
allograft rejection, control of GVHD, and autoimmunity.

These activated Treg include antigen specific Treg and require
specific antigenic stimulation and the relevant cytokines to pro-
mote their survival. The requirement for specific antigen and

a restricted cytokine milieu makes study of these cells in vitro
very difficult, unless the correct environment is created to pro-
mote their survival. Further, the expansion of enriched nTreg by
repeated culture with IL-2 over more than a week, only expands
nTreg and probably selects against antigen specific Treg as the
cytokines required to sustain antigen specific Treg are absent and
IL-2 prevents induction of Th1-like Treg.

It is now appreciated that the number of nTreg to control
GVHD, graft rejection, or autoimmunity is impossibly large, as
they need to be present at ratios of 1:1 or greater (221). Under-
standing the pathways for selective activation of antigen specific
Treg from nTreg will allow growth of more potent Treg that sup-
press in a specific manner with smaller numbers of cells. This
may be achieved by first culturing nTreg with IL-2 or IL-4, then
with other cytokines, respectively IFN-γ or IL-12 and IL-5. The
effector mechanisms of each subset or activated Treg also needs
resolutions, as there are many effector mechanism other than inhi-
bition of APC with CTLA4 and production of IL-10 and TGF-β,
as reviewed (222).
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The role of CD4+FOXP3+ regulatory T cells (Treg) in human immunodeficiency virus (HIV)
infection has been an area of intensive investigation and remains a matter of ardent debate.
Investigation and interpretation suffered from uncertainties concerningTreg quantification.
Firstly,Treg quantification and function in HIV infection remain controversial in part because
of the lack of reliable and specific markers to identify humanTregs. Secondly, analyzingTreg
percentages or absolute numbers led to apparent discrepancies that are now solved: it is
now commonly accepted that Treg are targets of HIV infection, but are preferentially pre-
served compared to conventional CD4 T cells. Moreover, the duality of immune defects
associated to HIV infection, i.e., low grade chronic inflammation and defects in HIV-specific
responses also casts doubts on the potential impact ofTreg on HIV infection.Tregs may be
beneficial or/and detrimental to the control of HIV infection by suppressing chronic inflam-
mation or HIV-specific responses respectively. Indeed both effects of Treg suppression
have been described in HIV infection. The discovery in recent years of the existence of
phenotypically and functionally distinct human CD4+FOXP3+Treg subsets may provide a
unique opportunity to reconcile these contrasting results. It is tempting to speculate that
different Treg subsets exert these different suppressive effects. This review summarizes
available data concerning Treg fate during HIV infection when considering Treg globally or
as subsets. We discuss how the identification of naïve and effector Treg subsets modu-
lates our understanding ofTreg biology during HIV infection and the potential impact of HIV
infection on mechanisms governing peripheral differentiation of adaptive Tregs.

Keywords: HIV,Treg, FOXP3, CD25

INTRODUCTION
CD4+FOXP3+ regulatory T cells (Treg) are a critical CD4 T-cell
subset involved in the control of immune-tolerance by regulating
immune-homeostasis and limiting immune-activation. Defects in
Treg cell numbers or function have been related to the devel-
opment of human autoimmune diseases, while increases in Treg
numbers or activity could limit anti-tumoral immune-responses.
In contrast to these two scenarios, in which beneficial or detri-
mental roles of Treg are easily predictable, a much more complex
picture emerges for the role of Treg in infectious diseases. Treg
mediated inhibition of antimicrobial immune-responses could
lead to ineffective clearance of the pathogen contributing to the
chronicization of the infection. On the other side, Treg participate
to terminate immune-responses thus preventing exacerbated and
potentially harmful immune-activation (1, 2). The impact of Treg
during human immunodeficiency virus (HIV) infection is even
more difficult to integrate due to the dual features of HIV infection.
HIV infection is a chronic viral infection inducing drastic CD4
T-cell depletion that is associated with both immune deficiency
and dysregulated chronic immune-activation. The control of viral
replication is highly dependent on HIV-specific T-cell responses
as revealed by the analysis of patients who spontaneously control
the virus. Chronic inflammation sustains CD4+ T-cell decay and

participates to loss of functional CD8 T-cell activity. Improving
HIV-specific responses and limiting chronic immune inflamma-
tion are current goals of HIV therapies. Theoretically, Treg may
suppress both chronic immune inflammation and HIV-specific
responses being thus both beneficial and deleterious in HIV patho-
genesis (3, 4). Whereas the dual role of Treg in the pathogenesis
of HIV infection is now accepted, debates are still vivid to deter-
mine whether residual Treg exert these dual effects simultaneously
or sequentially. Interestingly, Treg inhibition does not solely apply
to immune functions, but also to the virus: Treg have also been
described to directly inhibit HIV infection and replication. Finally
additional complexity emerges from the observation that Treg may
constitute a potent reservoir, thus leading to consider infected
Tregs as an obstacle to efficient control of HIV infection. Deter-
mining the net impact of Treg cells on HIV infection remains a
matter of ardent debate and face major hurdles: (a) Treg quantifi-
cation during HIV infection remains controversial in part because
of the lack of reliable and specific markers to identify human Treg;
(b) expression of Treg quantification using percentages or absolute
numbers led to obvious discrepancies that need to be discussed;
(c) HIV infection recovers multiple immunological and viral status
including patients during primary infection, chronically viremic
patients, aviremic antiretroviral therapy (ART) treated patients
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or spontaneous controllers, which should be considered indepen-
dently; (d) the accuracy of Treg analysis in the blood versus crucial
sites such as lymph-node or gut associated mucosa is also under
debate; (e) Treg have been essentially identified so far as a unique
population whereas increasing evidence demonstrate high diver-
sity in function and ontogeny. One may also question whether
different Treg subsets may differently modulate HIV pathogene-
sis. Integrating Treg heterogeneity may prove crucial to dissect the
impact of Treg mediated suppression during HIV infection. In the
present review we will focus on Treg phenotypic and functional
heterogeneity in order to elucidate Treg fate during HIV infection
and to better delineate the protective or pathogenic roles of Treg
cells in HIV infection.

HIV INFECTION AND GLOBAL TREGS
IDENTIFICATION STRATEGIES
Firstly identified in 1995 in mice as a suppressive CD4 T-cell sub-
set constitutively expressing the IL-2 receptor alpha-chain (CD25)
molecule (5), Treg have been subsequently identified in humans
as a CD4 T-cell subset exhibiting in vitro suppressive proper-
ties and expressing high levels of CD25 (6–10). Unfortunately,
the inducible nature of CD25 expression during T-cell activation
on conventional T cells renders this molecule unsuited for Treg
identification during immune-activation. Shortly thereafter, the
forkhead box P3 (FOXP3) transcription factor was identified as
an essential and specific factor for Treg development and func-
tion (11–13). While FOXP3 is to date the most specific marker
for Treg identification in mice, in humans the situation is more
complex, as the expression of FoxP3 is also observed in some con-
ventional CD4+CD25−T cells upon activation (14). Finally, it has
been shown that human CD4+FOXP3+CD25high cells express
lower levels of CD127, the alpha-chain of the IL-7 receptor, when
compared with their FOXP3-counterpart (15–17). The combina-
tion of the CD25 and CD127 surface markers with or without
intra-nuclear staining for FOXP3 expression has thereafter been
widely employed to identify CD4+ Treg cells (Figures 1A–C).
Sorting of Treg cells has greatly benefited from the combina-
tion of high CD25 and low CD127 expression. However such an
approach also presents drawbacks: conventional non-Treg CD4
T cells down-regulate CD127 expression during activation while
they up-regulate CD25. It is therefore likely that CD127 and CD25
expression cannot accurately discriminate ex vivo Treg cells from
activated T cells in situations of immune-activation such as HIV
infection (18). In conclusion, Treg identification in context of
chronic activation such as HIV infection, still suffers from the
lack of indisputable markers that can unequivocally distinguish
Treg from effector cells.

TREG SUSCEPTIBILITY TO HIV INFECTION AND SUPPRESSIVE
PROPERTIES
Several studies have shown in vitro that Treg cells are highly sus-
ceptible to HIV infection (19–22). Moreover, Treg susceptibility
seems to differ depending on the HIV type 1 strain, Treg being
less susceptible to R5 viruses compared with effector T cells (22).
Interestingly, Tran et al. suggested that Treg could represent a pref-
erential cellular reservoir of viral infection (21). Treg suppressive
capacity does not seem to be affected by HIV infection as Treg

isolated from acutely (23), chronically viremic (24, 49) infected
patients, or HIV controllers (24, 49) suppress effector T cells
proliferation as efficiently as Treg isolated from healthy donors.

TREG QUANTIFICATION IN HIV INFECTION
Regulatory T cells quantification in HIV infection remains contro-
versial in part because of the aforementioned lack of homogeneous
and reliable specific markers to identify human Tregs. A second
hurdle arises from the strategy used to quantify Tregs. Because
CD4 depletion is the pathogenic hallmark of HIV infection and
CD4 counts decline during disease progression, determining Treg
percentages among CD4 T cells or Treg counts does not pro-
vide similar information and thus participates to the uncertainties
concerning Treg quantification. Both quantifications have their
advantages and drawbacks. Percentages allow analyzing relative
proportion of Tregs among CD4 T cells regardless the intensity of
CD4 T-cell depletion associated to HIV infection. Conversely, Treg
numbers allow evaluating potential bias in effector non-CD4 T-
cell/Treg ratio since Treg suppression not only affects CD4 T cells
but also effector CD8 T cells and innate cells. Interestingly, these
two analyses led to different observations: Treg numbers are essen-
tially reduced during HIV infection, but Treg are preferentially
preserved compared to conventional CD4 T cells thus diversely
impacting Treg percentages among CD4 T cells. Extreme care
should be taken when interpreting these opposing data. Increasing
Treg percentages among CD4 T cells suggest increasing Treg medi-
ated suppression capacities against CD4 T cells, but reduced Treg
numbers suggest reduced suppression capacity on other cellular
targets (CD8 T cells, NK cells, dendritic cells). It thus seems rele-
vant to provide both sets of information to finely dissect the global
impact of Treg during HIV infection. Such particular feature of
Treg alteration during HIV infection may provide an important
rationale to understand diversity of Treg mediated effects. Finally,
a third major aspect participating to the discrepancies obtained
is represented by the diversity of HIV clinical stages rendering
universal conclusion difficult to be drawn. Exhaustive analyses
addressing the different immunological and virological status of
HIV patients finally allowed some consensual conclusions to be
formulated. During primary HIV infection (PHI), decreased Treg
percentages (23, 25, 26) and absolute numbers (26) have been
described, although results differ depending on the staining strat-
egy (25). In chronically infected viremic patients, Treg percentages
are shown to be consistently increased while Treg absolute num-
bers consistently decreased (24, 26–35). During efficacious ART
Treg percentages have been shown to progressively decrease to
normal levels (33, 36–40) while Treg counts increase progressively
in parallel with total CD4 counts (24, 33, 37–39, 41). Interestingly
this effect is reversed upon ART interruption (42). Studies of Treg
levels in HIV controllers, a subpopulation of patients who spon-
taneously control viral loads (43), revealed alternately unchanged
(20, 24, 39, 44), increased (45), or reduced (26, 46) percentages
compared to healthy donors. Treg absolute numbers have been
reported to be either unchanged (39) or decreased (26) in HIV
controllers compared to healthy individuals. Importantly, analy-
ses of Treg homeostasis were also performed apart from peripheral
blood and notably in gastrointestinal mucosa which represents a
major site of viral replication and CD4 T-cell depletion, and thus
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FIGURE 1 | Flow cytometryidentification strategies ofTreg subsets.
(A) Global Treg identification based on FOXP3, CD25, and CD127
expression by CD4 T cells. (B) Expression of CD45RA and FOXP3 by CD4 T
cells allows the identification of CD45RA+ FOXP3low resting or naïve Treg
and CD45RA- FOXP3high activated or effector Treg. (C) Treg proportions

and absolute numbers obtained employing different existing gating
strategies. (D) Further identification of effector Treg subsets based on
HLA-DR or Ki67 expression. HLA-DR or Ki67 expression in global CD4 T
cells (gray), CD45RA+ FOXP3low naïve Treg (green), or CD45RA-
FOXP3high effector Treg (red) is shown.

represents a central site involved in HIV infection pathogenesis.
Few studies investigating Treg levels in the intestinal tract demon-
strated that during viremic HIV infection a global CD4 T-cell loss
takes place in gastrointestinal mucosa with preferential preser-
vation of Treg, leading to a relative increase in Treg proportion
(24, 47–49). Such a process is reversed by efficient ART dur-
ing which restoration of normal Treg levels in gastrointestinal
tract is observed (24, 47–49). Collectively, data obtained from
intestinal tract thus corroborated data obtained from peripheral
blood showing a reduction of Treg numbers in peripheral blood
and gut mucosa during viremic stages, although Tregs appeared
preferentially preserved among CD4 T cells at both sites.

IMPACT ON HIV PROGRESSION
Several studies tried to evaluate in vivo Treg role on HIV infec-
tion by correlating Treg percentages or numbers to different

canonical parameters of HIV disease, i.e., CD4 count, viral load,
and activation profile. Most of published studies agree in report-
ing a positive correlation between absolute numbers of Treg and
CD4 counts (26, 28, 31, 37, 39, 50–54) and a negative correla-
tion between Treg percentages and CD4 counts (27, 29, 31, 34, 37,
39, 55, 56). One may discuss the relevance of correlation between
CD4 counts and Treg counts because Treg are a CD4 T-cell sub-
set. Interpretations were thus mostly drawn from correlation with
viral load and/or activation profile. Viral load has been reported
mostly to be positively correlated to Treg percentages (29, 39,
40, 55, 57) and negatively correlated with Treg numbers (31, 39,
51, 58). These observations led to investigate a direct impact of
Treg on HIV-specific CD4 and CD8 T-cell responses. It has been
shown that presence of CD4+ CD25+ cells during in vitro HIV-
specific stimulation led to decreased HIV-specific CD4 and CD8
responses (20, 21, 23, 50, 51, 59–66). Importantly, Treg have been
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reported to suppress both cell proliferation and effector mole-
cules production in response to HIV. Recently, Elahi and coworkers
reported the interesting finding that Treg cells differentially sup-
press HIV epitope proliferation of CD8+ CTLs depending on
HLA alleles restriction, epitope-specific CD8+ CTLs restricted
to the protective HLA allele groups HLA-B∗27 and HLA-B∗57
being not susceptible to Treg mediated suppression (63). Col-
lectively, published results suggest that a dominant mechanism
of suppression by Treg could reduce in vivo antiviral responses
participating to the incapacity to eradicate HIV infection. How-
ever, ex vivo correlation studies failed to detect any association
between global Treg levels and HIV-specific T-cell responses in
terms of IFN gamma (IFN-γ) production in response to HIV
peptides stimulation (24, 40, 44, 51) or HIV-specific CD8 T-cell
activation (26).

Immune hyper-activation as revealed by expression of CD38
and HLA-DR activation markers at CD4 and CD8 cell surface
is a negative prognostic factor associated with disease progres-
sion in HIV infection (67, 68). In order to investigate if Treg
alteration played a role in this phenomenon, several studies have
tried to identify a correlation between Treg level and lympho-
cytes activation. Unfortunately no clear conclusion can be drawn
using expression of CD38 and HLA-DR expression analyses to
evaluate CD4 and CD8 activation. Conflicting results have been
reported concerning relationship of Treg with immune-activation
in PHI depending on Treg identification strategy employed (23,
69). Similarly, no consensus has been reached in studies includ-
ing patients during chronic viremic infection when either positive
(29, 53), negative (25, 51, 70), or no correlations (32, 55) between
Treg levels and immune-activation have been reported. The only
stage of infection in which some conclusion can eventually be
reached is represented by aviremic patients undergoing ART in
which several studies concluded for an inverse correlation between
Treg proportions and T-cell activation (36, 42). Based on these
observations some authors speculated that Treg could be suf-
ficient to control low residual T-cell activation in ART-treated
patients, but insufficient to affect generalized immune-activation
observed during primary or chronic viremic HIV infection (4). In
this hypothesis, restoring Treg pool in ART-treated patients may
thus constitute an interesting strategy ensuring Treg suppression
without affecting viral load control. IL-2 recombinant injection
induces significant increase in Treg numbers (111) although no
clinical benefits were observed from restoration of Treg pools, cast-
ing doubts on the relevance of Treg compartment on the control
of immune-activation (71). However, the Treg subsets preferen-
tially increased upon IL-2 treatment are not fully characterized.
It could be useful to consider manipulation of specific Treg sub-
sets to provide beneficial impact. Collectively, these contrasting
results reinforce the notion that Treg could be a double edged
sword during HIV infection. On one side, they are detrimental
as they inhibit HIV-specific immune response. On the other side,
they could participate to the maintenance of immune-homeostasis
by reducing non-specific chronic immune hyper-activation. Tak-
ing into account Treg heterogeneity may prove crucial to dissect
these opposite effects of Treg mediated suppression during HIV
infection.

HIV INFECTION AND TREGS SUBSETS
Similarly to other T-cells compartments, Treg population presents
a high degree of heterogeneity both in humans and mice. Several
markers allow the identification of phenotypically distinct Treg
subsets, and controversies exist about which Treg subpopulations
present peculiar functional characteristics. As described for con-
ventional T cells, distinction between naïve and effector cells have
been considered for Treg subsets. CD45RA or CD45RO expres-
sion has been notably considered to identify naïve and effector
Tregs. Such strategy offers interesting insight on the biology of
Tregs in HIV infection as discussed below, being an initial step
that partially reflects the heterogeneity among Treg subsets. Other
markers, such as HLA-DR or Inducible costimulatory molecule
(ICOS), have been reported to identify cells at other stages of
activation and, more importantly, seem to identify peculiar Treg
cell subsets provided with specific mechanisms and effects of sup-
pression. Finally, some molecules implicated in Treg suppressive
function, such as CD39 and Glycoprotein A repetitions predom-
inant (GARP), are employed to identify peculiar Treg subsets.
Defining additional markers and/or combination will undoubt-
edly allow further refining of Treg subsets preservation during the
course of HIV infection. Identification of Treg subsets using acti-
vation markers and their respective impact on HIV infection will
be briefly presented when information is available.

SUBDIVISION IN NAÏVE AND EFFECTOR TREG SUBSETS
Several studies have shown that CD45RA is an extremely use-
ful marker for Treg identification when combined to CD25 (72,
73, 110) or FOXP3 (74). CD45RA expression allows the reparti-
tion of the FOXP3+ CD4 T-cell population in three subsets: (i)
FOXP3low CD25low CD45RA+ cells, (ii) FOXP3high CD25high
CD45RA− cells, and (iii) a FOXP3low CD25low CD45RA− pop-
ulation (74) (Figures 1B,C). FOXP3low CD25low CD45RA+
cells represents in human peripheral blood approximately 2–
4% of CD4 T cells and 20–30% of “global” CD4+ FOXP3+
CD25high CD127low T cells. Accordingly to their “naïve” pheno-
type, CD45RA+ FOXP3low CD25low Tregs constitute the great
majority of CD25 or FOXP3 expressing CD4 T cells in cord
blood (73, 74). In classical in vitro suppressive assays CD45RA+
FOXP3low naïve Treg cells efficiently suppress effector T-cell pro-
liferation (74). Interestingly during activation these cells actively
proliferate, are highly resistant to apoptosis and convert to a
CD45RA-CD45RO+ phenotype (74). It is important to note that
early studies of human Treg based on the CD25high gating strategy
initially proposed by Bacher-Allen (6, 75) inadvertently excluded
the CD25low naïve Treg population from the analysis.

CD45RA− FOXP3+ CD4+ T cells include as mentioned two
phenotypically and functionally distinct cellular subpopulations:
(i) a FOXP3low CD25low CD45RA− cytokine-secreting cell pop-
ulation which lacks suppressor activity (ii) a suppressive effector
FOXP3high CD25high CD45RA− Treg population (74). Such an
analysis presents the major advantage of allowing the exclusion
of the FOXP3+ non-Treg contaminating cells, which are included
when the classical FOXP3+ CD25hi CD127low gating strategy is
employed. FOXP3high CD25high CD45RA− effector Treg effi-
ciently suppress conventional effector T-cell responses in vitro
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but, in contrast to CD45RA+ naïve Treg, are highly suscepti-
ble to apoptosis and mostly die while exerting their suppressive
function (74). CD45RA+ naïve Treg are able to differentiate into
FOXP3high CD25high CD45RA− effector Treg upon in vitro
and in vivo activation (74). However, whether the FOXP3high
CD25high CD45RA− effector Treg pool is entirely represented by
activated thymic derived Treg or can be composed by peripherally
differentiated induced Treg (iTreg) still remains unknown.

CD45RA+FOXP3low naïve Treg cells
CD45RA+ FOXP3low CD25low Treg counts have been reported
to be significantly reduced in HIV-infected patients when com-
pared with healthy donors (26, 76). When different HIV diseases
stages are taken into account naïve Treg counts reduction seems
to be exclusively restricted to the PHI phase, while no differ-
ence is observed when viremic and aviremic chronically infected
patients are considered (26). The majority of naïve CD45RA+
FOXP3low CD25low Treg also express CD31 (platelet endothelial
cell adhesion molecule-1, PECAM-1), a cell surface marker iden-
tifying recent thymic emigrants. Proportions of CD31+ among
naïve Treg are not affected during acute or chronic HIV infection
indicating preserved Treg thymic differentiation (77). Naïve Treg
express high levels of the HIV co-receptor CXCR4 while CCR5 is
barely detectable at their surface (76–78). In vitro experiments have
demonstrated that CD45RA+ naïve Treg are more susceptible to
HIV infection when compared to conventional CD45RA+ naïve
CD4 T cells (76, 78). Accordingly to their phenotype naïve Treg
were more susceptible to in vitro infection when CXCR4-tropic
strain (HIV-1 IIIB) was used rather than CCR5-tropic strain using
HIV-1 BaL (76).

Regarding the association of naïve Treg cell numbers and
parameters of disease in HIV infection, naïve Treg cell numbers
positively correlate with CD4 count in both healthy donors and
HIV-infected patients (26, 31, 76) independently from the stage of
the disease. No association (76) or only weak inverse correlation
(26, 31) between levels of HIV RNA levels and number of naïve
Tregs have been reported. Finally, naïve Treg cell numbers correlate
neither with global CD8 T-cell activation nor with HIV-specific
CD8 T-cell responses (26).

Globally, current evidence indicates that naïve Treg subset
is minimally affected during HIV infection being altered exclu-
sively during early phases of infection (primary infected patients).
Ex vivo correlation analyses indicate only marginal role of naïve
Treg on HIV infection.

CD45RO+ FOXP3high CD25high effector Treg cells
No differences (26, 76) or increase (77) were reported in propor-
tions of effector Treg among CD4 T cells during viremic chronic
infection. In contrast, viremic chronically HIV-infected patients
present a significant reduction in effector Treg cell counts when
compared with healthy donors (26, 76), and this phenomenon
was observed in other settings of disease including patients dur-
ing PHI, aviremic patients under antiretroviral treatment, and
HIV controllers (26). Therefore, effector Treg depletion appears
to take place early during HIV infection and to persist during
chronic phases of infection, while ART seems not to be able to
restore the effector Treg pool. However, further studies analyzing
cohorts followed up longitudinally may be needed to determine

the effects of ART on reconstitution of the effector Treg subset.
Accordingly to its expression on recent thymic emigrants, CD31 is
barely detectable at effector Treg surface (74). Interestingly, Zhou
and coworkers showed increased proportions of CD31 express-
ing effector Treg in both acutely and chronically HIV-infected
patients suggesting higher conversion from a naïve to an effector
Treg phenotype during HIV infection (77).

Phenotypic analysis of effector Treg revealed high levels of
expression of the HIV co-receptor CCR5 while CXCR4 is expressed
at lower levels at effector Treg surface when compared to naïve
Treg cells (76, 77). Such a differential pattern of HIV co-receptor
expression between naïve and effector Treg cells suggests potential
differences in viral strains infection susceptibility. Indeed, effec-
tor Treg were more susceptible than naïve Treg to in vitro HIV
infection by CCR5-tropic HIV-1 BaL while naïve and effector Treg
were similarly susceptible to CXCR4-tropic HIV-1 IIIB in vitro
infection (76).

Some conclusions can be drawn from correlation analyses
regarding the role played by effector Treg in HIV infection. Effec-
tor Treg numbers positively correlate with CD4 counts in healthy
donors and such a correlation is lost in chronically HIV-infected
individuals (26, 76) presumably reflecting a preferential loss of
the effector Treg subset. Lack of correlation between effector Treg
numbers and CD4 counts was similarly found in patients during
PHI and in individuals under efficacious ART (26), suggesting an
early impairment in effector Treg homeostasis during HIV infec-
tion which is not restored by ART. Interestingly, the correlation was
observed in HIV controllers, indicating a preserved effector Treg
pool in this peculiar patient population. No correlation between
effector Treg counts and HIV viral load (26, 76) or global CD8 T-
cell activation (26) has been reported. Aiming to determine the role
of effector Treg in modulation of HIV-specific immune-responses,
we found an inverse correlation between effector Treg counts and
both HIV-specific CD8 activation and interferon gamma produc-
tion by CD8 upon stimulation by HIV peptides (26). These ex
vivo results suggest a dominant suppression exerted by Treg on
HIV-specific CD8 T-cell responses potentially participating to the
incapacity to control the virus. Globally, available data indicate
a preferential, precocious, and long-lasting effect of HIV infec-
tion on the effector Treg compartment. Analyses of association
between Treg subsets and HIV disease parameters, while failing
to detect any potential link with the naïve Treg subset, point
to a deleterious effect of effector Treg in HIV infection patho-
genesis. Further studies will eventually confirm the dominant
suppressive role exerted by effector Treg on HIV-specific immune-
responses currently suggested by observational data. Surprisingly,
no or low correlation was detected between Treg and immune-
activation so far. One may discuss the accuracy of the immune
markers selected to determine such association. Secondly, speci-
ficity of effector Treg cells recovered during HIV infection also
introduces heterogeneity. Demonstrating whether residual effec-
tor Treg are specifically targeting HIV related epitopes may fur-
ther ascertain or infirm the specific role of Treg on HIV-specific
responses.

ADDITIONAL SUBDIVISION AMONG EFFECTOR TREGS
Although highly altered in numbers by HIV infection, effec-
tor Tregs recovered from HIV-infected patients exhibited various

www.frontiersin.org July 2013 | Volume 4 | Article 215 | 195

http://www.frontiersin.org
http://www.frontiersin.org/Immunological_Tolerance/archive
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phenotypic profiles. The relative susceptibility to HIV infection of
each effector Treg subsets and their respective suppressive capacity
remains to be further elucidated.

HLA-DR
MHC-II expression identifies a population that represents about
20–30% of human circulating Treg cells (6, 79). Ex vivo iso-
lated HLA-DR+ Treg cells suppress responder T-cell prolifera-
tion and cytokine secretion more efficiently and more rapidly
than HLA-DR-Treg cells (79). Importantly, all HLA-DR+ Treg
cells are part of the effector FOXP3highCD45RA− compartment
(74) (Figure 1D) of which they seem to constitute a terminally
differentiated subset [reviewed in (80)].

Little is known about the effects of HIV infection on HLA-DR+
terminally effector Tregs or about the role exerted by this subset in
the pathophysiology of the disease. Higher proportions of HLA-
DR expressing Treg are present in chronically viremic HIV-infected
patients when compared to healthy donors (81, 82) and Treg from
patients presenting higher viral loads express higher levels of HLA-
DR (81). ART fails to normalize HLA-DR+Treg proportions (82).
Unfortunately, no information about HLA-DR+ terminally effec-
tor Treg counts is available and further studies may be needed to
determine whether the reported alterations merely reflect a pheno-
typic modification linked to the activation status or whether HIV
infection directly alters HLA-DR+ terminally effector Treg home-
ostasis. Correlation analysis demonstrated an inverse correlation
between proportions of HLA-DR+Tregs and CD4 counts (81, 83),
while a positive correlation was reported between percentages of
HLA-DR positive cells among Treg and viral load (83) or CD4 and
CD8 T-cell activation as revealed by HLA-DR or CD38 expression
(81). Once more it is currently impossible to ascertain whether
these relationships simply reflect HLA-DR up-regulation at Treg
surface as a result of the global immune-activation observed dur-
ing HIV or identify terminal effectors HLA-DR+ Treg as players
in HIV physiopathology.

Ki67
Intracellular Ki67 staining identifies an actively proliferating frac-
tion of Treg cells. In both mice and humans the percentage of Ki67
cells among FOXP3+ cells is higher than the percentage among
conventional FOXP3−CD4 T cells (84). This is in accordance with
their more activated profile. Notably, all cycling Ki67+ Treg cells
are part of the effector FOXP3highCD45RA− compartment (74)
(Figure 1D). During HIV infection, higher proportions of Ki67+
Treg are present during acute (77) and chronic viremic (33, 77,
83, 85) phases of infection. Longitudinal studies indicate that ART
leads to normalization of Ki67+ Treg percentages (77, 83). Long
term non-progressors present similar proportions of Ki67+ Treg
as healthy donors (83) while no data are available in HIV con-
trollers. Higher proportions of Ki67+ Treg seem to be associated
with disease progression during chronic HIV infection as percent-
ages of Ki67+ Treg correlate negatively with CD4 counts (33, 83)
and positively with viral loads (33, 83). Collectively, higher levels
of Ki67+ Treg have been associated with more advanced disease
although studies addressing Ki67+ Treg counts and eventually
analyzing HIV controllers could provide further insights into the
role of this Treg subset in HIV physiopathology.

OTHER SUBSETS
CD39
CD39, also referred to as ENTPD-1, is a member of the
ectonucleotidase triphosphate diphosphohydrolase family which
hydrolyzes extracellular ATP and adenosine diphosphate (ADP)
into adenosine monophosphate (AMP). Through CD39, Tregs
can generate the inhibitory molecule adenosine which suppresses
effector T cells by binding to the adenosine receptor 2A at their
surface (86). While murine Treg mice globally express CD39 at
their surface (86, 87), CD39 expression in human Treg is restricted
to a subset of CD45RO expressing cells mostly co-expressing HLA-
DR (87). Proportions of CD39+ Treg are significantly increased
in HIV-infected patients, included chronic viremic patients, anti-
retroviral treated individuals, and long term non-progressors (39,
65, 82). Interestingly, HIV controllers present proportions of
CD39+ Treg similar to healthy donors (39). Longitudinal analysis
confirmed that antiretroviral treatment fails to normalize propor-
tions of CD39+ Treg (39). In vitro suppression assays revealed
that the suppressive effect of Treg on cytokines production of
Gag-stimulated CD8+ T cells is partially reversed by the addi-
tion of CD39 blocking mAb (65), pointing to a role for CD39 in
Treg suppression of HIV-specific responses. Interestingly, CD39 is
also involved in Treg control of HIV viral replication (64). CD39
expression on Treg correlates negatively with CD4+ T-cell count
and positively with viral load and T-cell activation in HIV-1 posi-
tive subjects (39, 65). Globally, current evidence points to a major
role for CD39 expression on Treg, participating to Treg mediated
suppression of HIV-specific responses and disease progression.

Inducible costimulatory molecule
Inducible costimulatory molecule is a costimulatory molecule
involved in cell activation that is expressed on effector/memory
T-cell subsets. In mice, ICOS represents an activation marker
at the Treg surface. Ex vivo, its expression identifies a sizable
population which represent about 10–20% of CD4+FOXP3+ T
cells isolated from secondary lymphoid organs. Whether ICOS
expression exerts any function in Treg activity is still unknown.
In humans differential expression of ICOS has been shown to
delineate two different subsets of Treg cells in the peripheral
blood (88). Interestingly, these two phenotypically distinct subsets
present differences in their suppressive capacity and in the mech-
anisms of action employed: ICOS− Treg suppression is mainly
mediated by TGF-β while ICOS+ Treg suppression relies pre-
dominantly on IL-10 (88). Higher proportions of ICOS express-
ing Treg have been reported in several populations HIV-infected
patients, including viremic chronically infected patients, antiretro-
viral treated individuals, and HIV controllers (39). Longitudinal
analysis revealed significant decrease of ICOS expressing Treg
following ART treatment (39).

Glycoprotein A repetitions predominant
Glycoprotein A repetitions predominant (or LRRC32) is a trans-
membrane protein selectively expressed by activated Treg but not
conventional CD4 T cells (89–91). Ex vivo, GARP identifies a
subset of activated FOXP3+ T cells with high suppressive capac-
ity. While barely expressed on CD45RA+ naïve Treg, GARP is
promptly up-regulated upon in vitro TCR-stimulation on both
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naïve and total Treg cells, while no expression is detected on acti-
vated conventional T cells (90). Moreover, human CD4 T cells in
which FOXP3 expression was induced by activation in the pres-
ence of TGF-β failed to express GARP, leading to the hypothesis
that GARP could be employed to identify bona fide Tregs (90). Two
studies comparing GARP+ Treg proportions in healthy donors
and HIV-infected individuals, failed to detect any significant dif-
ference (82, 90). This result was in discordance with the increase in
proportions of FOXP3+ CD4 T cells reported in the same studies,
leading to the hypothesis that a portion of FOXP3+T cells detected
during HIV infection are possibly recently activated cells and/or
iTreg. Further studies combining GARP expression with effector
Treg and iTreg identification strategies will eventually clarify this
issue.

SUBDIVISION IN EXTRATHYMICALLY INDUCED OR ADAPTIVE TREGS
In addition to their activation profile, Treg has also been dissected
in two subsets: natural Tregs originating from the thymus and
extrathymically iTregs or adaptive Tregs generated in the periphery
under a variety of conditions through conversion from naïve con-
ventional CD4+ cells. Several mechanisms have been implicated
in induced Foxp3+ Treg (iTreg) peripheral generation, includ-
ing cytokines (TGF-β, IL-2) and metabolic pathways (tryptophan
metabolism, retinoic acid).

EX VIVO iTREG IDENTIFICATION
Ex vivo quantification of iTreg during HIV is limited by the
unavailability of a specific marker for identification of bona fide
iTreg. Several markers have been proposed for iTreg identifica-
tion but their specificity in distinguishing natural thymic derived
Treg from peripherally differentiated iTreg is still a matter of
debate.

Helios
The transcription factor Helios, a member of the Ikaros transcrip-
tion factor family, has been reported to be expressed by 100%
of CD4+CD8−Foxp3+ thymocytes and about 70% peripheral
Foxp3+ T cells in mice and humans (92). Interestingly, murine
or human naïve T cells acquiring Foxp3 expression upon in vitro
TCR-stimulation in the presence of TGF-β failed to express Helios,
suggesting that absence of Helios expression could be employed
to identify peripherally differentiated iTreg (92). However, sub-
sequent reports showed that depending on the stimulation con-
ditions, Helios could be induced in parallel with Foxp3 in iTreg
(93–95). Moreover, Helios was reported to represent a T cell acti-
vation and proliferation marker thus being independent from Treg
lineage commitment (96). Finally, natural Treg recent thymic emi-
grants have been shown to contain a fraction of Helios negative
cells (97). Regardless its limited reliability as a maker differentiat-
ing nTreg from iTreg, Helios expression allows the identification
of a subset of Treg cells presenting some peculiar characteristics.
Murine Helios+ Treg express higher levels of CD103 and GITR
at their surface and produce higher levels of TGF-β (94). Inter-
estingly, murine and human data indicate that Helios+ Treg are
relatively over-represented in tumors, pointing to this cell sub-
set as a potential target for immune-modulating strategies (94,
98, 99). Currently, no information is available concerning Helios
expression on Treg cells during HIV infection. Further studies

will eventually define whether HIV infection differentially affects
Helios+ and Helios− Treg subsets homeostasis and whether these
subsets play a distinct role on HIV pathophysiology.

Neuropilin-1
Neuropilin-1 (NRP1) is a semaphorin III receptor participating
in axon guidance, angiogenesis, and involved in the immuno-
logical synapse, which has been recently reported in mice to be
expressed at high levels on thymic derived nTreg cells but not
on peripherally generated iTreg (100, 101). Importantly, NRP1
expression remains stable on NRP1 positive or negative Treg
subsets upon TCR mediated or lymphopenia induced cell activa-
tion and proliferation while environmental inflammatory stimuli
have been shown to modulate NRP1 expression (101). Therefore,
NRP1 expression has been suggested as a potential marker dis-
tinguishing nTreg from iTreg, at least in steady state conditions.
Whether these results obtained in the murine system can be trans-
lated to human cells still remains to be addressed. In humans,
NRP1 seems to be expressed exclusively by a subsets of lymph-
node resident Treg subset (102) while Treg isolated from human
peripheral blood fail to express significant levels of NRP1 (102,
103). One study performed in HIV infection assessed propor-
tions of Neuropilin-1 expressing CD4 T cells and correlation with
other Treg markers and failed to detect any significant difference
between healthy donors and viremic or aviremic antiretroviral
treated HIV+ patients (104).

HIV INFECTION FAVORS PERIPHERAL TREG INDUCTION
Numerous studies suggest an effect of HIV on iTreg cells genera-
tion mainly through modulation of antigen presenting cells (APC)
tolerogenicity. Plasmacytoid dendritic cells (pDCs) represent a
crucial subset of APC involved in antiviral immunity and a major
target of HIV infection. Through Toll-like receptor 7 stimulation,
HIV modulates pDC activation by simultaneously inducing type I
IFN production and up-regulation of indoleamine 2,3 dioxygenase
(IDO) expression (105, 106). IDO is an enzyme involved in tryp-
tophan catabolisms which exerts immuno-modulatory functions
by inhibiting T-cell proliferation and inducing iTreg peripheral
generation. HIV-activated human pDC induce the peripheral
generation of iTreg (106) through IDO up-regulation. Conse-
quently, iTreg induced by HIV-activated pDC modulate myeloid
dendritic cells (mDC) maturation and function partially through
cytotoxic T-lymphocyte antigen (CTLA)-4 engagement, inhibiting
their maturation and inducing IDO expression (106, 107). CTLA-
4-conditioned mDC can in turn induce Treg differentiation in
an IDO-dependent manner (107). Whether HIV could directly
modulate mDC capacity to generate iTreg still remains unclear.
Lymph-node resident mDC from viremic but not ART-treated
HIV-infected subjects induce iTreg differentiation phenotype of
normal allogeneic T cells (108). Accordingly, preclinical data in
the SIV infection model indicate that mature splenic or mesenteric
mDCs from SIV-infected animals are significantly more efficient at
inducing Treg than mDCs from uninfected animals (82). However,
experimental evidence indicates that in vitro infection of mDC
with CCR5-utilizing virus or even simple exposure of mDC to
inactivated HIV significantly impairs their ability to induce iTreg
differentiation (109).
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Simonetta and Bourgeois Treg subsets in HIV infection

FIGURE 2 | Schematic representation ofTreg subsets during HIV
infection. CD4 T cells originate in the thymus as Natural FOXP3+Treg or
conventional FOXP3−T cell. Once in the periphery, natural CD45RA+
FOXP3low naïve Treg cells further differentiate into effector CD45RA-FOXP3hi
and terminal effector CD45RA-FOXP3hiHLADR+Tregs (left panel ). On the
other side, upon activation under specific tolerogenic conditions such as

tolerogenic antigen presenting cells (APC) expressing indoleamine 2,3
dioxygenase (IDO), conventional naïve FOXP3− CD4 T cells can convert
extrathymically into induced FOXP3+Treg (iTreg) (right panel ). Phenotypic
markers expressed during Treg subsets differentiation or peripheral iTreg
conversion are indicated. Essential aspects of Treg subsets relationship with
HIV infection are summarized.

CONCLUDING REMARKS
Human Treg quantification, especially in contexts of chronic
immune-activation such as HIV infection, still remains uncer-
tain essentially because of limitations in identification strategies.
We discussed how dissecting Treg heterogeneity provided addi-
tional insights on the biology of Treg during HIV infection. A
schematic representation of Treg subsets during HIV infection is
provided in Figure 2. Currently two main strategies are used to
classify and characterize Treg subsets. In accordance with clas-
sification established for conventional T cell, analyses of “naïve”
and effector Tregs have been considered. Importantly, naïve and
effector Treg discrimination led to better identification of Treg by
limiting contamination by Foxp3low non-Treg cells. Use of clas-
sical markers of T-cell activation (CD45RA/RO, HLA-DR, Ki67,
ICOS) or use of markers more specific to Treg subsets have been
considered. Such distinction among naïve and effector Treg sub-
sets allowed unveiling differences in HIV infection susceptibility

and homeostatic behavior during HIV infection. We and oth-
ers reported a preferential role for effector Treg compartment in
immune-regulation during HIV infection. This two-step discrim-
ination allows approaching Treg heterogeneity, but still remains
incomplete. High heterogeneity presumably stands among effector
cells and remains to be further investigated. A second classifica-
tion is based on the identification of natural versus peripherally
iTregs. Whereas understanding immune-regulation developing
during HIV infection may be greatly improved from the pre-
cocious analysis of iTregs, the current lack of a reliable marker
to identify these cells currently precludes consensual conclusions
to emerge. Despite major advances in recent years, this is the
early stage of Treg heterogeneity analysis in the context of HIV
infection. Further studies will hopefully identify deleterious and
beneficial Treg subsets and allow designing accurate restoration
strategies to reduce chronic immune inflammation during HIV
infection.
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Background and Aim:T cell expression of PD1 and inhibition ofT effector cells by Foxp3+-
T regulatory cells are among the most powerful mechanisms for achieving a balanced
immune response. Our aim was to investigate, how liver FOXP3 and PD1/PDL1 expres-
sion is regulated in chronic HBV hepatitis (CHB) on maintained long-term remission in
comparison with active disease, and whether they are correlated to the expression of
pro- and anti-inflammatory cytokines and apoptosis mediators, along with the degree of
histological inflammation and markers of T cell effector restoration.

Methods: Fifty-three HBeAg-negative CHB patients with both active (30) and completely
remitted disease on long-term antiviral treatment (23) and four controls (submitted to liver
biopsy due to a mild increase of aminotransferases but without liver necroinflammatory
and architecture changes) were enrolled in the study. Liver mRNA levels of immunoregula-
tory genes (FOXP3, IL10,TGFB1, and those of PD1/PDL1/PDL2 pathway), major apoptosis
mediators (FAS, FASL, TNFA, TRAIL), cytokines of effector T cell restoration (IL2, IFNG),
and those of IL1B, CD4, and CD8, were evaluated by quantitative real-time reverse-
transcriptase PCR and were correlated with each other, along with the intensity of liver
inflammation and fibrosis staging. The expression and localization of FOXP3, PD1, PDL1,
CD4, and CD8 were also assessed by immunohistochemistry.

Results: The expression of FOXP3, IL10, TGFB1, PD1, PDL1, FASL, and CD8 was signifi-
cantly down-regulated in the remission state. In contrast, liver expression of IL2 and IFNG,
along with CD4, IL1B,TNFA, and FAS did not change significantly. Moreover, FOXP3, PD1,
PDL1, and CD8 transcripts were positively correlated to the intensity of liver inflammation.

Conclusion: Our data indicate that in the CHB disease model, the immunosuppressive
liver environment is down-regulated in the maintained on-treatment long-term remission
state and correlates with the intensity of liver inflammation, but not liverT cell restoration.

Keywords: chronic HBV hepatitis, regulatoryT cells, FOXP3, PD1/PDL1, FAS/FASL, inflammation

INTRODUCTION
The most important process for the immune control and inacti-
vation of hepatitis B virus (HBV) infection is a robust immune
response, either spontaneous or treatment induced (1, 2). How-
ever, in chronic active infection (chronic HBV hepatitis, CHB), the
impaired and/or unbalanced T cell responses are unable to control
viral replication but are sufficient to cause chronic liver damage.
The latter is initially dependent on viral antigens expressed on
hepatocytes and anti-HBV specific CD8+-cytotoxic T-lymphocyte
(CTL) responses; afterward, the chronic liver damage is amplified
by non-specific liver infiltrating cells and CD4+-T cell interaction
pathways (1, 2).

Among the most powerful mechanisms for achieving a bal-
anced immune response are the expression of programed death
1 (PD1) molecule by T cells (3) and the inhibition of effector
T cells (Teffs) by CD4+-T regulatory cells (Tregs) (4). Models
of viral infection have indicated that the interaction between the
inhibitory receptor PD1, expressed in high levels on lymphocytes,
and its ligands program cell death 1 ligand (PDL)-1 and PDL2,
plays a critical role in T cell exhaustion by inducing T cell inacti-
vation (3, 5). In CHB patients, high PD1 levels are expressed by
virus-specific T cells and improvement of the T cell function has
been obtained in vitro by inhibition of the PD1/PDL1 interaction
(3, 5). Particularly, the PD1/PDL1 blockade increased CD8+ T
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cell proliferation, as well as the production of interferon-gamma
(IFN-γ) and interleukin (IL)-2 production by intrahepatic lym-
phocytes, inducing variable levels of functional T cell restoration
both in the liver and in peripheral blood, with a better functional
improvement among intrahepatic T cells (5). Moreover, Tregs are
important mediators of immune suppression and their presence
prevents reactions against self by inducing regulatory signals to
antigen presenting cells (APCs) and/or Teffs (6, 7). Their ablation
increases the risk of autoimmunity (8) whilst,on the contrary, their
signals could also affect non-autoreactive clones, leading to inhi-
bition of antineoplastic, antimicrobial, antiparasitic, and antiviral
immune responses (7, 9).

Previous studies have indicated that patients with chronic
viral hepatitis display increased numbers of Tregs (both nat-
ural and inducible) in peripheral blood (10–12) or liver (13,
14), which, in turn, exert a suppressive function against spe-
cific HBV- or hepatitis C virus (HCV)-Teffs in vitro (10–14).
Interestingly, Aoki et al. reported that the loss of natural Tregs
(characterized by the constitutive expression of FOXP3 gene)
induces fatal autoimmune hepatitis (AIH) in neonatal thymec-
tomized (NTx)-PD1−/− mice, due to migration of dysregulated
follicular T helper (Tfh) cells from the spleen (15). In this con-
text, we have recently demonstrated that the FOXP3 expression
in liver is positively correlated with the intensity of liver inflam-
mation along with a specific pattern of mRNA expression of the
apoptosis mediators FAS, FASL, and TRAIL, irrespective of the
cause of tissue damage (viral, toxic, autoimmunity), suggesting
that might represent a bystander effect and not a causative event
of chronic inflammation (16). Considering also that our findings
were in line with the attractive view of Zheng and Rudensky (7)
claiming that Tregs “have a vital role in preventing autoimmu-
nity and pathology inflicted by uncontrolled immune responses
to infections,” we suggested a comprehensive protective model
of Tregs to prevent catastrophic pathology on apoptosis-induced
inflammation (16).

The aim of this study was to explore whether the long-term
antiviral treatment in patients with HBeAg-negative CHB affects
the abovementioned model, investigating also another impor-
tant apoptosis pathway implicated in Teffs dysfunction in liver,
namely the PD1/PDL1. Thus, the expressions of FOXP3, charac-
terizing mainly nTregs (7), as well as those of IL10 (encodes IL-10)
and TGFB1 (encodes TGF-β1), characterizing type I (Tr1) and
T helper type 3 (Th3) inducible Tregs (iTregs) (17), respectively,
were examined at the same time with the PD1/PDL1/PDL2 path-
way, in relation to the expression of major apoptosis mediators,
namely TNFRSF6/FAS (encodes FAS), TNFSF6/FASL (encodes
FASL), TNFA (encodes TNF-α), and TNFSF10/TRAIL (encodes
tumor necrosis factor related apoptosis inducing ligand, TRAIL).
Furthermore, the expression of the inflammatory cytokine IL-1β

(encoded by IL1B gene) and cytokines of the immune effec-
tor T cell restoration (IL-2, encoded by IL2 gene and IFN-γ,
encoded by IFNG gene), together with the expression of CD4
and CD8 were explored. Our data provide clear evidence that in
CHB HBeAg-negative disease model, the immunosuppressive liver
environment is down-regulated in the maintained on-treatment
long-term remission state and correlates with the intensity of liver
inflammation, but not with liver T cell restoration.

MATERIALS AND METHODS
PATIENTS
Liver biopsy specimens obtained from 53 patients with CHB
were examined; 30 were newly diagnosed and were evaluated
before any treatment and 23 were on maintained continuous
antiviral treatment response and remission for at least 240 weeks
(5 years) with entecavir. Nine out of 30 newly diagnosed CHB
patients were derived from a previous study of our group (16),
since their genetic material was also available for the analysis
of all genes included in this study. Considering that in Eastern
Mediterranean area the HBV genotype D and HBeAg-negative
serological form of CHB prevails (about 90% of affected Greek
patients) (18), all the enrolled patients had the abovementioned
HBV genotype. The treatment efficacy at year 5 included the
biochemical response based on normalized ALT levels, and the
complete virologic response defined as serum HBV DNA <169
copies/mL (29 IU/mL), namely the lower limit of quantification
of the COBAS TaqMan assay (Roche Molecular Systems). None
of the patients presented with co-infection with other hepati-
tis viruses (types A, C, D, and E) or with HIV, or was receiving
any other immunomodulatory treatment during the last 6 months
prior to liver sampling. HBV DNA quantification was performed
with the bDNA assay V2.0 (Bayer, Siemens). A summary of the
demographic, clinicopathologic, and serologic data of the analyzed
CHB patients is presented in Table 1.

Each liver biopsy specimen was separated into two parts. One
of them was immediately fixed in 10% formalin solution for diag-
nostic histological examination, and the other was snap frozen and
stored at −80°C until further use. Formalin-embedded sections

Table 1 | Clinicopathological and serological data of the patients of

the study.

Chronic HBV

hepatitis at

diagnosis

Chronic HBV hepatitis

on sustained

remission

No 30 23

Sex (M/F)a 13/17 18/5

Age (median, range) 47, 21–64 52, 23–73

ASTb (U/µL), (median, range) 43, 17–1969 24, 15–51

ALTc (U/µL), (median, range) 54, 15–1478 27, 15–49

Inflammation graded

I-0d 0 1

I-1d 8 18

I-2d 14 4

I-3d 6 0

I-4d 2 0

Fibrosis (median, range)d 2.5, 0–6 2.0, 0–4

HAI score (median, range) 5.5, 1–15 2.0, 0–7

Viral load (median, range) 105 Meq/mL

(0.007–521)

0 Meq/mL

(0–0.008)

aM, male; F, female; bAST, aspartate aminotransferase; cALT, alanine aminotrans-

ferase; d inflammation grade (I-0: without inflammation, I-1: minimal, I-2: mild, I-3:

moderate, and I-4: marked) and fibrosis stage were assessed as presented in the

section of Material and Methods.
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were stained by hematoxylin-eosin and Masson’s trichrome. Two
independent pathologists assessed and scored each biopsy and
any discrepancy was further evaluated by an expert pathologist.
The samples were blinded to the timing of biopsy and treatment
assignment. Core length and number of portal tracts were taken
into account to determine adequacy of biopsy specimens. Biopsy
slides were graded and staged with the Ishak scoring system (19,
20). Furthermore, according to the intensity of liver inflammation
in the biopsy specimens, the patients were classified as I-0 (no
inflammation), I-1 [minimal inflammation, histological activity
index (HAI) score 1–4], I-2 (mild inflammation, HAI score 5–8),
I-3 (moderate inflammation, HAI score 9–12), and I-4 (marked
inflammation, HAI score 13–18) and the latter classification was
used in the statistical analysis (Table 1).

Informed consent was obtained by all participants and the study
was approved by the Institutional Review Board. One of the chal-
lenges experienced in this study was the obtaining of informed
consent from patients undergoing liver biopsy without a clear
clinical need (patients on maintained remission), considering that
they had complete virologic suppression at year 5 on continuous
antiviral treatment.

QUANTITATIVE REAL-TIME REVERSE-TRANSCRIPTASE PCR
Total RNA was isolated from stored liver samples after homoge-
nization, using TRI (Life Technologies, Invitrogen, Thessaloniki,
Greece), according to the manufacturer’s instructions. Comple-
mentary DNA (cDNA) was reversed transcribed from 1 µg of
the total RNA, using a random 6-mer oligonucleotide primer
(50 pmol/µL) (Roche, USA) and M-MLV reverse transcriptase
(Invitrogen), according to the manufacturer’s instructions.

The mRNA levels of 15 genes, namely FOXP3, IL10, TGFB1,
TNFRSF6/FAS, TNFSF6/FASL, TNFSF10/TRAIL, PD1/PDCD1
(encodes PD1), PDL1/PDCD1LG1 (encodes PDL1), PDL2/
PDCD1LG2 (encodes PDL2), IL2, TNFA, IFNG, IL1B, CD4
(encodes CD4), and CD8a (encodes CD8) were determined in
a Quantitative real-time reverse-transcriptase PCR (qRT-PCR)
using SYBR-Green PCR Supermix (Invitrogen, UK), in the auto-
mated thermocycler RotorGene 6000 (Corbett Life Science, Syd-
ney, Australia). The B2M gene was used as an internal control
for sample normalization (reference gene). An 1/20 aliquot of
the cDNA reaction product was used in duplicate qRT-PCR
reactions and all measurements were averaged. Primers for the
amplification of the genes FOXP3, IL10, TGFB1, TNFRSF6/FAS,
TNFSF6/FASL, TNFSF10/TRAIL, IL2, TNFA, IL1B, PD1/PDCD1,
and IFNG were commercially obtained by Qiagen (Valencia, CA,
USA). The primers for the amplification of PDL1/PDCD1LG1,
PDL2/PDCD1LG2, CD4, and CD8a were designed with the aid of
the Oligo 6.0 software (NBI, Plymouth, MN, USA) and are pre-
sented in Table 2. Thermocycling conditions of the analyzed genes
are also presented in Table 2. The efficiency of each qRT-PCR reac-
tion ranged between 0.9 and 1.05. Relative quantification and cal-
culation of the range of confidence were performed using the com-
parative ∆∆CT method, as described (21). The relative expression
of each gene is presented as a multiple of the respective gene expres-
sion in a sample of a patient who underwent liver biopsy due to a
mild increase of aminotransferases but without liver architecture
changes (histology negative for disease; “healthy” control).

IMMUNOHISTOCHEMISTRY
Immunohistochemical stains for FOXP3, PD1, and PDL1 proteins,
as well as CD4 and CD8 antigens, were performed on 4 µm-thick
paraffin sections of 15 newly diagnosed before any treatment and
12 on maintained continuous antiviral treatment response and
remission biopsy specimens. The primary monoclonal antibodies
utilized for immunohistochemistry and their dilutions are shown
in Table 3. All immunohistochemical stains except for PD1 were
performed in an automated Bond system (Menarini), with the use
of the Bond polymer refine detection kit. Stains for PD1 were per-
formed in a DAKO autostainer, with the use of an Envision Flex
Plus kit.

STATISTICAL ANALYSIS
For basic statistical calculations, all gene expression levels were
treated as continuous variables. Differences of gene expression
between different disease statuses were analyzed by the non-
parametric Mann–Whitney U test. The association of the above
parameters with inflammation and fibrosis staging was tested
with the Kruskal–Wallis H test. Spearman’s rank correlation
coefficient was used to estimate the correlations of the expres-
sion among the aforementioned genes, as well as the correla-
tions of gene expressions with aminotransferases levels or viral
load. Mann–Whitney U test, Kruskal–Wallis H test, and Spear-
man’s correlation analyses were appropriately performed by the
using of SPSS (version 18.0, Chicago, IL, USA). Differences were
considered statistically significant when the p-value (two sided)
was <0.05.

RESULTS
GENE AND PROTEIN EXPRESSION IN RELATION TO CHB STATUS
As shown in Figure 1, patients maintained on-treatment at 5 years
remission (virologic, biochemical, and histochemical) of CHB
had significantly decreased mRNA levels of FOXP3, IL10, TGFB1,
TNFSF6/FASL,PD1/PDCD1,PDL1/PDCD1LG1, and CD8a, as well
as significantly increased levels of TNFSF10/TRAIL, as compared
to patients at diagnosis with active disease. The expression levels
of IL2 and IFNG were also decreased, but these alterations did not
reach statistical significance (Table 4). Interestingly, the alteration
of FOXP3 expression was not accompanied by a commensurate
decrease of CD4 mRNA levels.

The correlation of the expression between the analyzed genes,
the liver biochemistry [alanine aminotransferase (AST) and
aspartate aminotransferase (ALT) levels], and the viral load are
presented in detail in Figure 2.

The immunohistochemical staining for FOXP3,PD1,and PDL1
showed small numbers of positive lymphocytes in untreated liv-
ers, while positive cells practically disappeared following treatment
(Figure 3). Moreover, CD4+-lymphocytes were mostly located
in portal tracts, while CD8+-lymphocytes were found in por-
tal tracts, limiting plates, and lobules, in an extent commensu-
rate with their nature as effectors of necroinflammatory activity
(Figure 3).

GENE EXPRESSION IN RELATION TO THE INTENSITY OF
INFLAMMATION AND THE DEGREE OF FIBROSIS
In relation to the intensity of inflammation, FOXP3, PD1/PDCD1,
PDL1/PDCDLG1, and CD8a exhibited a statistically significant
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Table 2 | Primers and PCR conditions for the amplification of the analyzed genes.

Gene Primers Sequence PCR conditions

FOXP3 Forward Commercially obtained by Qiagen,

Cat No PPH00029B

95°C for 10 min, followed by 40 cycles (95°C for 15 s, 60°C for 15 s,

72°C for 15 s)Reverse

IL10 Forward Commercially obtained by Qiagen,

Cat No PPH00572B

95°C for 10 min, followed by 40 cycles (95°C for 15 s, 58°C for 60 s)
Reverse

TGFB1 Forward Commercially obtained by Qiagen,

Cat No PPH00508A

95°C for 10 min, followed by 40 cycles (95°C for 15 s, 60°C for 60 s)
Reverse

FAS Forward Commercially obtained by Qiagen,

Cat No PPH00141B

95°C for 2 min, followed by 40 cycles (95°C for 10 s, 55°C for 10 s,

72°C for 20 s)Reverse

FASL Forward Commercially obtained by Qiagen,

Cat No PPH00142B

95°C for 2 min, followed by 40 cycles (95°C for 10 s, 55°C for 10 s,

72°C for 30 s)Reverse

TRAIL Forward Commercially obtained by Qiagen,

Cat No PPH00242E

95°C for 2 min, followed by 40 cycles (95°C for 10 s, 55°C for 10 s,

72°C for 20 s)Reverse

PD1 Forward Commercially obtained by Qiagen,

Cat No PPH13086E

95°C for 10 min, followed by 40 cycles (95°C for 15 s, 60°C for 60 s)
Reverse

PDL1 Forward GGTGGTGCCGACTACAA 95°C for 2 min, followed by 40 cycles (95°C for 10 s, 58°C for 10 s,

72°C for 20 s)Reverse TAGCCCTCAGCCTGACAT

PDL2 Forward CTGTGGCAAGTCCTCATA 95°C for 2 min, followed by 40 cycles (95°C for 30 s, 55°C for 30 s,

72°C for 30 s)Reverse TAAAGCTGCTATCTGGTGA

IL2 Forward Commercially obtained by Qiagen,

Cat No PPH00172B

95°C for 10 min, followed by 40 cycles (95°C for 15 s, 60°C for 60 s)
Reverse

TNFA Forward Commercially obtained by Qiagen,

Cat No PPH00341E

95°C for 10 min, followed by 40 cycles (95°C for 15 s, 60°C for 60 s)
Reverse

IFNG Forward Commercially obtained by Qiagen,

Cat No PPH00380B

95°C for 10 min, followed by 40 cycles (95°C for 10 s, 58°C for 10 s,

72°C for 30 s)Reverse

CD4 Forward CATCAAGGTTCTGCCCACAT 95°C for 2 min, followed by 40 cycles (95°C for 10 s, 58°C for 10 s,

72°C for 20 s)Reverse TTCTAAACCGGTGAGGACAC

CD8a Forward GCTGGACTTCGCCTGTGATA 95°C for 2 min, followed by 40 cycles (95°C for 10 s, 55°C for 10 s,

72°C for 60 s)Reverse TGTCTCCCGATTTGACCAC

B2M Forward Commercially obtained by Qiagen,

Cat No PPH01094E

95°C for 10 min, followed by 40 cycles (95°C for 15 s, 60°C for 60 s)
Reverse

Table 3 | Antibodies and dilutions used in the present

immunohistochemical study.

Antigen Antibody

(clone)

Dilution Manufacturer

FOXP3 ab22510 1:50 Abcam (Cambridge, UK)

PD1 ab52587 1:25 Abcam (Cambridge, UK)

PDL1 (CD274) 29E.2A3 1:30 Biolegend (Athens, Greece)

CD4 NCL-L-CD4-1F6 1:20 Novocastra (Athens, Greece)

CD8 C8/144B 1:50 DAKO (Athens, Greece)

increase of expression from minimal to marked inflamma-
tion (Figure 4). This pattern of expression was nearly similar
for TNFSF6/FASL, although not reaching statistical significance
(p= 0.128). On the other hand, TNFSF10/TRAIL displayed an

opposite pattern of expression, decreasing from minimal to severe
inflammation (Figure 4). The expression of the other analyzed
genes was not affected by inflammation intensity (p > 0.05, in all
cases).

The severity of fibrosis was significantly associated only
with the expression of PDL1/PDCDLG1. A similar pattern
was observed for FOXP3 and PD1/PDCD1, and an oppo-
site one for TNFSF10/TRAIL, although not reaching sta-
tistical significance (p= 0.105, p= 0.080, p= 0.060, respec-
tively). The expression of the other analyzed genes was
not affected by the severity of fibrosis (p > 0.05, in all
cases).

Finally, as expected, HAI score was positively correlated with
the fibrosis stage (p < 0.001, r= 0.665), while the viral load was
also positively correlated with both HAI score and fibrosis stage
(p < 0.001, r= 0.724, and p= 0.003, r= 0.403, respectively).
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FIGURE 1 | Gene expressions with significant alteration of mRNA levels
in the liver of CHB patients. Error bar diagrams presenting the expression of
FOXP3 (A), PD1/PDCD1 (B), PDL1/PDCD1LG1 (C), CD8a (D), TGFB1 (E), IL10
(F), FASL (G), and TNFSF10/TRAIL (H) in the liver of patients in maintained

on-treatment long-term remission as compared to CHB patients at diagnosis.
The charts describe the algorithms for error bar computation of the mean±2
standard errors for the relative expression of each gene. p-Values in each
diagram refers to Mann–Whitney U test.

Table 4 | Relative expression of the examined genes with no statistical

significance between patients at diagnosis (n 30) and at remission

(n 23) of the disease.

No Gene CHB – diagnosis

(mean ± SDEV)

CHB – remission

(mean ± SDEV)

p-Value*

1 TNFRSF6/FAS 1.8±0.9 1.8±0.9 0.747

2 PDL2/PDCD1LG2 0.3±0.2 0.2±0.2 0.394

3 IL2 63.5±226.9 7.0±6.2 0.647

4 TNFA 35.9±100.1 22.7±36.7 0.342

5 IFNG 11.0±22.8 4.0±4.8 0.083

6 IL1B 0.6±1.4 0.1±0.1 0.083

7 CD4 0.7±1.1 0.5±0.5 0.628

CHB, chronic HBV hepatitis; SDEV, standard deviation.

*p-Values refer to Mann–Whitney U test.

DISCUSSION
Our study provides clear evidence that in the CHB HBeAg-
negative disease model, the expression of FOXP3, characterizing
mainly nTregs, as well as those of IL10 and TGFB1, characterizing
Tr1 and Th3 iTregs (6), are down-regulated in the liver in the main-
tained on-treatment long-term remission state, as compared with
cases histologically, biochemically, and virologically active at diag-
nosis, before any treatment. In addition, mRNA levels of liver FASL
and PD1 (mainly expressed by CTLs, characterized also by the
expression of CD8), and PDL1 (mainly attributed to infected hepa-
tocytes and infiltrating lymphocytes) are concomitantly down-
regulated in the maintained long-term remission state. How-
ever, the down-regulation of CD8, with no up-regulation of IL-2
(encoded by IL2) and IFN-γ (encoded by IFNG), is not in favor of

restoration of T cell immune-responsiveness, but rather indicates
reduction of CTLs and hepatocyte cytolysis when liver inflamma-
tion subsides on long-term antiviral treatment. These findings are
also supported by our immunohistochemical findings (Figure 3).
As mentioned above, the decrease of FOXP3 expression was not
followed by a commensurate decrease of CD4 mRNA levels in
human liver tissues. Obviously, this may reflect that not only Tregs
are CD4+ but also other T cell subtypes, such as Th17 cells (6).
However, a more specific analysis of T cell subpopulations by
FCM was not available in our human liver tissues, and this is
one of the limitations of our study. Consequently, the alterations
of the frequency of CD4+-T cells identified in our study could not
confidently be attributed to a specific T cell subpopulation.

Our data further support the notion that the PD1/PDL1 path-
way (elevated levels of PD1 on T cells and increased expression
of PDL1 on hepatocytes) is associated with T cell dysfunction in
chronic HBV and HCV infections (3). In this context, it has been
suggested that the disruption of this pathway is a logical therapeu-
tic strategy to rescue the dysfunctional T cells, aiming to restore
HBV/HCV-specific T cell responses. Fisicaro et al. (5) have also
reported in short term experimental ex vivo CHB models that the
functional recovery of HBV-specific T cells following PD1/PDL1
blockade was more pronounced for liver-resident T cells rather
than peripheral T cells, and was characterized by CD8+ cell pro-
liferation and the production of IFN-γ and IL-2 by intrahepatic
lymphocytes. However, it is still uncertain whether the expres-
sion of PDL1 on hepatocytes truly contributes to the development
of T cell exhaustion or if it is a homoeostatic mechanism that
dampens the inflammatory reaction (3). Kassel et al. reported
that the hepatic expression of PD1/PDL1 molecules links more
directly with the degree of inflammation than with the underlying
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FIGURE 2 | Correlation data of chronic HBV hepatitis patients. The dark gray shadow refers to correlation significance p < 0.01 (two-tailed), while the light
gray shadow refers to correlation significance p < 0.05 (two-tailed).

etiology of liver damage, concluding that the PD1 pathway may
assist the liver in protecting itself from immune-mediated destruc-
tion (22). Accordingly, our findings did not support an antiviral
Teffs function restoration in long-term maintained remission of
chronic HBV infection, since no significant differences of the
expression of CD4, IL2, and IFNG were observed. Interestingly,
the abovementioned findings, considering Teffs function at remis-
sion, are in line with the findings of Nan et al. suggesting that the
impaired immune responses of CHB patients are not fully restored
by therapy, since no significant differences in the expression of
IFN-gamma were found (23). On the other hand, the expressions
of PD1 and PDL1 were significantly associated with the intensity
of histological liver inflammation. Thus, we further support the
conclusions of Kassel et al. suggesting that the down-regulation of
PD1 and PDL1 molecules on maintained remission represents an
epiphenomenon, contributing to, or resulting from, the resolution
of an active liver inflammation.

Furthermore, we observed a down-regulation of the apoptosis
mediators FAS and FASL in the maintained long-term remission
state in CHB patients. Considering that previous studies, includ-
ing ours, have demonstrated that the contribution of Fas/FasL
pathway in CHB is of utmost importance, closely related to the
degree of liver inflammation (16, 24), our findings further con-
firm the notion that it represents the most common and efficient
pathway to kill virally infected cells in liver (25). On the other
hand, we unexpectedly observed an inverse correlation of TRAIL
expression with the intensity of liver inflammation and the disease
stage (active vs. remission), since patients on maintained remis-
sion displayed an up-regulation of its mRNA levels in liver. TRAIL

is a newly characterized TNF family member, triggering apoptosis
in various tumor and virus-infected cells, by binding to certain
death receptors, namely DR4 and DR5 (26–28). However, TRAIL
can also bind to the decoy receptors DcR1, neutralizing its down-
stream effect, and DcR2 causing activation of NFkappaB, leading
to transcription of genes known to antagonize the death-signaling
pathway and/or to promote inflammation (29, 30). As a result, the
increased levels of TRAIL are capable of not only inducing apop-
tosis but also reducing inflammation, as it has already been shown
in a rabbit knee model of inflammatory arthritis (31). Considering
that we have not investigated the activation cascades of TRAIL in
our disease model, further studies are required in order to shed
light on the precise role this protein plays in the pathogenesis
and/or restoration of liver inflammation.

Likewise, we observed a significant reduction of mRNA levels
of genes, which are indicative of T cell mediated immunosuppres-
sion, namely FOXP3, IL10, and TGFB1. Moreover, the expression
pattern of FOXP3 was identical with those observed by PD1 and
PDL1 genes, characterized by a significant positive correlation with
the intensity of liver inflammation (Figure 4). Although, Foxp3+-
Tregs seemed to protect the liver from immune damage and
compromise virus control during acute experimental HBV infec-
tion (5, 32), their role in chronic viral infections, both HBV and
HCV, has been shown to range from suppressing T cell responses
directed against viruses to down-regulating the immune responses
causing the liver damage (5). Thus, the initial expansion stage of
the adaptive immune response against viruses is followed by a con-
traction stage, during which Tregs might play a prominent role in
maintaining a delicate balance between a robust immune response
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FIGURE 3 | Immunohistochemical findings in liver biopsy specimens
from a patient with CHB with marked necroinflammatory activity and
a patient on maintained long-term remission. (A,B) FOXP3
immunopositivity in occasional lymphocytes; (C,D) CD8 antigen
immunopositivity in many lymphocytes located in portal tracts and hepatic
lobules before treatment, contrasted with rare positive lymphocytes after
treatment; (E,F) CD4 antigen immunopositivity in some lymphocytes
located in portal tracts; (G,H) PD1 immunopositivity in occasional
lymphocytes; (I,J) PDL1 immunopositivity in several lymphocytes.

to clear the infection and the immunopathological consequences
of sustained immune activation and inflammation (5).

Furthermore, recent data suggest that CD4+CD25+-Tregs play
an active role in CHB not only in modulating effectors of immune
response to HBV, but also in influencing the disease prognosis.
Several groups have reported that the frequency of Foxp3+-Tregs
in liver is significantly increased in patients with severe CHB
compared to healthy controls (1, 5, 10–14, 33, 34), while their fre-
quency in peripheral blood is significantly correlated with serum
viral load (13, 33). Interestingly, in such patients the depletion
of circulating Tregs led to an increase of IFN-γ production by
HBV-Ag-stimulated peripheral blood mononuclear cells (PBMC).
In addition, CD4+CD25+-Tregs were capable of suppressing the
proliferation of autologous PBMC mediated by HBV antigens,
probably reflecting the generation of HBV-Ag-specific tissue and
circulating Tregs (13). In this context, Stross et al. have recently

demonstrated that Tregs significantly delayed the clearance of
HBV from blood and infected hepatocytes in a mouse model of
acute HBV infection, by down-regulating antiviral activity of Teffs
through limiting cytokine production and cytotoxicity (32).

However, we recently observed that accumulation of Foxp3+-
Tregs takes place in patients with chronic liver inflammation
independently of the initial inducer of liver injury (toxic, autoim-
munity, and viral, including HBV infection), and it is correlated
with elevated expression of apoptosis mediators FAS, FASL, and
TRAIL (16). As a result, we have suggested a protective role of
Tregs expansion in chronic liver inflammation, in order to pre-
vent self-tissue damage and to avoid catastrophic pathology (16).
Should this be the case, the described suppression of virus-specific
T cells could be considered as a bystander effect of the nTregs
that have been expanded due to the persistent apoptosis-induced
inflammation. In favor to our hypothesis, Peiseler et al. have
recently reported the presence of normal frequencies and func-
tion of Tregs in patients with type 1 AIH; indeed, they found
higher Treg frequencies in blood and liver tissue during active
disease, correlated with the inflammatory activity of the liver, com-
pared with remission (35). Moreover, Otano et al. have recently
demonstrated an increase of hepatic Tregs accompanied by a sig-
nificantly high expression of anti-inflammatory cytokines, such
as TGF-β1 and IL-10, and immunosuppressive molecules, such as
PD1/PDL1, in WHV-chronically infected woodchucks (36). Thus,
similarly to chronic HBV infection, persistent WHV infection is
associated with a strong immunosuppressive environment within
the liver. We consider that the results presented herein, including
the study of PD1/PDL1 pathway, although correlative rather than
conclusive, further support the abovementioned proposed model.

As mentioned above, our CHB HBeAg-negative patients on
maintained on-treatment long-term remission displayed a down-
regulation of the hepatic expression of FOXP3, PD1, and PDL1 that
was also correlated with a minimal intensity of liver inflammation.
However, these patients did not exhibit immune restoration phe-
nomena, as they are evident in the ex vivo human HBV infection
(5, 37) and the animal models of acute (32) and chronic liver viral
infections (36). Therefore, the targeting of Tregs and/or PD1/PDL1
pathway in the acute, or the early chronic HBV infection set-
ting, should be carefully considered as a therapeutic strategy, since
their depletion may trigger autoimmune phenomena or increase
immune-mediated liver damage.

In conclusion, our data indicate that in the CHB HBeAg-
negative disease model, the immunosuppressive liver environment
is down-regulated in the maintained on-treatment long-term
remission state, as compared with cases histologically, biochemi-
cally, and virologically active at diagnosis, before any treatment. In
addition, the contraction of the inhibitory pathways, as measured
by the down-regulation of their liver mRNA expression in long-
term remission, is possibly a mere consequence of the diminution
of liver inflammation, after being hyper-expressed, in order to
counterbalance excessive allo- and/or auto-reactive Teffs clones.
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FIGURE 4 | Gene expressions in the liver of all CHB patients,
according to the intensity of liver inflammation and fibrosis. Boxplot
diagrams presenting the expression of FOXP3 (A), PD1/PDCD1 (B),
PDL1/PDCD1LG1 (C), CD8a (D), TNSF10/TRAIL (E) according to the
intensity of liver inflammation (excluding a sole patient with HAI score 0),
and the expression of PDL1/PDCD1LG1 (F) according to the severity of

fibrosis (classification as presented in Materials and Methods). The boxes
represent the interquartile range, which contains the 50% of values. The
whiskers are lines that extend from the box to the highest and lowest
values, excluding outliers. A line across the box indicates the median value
for each patient cohort. p-Values in each diagram refers to Kruskal–Wallis H
test.
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Filarial infections in humans are chronic infections that cause significant morbidity. The
chronic nature of these infections with continuous antigen release is associated with a
parasite-specific T cell hypo-responsiveness that may over time also affect the immune
responses to bystander antigens. Previous studies have shown the filarial parasite antigen-
specific T cells hypo-responsiveness is mediated by regulatory cytokines – IL-10 and TGF-β
in particular. Recent studies have suggested that the modulated/regulatedT cell responses
associated with patent filarial infection may reflect an expansion of regulatoryT cells (Tregs)
that include both Tregs induced in peripheral circulation or pTregs and the thymus-derived
Tregs or tTregs. Although much is known about the phenotype of these regulatory popu-
lations, the mechanisms underlying their expansion and their mode of action in filarial and
other infections remain unclear. Nevertheless there are data to suggest that while many
of these regulatory cells are activated in an antigen-specific manner the ensuing effectors
of this activation are relatively non-specific and may affect a broad range of immune cells.
This review will focus on the subsets and function of regulatory T cells in filarial infection.

Keywords: tTregs, pTregs,Tr1,Th3, filarial infection, O. volvulus,W. bancrofti, B. malayi

INTRODUCTION
BACKGROUND
Among the eight filarial humans, four – Wuchereria bancrofti, Bru-
gia malayi, Onchocerca volvulus, and Loa loa – are considered to be
the most pathogenic. These vector-borne parasites cause chronic
helminth infections that have infected approximately 200 million
people in the tropical and subtropical regions of the world (1–5). In
endemic areas, epidemiological studies have grouped people into
three major categories based on the presence of parasites and/or
the presentation of clinical symptoms. These include: (1) endemic
normal (or putatively immune) individuals who, despite chronic
exposure to the infectious agents, appear to have no signs of infec-
tion and/or pathology; (2) those with pathology or obvious clinical
symptoms (e.g., lymphedema in lymphatic filariasis (LF), ocular,
or skin disease in onchocercosis, Calabar swelling in loiasis); and
(3) those with subclinical infection who often have circulating
microfilariae or parasite antigen. It is thought that each of these
varying clinical outcomes reflects to some extent the nature of the
immune (regulatory or inflammatory) response (6–12). Moreover,
these asymptomatic individuals are known to have a diminished
parasite-specific CD4+ proliferative and cytokine (particularly
IL-2, IFN-γ) responses; with longstanding infection, this mod-
ulated parasite-specific response appears to extend to non-filarial
(bystander) antigens including orally- and parenterally delivered
vaccines (13–26). Although there have been a significant num-
ber of studies examining the immunological aspects of L. loa, O.
volvulus,W. bancrofti, and B. malayi infections in humans, very few
have investigated the subsets and the function of regulatory T cells
in these infections. Though initial epidemiological and immune
response studies were done in human populations, the majority of

studies investigating the mechanisms underlying the regulation of
these immune responses have been performed in animal studies.
For instance, although antigen-specific T cell hypo-responsiveness
in filarial infection was first described in human in in vitro sys-
tems, studies investigating role played by regulatory T cells have
been carried out in murine models of filarial infection. Moreover,
with accumulating evidence that multiple subsets of regulatory
T cells exist, based on the expression of particular transcription
factors, their origin and/or the regulatory cytokines they produce
(27–31), animal models have been critical in understanding the
function of a given subset in the context of filarial infection. Thus,
the present review will focus on the different subsets of regula-
tory T cells in the context of chronic filarial infection (mostly W.
bancrofti and O. volvulus) of humans as well as in studies using
relevant animal models.

IMMUNE REGULATION IN FILARIAL INFECTIONS
Early studies of immune responses in LF showed that while indi-
viduals with circulating microfilariae showed impaired filarial-
specific lymphoproliferative responses and cytokine (IL-2 and
IFN-γ) production, cells from individuals free of parasites and free
of clinical symptoms (so-called endemic normals) and from those
with lymphedema (but no circulating filarial antigenemia) prolif-
erated vigorously and produced measurable levels of cytokines to
filarial parasite antigen (6, 32–37). Because all of these earlier stud-
ies were cross-sectional and in human populations, it remained
unclear how the down-regulated antigen-specific T cell response
in those with patent infection got established. However, based on
animal models of filarial infection (e.g., Litomosoides or Brugia)
and some limited studies in vitro using human cells exposed to
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infectious stage larvae (38–42), in our opinion the majority of
data point to time-dependent early response to filarial parasites
in which the mammalian-adapted infective larvae (L3) induce a
local inflammatory response that is followed by a mixed type 1
(Th1) and type 2 (Th2) T cell response with higher levels of IL-4
and IL-5 cytokines (43–46). At the time of patency (that is when
microfilariae appear in the blood or skin) there is (again based on
varying animal models with different times to patency (45, 47) – a
change in the parasite-specific immune response in which a Th2-
expanded immune response occurs (with a concurrent contraction
of the Th1 response) that is followed by a modulated (regulated)
response that is mediated by IL-10 and TGF-β (among others)
(48–52).

That soluble factors and suppressive cells might mediate
the immune hypo-responsiveness associated with chronic filar-
ial infection was first suggested by work in a B. malayi-endemic
region of Indonesia (19). Furthermore using animal models, it
has been shown that the suppression of filarial-specific immune
response during chronic filarial infection was mediated by non-
specific suppressor cells (33). In fact, it was known since the early
1970s that T cells mediated some of the suppression of immune
responses engendered in mice; by the mid 1990s regulatory T cells
were identified in mice followed subsequently by their having been
found in humans (53–59).

Though regulatory T cells were discovered about two decades
ago, questions remain about their basic biology, their mode of
action, and their therapeutic potentials. Moreover, a number of
regulatory T lymphocytes (Tregs) have been described. Based on
the expression of the canonical transcription factor Foxp3, two
Foxp3+ subsets have been identified: the regulatory T cells (Tregs)
that are thymus-derived (tTregs) and those that are induced in the
periphery from naïve Foxp3-T cells or pTregs (60). In addition to
the Foxp3-expressing Tregs, two other subsets that do not express
Foxp3 have been described based on the regulatory cytokines
expressed by those cells. These include the type 1 regulatory T
cells (Tr1) that express mainly IL-10 and the TGF-β expressing
Th3 regulatory T cells (27, 28, 61–65). Each of the Treg subsets has
been identified in the peripheral blood of filarial-infected patients.

Following the discovery of the transcription factor forkhead
box P3 (Foxp3) being a canonical marker of regulatory T cells (66,
67), work investigating the role of these T cells in the context of
chronic filarial infection was undertaken. Indeed, by the use of
multiparameter flow cytometry and qPCR, several studies showed
that chronic filarial infection was associated with increased expres-
sion of Foxp3-expressing CD4+ cells as well as Foxp3 negative
CD4+ cells that expressed IL-10 (68–70). These studies revealed
that in patent filarial infection the immune environment is domi-
nated by increased frequencies of regulatory T cells some of which
being Foxp3-expressing T cells.

ROLE OF THE CYTOKINES IL-10 AND TGF-β
Although IL-10 and TGF-β were originally thought to be pro-
duced by Th2 cells and can be produced by various cell types
including regulatory T cells, it has been shown that the major
sources of IL-10 and TGF-β are Tr1 and Th3 respectively (71–
78). Immune responses to filarial infection have been shown to
be stage-specific with cytokines such as IL-4, IL-2, IFN-γ, IL-5,

and IL-13 in association with IgE dominating the acute phase
of the infection while levels of regulatory cytokines such as IL-
10 and TGF-β and the antibody isotype IgG4 being elevated
during the chronic phase of the infection (79–83). The role of
the cytokines IL-10 and TGF-β in the modulation of immune
responses during patent filarial infection was largely inferred from
studies demonstrating that neutralizing antibodies to IL-10 (and to
a lesser extent TGF-β) significantly increased the down-regulated
antigen-specific proliferative responses in patients with subclin-
ical microfilaremic W. bancrofti infection (1). In similar studies
in Haiti (W. bancrofti-endemic) data emerged to show that cells
from microfilaremic subjects also showed an inverse relationship
between proliferative response to filarial antigens and IL-10 pro-
duction in filarial-infected individuals (84). Since these initial
studies, others have extended these by demonstrating that high lev-
els of IL-10 were produced spontaneously (ex vivo) and in response
to parasite antigen stimulation in filarial-infected individuals (85,
86). Additional studies using neutralizing antibodies to IL-10 (as
well as TGF-β) reversed both the T cell hypo-responsiveness and
cytokine production to filarial antigen observed in filarial-infected
patients (1, 69, 87, 88) and also reversed some of the modulation
seen to the response to bystander antigens (24). The critical role
of IL-10 in modulating immune responses during chronic filarial
infection has been shown most notably in animal models of infec-
tion. In fact, it has been shown that mice treated with anti-IL-10
neutralizing antibody or in IL-10 deficient mice had lower micro-
filaremia (with B. malayi) compared with isotype treated or wild
type mice (89).

In addition to directly suppressing immune responses IL-10
and TGF-β may indirectly regulate not only the antibody response
to filarial antigens but also the function of antigen presenting cells
(APCs) (1, 49, 52, 90). In fact, it has been shown that IgG4 is associ-
ated with patent filarial infection while IgE was associated with the
acute phase of the infection (79, 82, 83, 91–94). Furthermore, IgE
and IgG4 seem to be strongly induced in filarial infection; while IgE
appears very early in the infection, IgG4 levels rises exponentially
following the production of microfilaremia.

The mixed IgE/IgG4 seen in chronic filarial infection may
reflect the cytokine environment that dominates the immune envi-
ronment during chronic infection. In fact, it has been shown
that patent filarial infection is characterized by a modified Th2
response that is associated with increased frequencies of IL-4-
and IL-10-producing CD4 T cells (70, 95). Moreover, IgG4 has
been used as a marker of filarial infection diagnosis but also as
a marker of immunoregulation (96, 97). Although direct evi-
dence for filarial-induced IL-10 to be involved in the induction
of IgG4 class switching has not been established, it has been
shown that IL-10 can act on human B cells and induce the
production of IgG4 (98, 99). Furthermore, Satoguina and collabo-
rators showed tetanus-specific regulatory T cells clone producing
high levels of IL-10 and TGF-β induced the production of IgG4
by naive and memory B cells in a GITR/GITRL-, TGF-β-, and
IL-10-dependent manners (100). In addition to modulating anti-
body responses, it has been shown that chronic filarial infection
modulates the function of APCs. In fact, APCs from filaria-
infected animals appear to promote T cell unresponsiveness (49,
90, 101–104).
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REGULATORY T CELLS IN FILARIAL INFECTION
With the identification of CD25+CD4+T cells as a subpopulation
responsible for controlling autoimmunity and for downregulat-
ing immune responses in mice (54–56, 105), these regulatory T
cells (Tregs) were demonstrated in humans at relatively consis-
tent levels in human peripheral blood (57, 58, 106). In patients
with LF, it was first demonstrated that Foxp3, CTLA-4, TGF-β,
and PD1 expression in bulk PBMCs were significantly increased
in filaria-infected individuals (69). Concurrently, several studies
in mouse models of filarial infection and in human populations
showed that filarial infection was associated with increased fre-
quencies of these Tregs (70, 107–111). Using a non-permissive
mouse model of infection with B. malayi, it was then shown
that mice infected with either infective stage larvae or implanted
with adult parasites expanded a population of CD4+Foxp3+
T cells that also expressed CD25, CD103, and CTLA-4 (107).
Using multicolor flow cytometry in a filarial-infected group of
patients in Mali, it was further shown that human filarial infec-
tion was also associated with an increased frequency not only
of Tregs that were CD4+CD25+Foxp3+CD127−, but also of
CD4+CD25−Foxp3− cells producing only IL-10 [characteristic
of type 1 regulatory (Tr1) cells] (70).

Several studies have reported an increased frequency of Foxp3-
expressing Tregs in filarial infection in humans and in animal
models (69, 70, 107, 110, 112) though the differentiation between
tTregs and pTregs in peripheral blood circulation has not been
addressed clearly to date (29, 31, 113, 114). Recently, using a mouse
model of the intestinal helminth parasite Heligmosomoides poly-
gyrus, it has been demonstrated that E/S products of this parasite
contained a TGF-β-like molecule that was sufficient to induce
in vitro the differentiation of Foxp3-expressing Tregs or iTregs
(115). Although this induction of iTregs by filarial parasites has
not been assessed in humans, it has been shown that infection of
mice with human filarial parasite B. malayi or the murine filar-
ial parasite L. sigmodontis induce early expression of Foxp3 and
recruitment of Foxp3-expressing regulatory T cells (107, 109, 110).
Furthermore, it has been shown that all filarial parasites examined
to date do express a homolog of human TGF-β (116–119). Further-
more, using onchocercomas collected from patients in West Africa,
immunohistochemical staining showed that dead (but not live)
Onchocerca adult worms in these onchocercomas were surrounded
by Foxp3-expressing T cells. Whether this increased frequency of
Foxp3-expressing T cells was the result of increased accumulation
of tTregs or a local induction of pTregs within the tissue remains
to be determined (120).

Although the difference between tTregs and pTregs has not been
clearly established in filarial infection, several studies using human
T cell cloning and others in mouse animal models of filarial infec-
tion have investigated Tr1 and Th3 regulatory T cells in filarial
infection. T cell clones from patients with onchocerciasis were
shown to produce high levels of IL-10 and TGF-β in response
to parasite antigen; these cells were shown to be either Tr1 (IL-
10-producing) or Th3 (TGF-β producing) cells (50). Likewise
cloned T cells that produced neither IL-2 nor IL-4 but sub-
stantial amounts of IL-10 (characteristics of Tr1) that inhibited
the function of other T cells in vitro was demonstrated from
patients in Ghana (121). When looked at systematically, studies

in filarial-infected patients from West Africa (but evaluated in
North America) demonstrated that the major T cell source of
IL-10 comes from CD4+CD25− cells (that are likely Tr1 cells)
(122). These data have been supported by multiparameter flow
cytomtetry based frequency analysis as well (70).

FUNCTION OF REGULATORY T CELL SUBSETS IN FILARIAL
INFECTION
Several mechanisms by which Tregs (tTregs/pTregs, Tr1, and Th3)
mediate their suppressive functions have been investigated in the
settings of chronic filarial infection (Figure 1). Though their mode
of action is not very clear, it is thought that tTregs and pTregs
(at least) mediate their suppressive function through cell to cell
interaction through surface molecules such as CTLA-4, GITR,
LAG-3, and membrane-bound TGF-β (123–127). In chronic filar-
ial infection settings studies investigating the mechanisms under-
lying the immune hypo-responsiveness showed that CD4+ cells
from filaria-infected individuals not only expressed high levels
of CTLA-4 but that antibody blockade of CTLA-4 in in vitro
cultures increased filarial antigen-specific proliferative response
and cytokine production (87). Likewise, it has been shown that
antibody blockade of CTLA-4 and TGF-β in vitro, increased the
expression of IFN-γ, TNF-α, IL-4, IL-5, GATA-3, and Tbet mes-
senger RNA by cells from filaria-infected subjects in response to
parasite antigen stimulation (69).

In vivo depletion of regulatory T cells using anti-CD25 and
antibody in combination with anti-GITR antibody in a mouse
model of filarial infection demonstrated enhanced production of
IL-4, IL-5, and IL-10 in response to parasite antigen stimulation
in vitro (109). In addition these authors showed that neutraliza-
tion of CTLA-4 and depletion of CD4+CD25 regulatory T cells in
combination increased parasite-specific antibody production and
enhanced worm killing (108).

Though the direct effect of filaria-induced Tregs on APC has
not been evaluated formally, several studies have shown that
APCs from those with patent filarial infection have altered pheno-
types and diminished function (49, 90, 101, 103, 104, 128–133).
Although the mechanisms underlying the modulation of APC
function in patent filarial remain obscure, several studies suggested
that the regulatory cytokines TGF-β and IL-10 might involved.
Furthermore it has been shown that tTregs and/or pTregs mod-
ulate APC function through molecules such as CTLA-4, GITR,
LAG-3, and membrane-bound TGF-β (123–127).

Though the role of tTregs and pTregs in the context of
human filarial infection remains elusive, the other regulatory T
cells subsets act thought the production and secretion of IL-10
and TGF-β (1, 69, 87, 88). Although these regulatory cytokines
can be produced by different types of CD4 T cells includ-
ing tTregs and pTregs, in the setting of filarial infection, it has
been showed that the principal sources of IL-10 and TGF-β are
Tr1 and Th3 cells respectively (50, 70, 121, 122). Using ani-
mal models of filarial infection it has been shown that these
regulatory cytokines particularly IL-10 directly regulate immune
response to filarial parasites (89, 134). These regulatory cytokines
elevated in the serum of chronically infected individuals and
together with Foxp3-expressing surface markers have been shown
to also modulate in these individuals immune responses to
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FIGURE 1 | Role of regulatoryT cells in the context of filarial infection.
Filarial parasite infective larvae (L3) deposited on the skin during the bite of
an infective mosquito actively penetrate the skin following which they
migrate to a draining lymph node. During their migration, L3 contacts and
activates different cells such as keratinocytes (KC), dermal dendritic cells
(dDC), innate lymphoid cells (ILCs), macrophages (MAC), dendritic cells
(DCs), and basophils (Baso). At this relatively early phase of infection the
parasite induces the differentiation of effector Th1, Th17, and Th2 cells,
which together with IgE antibody may lead to attrition of some of the

parasites. However if there is failure to clear the parasites, the infection
evolves into a chronic longstanding infection associated with
IL-10-producing type 1 (Tr1), TGF-β-producing Th3, and Foxp3-expressing
Tregs or peripheral Tregs (pTregs), which together with the thymus-derived
Tregs (tTregs) can be found with increasing frequencies in filarial infections.
The high levels of IL-10 produced induce the production of IgG4 and
together with IL-4, IL-13, and/or TGF-β induce the differentiation of
alternatively activated macrophages (AAM) and inhibit the function of a
variety of other cells.

non-filarial antigens including malarial antigens (24, 25, 135–138),
mycobacterial antigens (139), and antigens associated with type 1
diabetes (140, 141).

CONCLUSION
Despite the rapidly accumulating evidence acknowledging the
existence of multiple subsets of Tregs and their general modu-
lation of immune responses, the understanding of the molecular
mechanisms of their mode of action is still limited. What is clear
in chronic filarial infection is an association of infection with
increases of most of the Tregs subsets; however it is the dominance
of IL-10-mediated regulation that seems to be the most consis-
tent finding suggesting that the Tr1 cells (along with conventional
IL-10-producing Th2 cells) play the major role.

Delineating the subsets and function of Tregs is of capital
importance as this would provide insight into their model of action
and enhance their use as potential therapeutic targets. Despite
recent advances in the understanding of Treg functions the lack
of simple surface expressed markers for each subset has hindered
some of the fundamental research on their mechanisms of action.
Despite this lack of mechanistic insight, these regulatory T cells are
clearly responsible for the modulation of parasite antigen-specific
responses so characteristic of patent filarial infections.
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Since the discovery of interleukin-10 (IL-10) in the 1980s, a large body of work has led to
its recognition as a pleiotropic immunomodulatory cytokine that affects both the innate
and adaptive immune systems. IL-10 is produced by a wide range of cell types, but for the
purposes of this review we shall focus on IL-10 secreted by CD4+T cells. Here we describe
the importance of IL-10 as a mediator of suppression used by both FoxP3+ and FoxP3−

T regulatory cells. Moreover, we discuss the molecular events leading to the induction of
IL-10 secretion inT helper cell subsets, where it acts as a pivotal negative feedback mecha-
nism. Finally we discuss how a greater understanding of this principle has allowed for the
design of more efficient, antigen-specific immunotherapy strategies to exploit this natural
phenomenon clinically.

Keywords: allergy, autoimmunity, cytokines, immune regulation, immunotherapy, interleukin-10, regulatoryT cells,
T helper cells

THE IMPORTANCE OF IL-10
Interleukin (IL)-10 is a pleiotropic, immunoregulatory cytokine
that is important in protecting the host from infection-associated
immunopathology, autoimmunity, and allergy. IL-10 was initially
characterized as a T helper (TH)2 specific cytokine (Fiorentino
et al., 1989); however, further investigations revealed that IL-
10 production was also associated with T regulatory (Treg) cell
responses (Moore et al., 2001; O’Garra and Vieira, 2004; Ron-
carolo et al., 2006; Sabatos-Peyton et al., 2010). It is now known
that almost all cells of both the innate and adaptive arms of the
immune system can express IL-10, including dendritic cells (DC),
macrophages,mast cells,natural killer cells (NK),eosinophils,neu-
trophils, B cells, CD8+ T cells, and TH1, TH2, and TH17 CD4+ T
cells (Maloy and Powrie, 2001; Moore et al., 2001; Fillatreau et al.,
2002; Roncarolo et al., 2006; O’Garra and Vieira, 2007; Trinchieri,
2007; Maynard and Weaver, 2008; Sabatos-Peyton et al., 2010;
Mauri and Bosma, 2012). For the purposes of this review, we will
focus on the expression of IL-10 by CD4+ T cells and how it acts
upon TH cells to promote immune homeostasis.

The first IL-10-deficient mouse model was reported 20 years
ago and in the past two decades a great deal has been learned
about the complex biology of IL-10 by studying this model (Kühn
et al., 1993). IL-10-deficient mice exhibit prolonged and exagger-
ated immune responses toward antigen, in many cases accom-
panied by excessive inflammation and tissue damage, and they
often develop chronic enterocolitis (Kühn et al., 1993; Leon et al.,
1998). This pathology is ameliorated under germ-free conditions,
suggesting a role for the gut flora in triggering disease and, there-
fore, a role for IL-10 in regulating homeostatic interactions with
commensal microorganisms (Sellon et al., 1998). Similarly, IL-
10-deficient mice develop prolonged and exacerbated fever in
response to lipopolysaccharide (LPS) (Leon et al., 1998) and suf-
fer a lethal immune response to acute infection with Toxoplasma
gondii, which is not seen in wildtype animals (Gazzinelli et al.,
1996). IL-10-deficiency also aggravates autoimmune pathology in
a range of experimental models including rheumatoid arthritis

(RA) (Hata et al., 2004), experimental autoimmune neuritis (Bai
et al., 1997), systemic lupus erythematosus (SLE) (Beebe et al.,
2002), and experimental autoimmune encephalomyelitis (EAE)
(Bettelli et al., 1998).

Several studies of human autoimmune disease have revealed
that the level of IL-10 detected in patient samples correlates
inversely with disease severity (Hajeer et al., 1998; Lim et al.,
1998; Crawley et al., 1999; Van Boxel-Dezaire et al., 1999; Gib-
son et al., 2001). In multiple sclerosis (MS) patients, low levels of
IL-10 mRNA in peripheral blood monocytes (PBMC) are asso-
ciated with relapse and with secondary progressive disease (Van
Boxel-Dezaire et al., 1999). In juvenile onset arthritis, a single-
nucleotide polymorphism (SNP) associated with reduced IL-10
mRNA expression correlates with arthritis occurring in a higher
number of joints (Crawley et al., 1999). SNPs associated with lower
IL-10 mRNA expression are also overrepresented in patients with
RA (Hajeer et al., 1998), severe asthma (Lim et al., 1998), and SLE
(Gibson et al., 2001).

Together, these studies in mouse and man demonstrate the
importance of IL-10 in immune regulation and the impact of
IL-10 dysregulation on a wide range of disease states.

THYMICALLY AND PERIPHERALLY GENERATED FoxP3+
REGULATORY T CELLS SECRETE IL-10
Regulatory T cells expressing the master transcription factor
forkhead box P3 (FoxP3) are essential for immune homeosta-
sis (Chaudhry and Rudensky, 2013). Loss of function muta-
tions within the Foxp3 locus result in congenital Treg deficiency
and severe systemic immunopathology in both man (Gambineri
et al., 2003) and mouse (Brunkow et al., 2001). Natural, or
thymic, Foxp3+ Tregs (tTreg) develop during selection against
self-antigen in the thymus (Fontenot et al., 2003), whereas periph-
erally induced Foxp3+ Tregs (pTreg) develop extrathymically in
response to antigen-specific stimulation in the presence of trans-
forming growth factor beta (TGF-β) (Curotto de Lafaille et al.,
2004). tTregs are implicated in tolerance to self-antigens (Hori
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et al., 2003), whilst pTregs appear to modulate immune responses
against both self-antigens not expressed in the thymus and foreign
antigens (Pacholczyk et al., 2006; Josefowicz et al., 2012; Samstein
et al., 2012). Although several groups have attempted to define a
phenotype which distinguishes tTreg and pTreg (Thornton et al.,
2010; Weiss et al., 2012; Yadav et al., 2012), at the time of writing,
no molecular markers have been identified that can adequately dis-
criminate these two types of Foxp3+ Treg cells, especially under
inflammatory conditions (Verhagen and Wraith, 2010; Gottschalk
et al., 2012; Weiss et al., 2012; Himmel et al., 2013).

FoxP3+ Tregs are able to secrete IL-10 and this appears to
be particularly important in regulating immune responses at the
body’s environmental interfaces (Uhlig et al., 2006; Maynard et al.,
2007; Rubtsov et al., 2008). Mice with selective knockout of IL-10
in Foxp3-expressing cells (IL-10fl/fl

× FoxP3-cre) do not develop
spontaneous systemic autoimmunity but do develop spontaneous
colitis in a similar manner to germline IL-10-knockout ani-
mals (Rubtsov et al., 2008). These mice also develop heightened
lung inflammation following intranasal challenge with ovalbumin
(OVA), characterized by increased IL-5, IL-13, and interferon-
gamma (IFN-γ) mRNA in lung tissue (Rubtsov et al., 2008).
IL-10fl/fl

× FoxP3-cre mice exhibit exacerbated skin hypersensi-
tivity when challenged with dinitrofluorobenzene (Chang et al.,
2002). The secretion of IL-10 by FoxP3+ Treg cells is also impor-
tant in regulating immune responses against self-antigens in some
animal models. In the non-obese diabetic (NOD) mouse model
of Type 1 diabetes, disease progression is associated with gradual
loss of pancreatic IL-10-secreting FoxP3+ Tregs (Kornete et al.,
2012). In this model, inducible T cell costimulator (ICOS) block-
ade results in reduced IL-10 secretion by ICOS+ FoxP3+ Tregs
and this is associated with exacerbated diabetes (Kornete et al.,
2012). Regulation of murine TH17 responses by FoxP3+ Tregs
is dependent upon a Treg-specific IL-10-induced transcriptional
program, which includes signal transducers and activators of tran-
scription (STAT)3 dependent induction of Treg-derived IL-10
(Chaudhry et al., 2011). Selective deletion of IL-10RA on FoxP3+

Tregs reduces their expression of IL-10 and renders them unable
to prevent IL-17-mediated pathology (Chaudhry et al., 2011).

FoxP3− REGULATORY T CELLS SECRETE IL-10
Following stimulation under specific conditions, naïve CD4+ T
cells can differentiate into a population of FoxP3−, IL-10-secreting
T cells with potent regulatory capacity (Groux et al., 1997). Often
termed type 1 regulatory T cells (Tr1), they are characterized by
the expression of high levels of IL-10, sometimes concomitant with
IL-5 or IFN-γ, and low expression of IL-2 and IL-4 (Groux et al.,
1997). A recent study found that Tr1 cells can be identified by
CD49b and LAG-3 expression in both human and mice (Gagliani
et al., 2013). Tr1 cells can be generated in vitro from naïve human
and murine CD4+ T cells by various methods, including repeated
T cell receptor (TCR) stimulation in the presence of high con-
centrations of exogenous IL-10 (Groux et al., 1997). In in vitro
cultures, antigen-presenting cells (APC) are required to generate
Tr1 cells from IL-10 treated naïve CD4+ T cells (Gregori et al.,
2010). This suggests that IL-10 does not act directly upon naïve
CD4+ T cells but rather upon APC to render them able to promote
Tr1 induction.

In man, a subset of peripheral blood DC, termed DC-10, and
characterized by secretion of relatively high amounts of IL-10 and
low amounts of IL-12, are particularly able to induce the devel-
opment of Tr1-like cells in vitro (Gregori et al., 2010). DCs with a
similar phenotype to DC-10 cells can also be generated in vitro by
culturing human monocytes with IL-4, granulocyte macrophage
colony-stimulating factor (GM-CSF) and IL-10 (Gregori et al.,
2010). These in vitro-generated DC-10-like cells have compara-
ble function and phenotype to those isolated from peripheral
blood and may provide a method for the induction of IL-10-
secreting T cells for use therapeutically (Gregori et al., 2010).
Expression of human leukocyte antigen (HLA)-G and a ligand
for the shed extracellular portion of HLA-G, immunoglobulin-
like transcript 4 (ILT-4 or LILRB2), are upregulated by IL-10
and have been used to identify a subset of tolerogenic DC in
man (Allan et al., 1999; Manavalan et al., 2003; LeMaoult et al.,
2004; Gregori et al., 2010). This suggests that IL-10-induced
interactions between soluble HLA-G and DC-localized ILT-4, in
subsets of DCs including DC-10 cells, is required to induce IL-10-
secreting CD4+ T cells from naïve CD4+ T cells (Gregori et al.,
2010).

In the mouse, IL-27 has been shown to induce Tr1-like cells
from naïve CD4+ T cells in vitro (Awasthi et al., 2007). IL-27
induces expression of c-Maf and IL-21 which, in combination
with ICOS receptor ligation, act to promote Tr1 differentiation
(Awasthi et al., 2007; Pot et al., 2009). In addition, IL-27 also
upregulates the aryl hydrocarbon receptor (AhR) which, when
ligated, synergizes with c-Maf to drive IL-10 expression (Apetoh
et al., 2010). The secretion of IL-21 by Tr1-like cells can further
induce c-Maf expression and, thus, may form an autocrine posi-
tive feedback loop promoting IL-10 induction (Pot et al., 2009).
Murine DCs can be induced to secrete IL-27 by treatment with
recombinant galectin-1. Galectin-1-treated DCs can induce Tr1-
like cells in vitro, dampen myelin oligodendrocyte glycoprotein
(MOG35-55)-induced EAE and antigen-specific proliferation of
splenocytes (Ilarregui et al., 2009). Endogenous expression of
galectin-1 in DCs is upregulated by IL-10, 1,25(OH)2-vitamin
D3 (VitD3), and galectin-1 itself (Ilarregui et al., 2009; Cedeno-
Laurent et al., 2012). Together these data highlight the importance
of the APC in IL-10 induction in naïve CD4+ T cells in many
experimental models.

In man, naïve CD4+ T cells can be directed to secrete IL-10,
independent of APC, by co-ligation of the TCR and the comple-
ment receptor CD46 with either the native ligand, C3b, or with
anti-CD46 antibodies (Kemper et al., 2003; Cardone et al., 2010).
The importance of this pathway is reinforced by the observation
that CD4+ T cells isolated from MS and RA patients demonstrate
defective IL-10 secretion in response to stimulation with anti-CD3
and -CD46 antibodies (Astier et al., 2006; Cardone et al., 2010).
Ligation of CD46 leads to robust phosphorylation of extracellular
signal related kinase 1 and 2 (ERK1/2) which, as will be discussed in
more detail below, is a prerequisite for IL-10 expression in CD4+ T
cells (Zaffran et al., 2001). CD46 is not expressed by murine T cells,
limiting the potential to study the role of CD46 in vivo, but trans-
genic expression of human CD46 in mice leads to elevated serum
IL-10 levels following Neisseria meningitides infection (Johansson
et al., 2005).

Frontiers in Immunology | Immunological Tolerance May 2013 | Volume 4 | Article 129 | 221

http://www.frontiersin.org/Immunological_Tolerance
http://www.frontiersin.org/Immunological_Tolerance/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ng et al. Interleukin-10 regulates adaptive immunity

Tr1-like cells can also be induced in the absence of APC by
stimulating naïve murine CD4+ T cells with anti-CD3 and -CD28
antibodies in the presence of VitD3, dexamethasone (Dex), and
anti-IFN-γ, -IL-4 and -IL-12 antibodies (Barrat et al., 2002). Neu-
tralization of IL-10 in the culture medium inhibits development
of Tr1 cells (Barrat et al., 2002). In vivo, Tr1 cells can be generated
by immunizing mice with cholera toxin (Lavelle et al., 2003, 2004)
or treatment with rapamycin and IL-10 (Battaglia et al., 2006).

SELF-LIMITATION OF T HELPER CELLS BY IL-10 SECRETION
Deviation from normal immune homeostasis, during infection or
other insult, will result in tissue damage if allowed to persist fol-
lowing elimination of the target antigen. Similarly, in situations
of chronic antigen exposure, such as at mucosal surfaces and in
relation to self-antigen, it is essential that regulatory mechanisms
exist to restore effector CD4+ T cell homeostasis. In addition
to the regulatory effects of FoxP3+ and FoxP3− Tregs, an IL-
10-dependent negative feedback loop is important in protecting
tissues from T cell-mediated autoimmune disease and infection-
driven immunopathology. For example, wildtype C57BL/6 mice,
when primed with MOG in complete Freund’s adjuvant (CFA),
develop EAE associated with TH1 and TH17 cytokines, but recover
rapidly (Bettelli et al., 1998). In contrast, IL-10-deficient mice do
not recover and develop a progressive form of EAE (Bettelli et al.,
1998).

TH17-DERIVED IL-10 IN THE REGULATION OF TH17
RESPONSES
TH17 cells are strongly implicated in many autoimmune con-
ditions traditionally thought to be solely TH1-mediated (Stein-
man, 2007). TH17 cells produce IL-17A and IL-17F, which can
be detected in target tissues of patients with RA, MS, and SLE
(Matusevicius et al., 1999; Linden et al., 2000; Wong et al., 2000;
Hashimoto et al., 2005). Experimental colitis, induced by adoptive
transfer of IL-17-secreting CD4+ T cells to Rag-deficient mice,
can be suppressed by the co-transfer of IL-10-secreting CD4+

T cells (Huber et al., 2011). This suppressive effect is depen-
dent on expression of the IL-10 receptor (IL-10R) by the IL-17-
secreting CD4+ T cells (Huber et al., 2011). This implies that IL-10
can directly attenuate the pathogenicity of IL-17-secreting CD4+

T cells.
TH17 cells have a developmental pathway that overlaps with

FoxP3+ iTregs (Bettelli et al., 2006). Culturing naïve CD4+ T
cells with TGF-β alone drives the generation of FoxP3+ iTregs
but in combination with the inflammatory cytokine IL-6 gener-
ates TH17 cells which express RoRγt and secrete IL-17 (Figure 1)
(Ivanov et al., 2006; McGeachy et al., 2007, 2009). In murine
transfer experiments, IL-6- and TGF-β-generated TH17 cells failed
to induce EAE; in contrast, TH17 cells cultured with IL-23
were encephalitogenic (Figure 1) (McGeachy et al., 2007). This
correlates with enhanced expression of IL-10 in TH17-polarized

FIGURE 1 | In response to IL-6,TGF-β, andTCR stimulation naïve
CD4+ cells upregulate RoRγt and c-Maf transcription factors and
develop intoTH17 polarized naïve CD4+ cells which secrete IL-17
and IL-10 (McGeachy et al., 2007). In the presence of IL-6, TGF-β, IL-23,
and TCR stimulation, naïve CD4+ cells differentiate into effector TH17
cells which express RoRγt and secrete IL-17 and GM-CSF (McGeachy
et al., 2009). In response to Staphylococcus aureus, effector TH17 cells

develop into CCR6+ CCR4+ memory cells which secrete IL-17A and
IL-10; *however, it is unclear if c-Maf regulates IL-10 in these cells
(Metzler and Wraith, 1993; Zielinski et al., 2012). TH17 cells express the
IL-10 receptor and can therefore self-regulate (Stumhofer et al., 2007;
Huber et al., 2011). IL-1β can down regulate IL-10 expression from both
TH17 polarized naïve CD4+ cells and TH17 memory cells (Zielinski et al.,
2012).
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CD4+ T cells cultured in the absence of IL-23 (McGeachy et al.,
2007).

Interleukin-10-secreting TH17-polarized CD4+ T cells have
also been observed with defined pathogen specificity. Upon res-
timulation in vitro, human Staphylococcus aureus-specific TH17
cells secreted IL-10 in combination with IL-17A (Figure 1) (Zielin-
ski et al., 2012). In contrast, Candida albicans-specific TH17-
polarized CD4+ T cells did not secrete IL-10 and instead secreted
IFN-γ concomitant with IL-17A (Zielinski et al., 2012). IL-10
secretion by naïve CD4+ T cells polarized toward IL-17 secretion
or by CCR6+CCR4+ memory TH17 cells was inhibited by IL-1β

(Figure 1) (Zielinski et al., 2012). Cryopyrin associated periodic
syndrome (CAPS) is an autoinflammatory disease characterized
by excessive production of IL-1β (77). IL-10 production is sig-
nificantly inhibited in TH17 cell clones from CAPS patients but
in vivo administration of Anakinra, an IL-1R1 antagonist, restores
IL-10 secretion by IL-17A+ T cell clones (Jacobs and Ciaccio, 2010;
Zielinski et al., 2012). Together these studies suggest that IL-10
production by IL-17A-secreting CD4+ T cells may refine TH17
responses to target them toward specific pathogens. In addition,
these results show that the lack of IL-10 secretion by TH17 cells
is associated with autoinflammatory conditions, highlighting the
importance of effector T cell-derived IL-10 in immune regulation.

TH1-DERIVED IL-10 IN THE REGULATION OF TH1 RESPONSES
TH1 cells, characterized by expression of the transcription factor
T-bet and secretion of IFN-γ, play a central role in the clearance
of intracellular pathogens (Romagnani, 1996). However, they are
also responsible for mediating immune pathology and autoim-
mune disease in a number of settings. For example, the intra-
cellular protozoan parasite T. gondii elicits an IL-12-dependent
TH1 response which is important for controlling its replication
in infected mice (Gazzinelli et al., 1994). In IL-10-deficient mice,
this TH1 response is exacerbated and results in severe cytokine-
associated immunopathology and mice succumb to disease even
though parasitic growth is effectively restricted (Gazzinelli et al.,
1996). This immune pathology is characterized by increased secre-
tion of TH1 cytokines, expression of acute inflammatory markers
and necrotic tissue damage (Gazzinelli et al., 1996). A dysregulated
TH1 response and subsequent tissue damage are also observed
in IL-10-deficient mice following infection with other pathogens,
including Leishmania major (Anderson et al., 2007), Trypanosoma
cruzi (Abrahamsohn and Coffman, 1996; Hunter et al., 1997),
Plasmodium chabaudi (Linke et al., 1996), Listeria monocytogenes
(Deckert et al., 2001), murine cytomegalovirus (Oakley et al.,
2008), and respiratory influenza virus (Sun et al., 2009). Similarly,
IL-10-dependent TH1 self-regulation is essential in restraining
the immune response and preventing tissue damage in models
of autoimmune disease including colitis (Suri-Payer and Cantor,
2001), RA (Hata et al., 2004), neuritis (Bai et al., 1997), SLE (Beebe
et al., 2002), and uveoretinitis (Rizzo et al., 1998). Conversely,
CD4+ T cells which co-secrete IFN-γ and IL-10 can be isolated
from patients with chronic infections, including Mycobacterium
tuberculosis and Leishmania donovani (Gerosa et al., 1999; Kemp
et al., 1999; Boussiotis et al., 2000). This suggests that IL-10 secre-
tion by TH1-like cells regulates the anti-pathogen response and
prevents clearance.

Interleukin-10-secreting, TH1-like cells can be induced in
experimental models by repeated or chronic administration of
antigen (Figure 2) (Metzler and Wraith, 1993; Gabryšová et al.,
2009; Gabryšová and Wraith, 2010). In the Tg4 TCR-transgenic
mouse model, repeated intranasal (i.n.) administration of analogs
of the Ac1-9 peptide of myelin basic protein drives the generation
of FoxP3− T-bet+ IL-10-secreting CD4+ T cells which protect
animals from EAE (Rogge et al., 1997; Burkhart et al., 1999;
Gabryšová et al., 2009). IL-10 secreted by T-bet+ CD4+ T cells
modulates DC function, inducing downregulation of MHC class
II, the co-stimulatory molecules CD80, CD86, and CD40, and the
TH1-promoting cytokine IL-12 (Moore et al., 2001; Gabryšová
et al., 2009). This renders DCs from Tg4 mice treated repeatedly
with the Ac1-9 analog less effective than DCs from non-peptide
treated mice at priming naïve CD4+ T cells and promoting TH1
differentiation (Gabryšová et al., 2009). This represents a thera-
peutically exploitable negative feedback loop for the attenuation
of IFN-γ-driven inflammatory responses (Figure 2).

Although IL-10-mediated negative feedback regulation of
CD4+ effector lymphocyte responses undoubtedly evolved to
prevent collateral tissue damage during immune responses to
pathogens, it can also prevent successful clearance of microorgan-
isms and lead to prolonged chronic infection. For example, in mice
infected with L. major, CD4+ Foxp3− IL-10-secreting cells are
associated with development of contained, chronic, non-healing
lesions (Anderson et al., 2007). Elevated CD4+ T cell-derived IL-10
also correlates with an inability to effectively clear M. tubercu-
losis (Redford et al., 2011), L. monocytogenes (Dai et al., 1997),
Mycobacterium leprae (Sieling et al., 1993), and transformed cells,
for example squamous cell carcinomas (Kim et al., 1995).

TH2-DERIVED IL-10 IN THE REGULATION OF TH2 RESPONSES
The cytokines IL-4, IL-5, and IL-13, secreted by TH2 cells, provide
protective immunity in the context of parasite infection (Kore-
naga et al., 1991; Urban et al., 1991), but also initiate, amplify, and
prolong allergic responses by enhancing production of IgE and
are responsible for recruitment, expansion, and differentiation of
eosinophils and mast cells (Robinson et al., 1992; Romagnani,
1994; Umetsu and DeKruyff, 1997, 1999; Northrop et al., 2006).
Early studies of experimental TH2-inducing parasitic infections,
including Trichuris muris and T. cruzii demonstrated a key role for
IL-10 in preventing a lethal T cell response (Silva et al., 1992; Bar-
bosa de Oliveira et al., 1996; Schopf et al., 2002). The exaggerated
cytokine response observed in IL-10-deficient mice was initially
assumed to be due to a requirement for IL-10 in antagonizing dele-
terious TH1 responses (Silva et al., 1992; Barbosa de Oliveira et al.,
1996; Schopf et al., 2002). More recently, it has become clear that
TH2-derived IL-10 is also associated with downregulation of IL-4
and IL-13 during allergic responses (Grünig et al., 1997; Jutel et al.,
2003; Akdis et al., 2004). In a mouse model of allergic bronchopul-
monary aspergillosis, IL-10 is crucial in restraining TH2 responses
(Grünig et al., 1997). After repeated inhalation of Aspergillus fumi-
gatus allergens, lung cells and broncho-alveolar lavage (BAL) fluid
from IL-10-knockout mice produced higher levels of IL-4, IL-5,
and IFN-γ, leading to exaggerated airway inflammation (Grünig
et al., 1997). In addition, alveolar macrophages isolated from asth-
matic patients secrete lower levels of IL-10 compared to those from
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FIGURE 2 | In response to either IL-12 or IL-4 andTCR stimulation
naïve CD4+ T cells will upregulateT-bet or GATA3 transcription
factors respectively. Differentiation of naïve CD4+ t cells into TH1/TH2
lineages is based on T-bet/GATA3 transcription factor expression
(Ouyang et al., 2000; Lucas et al., 2003). Upon repeated chronic TCR
stimulation TH1 and TH2 cells express IL-10 (Gabryšová et al., 2009; Xu

et al., 2009). In TH1 cells, IL-10 expression is regulated by NFIL3 and
correlates with c-Maf expression (Kim et al., 1999; Saraiva et al., 2009).
In TH2 cells, IL-10 expression is regulated by NFIL3 (Motomura et al.,
2011). IL-10 secreted by TH1/TH2 cells can inhibit further naïve CD4+

differentiation by inhibiting IL-12/IL-4 and DC function (Moore et al.,
2001; Taylor et al., 2007, 2009).

non-asthmatics (Borish, 1998; John et al., 1998). In healthy bee
keepers, regular bee venom exposure elicits a regulatory response
characterized by antigen-specific IL-10 secretion and a reduction
in IL-4 and IL-13 production over the course of the bee season
(Meiler et al., 2008). TGF-β appears to play a minor role in the
effect and little increase in FoxP3 expression is observed after bee
venom exposure, suggesting that repeatedly activated allergen-
specific T cells, and not FoxP3+ Tregs induced de novo, are the
source of regulatory IL-10 (Meiler et al., 2008).

In mouse models of allergy, it is clear that IL-10 plays an
important role in mediating successful antigen-specific thera-
peutic tolerance. For example, intranasal administration of pep-
tide derived from OVA can reduce symptoms of TH2-driven
OVA/alum-induced airway hypersensitivity (AHR) (Akbari et al.,
2001). Protection from AHR is associated with induction of IL-
10-secreting pulmonary DCs with capacity to induce IL-4 and
IL-10-secreting OVA-specific CD4+ T cells in vitro (Akbari et al.,
2001). In addition, adoptive transfer of DCs from i.n. OVA treated
mice to naïve animals induced OVA-specific CD4+ T cell unre-
sponsiveness in recipients. Transfer of IL-10-deficient DCs does
not induce tolerance in recipient mice (Akbari et al., 2001). Simi-
larly, neutralization of IL-10 during tolerance induction results in
elevated OVA-specific IgE production and negates the protective

effect of OVA administration (Vissers et al., 2004). Successful
allergen-specific immunotherapy (SIT) in man, for example in
the treatment of grass pollen or house dust mite allergies, corre-
lates with generation of IL-10-secreting CD4+ T cells (Francis
et al., 2003; Jutel et al., 2003). IL-10 limits TH2 responses by
downregulation of IL-4, inhibition of antigen presentation by
MHC class II on DCs, and suppression of co-stimulatory mol-
ecule expression including CD28, ICOS, and CD2 (Taylor et al.,
2007, 2009). This is mediated via src homology phosphatase
(SHP)-1 in naïve CD4+ T cells, suggesting that IL-10 can reg-
ulate effector responses and also prevent the differentiation of
TH2 cells from naïve CD4+ T cells (Figure 2) (Taylor et al.,
2007).

TRANSCRIPTIONAL REGULATION OF IL-10 IN TH1, TH2, TH17,
AND Tr1 CELLS
As described above, IL-10 can be secreted by different CD4+ T cell
types, each characterized by a distinct developmental program and
hallmark transcription factors. However, some signaling pathways
and transcription factors required to induce IL-10 expression are
shared between CD4+ effector T cell subsets. The group of tran-
scription factors regulating IL-10 transcription in all cell types has
been reviewed recently (Saraiva and O’Garra, 2010) and we will
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focus on IL-10 transcriptional regulation in TH1, TH2, TH17, and
Tr1 cells.

ERK1 and ERK2 activation is required for IL-10 expression
in TH1, TH2, and TH17 cells (Saraiva et al., 2009). In CD4+

T cells, the strength of signaling through the TCR is propor-
tional to ERK1 and ERK2 activation and thus to IL-10 expression
(Saraiva et al., 2009). Specifically, in Th1 cells high-level TCR
stimulation leads to enhanced and prolonged ERK1 and ERK2
phosphorylation which, in combination with IL-12-driven signal-
ing through STAT4, promotes induction of IL-10 (Saraiva et al.,
2009).

Recently differentiated TH1 cells do not secrete IL-10 and have
an IL-10 promoter which is inaccessible to DNase 1 and thus not
permissive for transcription (Im et al., 2004). In contrast, fully dif-
ferentiated TH2 cells have an open, euchromatic IL-10 promoter
(Im et al., 2004). In addition, histone modifications which corre-
late with active gene expression; histone 3 lysine 4 dimethylation
(H3K4me2) and histone 4 acetylation (AcH4) are associated with

the IL-10 promoter in effector TH2 cells but not TH1 cells (Im
et al., 2004).

TH2 effector differentiation and function is classically described
as being dependent upon STAT6-induced GATA3 expression
(Shoemaker et al., 2006). Although STAT6-induced GATA3 is
thought to mediate the epigenetic changes that result in an open
IL-10 locus in TH2 cells, both proteins are dispensable for IL-
10 secretion in mature TH2-polarized CD4+ T cells (Figure 3)
(Ouyang et al., 2000; Shoemaker et al., 2006). Similarly, c-Maf is
another transcription factor originally associated with TH2 cells
although it is not required for IL-10 production in CD4+ T cells
cultured under TH2-polarizing culture conditions (Kim et al.,
1999). Interestingly, in non-polarizing culture conditions, where
cells secreted IFN-γ, IL-10 production was dependent on c-Maf
expression (Kim et al., 1999). Indeed, c-Maf binds to the Maf-
recognition element within the IL-10 promoter and is required for
IL-10 expression in Tr1, TH17, and possibly TH1 cells (Figure 3)
(Kim et al., 1999; Pot et al., 2009; Saraiva et al., 2009; Xu et al.,

FIGURE 3 | InTH1 cells IL-10 expression is induced by IL-12-STAT4
and IL-27-STAT1 pathways, possibly through c-Maf and NFIL3
(Saraiva et al., 2009). In TH2 cells IL-10 expression is induced by
IL-4-STAT6 through GATA3 (imprinting and chromatin modification) and
NFIL3 (Shoemaker et al., 2006; Motomura et al., 2011). In TH17 cells
IL-10 expression is induced by IL-6/TGF-β-STAT3 through c-Maf (Xu et al.,
2009). In Tr1 cells, IL-10 is induced by IL-27 and AhR through induction

of C-Maf (Pot et al., 2009; Apetoh et al., 2010). *c-Maf is correlated with
IL-10 expression in TH1 cells (Saraiva et al., 2009). In non-polarizing
culture conditions, IL-10 expression is dependent on c-Maf (Kim et al.,
1999). Whether c-Maf binds to the IL-10 locus in TH1 cells is unknown.
**NFIL3-deficient TH1 cells do not express IL-10 on repetitive
stimulation, but NFIL3 has not been observed bound to the IL-10 locus
in TH1 cells. (Motomura et al., 2011).
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2009). Although c-Maf is required for IL-10 secretion by a vari-
ety of CD4+ T cell lineages, differences in the pathways which
evoke c-Maf expression reflect the diversity of the TH lineages.
In TH1 cells, IL-10 expression can be induced by both IL-27 via
both STAT1 and STAT3 and IL-12 via STAT4 (Stumhofer et al.,
2007; Saraiva et al., 2009). In Tr1 cells, IL-27 induces expression of
c-Maf and AhR, presumably through STAT1, which cooperatively
promote IL-10 expression (Figure 3) (Pot et al., 2009; Apetoh et al.,
2010). In TH17 cells, c-Maf expression is induced by the synergistic
action of TGF-β and IL-6 via STAT3 and, in contrast to the obser-
vations in TH1 cells, the activation of STAT1 is antagonistic for
c-Maf-induced IL-10 expression in TH17-polarized CD4+ T cells
(Figure 3) (Xu et al., 2009). Which pathway drives c-Maf expres-
sion may depend on specific conditions such as the affinity and
dose of antigen (Saraiva et al., 2009). For example, in TH1 cells,
IL-12-mediated STAT4 signaling only promotes IL-10 production
in combination with high-level TCR stimulation (Saraiva et al.,
2009) whereas at lower levels of TCR stimulation, the same stimu-
lus induces the development of IFN-γ-secreting TH1 cells that do
not express IL-10 (Morinobu et al., 2002; Lucas et al., 2003; Saraiva
et al., 2009).

The basic leucine zipper transcription factor nuclear factor IL-
3-regulated (NFIL3 or E4BP4) has recently been shown to play a
role in a range of immunological processes (reviewed in Male et al.,
2012). NFIL3-deficient TH2 cells and FoxP3+ Tregs are defective in
IL-10 secretion and it is also required for the upregulation of IL-10
in repeatedly stimulated TH1 cells (Figure 3) (Chang et al., 2007;
Motomura et al., 2011). NFIL3 does not bind to the IL10 promoter,
but rather to introns within the coding region of the locus (Moto-
mura et al., 2011). In NFIL3-deficient TH2 cells, these regions
are heterochromatic and inaccessible, suggesting that NFIL3 may
play a role in remodeling the IL10 locus to permit transcription
(Motomura et al., 2011). Upregulation of NFIL3 in TH2 cells is
dependent on IL-4 and STAT6, even upon GATA3 overexpression
(Kubo and Motomura, 2012). Further work is required to under-
stand the pathways leading to induction of NFIL3 expression in
repeatedly stimulated TH1 cells and to confirm that NFIL3 is a
universal regulator of IL-10 expression in CD4+ T cells.

CLINICAL APPLICATIONS AND FUTURE PROSPECTS
As described above, the ratio of secreted IL-10 to the secretion of
the relevant effector cytokine (IFN-γ, IL-4, or IL-17) can dictate
the outcome of a polarized CD4+ T cell response and, therefore,
the likelihood of an effective immune response and the potential
for tissue damage, through hyper- or hypo-immune activation.
These observations have made IL-10 an attractive therapeutic tar-
get for intervention in a wide range of human conditions including
autoimmunity, cancer, and persistent infection (O’Garra et al.,
2008).

Inhaled glucocorticoids are at present the treatment of choice
for asthma and severe allergic conditions. In addition to the effects
of corticosteroids, including dexamethosone, on IL-10 expres-
sion in vitro, glucocorticoid administration to asthmatic patients
enhances IL-10 production concomitant with a reduction in TH1
and TH2 effector cytokines (John et al., 1998; Richards et al.,
2000). Treatment with inhaled steroids is also accompanied by
expansion of CD4+ CD25+ Treg populations and upregulation

of Foxp3 gene expression in CD4+ T cells isolated from PBMCs
(Karagiannidis et al., 2004). Furthermore, failure to upregulate
IL-10 in response to steroid exposure correlates with steroid resis-
tant disease (Hawrylowicz et al., 2002; Xystrakis et al., 2006). This
further illustrates the importance of steroid-induced IL-10 in the
treatment of asthma and atopy.

Several pre-clinical cancer models suggest that IL-10 acts as a
negative mediator of anti-tumor immunity (Halak et al., 1999;
Garcia-Hernandez et al., 2002; Yang and Lattime, 2003). These are
further supported by human studies in Hodgkin’s lymphoma, B
cell lymphoma, melanoma, and hepatocellular carcinoma, where
elevated serum IL-10 levels correlate with poor survival (Bohlen
et al., 2000; Chau et al., 2000; Nemunaitis et al., 2001; Lech-
Maranda et al., 2004). These observations have supported pro-
posals that blockade of IL-10R signaling may be a beneficial
adjunct therapy in the oncology clinic. However, the pleiotropic
role of IL-10 has resulted in several paradoxical observations.
For example, studies investigating IL-10 levels in non-small cell
lung cancer observed that higher IL-10 expression correlated with
better survival (Gonzalez-Aragoneses et al., 2007). In addition,
overexpression of IL-10 within tumors, in murine carcinoma and
melanoma models, results in loss of tumorigenicity accompa-
nied by an enhanced lymphocyte response (Giovarelli et al., 1995;
Gerard et al., 1996; Zheng et al., 1996; Adris et al., 1999). IL-10-
mediated prevention of tumor growth is dependent on T cells
and/or NK cells as these effects are abrogated in immunodeficient
mice (Giovarelli et al., 1995; Zheng et al., 1996). In agreement with
these reports, IL-10 can stimulate NK cell and alloreactive CD8+

T cell responses in vitro and in vivo and may have the same effect
in certain cancers or subsets of patients (Groux et al., 1998, 1999;
Cai et al., 1999; Micallef et al., 1999; Lauw et al., 2000).

Systemic administration of recombinant IL-10 has been trialed
in patients with psoriasis and Crohn’s disease and for the alle-
viation of post-operative inflammation (Colombel et al., 2001;
Reich et al., 2001; O’Garra et al., 2008). This has been gener-
ally tolerated at moderate doses and has provided some clinical
improvement in psoriasis patients, associated with a reduction in
TH1 cytokines (Reich et al., 2001). However, side effects includ-
ing fever and headaches were observed and, in Crohn’s disease
patients, IL-10 administration led to elevated serum levels of IFN-
γ and no improvement in disease symptoms (Tilg et al., 2002).
Simultaneous administration of IL-10 and LPS in healthy volun-
teers similarly led to an exaggerated TH1-like response compared
to LPS alone (Lauw et al., 2000). This reinforced the potential for
IL-10 to play a proinflammatory role, particularly at high doses,
and made the use of recombinant IL-10 as a therapeutic approach
unfavorable.

The failure of systemic IL-10 administration to ameliorate TH1-
mediated pathologies highlights the importance of refinement and
specificity in the design of immunomodulatory therapy. Target-
ing IL-10-inducing interventions to a particular anatomical site,
or to cells with defined antigen specificity, may prove far more
effective than non-targeted therapies. For example, although sys-
temic administration of IL-10 can only partially ameliorate EAE
symptoms in mice (Cannella et al., 1996; Nagelkerken et al., 1997),
targeted expression of IL-10 in either CD2 or MHC-II-expressing
cells completely abrogates disease (Bettelli et al., 1998; Cua et al.,
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1999). Similarly, expression of IL-10 in the central nervous system
(CNS) rendered mice resistant to EAE whereas the cytokine, intro-
duced systemically using the same expression vector, provided
little benefit (Cua et al., 2001). Interestingly, orally administered
IL-10, given with low-dose MBP peptide, prevented EAE (Slavin
et al., 2001). Expression of IL-10 under control of the IL-2 pro-
moter in proteolipid protein (PLP)-specific CD4+ T cells renders
them able to both prevent and treat EAE thereby demonstrating
the efficacy of antigen-specific IL-10 induction (Mathisen et al.,
1997). Similarly, studies of IL-10-secreting cell-based therapies
have reinforced the advantage of antigen specificity for effective
immunotherapy (Barrat et al., 2002). As described above, IL-10-
secreting CD4+ T cells can be derived from naïve T cells following
in vitro treatment with Dex and VitD3 (Barrat et al., 2002). In
theory, this would provide a source of cells that could be used
therapeutically. Using OVA-specific TCR-transgenic (DO11.10) T
cells, it was demonstrated that, although IL-10-secreting CD4+ T
cells can be generated using anti-CD3 and -CD28 polyclonal stim-
ulation, antigen-specific stimulation is required in vivo for IL-10-
secreting cells to prevent EAE following adoptive transfer (Barrat
et al., 2002). This makes antigen-SIT a very attractive approach
to realize the potential of IL-10 modulation in the treatment of
autoimmune diseases.

Autoantigen- and allergen-SIT aim to restore appropriate
immune responses to innocuous antigens while avoiding systemic
immune suppression thus preserving host-protective immunity
(reviewed in Miller et al., 2007; Sabatos-Peyton et al., 2010). A vari-
ety of strategies have emerged; some attempt to induce antigen-
specific FoxP3+ pTregs, others to induce a “switch” between TH1
and TH2-dominated immune responses or to force effector CD4+

T cells toward a terminally differentiated, IL-10-secreting pheno-
type (Miller et al., 2007; Sabatos-Peyton et al., 2010). Regardless
of the cellular mechanisms underlying the SIT, successful ther-
apies are almost always associated with an increase in specific,
antigen-induced IL-10 (Miller et al., 2007; O’Garra et al., 2008;
Sabatos-Peyton et al., 2010). Antigen-SIT has proven effective in
many pre-clinical models of autoimmune disease, for example
EAE and the NOD diabetes model (Metzler and Wraith, 1993;
Brocke et al., 1996; Tian et al., 1996; Burkhart et al., 1999; Shoda
et al., 2005; Gabryšová et al., 2009; Gabryšová and Wraith, 2010;
Schall et al., 2012). Translation of these therapies into the clinic has
shown some efficacy in treatment of MS (Warren et al., 2006), RA
(Prakken et al., 2004), SLE (Muller et al., 2008), and T1D (Thrower
et al., 2009; Hjorth et al., 2011; Ludvigsson et al., 2012). For exam-
ple, in a phase 1 clinical trial in T1D patients using an epitope of
proinsulin (C19-A3), treatment resulted in increased serum IL-10
levels and improved glycemic control in the group which received

10 µg of peptide (Thrower et al., 2009). Interestingly, a higher dose
of 100 µg did not show any beneficial clinical effect and no increase
in serum IL-10 (Thrower et al., 2009).

These studies demonstrate that, when appropriately designed,
SIT is safe in man and has great potential in treating a wide range
of autoimmune and allergic diseases. However, further research
is required to determine suitable routes of administration and to
refine dosing strategies. Inappropriate antigen dosing, in partic-
ular, can lead to hypersensitivity reactions or to a lack of efficacy
(Bielekova et al., 2000; Kappos et al., 2000). Administration of an
escalating series of antigen doses has been widely employed in the
field of allergen-SIT and this approach being increasingly adopted
in autoantigen-SIT (Sabatos-Peyton et al., 2010).

In many autoimmune conditions, the antigen and immun-
odominant epitopes are uncharacterized, and where they are char-
acterized, epitope spreading can lead to polyantigenic responses
within a single patient (Miller et al., 2007; Sabatos-Peyton et al.,
2010). This provides further challenges for the successful trans-
lation of SIT from (often monoclonal, TCR-transgenic) animal
models to heterogenous groups of patients. Clearly, successful
translation of this approach will rely on the ability of a therapeutic
strategy to induce “bystander suppression” whereby T cells spe-
cific for epitopes within antigen A are capable of suppressing the
response of T cells specific for antigens B, C, D, etc. within the same
tissue. The fact that IL-10 suppresses co-stimulatory molecule
expression by APC explains why IL-10 treated APC can medi-
ate bystander suppression and why strategies designed to induce
IL-10 are required for effective SIT. It will also be essential to
widen our understanding of the molecular mechanisms underly-
ing successful SIT, enabling development of adjunct therapies and
adjuvants to bolster efficacy, improve safety, and aid maintenance
of long-term tolerance.

In conclusion, IL-10 plays an essential and highly complex role
in the modulation of adaptive immune responses. The pleiotropic
nature of IL-10 has made translating the potential benefit of IL-10-
modulating therapies into the clinic difficult; however, strategies
designed to focus IL-10 expression onto antigen-specific T cells,
including SIT for allergic and autoimmune diseases, have shown
promising early results.
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The importance of regulatory T cells (Tregs) in balancing the effector arm of the immune
system is well documented, playing a central role in preventing autoimmunity, facilitating
graft tolerance following organ transplantation, and having a detrimental impact on the
development of anti-tumor immunity. These regulatory responses use a variety of mech-
anisms to mediate suppression, including soluble factors. While IL-10 and TGF-β are the
most commonly studied immunosuppressive cytokines, the recently identified IL-35 has
been shown to have potent suppressive function in vitro and in vivo. Furthermore, not only
does IL-35 have the ability to directly suppress effector T cell responses, it is also able to
expand regulatory responses by propagating infectious tolerance and generating a potent
population of IL-35-expressing inducibleTregs. In this review, we summarize research char-
acterizing the structure and function of IL-35, examine its role in disease, and discuss how
it can contribute to the induction of a distinct population of inducible Tregs.

Keywords: interleukin 35, infectious tolerance, natural regulatoryT cells, induced regulatoryT cells, iTr35

INTRODUCTION
The immune system has evolved to establish multiple layers of
defense against a variety of pathogens and diseases. However,
concurrent with these effector responses are a robust network of
regulatory responses that are able to keep the effector branch of
the immune system in check and ensure that they do not lead to
potentially harmful autoimmunity. These suppressive responses
are mediated by a myriad of cell types, including myeloid-derived
suppressor cells as well as macrophages with suppressive function
[such as tumor-associated macrophages (1)],but suppressive func-
tion is most commonly associated with regulatory T cells (Tregs).
T cells with potential suppressive activity were identified in the
seminal research by Gershon and Kondo as well as Nishizuka and
Sakakura more than 40 years ago, showing that lymphocytes can
suppress T cell responses and that this tolerance could be trans-
ferred into naive mice (2–5). However, after this foundational
work, research into Tregs went through a period of controversy
and conflicting results, with difficulty in identifying a molecular
basis for their suppressive function leading some to question their
existence. Following more than a decade of studies aimed at elu-
cidating the mechanisms that mediate Treg activity, interest was
rekindled in the mid-1990s with the transformational research of
Sakaguchi and colleagues, who specifically identified a population
of CD4+CD25+T cells that had suppressive function, which were
coined as naturally occurring thymic-derived Tregs, or natural

Abbreviations: APC, antigen-presenting cell; DC, dendritic cell; EAE, experimental
autoimmune encephalitis; Ebi3, Epstein–Barr virus-induced gene 3; IL, interleukin;
iTreg, induced regulatory T cell; NIMA, non-inherited maternal antigen; NK, nat-
ural killer; nTreg, natural regulatory T cell; PAP, prostatic acid phosphatase; TGF,
transforming growth factor; Treg, regulatory T cell.

Tregs (nTreg) (6). These Tregs were later identified as also express-
ing the intracellular transcription factor Foxp3, and were found
to mediate suppression against a wide array of effector immune
responses, including CD4+ and CD8+T cells,B cells,natural killer
(NK), and NK-T cells, and even inducing dendritic cells (DCs) and
macrophages into a more tolerogenic phenotype. However, while
nTregs play a central role in mediating tolerance to a variety of self
antigens, they are recognized as not being the primary mediator
of tolerance to pathogens and other antigens encountered in the
periphery. This role belongs to a broad class of cells classified as
peripherally derived or inducible Tregs (iTregs), which are CD4+
or CD8+ T cells which enter the periphery as naive T cells but
encounter their antigen under conditions which are not conducive
to the generation of productive effector responses, such as envi-
ronments rich in immunosuppressive cytokines such as TGF-β.
When activated in these conditions, iTregs gain potent suppressive
functions, inhibiting T-cell proliferation and effector functions in
an antigen non-specific fashion, and play a central role in mediat-
ing regulation and propagating infectious tolerance in a variety of
malignancies, including infectious diseases and cancer.

Inducible Tregs are further divided into subclasses of iTregs,
which are classified based largely on the mechanisms they use to
mediate regulation (though the functional mechanisms of sup-
pression utilized by these various iTregs are not strictly limited to
each subpopulation – for example, multiple iTreg populations use
surface molecules such as CTLA-4 or PD-1 to mediate infectious
tolerance). Tr1 induced regulatory cells mediate suppression pri-
marily through the secretion of the immunosuppressive cytokine
IL-10, and are further characterized by their lack of Foxp3 and
CD25 expression which are expressed by nTregs (7). The sec-
ond class of iTregs are Th3 cells, which were one of the earliest
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populations of Tregs and were identified as playing a role in medi-
ating tolerance in experimental autoimmune encephalitis (EAE).
These cells express CD25 and Foxp3 and predominantly utilize
TGF-β to mediate suppression, with minimal expression of IL-4
and IL-10 (8).

While the Tr1 and Th3 populations of iTregs were long con-
sidered to be the only defined induced regulatory populations,
research has identified another population of induced Tregs that
can are potent mediators of suppression as well as in the propaga-
tion of infectious tolerance: iTr35 regulatory cells. These inducible
regulatory cells were identified by Dario Vignali and colleagues
and mediate suppression primarily through the expression of
the regulatory cytokine IL-35 (9). In this review, we will discuss
the identification and characterization of IL-35, how it medi-
ates suppression, the role it has been shown to play in disease,
and the importance of IL-35 and more specifically iTr35 cells in
propagating infectious tolerance.

IL-35: COMPOSITION, SIGNALING, AND EXPRESSION
Interleukin 35 belongs to the IL-12 family of cytokines, which is
a group of heterodimeric cytokines that are composed of one of
five subunits [p19, p28, p35, p40, and Epstein–Barr virus-induced

gene 3 (Ebi3)] that come together in various combinations to
form IL-12, IL-23, IL-27, and IL-35, as illustrated in Figure 1A
(10). Despite their shared components, these cytokines run the
spectrum of immunological effector functions. IL-12 is a pro-
inflammatory cytokine that is closely associated with the acti-
vation of Th1 immune responses. It is predominantly expressed
by monocytes and DCs, and its expression can be triggered by
activated T cells. The inflammatory activity of IL-12 is clearly
seen in efforts to target its activity in a variety of diseases.
In patients with malignancy, research has shown that recombi-
nant IL-12 can elicit anti-tumor responses in vivo (11). Alterna-
tively, efforts to inhibit the inflammatory effects of IL-12 have
been developed, including IL-12-blocking antibodies used to treat
autoimmune disorders such as EAE, where it has been shown
to prevent uncontrolled immune responses (12, 13). Similar to
IL-12, IL-23 also has inflammatory activity and can drive Th1
responses, as well as promoting the activity of NK and Th17
cells (14). As opposed to IL-12 and IL-23, IL-27 has a wide
range of immunomodulatory activities. While it can promote
Th1 development, IL-27 can also inhibit Th2 responses and
promote the suppression of T-cell responses depending on the
microenvironment (15).

FIGURE 1 | IL-12 family members and signaling pathways.
(A) Diagram showing the subunits that form the heterodimeric IL-12
family of cytokines, the subunits that form their receptors, and the
predominant STAT molecules that transmit their signals. (B) Diagram
showing the potential receptor and signaling pathways utilized by IL-35,

which can signal through gp130 or IL-12Rβ2 homodimers, or through a
unique gp130:IL-12Rβ2 heterodimer, which results in the formation of a
novel STAT1:STAT4 heterodimer that has distinct effects on target cells:
maximal suppression, IL-35 expression, and their conversion into iTr35
regulatory T cells.
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While IL-12, IL-23, and IL-27 can all play a role in promot-
ing inflammatory immune responses, the youngest member of
the IL-12 family, IL-35, is a purely immunosuppressive cytokine.
IL-35 was identified in the mid-2000s, first reported by Dario Vig-
nali and colleagues, and was soon after reported by his group
and others to be a potent mediator of suppression (9, 16). IL-
35 is a heterodimer composed of the p35 and Ebi3 subunits,
which were both identified as being over-expressed by Tregs and
not effector cells (9). The potential of these two subunits com-
ing together to form a novel heterodimer was first described in
1997 by Devergne and colleagues, who found that cells transfected
with p35 and Ebi3 lead to the secretion of a p35-Ebi3 heterodimer
(17). In this report, it was suggested that given the expression of
Ebi3 in many tissues replete with immune cells, it was likely that
this heterodimer had immunomodulatory function – however,
no functional studies were conducted for another 10 years. Recent
studies into the formation of this heterodimer found that subunits
from human and mouse can bind to the opposite species, indicat-
ing that the protein-protein interactions that form IL-35 are novel
to the IL-12 family and conserved between species (18). Further-
more, the protein binding sites were unique when compared to
those used for IL-12 and IL-27, and that no single mutation could
disrupt this interaction (18). This is particularly significant, as the
design of therapeutic interventions aimed at targeting the suppres-
sive activity of IL-35 could focus on small-molecule inhibitors of
this interaction which would selectively target IL-35 while leaving
IL-12 and IL-27 unaffected.

In addition to having a unique function when compared to
the other IL-12 family members, IL-35 is also unique in that
rather than being expressed primarily by antigen-presenting cells
(APCs), IL-35 is expressed primarily by Tregs. Since it was iden-
tified in 2007, dozens of reports have been published describing
IL-35 expression in both thymus-derived and peripheral Tregs.
This includes a subset of CD4+CD25+Foxp3+nTregs in humans,
mice, and even pigs (9, 19, 20), though this expression is thought to
occur only in a subset of IL-35+nTregs and is not constitutive (21).
Research has also identified expression of IL-35 in a population of
IL-35-induced CD4+Tregs, defined as iTr35 cells (22). In addition
to CD4+ Tregs, IL-35 has also been shown to be expressed and
mediate antigen-specific suppression in a population of CD8+
Tregs in patients with prostate cancer (23). Interestingly, other
non-immune cell types have also been shown to express IL-35,
including tumor cells (24, 25) and potentially an even broader
tissue expression profile in the course of inflammation (26). How-
ever, in all of these cell types, it has been noted that IL-35 expression
is minimal in unactivated T cells – rather, these cells need to
become activated for the induction of IL-35, such as through
engagement of their T-cell receptor or following inflammation
(19, 22, 26). This suggests that IL-35 may be more associated with
the suppressive activity of Tregs in peripheral tissues rather than
a constitutive marker of Tregs. The suggested expression of IL-35
by multiple cells types, including both natural and induced Treg,
emphasizes the need to further characterize the mechanisms that
regulate the expression of IL-35 in these populations.

After being expressed and secreted by Tregs, IL-35 then acts on
its target cells following binding to the IL-35 receptor. However,
as is the case with the subunits that make up the IL-12 family of

heterodimeric cytokines, the receptors for the IL-12 family are also
composed of five different subunits: IL-12Rβ1, IL-12Rβ2, IL-23R,
WSX, and gp130 (as illustrated in Figure 1B). The IL-35 recep-
tor is composed of IL-12Rβ2 and gp130, which are also associated
with the IL-12 and IL-27 receptors, respectively (27, 28). Following
binding of IL-35 to its receptor, its signal is transduced through
STAT1 and STAT4, which can also form a unique heterodimer and
result in the expression of target genes including p35 and Ebi3,
resulting in a feedback loop promoting increased IL-35 expression
(28). However, IL-35 is also unique from the other members of
the IL-12 family in that it can also signal through a homodimer
of its receptor subunits. However, when IL-35 binds to one of its
homodimeric receptors, only one branch of its signal transduc-
tion pathway is activated (either STAT1 or STAT4 for gp130:gp130
or IL-12Rβ2:IL-12Rβ2 homodimers, respectively), resulting in a
partial loss of the suppressive activity of IL-35 compared with sig-
naling through the fully functional IL-12Rβ2-gp130 heterodimer
receptor, as diagramed in Figure 1B (28). The use of these sub-
units sheds some light onto the target of IL-35 activity; gp130 is
expressed in most cell types (29), whereas IL-12Rβ2 is expressed
predominantly on activated T cells, NK cells, and to a lesser extent
DCs and B cells (30).

IL-35: MECHANISMS OF SUPPRESSION AND ROLE IN
DISEASE
Since its discovery, the predominant mechanism of suppression
associated with the activity of IL-35 is its ability to suppress T-cell
proliferation and effector functions. Foundational work into the
activity of IL-35 utilized IL-12a−/− and Ebi3−/−mice, finding that
CD4+ Treg lacking IL-35 expression had a significantly reduced
ability to suppress T-cell proliferation (9), an observation that has
been repeated in numerous models by several groups (19, 22, 31–
33). The ability of IL-35 to suppress T-cell responses has also been
clearly illustrated in studies using recombinant IL-35 (rIL-35),
where it can decrease T-cell proliferation as well as T-cell cytokine
expression, though these studies have been somewhat complicated
by the difficulty in generating an active heterodimeric form of IL-
35 (9, 16, 34, 35). In related studies, the ectopic expression of
IL-35 by conventional CD4+ T cells (using a transfected IL-35
expression construct) results in these conventional T cells gaining
a regulatory phenotype, manifested by the ability to potently sup-
press T-cell proliferation (9, 22). The suppressive activity of IL-35
is not limited to CD4+ Tregs, as a population of CD8+CTLA-4+
Tregs was also found to suppress the proliferation of autologous T
cells in a contact-independent, IL-35-dependent fashion (23).

While mechanistic studies into IL-35 have focused on its abil-
ity to suppress CD4+ and CD8+ T-cell proliferation, IL-35 has
also been shown to have a role in suppressing Th17 responses.
Tregs expressing IL-35 have been shown to inhibit the differenti-
ation of CD4+ T cells into Th17 effector cells, and mice lacking
Ebi3 have a significant increase in the production of IL-17 (32,
36–38). This has also been reproduced in studies using rIL-35, in
which treatment with rIL-35 reduces Th17 differentiation as well
as the function of Th17 cells (16, 34). In addition to its effects
on Th17 immunity, one report has even suggested that rIL-35 can
lead to decreased antibody titers (34). While this is the only report
to our knowledge to associate IL-35 activity with the suppression
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of humoral immunity, it has significant implications toward the
precise mechanism of action of IL-35. While in vitro studies have
clearly shown that IL-35 is able to directly act on effector T cells
(supported by the expression profiles of the IL-35 receptor sub-
units), the ability of IL-35 to suppress antibody responses could
suggest that IL-35 is also able to act on other cell populations,
though it could also be a reflection of the inhibition of helper T
cell responses that contribute to humoral immunity.

Given the direct suppressive activity of IL-35, there has been
interest in evaluating the role that IL-35 can play in the devel-
opment of a variety of diseases (summarized in Table 1). Several
diseases have been shown to be associated with increased IL-35
expression, including multiple inflammatory diseases, coronary
artery disease, and cancer. In individuals with acute myeloid
leukemia, the development of disease has been shown to be asso-
ciated with elevated plasma levels of IL-35 (39). This has been
supported by results in lung cancer, where a study evaluating Ebi3
levels in lung cancer patients found that Ebi3 levels are elevated
in patients with malignancy, predicts for poor outcome, and is an
independent prognostic indicator of disease (although this study
only examined Ebi3, and not the p35 subunit of IL-35) (40). Addi-
tionally, in murine models of melanoma and colorectal carcinoma,
the establishment of tumors has been shown to lead to increased
IL-35 expression in CD4+ tumor-infiltrating lymphocytes, which
are subsequently able to suppress T-cell proliferation (22). This
likely contributes to the inhibition of the anti-tumor effects of
adoptively transferred CD4+ and CD8+ T cells in this melanoma
model.

The loss of IL-35 has also been shown to be associated with the
development and exacerbation of disease, including many inflam-
matory diseases such as encephalomyelitis and inflammatory
bowel disease (Table 1). In multiple models of encephalomyelitis,
wild-type Tregs can prevent the onset and severity of disease.
However, animals that lack functional IL-35 were shown to have
enhanced inflammatory immune responses and increased disease
(9, 32, 33). Similar observations have been shown in inflammatory
bowel disease, liver fibrosis, and models of lethal autoimmune dis-
ease (9, 22, 35, 38). Conversely, given that the loss of IL-35 is
associated with increased incidence and severity of inflammatory
diseases, the induction of IL-35 expression has been shown to
alleviate a variety of disease symptoms (Table 1). In models of
inflammatory bowel disease, IL-35 gene therapy and the adoptive
transfer of IL-35-expressing Tregs have been shown to cure coli-
tis symptoms (22, 35). The same holds true in collagen-induced
arthritis, where rIL-35 reduces the frequency and severity of arthri-
tis and a decrease in inflammatory immune responses (16, 34).
As opposed to these inflammatory diseases, tumor models have
shown that IL-35 contributes to tumorigenesis (22, 25). These
effects are mediated through both immune-directed and tumor-
directed effects, as IL-35 can act to suppress tumor-infiltrating
lymphocytes that may have anti-tumor activity, as well as poten-
tially supporting the proliferation of tumor cells by promoting
angiogenesis (22, 25).

While the direct suppressive activity of IL-35 has been estab-
lished in numerous reports in vitro and in vivo, research into
immune tolerance has shown that the low frequency of individ-
ual regulatory populations alone are largely insufficient to control

effector immunity. Therefore, to expand the breadth of suppressive
immunity, Tregs are able to induce and mobilize additional regu-
latory immune cells. This concept of infectious tolerance is central
to the ability of the immune system to maintain tight control of
effector responses, whereby Tregs can transfer suppressive func-
tion onto a nominally conventional T cell population. Suppressive
cytokines play a central role in the propagation of infectious toler-
ance, including IL-35, which has been shown to play an important
role in the expansion of regulatory immunity.

ROLE OF IL-35 IN PROPAGATING INFECTIOUS TOLERANCE
The concept of infectious tolerance was first proposed by Gershon
and Kondo in the early 1970s, where they showed that, “tolerance
. . . can be spread from one cell to another” (4). This was fur-
ther elucidated by Benjamin and Waldmann, who used antibodies
blocking T cell populations to induce tolerance to skin grafts (46),
and later in elegant studies by Qin and colleagues from the same
group, who used congenically marked T cells to show that suppres-
sive activity can be transferred from one cell population to another
(47). As additional molecular data regarding the suppressive mech-
anisms of Treg has become available, it has become clear that Tregs
can secrete cytokines that can induce naïve and even effector T cells
to gain a regulatory phenotype. This can occur by directly targeting
effector T cells and causing them to gain a suppressive phenotype,
as well as targeting DC populations and causing them to promote
the conversion of effector cells into regulatory cells (48). The most
commonly thought of cytokines involved in this conversion are
Treg-produced IL-10 and TGF-β, which can drive the generation
of Tr1 and Th3 cells, respectively. However, the ability to transmit
infectious tolerance is also a characteristic of IL-35, the produc-
tion of which can cause the conversion of conventional effector
T cells into induced regulatory cells that are potent mediators of
suppression in vitro and in vivo.

Some of the earliest reports of IL-35 began to shed light on
the potential role of this cytokine in infectious tolerance. In
a report by Niedbala and colleagues in 2007, they found that
a rIL-35 fusion protein induced the proliferation of a popula-
tion of CD4+CD25+Foxp3+ T cells, and which expressed IL-10
and suppressed T-cell proliferation in vitro (16). Additionally, in
another report utilizing a recombinant single-chain IL-35, it was
found that treatment of mice with rIL-35 resulted in a significant
increase in IL-10 (but not TGF-β) production by CD4+ T cells
in draining lymph nodes (34). When these mice were examined
further for the impact of IL-35 on Treg function, they found that
administration of IL-35 led to an increase in the frequency of
CD4+CD39+ Tregs that expressed Foxp3 and IL-10, and that IL-
35 promoted the proliferation of these T cells (34). Furthermore,
when these CD4+CD39+ T cells were adoptively transferred they
could protect animals from collagen-induced arthritis in an IL-10-
dependent fashion (34). These data together suggest that IL-35 is
able to promote the expansion of IL-10 producing iTregs, and that
these Tregs are able to mediate suppression in vitro and in vivo.

While these studies provided the earliest evidence that IL-35
could play a role in the propagation of infectious tolerance, it
remained unclear whether this induced regulatory population also
expressed IL-35, or whether IL-35 played any role in mediating
suppression in these induced regulatory cells. This was addressed
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Table 1 | Role of IL-35 on disease.

Disease/model Method of IL-35 detection Effects of disease on IL-35 expression Reference

STUDIES EVALUATING EFFECTS OF DISEASE ON IL-35 EXPRESSION

Acute myeloid

leukemia

ELISA Patients with AML have significantly higher plasma levels of IL-35

than healthy donors

Wu et al. (39)

Allergic airway

disease

qPCR Induction of allergic airway disease leads to increased Treg that

express IL-35

Whitehead et al.

(37)

Colorectal

carcinoma

qRTPCR Tumor injections lead to increase in IL-35 expression in

tumor-infiltrating CD4+T cells (CD4+Foxp3+ and CD4+Foxp3−)

Collison et al. (22)

Coronary artery

disease

ELISA Decreased IL-35 correlates with increased left ventricular ejection

fraction

Lin et al. (41)

Lung cancer Immunohistochemistry and ELISA Lung cancer patients have significantly elevated serum levels of

Ebi3, and elevated Ebi3 expression correlates with poor prognosis,

and is an independent prognostic factor of disease

Nishino et al. (40)

Melanoma qRTPCR, Western blot Tumor injections lead to increase in IL-35 expression in

tumor-infiltrating CD4+T cells (CD4+Foxp3+ and CD4+Foxp3−),

which can suppress T-cell proliferation

Collison et al. (22)

Smoking-induced

lung inflammation

ELISA Animals exposed to cigarette smoke and treated with erythromycin

have increased levels of IL-35 in bronchoalveolar lavage fluid

Bai et al. (42)

Trichuris muris

infection

qRTPCR Infection with Trichuris muris induces significant increase in IL-35

expression in intestinal Tregs

Collison et al. (22)

Disease/model Mechanism of IL-35 expression Effects of IL-35 expression on disease Reference

STUDIES EVALUATING EFFECTS OF IL-35 ON DISEASE

Allergic airway

disease

Gene therapy using plasmid DNA

encoding single-chain IL-35 fusion

protein

IL-35 gene therapy decreases allergic airway inflammation and

inflammation-associated antibody responses

Huang et al. (43)

Autoimmune

diabetes

Ectopic expression of rIL-35 in

non-obese diabetic (NOD) mice

IL-35 expression protects animals from autoimmune diabetes by a

decrease in T-cell infiltration and proliferation (via G1 arrest)

Bettini et al. (44)

Cancer Ectopic expression of IL-35 in

murine tumor cell lines

IL-35 expression increases tumorigenesis by increasing infiltration

of CD11b+Gr1+ myeloid cells and thus increasing tumor

angiogenesis, as well as a decrease in the numbers and effector

functions of CD4+ and CD8+TIL

Wang et al. (25)

Collagen-induced

arthritis (CIA)

Intraperitoneal injection of

single-chain rIL-35

IL-35 reduces incidence, intensity, and progression of CIA, a

reduction of CIA-specific antibodies, a reduction of Th1 and Th17,

and protective CD4+CD39+CD25−Tregs

Kochetkova et al.

(34)

Collagen-induced

arthritis (CIA)

Intraperitoneal injection of rIL-35 IL-35 induces a significant reduction in the incidence and intensity of

CIA

Niedbala et al.

(16)

Inflammatory

bowel disease

Adoptive transfer of iTr35 cells into

IBD-bearing Rag1−/− mice

iTr35 cells cure inflammatory bowel disease Collison et al. (22)

Inflammatory

bowel disease

Gene therapy using plasmid DNA

encoding single-chain IL-35 fusion

protein

IL-35 gene therapy decreases symptoms of colitis and decrease in

colonic inflammatory markers

Wirtz et al. (35)

Lyme arthritis Subcutaneous injection of rIL-35 rIL-35 enhances Lyme arthritis in Borrelia-infected and -vaccinated

mice

Kuo et al. (45)

Melanoma Adoptive transfer of iTr35 cells into

tumor-bearing Rag1−/− mice

iTr35 cells suppress anti-tumor responses generated following

adoptive transfer of CD4+ and CD8+T cells

Collison et al. (22)

(Continued)
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Table 1 | Continued

Disease/model Transgenic mouse model Effects of knock-out on disease Reference

STUDIES EVALUATING EFFECTS OF IL-35 KNOCK-OUT ON DISEASE

Allergic airway

disease

Ebi3−/− mice Ebi3 is required for control of airway inflammation Whitehead et al.

(37)

Coronavirus-

induced

encephalomyelitis

Ebi3−/− mice Ebi3−/− mice have an increased viral load and increased mortality,

increased T cell and macrophage infiltration, and enhanced

viral-specific T-cell responses

Tirotta et al. (33)

Experimental

autoimmune

encephalomyelitis

(EAE)

Ebi3−/− mice nTreg or iTr35 cells, but not iTRcon or Ebi3−/− iTr35 cells, prevent

severity of EAE

Collison et al. (22)

Experimental

autoimmune

encephalomyelitis

(EAE)

Ebi3−/− mice Ebi3−/− mice have marginally increased EAE, and significantly

increased Th1 and Th17 responses

Liu et al. (32)

Homeostatic

expansion

Ebi3−/− mice Adoptive transfer of iTr35, but not iTr35 cells lacking IL-35 expression

(Ebi3−/− mice or WT mice given IL-35 blocking antibody), cells can

prevent homeostatic expansion

Collison et al. (22)

Inflammatory

bowel disease

IL-27p28−/− and Ebi3−/− mice Ebi3-deficient mice have increased colitis, shorter survival, and

increased expression of inflammatory markers (not seen in

IL-27p28 -deficient mice)

Wirtz et al. (35)

Inflammatory

bowel disease

Ebi3−/− and IL-12a−/− mice Transfer of Treg cures inflammatory bowel disease, but not Treg that

lack either Ebi3 or IL-12a

Collison et al. (9)

Lethal

autoimmunity

Ebi3−/− and IL-12a−/− mice Adoptive transfer of nTreg or iTr35 cells can prevent lethal

autoimmunity, but iTr35 cells lacking Ebi3 or IL-12a could not prevent

autoimmunity

Collison et al. (22)

Liver fibrosis IL-12p35−/− and IL-12p40−/− mice IL-12p35−/− mice (but not IL-12p40−/− mice) have increased liver

inflammation, bile duct damage, and development of Th17

responses

Tsuda et al. (38)

in an expansive report from by Collison and colleagues in late
2010 that not only specifically studied the role that IL-35 plays
in the conversion of conventional T cells into induced Tregs, but
also evaluated the role that IL-35 has in mediating the suppressive
function of these iTreg (22). In this report, they show that treating
either human or mouse conventional CD4+Foxp3− T cells with
IL-35 causes these T conv to begin to express IL-35 (but not IL-10
nor TGF-β), and that these T conv cells can then suppress T-cell
proliferation in a contact-independent fashion. Further support-
ing the lack of a role for IL-10 and TGF-β, blocking either of these
cytokines did not affect the suppressive function of these cells
whereas blocking IL-35 significantly abrogated this suppression,
suggesting that these IL-35-induced regulatory cells represented
a novel population of iTregs rather than the conventional Tr1 or
Th3 cells, which they defined as iTr35 cells.

The conversion of conventional T cells into an IL-35-expressing
inducible Treg was also shown to occur when T conv were cultured
with nTreg, which have been shown to express higher levels of IL-
35 when cultured with conventional T cells (49). When mouse
nTreg were cultured with T conv cells, the T conv cells began to

express IL-35 and were then able to suppress T-cell proliferation
(22). Interestingly, this conversion was found to require IL-35 and
IL-10 expression by nTregs; however, once these T conv cells had
gained a regulatory phenotype, IL-10 was not required for their
suppressive activity. In a later report, the same group confirmed
that this conversion of T conv into IL-35-expressing iTregs occurred
in a contact-independent fashion through the activity of IL-35,
but did not require IL-10 nor TGF-β (19). Furthermore, in this
report they also show that maximal Treg suppression requires not
only IL-35 expression but also contact with T conv that can sub-
sequently be converted into iTr35 cells (19), further highlighting
the importance of infectious tolerance in the overall suppressive
activity of IL-35.

The generation of iTr35 cells has also been shown to occur nat-
urally following the onset of various diseases. In one model, mice
were infected with an intestinal parasite that induces an inflam-
matory response followed by the expansion of Treg responses in
the intestine. Following this infection, CD4+ Foxp3+ nTregs in
the spleen were found to have negligible levels of IL-35 expression,
whereas CD4+Foxp3+ at the site of infection had a significant
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increase in IL-35 (22). Interestingly, when CD4+Foxp3− con-
ventional T cells were examined for IL-35, negligible levels were
found in the spleen, whereas CD4+Foxp3− T cells at the infection
site had a significant increase in IL-35 expression (22). Simi-
lar results were observed in two different tumor models (MC38
colorectal and B16 melanoma tumor cell lines), where tumor inoc-
ulation led to an increase in IL-35 expression in CD4+Foxp3+ and
CD4+Foxp3−T cells that infiltrated the tumor, whereas there was
negligible IL-35 expression in splenic T cells (22). Furthermore,
these tumor-infiltrating CD4+Foxp3− T cells were able to sup-
press T-cell proliferation in vitro in an IL-35-dependent fashion,
indicating that tumor establishment led to the generation of iTr35
cells (22).

The observation that tumor formation leads to the genera-
tion of iTr35 cells suggests that these cells may play a role in
promoting tumor development, a characteristic that is associated
with other induced Treg populations. In a variety of malignan-
cies, increased frequencies of Tregs has been shown to correlate
with a poor prognosis for patients, though this observation is not
absolute (50). The profoundly suppressive tumor microenviron-
ment has been shown to promote the generation of regulatory
immune responses, using factors such as TGF-β or adenosine to
mediate the conversion of effector lymphocytes into iTregs (51,
52). Furthermore, these tumor-infiltrating iTreg have been shown
to have greater suppressive activity that nTreg, both in terms of the
levels of suppression as well as the mechanisms used (22, 53–55).
However, this does not appear to be the case with IL-35, as tumor-
infiltrating CD4+Foxp3+ nTregs had higher levels of suppression
then infiltrating Foxp3− iTr35 cells (22). This likely reflects the
multitude of suppressive mechanisms that nTreg are able to uti-
lize to mediate suppression, as tumor-infiltrating Ebi3−/− nTreg
were able to suppression T-cell proliferation at equal levels com-
pared with wild-type nTreg (22), and even Treg that lack both IL-35
and IL-10 expression can still mediate suppression through factors
such as TRAIL (56). However, iTr35 cells appear to lack this func-
tional plasticity, as Ebi3−/− mice do not have tumor-infiltrating
induced regulatory cells with suppressive function, and iTr35 cells
lacking Ebi3 and/or IL-12p35 lack efficacy in preventing autoim-
mune responses in a variety of models in addition to these tumor
models (22).

Despite this requirement for IL-35, iTr35 cells, and the role
of IL-35 expression on the propagation of infectious tolerance is
an important component of the suppressive tumor microenvi-
ronment. When Rag1−/− mice are challenged with tumors and
then receive adoptively transferred wild-type CD4+ and CD8+
T cells, these T cells are able to mediate an anti-tumor response
and keep tumor growth in check (22). When wild-type Tregs are
transferred as well, the tumors grow rapidly, reflecting the abil-
ity of Treg to suppress the anti-tumor response associated with the
transfer of the CD4+ and CD8+T cells, both by directly suppress-
ing T-cell proliferation as well as converting these conventional T
cells into regulatory cells (22). However, when tumor-bearing ani-
mals receive an adoptive transfer containing wild-type CD8+ T
cells and Ebi3−/− CD4+ T cells, the growth of these tumors was
reduced by approximately 50% (22). This suggests that the con-
version of T conv into iTr35 cells is a significant contributor to
the suppression of anti-tumor immunity, and that the therapeutic

targeting of this regulatory population could promote anti-tumor
responses.

The dependence of iTr35 cells on IL-35 also suggests that these
cells may have different characteristics regarding their long-term
phenotypic and functional stability. Given the nature of induced
regulatory cells, which gain or lose immunosuppressive activity
depending on the microenvironment in which they are activated,
the stability of these induced populations is thought to be tran-
sient. However, data regarding the stability of iTr35 cells in vivo
suggests otherwise. In numerous models, the transfer of iTreg was
shown to mediate clinical efficacy for several weeks following a
single adoptive transfer, suggesting that these cells retain their
suppressive function for an extended period of time (22). Further-
more, when congenically marked iTr35 or Th3 cells were injected
into mice and recovery was measured over time, it was found
that 33% of the injected iTr35 cells were recoverable after 1 week,
30% after 2 weeks, and 20% after more than 3 weeks, compared
with only 12% of Th3 cells that were recovered 1 week following
transfer (22). Additionally, these cells retained their suppressive
function; even 25 days following injection, adoptively transferred
iTr35 cells were able to suppress T-cell proliferation at the same
levels as freshly isolated iTr35 cells, whereas Th3 cells had signifi-
cantly reduced suppressive function (22). This suggests that iTr35
cells may represent more of a terminally differentiated regulatory
population, and rely on the potent suppressive activity of IL-35 to
mediate suppression. However, further work is necessary to char-
acterize these iTr35 cells, and other suppressive mechanisms that
they may gain or lose over time.

CONCLUDING REMARKS AND FUTURE DIRECTIONS
As we look toward the future of immune regulation and infectious
tolerance, it is essential to focus not only on identifying novel
mediators of tolerance, but how these populations can be reli-
ably identified. This is particularly relevant with the generation
of induced Tregs during the propagation of infectious tolerance,
as the plastic nature of these populations makes them challeng-
ing to identify and track over time. Even iTr35 cells, which may
represent more of a stable regulatory population than Tr1 or Th3
cells, are incredibly challenging to identify. While these cells are
predominantly identified based on their robust expression of IL-
35, the detection of IL-35 expression can be daunting. The nature
of the IL-12 family of cytokines requires the expression of all five
subunits to be interrogated to ensure that it is IL-35 that is being
expressed by a putative regulatory population (even though Tregs
do not express significant levels of the other IL-12 family mem-
bers). This is also manifested in difficulty detecting IL-35 protein
levels using current commercially available reagents and the lack
of an antibody that jointly recognizes a conformational epitope
from IL-35, thus requiring Ebi3, p35, and the other IL-12 subunits
to be examined. Additionally, the difficulty in generating function-
ally active rIL-35 also delayed research and led to the necessity of
multiple levels of evaluation in studying the suppressive effects of
IL-35. As these reagents are developed and become commercially
available, it is to be hoped that increased research into IL-35 will
better define and characterize Tregs that express this cytokine.

While IL-35 expression can be analyzed on fixed or lysed cell
populations, what would be ideal would be a series of cell surface
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markers that can be used to identify iTr35 cells, allowing these
cells to be isolated and further characterized. Currently, iTr35 cells
are characterized only by their expression of CTLA-4 and CD25,
as well as a lack of intracellular Foxp3; however, a gene microar-
ray comparing iTr35 cells with conventional Treg found that there
was no significant genetic signature that could be used to distin-
guish one regulatory population from the other (22). Furthermore,
while treatment with rIL-35 was shown to induce a population of
CD4+CD39+CD25− Tregs that express IL-10, these cells were
not evaluated for expression of IL-35, causing CD39 to remain
one of the potential markers of iTr35 cells, though its expression is
clearly not restricted to iTr35 cells (34). This highlights the impor-
tance of elucidating markers for iTr35 cells that have not yet been
evaluated [such as GITR, PD-1, CD127, or even HELIOS, whose
expression is traditionally associated with nTreg but was recently
suggested to also be present on iTreg (57, 58)] that can facilitate
the identification of iTr35 cells without expression analysis.

As clearly illustrated in Table 1, IL-35 plays an important
role in a variety of diseases. Furthermore, research from our
group has identified that IL-35-expressing Tregs also play a cen-
tral role in mediating tolerance in transplantation tolerance,
immune responses to non-inherited maternal antigens (NIMAs),
and prostate cancer [Ref. (23); and Olson et al., unpublished
results], which we also found were dependent on the expression of
CTLA-4. Interestingly, when we examined collagen type V-specific
regulatory responses, we did not find a role for IL-35 [contrary to
results obtained from other groups (16, 34)] nor CTLA-4, though
we did find that these responses relied heavily on TGF-β. This
suggests that the regulatory responses we identified in the trans-
plant, NIMA, and prostate cancer patients may have been relying
on iTr35 cells, whereas the responses we identified to collagen
V were nTregs, and suggests that potentially CTLA-4 and IL-35-
dependency may be a technique that can be used to identify this
population of inducible regulatory cells.

In our research evaluating the role of IL-35 expression in
antigen-specific tolerance in prostate cancer patients, we identified
CD8+CTLA-4+ IL-35-expressing T cells specific for the prostate
tumor-associated antigen prostatic acid phosphatase (PAP), which
were present in some patients with prostate cancer (23). Imme-
diately following immunization with a DNA vaccine targeting
PAP, these antigen-specific CD8+CTLA-4+ T cells prevented the
detection of concurrent PAP-specific effector responses; how-
ever, in long-term follow ups, we found that PAP-specific effector
responses could be detected in these individuals. These results
raise questions regarding the nature of these CD8+CTLA-4+
IL-35-expressing regulatory cells; in particular, whether they rep-
resent a population of CD8+ T cells that have been induced in
the periphery to gain IL-35 expression and suppressive activity,
or alternatively if they are an antigen-specific thymus-derived
population of nTregs. If these PAP-specific CD8+ regulatory
responses represent a population of nTreg cells, their presence in
the periphery and tumor microenvironment pre- and immediately
post-immunization would suppress and prevent the detection
of PAP-specific effector responses (as well as potentially induce
the generation of IL-35-expressing Tregs), whereas the long-term
generation and expansion of effector responses could eventually
outnumber these suppressive responses and ultimately lead to

the desired goal: the generation of productive, antigen-specific
anti-tumor immunity (Figure 2A). Alternatively, if these PAP-
specific CD8+ regulatory cells represent an induced population
of CD8+ iTr35 cells, then their presence pre-immunization would
be able to convert antigen-specific effector responses into addi-
tional regulatory responses (thus furthering the propagation of
infectious tolerance) until extended period following immuniza-
tion when effector responses overcome these regulatory responses,
either by simply outnumbering regulatory CD8 T cells or by pre-
venting the conversion of effector cells to regulatory cells through
the generation of a non-immunosuppressive microenvironment
(Figure 2B). Regardless, both of these models suggest that the
goal of antigen-specific immunotherapies is not simply to gen-
erate effector responses, but rather to tip the balance between
antigen-specific effector and regulatory responses toward produc-
tive anti-tumor immunity. Further research into these antigen-
specific populations, how they are affected by antigen-specific
vaccination, how they affect the generation of antigen-specific
effector immune responses, and whether they have any predic-
tive value toward the ultimate efficacy of anti-tumor vaccines,
remains to be elucidated. While CD8+ Tregs are not as well stud-
ied as their CD4+ Treg counterparts, both CD8+ nTreg and iTreg
have been identified and characterized, including reports in indi-
viduals with cancer (50). In our published studies, the reliance
of PAP-specific CD8+CTLA-4+ T cells on IL-35 for mediating
contact-independent suppression (with no identifiable role played
by IL-10 nor TGF-β) suggests that these cells may be more akin to
a population of CD8+ iTr35 cells which are dependent on IL-
35 for contact-independent suppressive activity, as opposed to
nTreg which are able to utilize multiple mechanisms of contact-
independent suppression. Furthermore, our observation that the
suppressive function of IL-35-expressing CD8+CTLA-4+ Treg
is temporally regulated following antigen-specific immunization
suggests that this population may be able to be modulated depend-
ing on the tumor microenvironment. However,additional research
is required to determine how antigen-specific IL-35-expressing
Treg are affected by antigen-specific immunization, as well as
how these IL-35+ Treg responses are generated in tumor-bearing
individuals.

To better characterize the generation and fate of iTr35 cells, it
will be important to shed light onto the mechanisms that regulate
the expression of IL-35 by Tregs. It is clear that expression of IL-35
by nTreg and iTreg requires activation, whether through inflam-
matory responses, non-specific stimulation of the T-cell receptor,
or through encounter of antigen by antigen-specific Tregs (19, 22,
23). Additionally, it appears that Foxp3 does not directly play a role
in the regulation of IL-35 expression, providing further evidence
that IL-35 serves primarily as a potent mediator of suppression in
induced regulatory populations rather than Foxp3+ nTregs (59).
However, the regulation of Foxp3 does potentially open up new
avenues of potential means of IL-35 regulation. Foxp3, along with
other factors associated with Tregs such as CTLA-4, are specifically
hypomethylated in nTreg cells, resulting in increased access to the
transcriptional complex and higher expression levels compared
to T conv cells, where these sequences are preferentially hyperme-
thylated (60, 61). Additionally, the expression of various cytokines
has been shown to be epigenetically regulated, including IL-10 and
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FIGURE 2 |The effects of natural versus induced PAP-specific CD8+Tregs
pre-immunization, post-immunization, and in long-term follow up. (A) If
the observed PAP-specific CD8+CTLA-4+T cells represent a population of
natural Tregs, pre-immunization samples (left panels) have PAP-specific CD8+
nTregs present (red cells) that utilize IL-35 to suppress the activity of
PAP-specific effector cells (dark green) both in the periphery (top panels) as
well as in the tumor microenvironment (bottom panels), as well as the ability
to induce a population of IL-35-expressing Tregs (light green). Administration of
a DNA vaccine encoding PAP leads to the presentation of PAP-derived
epitopes on the surface of APCs immediately post-immunization (center
panels), leading to the expansion of antigen-specific effector cells. However,
these cells are in small numbers, and when they traffic to the tumor site, they
are outnumbered by PAP-specific nTreg that are able to suppress their

proliferation and effector functions. It is not until long-term follow up when
these effector responses are able to outnumber antigen-specific nTreg,
leading to the generation of productive anti-tumor immunity. (B) In a model
where CD8+CTLA-4+T cells represent a population of novel CD8+ iTr35 cells
(light green cells), these iTregs would be able to convert effector cells (dark
green) into additional iTreg through their expression of IL-35, thus propagating
infectious tolerance to prevent the generation of productive anti-tumor
immunity both pre-immunization as well as immediately post-immunization.
This process would be predicted to continue until long-term follow up, when
antigen-specific effectors could expand to a sufficient level to outnumber
these iTreg responses, and potentially prevent the generation of induced
antigen-specific Treg by promoting tumor destruction and a non-suppressive
tumor microenvironment.

TGF-β, which can in turn induce epigenetic changes that can lead
to the generation of iTreg populations (62–65). This raises the pos-
sibility that the induction of IL-35 expression in iTr35 cells may be

epigenetically regulated, which would permit the heritable trans-
mission of IL-35 expression into subsequent progeny iTr35 cells
while maintaining flexibility for altered expression levels based
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on the immune profile of the microenvironment. To date, epi-
genetic regulation of IL-35 expression has not been specifically
evaluated – however, regions of the IL-12p35 promoter have been
shown to become methylated to regulate IL-12 expression by DCs
(66) and IL-12p35 intronic regions can become demethylated in
non-activated Tregs (65). Additionally, the IL-12Rβ2 receptor has
also been shown to be epigenetically regulated (67), suggesting
that IL-35 could also be regulated using an epigenetic mechanism.

Many challenges also remain regarding the various populations
of induced regulatory cells, and how these populations comple-
ment each other. Clearly there is a role for IL-10 in the generation
of iTr35 cells, though the converse does not appear to be true,
with IL-35 not appearing to play a central role in the genera-
tion of IL-10-secreting Tr1 or TGF-β-secreting Th3 populations.
This may suggest that these populations may have distinct roles
in the suppression of inflammatory immune responses. Alter-
natively, this could be a reflection of the redundancy of the
immune system, having multiple layers of regulatory popula-
tions that can mediate similar effects, but that perhaps iTr35

cells represent more of a terminally differentiated regulatory cell
that is mobilized when high levels of immunosuppression are
required. While studying the differentiation pattern of this pop-
ulation raises significant experimental challenges, these studies
will be essential to better understand the nature of T-cell func-
tional plasticity, as well as how IL-35-expression fits into this
process. Doing so will allow for the identification of methods
that can be used to control and guide these regulatory responses
to design effective therapies for cancer, autoimmunity, and tissue
transplantation.
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RegulatoryT cells (Treg) play a key role in maintaining the balance of immune responses in
human health and in disease. Treg come in many flavors and can utilize a variety of mech-
anisms to modulate immune responses. In cancer, inducible (i) or adaptive Treg expand,
accumulate in tissues and peripheral blood of patients, and represent a functionally promi-
nent component of CD4+T lymphocytes. Phenotypically and functionally, iTreg are distinct
from natural (n) Treg. A subset of iTreg expressing ectonucleotidases CD39 and CD73 is
able to hydrolyze ATP to 5′-AMP and adenosine (ADO) and thus mediate suppression of
those immune cells which express ADO receptors. iTreg can also produce prostaglandin
E2 (PGE2). The mechanisms responsible for iTreg-mediated suppression involve binding of
ADO and PGE2 produced by iTreg to their respective receptors expressed on T effector
cells (Teff), leading to the up-regulation of adenylate cyclase and cAMP activities in Teff
and to their functional inhibition.The potential for regulating these mechanisms by the use
of pharmacologic inhibitors to relieve iTreg-mediated suppression in cancer suggests the
development of therapeutic strategies targeting the ADO and PGE2 pathways.

Keywords: cancer inducible regulatoryT cells, natural regulatoryT cells, tumor microenvironment

INTRODUCTION
Regulatory T cells (Treg), a small subset of CD4+ T lymphocytes
(∼5%) in the peripheral blood, maintain immune responses in
balance and ensure that potentially dangerous excessive immune
reactivity is prevented. Treg specialize in suppressing responses
of other immune cells (1, 2). Recent attention to Treg has been
fueled by findings that implicate these cells in several human
diseases including cancer, chronic infections, and autoimmune
syndromes (3–5). While in health, thymus-derived natural (n) Treg
are responsible for peripheral tolerance and immune homeostasis,
their imbalance in disease appears to contribute to pathological
processes and thus, has been of great interest and importance.
Accumulating data suggest that human Treg comprise several dis-
tinct subsets of regulatory cells (6), introducing a possibility of a
complex regulatory network in which Treg participate but which
is orchestrated by factors that remain largely unknown. The ques-
tion of what or who regulates Treg has been often asked, remains
unanswered, and stimulates investigation into Treg interactions
with other immune and non-immune cells and into molecular
mechanisms underpinning these interactions. In cancer, for exam-
ple, Treg are thought to be involved in tumor escape from the host
immune system (4, 7). And although it is clear that Treg accu-
mulate in tumor tissues and the peripheral circulation of cancer
patients (7, 8), the role these Treg play in tumor progression or
regression has not been clear, and associations between the Treg
frequency and disease outcome remain a subject of a considerable
dispute (9). This is a clinically relevant dispute, because if Treg pro-
mote cancer progression by interfering with anti-tumor immunity,
they need to be muzzled. But if Treg down-regulate inflammatory
responses that may favor tumor progression, then their therapeutic

removal is contraindicated. At the heart of the controversy is a
notion that not all Treg are the same, that their diversity may be
environmentally regulated and that they represent a finely regu-
lated system of check and balances which could be therapeutically
manipulated to benefit the host. In this paper, we will present
evidence in support of this view of human Treg, addressing their
characteristics and functions in patients with cancer as well as
potential pharmacologic strategies for Treg regulation.

PROBLEMS WITH THE DETECTION AND ISOLATION OF
HUMAN TREG
Much of what is currently known about Treg comes from stud-
ies in the mouse. Human Treg are difficult to study for several
reasons. They are a minor subset of CD4+ T cells for which no
definite identifying marker exists. The FOXP3 transcription fac-
tor, which has been widely used to study murine Treg, is not a
reliable marker of human Treg, because it can be expressed by
activated CD4+ T effector cells (Teff) or tissue cells (10–12) and
may not be expressed in some activated Treg (13). Also, FOXP3 is
an intracellular factor and thus cannot be used for Treg isolation.
A high level of CD25 expression on the Treg cell surface is useful
in separating Treg from CD25neg cells but is neither specific for
Treg (activated CD4+ T cells are IL-2R+) nor particularly helpful
in flow cytometry, where a distinction between “high” and “inter-
mediate” IL-2R expression becomes arbitrary. Similarly, in situ
studies of Treg based on expression of FOXP3 in paraffin sections
or the CD4+CD25+ cell frequency in cryosections may not be
entirely reliable, and concerns exist that variable results for the
Treg frequency in various human tumors, for example, may be the
result of methodological differences rather than actual differences
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in cell counts. Negative selection of Treg based on low or absent
expression of CD127 (IL-7 receptor) is often used in mice for Treg
enrichment (14), but in man, it may not yield sufficient numbers of
high purity Treg. Other surface molecules known to be expressed
on Treg, including CTLA-4, GITR, PD-1, ICOS, and chemokine
receptors, CCR4, CCR6, and CCR7, endow these cells with special
functional characteristics (15–19) but are not specific to Treg and
therefore cannot be used for Treg enrichment or isolation. Thus,
there is a need for a Treg-specific surface marker that would allow
for the selective isolation of human Treg in numbers necessary for
their functional characterization.

The discovery of ectonucleotidases, CD39 and CD73, on the
surface of murine Treg (20, 21) has focused attention on these
enzymes as potential markers of Treg in man. Their expression on
the cell surface and enzymatic activity responsible for hydrolysis of
exogenous (e) ATP to 5′-AMP and adenosine (ADO) were attrac-
tive features which promised to facilitate studies of human Treg.
However, a more extensive evaluation of the distribution of these
ectoenzymes on human lymphocytes indicated that while CD39
expression was largely restricted to CD4+CD25highFOXP3+ T
cells, that of CD73 was not, as small subsets of CD4+ as well
as CD8+ T cells were found to be CD73+ but CD39neg (22). Fur-
thermore, only <1% of human Treg in the circulation of normal
donors co-expressed both enzymes on the cell surface as seen by
flow cytometry (23). In Western blots of sorted CD4+CD25high

Treg, weak expression of CD73 together with strong CD39 expres-
sion was detectable, suggesting an intracellular localization of
CD73. Relative levels of mRNA specific for these enzymes in the
isolated subsets of CD4+CD39+ and CD4+CD73+CD39neg T
cells also indicated the presence of low levels of mRNA for CD73
in the former and of mRNA for CD39 in the latter (23). Confocal
microscopy of permeabilized CD4+CD39+ cells showed CD39
evenly distributed on the cell surface, and only rare intracyto-
plasmic granular inclusions of CD73. In CD4+CD73+CD39neg

cells, granular distribution of CD73 in the cytosol was prominent,
and surface staining of CD4+CD25+ T cells for CD73 indicated
a cap-like staining pattern, suggestive of rapid stripping of this
molecule from the cell surface (23). This is in agreement with the
reported sensitivity of CD73, a dimer of two identical 70 KDa sub-
units anchored to the plasma membrane via a C-terminal serine
residue linked to glycophosphatidyl inositol (GPI), to proteolytic
cleavage (24). Thus, the absence of CD73 from the surface of
human CD4+CD39+ Treg may be explained by its rapid turnover
and removal from the cell surface associated with a concomitant
decrease in the number of intracytoplasmic granules in these cells
(23). The rapid utilization and removal of CD73 from the surface
of human Treg accompanied by the persistent and intense CD39
expression on their surface suggests that these cells are always
prepared to hydrolyze eATP to 5′-AMP, which may either accu-
mulate, signal via A1R expressed on Treg or Teff (25) or be further
hydrolyzed by CD73 to ADO, depending on the availability of this
enzyme on the cell surface. This suggests a carefully orchestrated
production of ADO by Treg and the existence of regulatory cellular
mechanisms responsible for maintaining collaboration between
the two ectoenzymes. Because CD39 is a stable, specific, and enzy-
matically active-surface marker of human Treg, whose expression
levels correlate with that of FOXP3 (26), it has been increasingly

often used as a phenotypic/functional marker appropriate for iso-
lation and enrichment of human Treg from human blood and
tissues (27).

HUMAN NATURAL (n) TREG VS. INDUCIBLE (i) TREG
Human Treg can be broadly divided into (a) thymus-derived nat-
ural (n) Treg which are present in the periphery of normal donors
and regulate tolerance to self and (b) adaptive or inducible (i)
Treg, which arise in response to cognate antigens presented by
antigen-presenting cells (APC) and expand in the microenviron-
ment enriched in the cytokines promoting Treg proliferation (7).
Natural (n) Treg constitutively express FOXP3 and the activation
marker CD25 (CD4+CD25highFOXP3+), originate in the thy-
mus by high-affinity interaction of the T-cell receptor (TcR) with
antigens expressed in the thymic stroma (28), and suppress pro-
liferation of Teff in a contact-dependent, cytokine-independent
manner (8). We believe that Treg which accumulate in the periph-
eral blood and tissues of patients with cancer largely represent
iTreg. These cells are induced in the periphery or at tissue/tumor
sites from the naïve CD4+CD25(−) T cells in the presence of
IL-10 or TGF-β (29) and exert suppression by the production of
soluble suppressor factors. Their suppressor functions may not
be associated with high levels of FOXP3 expression. These cells
are functionally heterogenous and may be broadly subdivided
into “activated” (CD25+FOXP3+) cells which express CD45RO
(i.e., have a memory phenotype) and “resting” CD45RA+ cells
which do not mediate suppression (6, 30–32). Different subsets
of iTreg have been recently identified that appear to be pheno-
typically and functionally distinct from other Treg. These include
CD4+CD39+ Treg involved in the ADO pathway (see above), IL-
35 producing iTreg (iTreg35) which do not express FOXP3 and
are independent of IL-10 or TGF-β (33) and the iTreg subsets that
express select chemokine receptors and mediate suppression of
only those Teff lineages that utilize the corresponding chemokines
(6). The emerging view of iTreg suggests that these Treg develop
and function in response to unique microenvironmental stim-
uli and represent a “tailor made” system of brakes and balances
needed to modulate different types of Th responses during inflam-
mation. Thus,various existing immunosuppressive pathways, such
as, e.g., the ADO pathway, seem to be able to recruit or induce iTreg
which undergo functional specialization resulting in the appear-
ance of Treg able to regulate this pathway. It remains unclear how
evolving inflammatory responses regulate this selective Treg spe-
cialization process or which environmental stimuli provoke its
progression.

CHARACTERISTICS OF IN VITRO GENERATED HUMAN iTREG
To be able to learn more about the precise mechanisms respon-
sible for the generation, phenotype, and functions of human
iTreg, we developed an in vitro assay system for their expansion.
Human CD4+CD25neg T cells and autologous immature den-
dritic cells (iDC) were co-incubated with irradiated tumor cells
and a cytokine mix containing IL-2, IL-10, and IL-15 (20 IU/mL
of each) for 10 days at 37 °C (34). The cells that outgrew in
these cultures gradually acquired phenotypic and functional char-
acteristics consistent with those of iTreg or Tr1 cells as initially
described in the literature (29). By day 10, most of proliferating

Frontiers in Immunology | Immunological Tolerance July 2013 | Volume 4 | Article 212 | 246

http://www.frontiersin.org/Immunological_Tolerance
http://www.frontiersin.org/Immunological_Tolerance/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Whiteside and Jackson Adenosine and PGE2 production by Treg

T cells were CD3+CD4+CD25+IL-2Rβ+IL-2Rγ+FOXP3+IL-
10+TGF-β+IL-4(−), and they strongly suppressed proliferation
of autologous responder T cells (34). Using this well-defined
model system for the Tr1 generation, we investigated CD39 and
CD73 ectonucleotidase expression on these cells and their poten-
tial contribution to ADO-mediated suppression of Teff functions.
By flow cytometry and Western blots, most Tr1 cells co-expressed
CD39 and CD73 and efficiently hydrolyzed exogenous ATP to
ADO as shown in ATP consumption assays and by mass spec-
trometry for ADO (22). Further, in the presence of ARL67156,
a selective CD39 antagonist, or αβ-methylene ADP, an inhibitor
of CD73, Tr1-mediated suppression of proliferation of autolo-
gous CSFE-labeled CD4+CD25(−) responder T cells was signif-
icantly blocked, restoring the ability of these cells to proliferate
or produce cytokines (22). In aggregate, these in vitro data sug-
gested that human Tr1 co-expressing CD39 and CD73 could
produce immunosuppressive ADO and could exert strong sup-
pressive effects on Teff functions via engaging A2AR, as ZM241865,
a selective A2AR antagonist, reversed suppression mediated by
Tr1 (22). However, it remained unclear whether in vivo gener-
ated Tr1, presumably the major subset of iTreg in cancer patients,
also co-expressed these ectoenzymes. In the peripheral circulation
of normal donors, we and others consistently show expression of
CD39 on the surface of nearly all nTreg and of CD73 on only a
small (less than 1%) subset of these cells (23). This finding created
a need for an explanation of how CD39+ nTreg produce ADO and
mediate suppression in the absence CD73 on their surface. One
potential explanation may be that CD73 is present in the cytoplasm
of Treg and that its expression on the cell surface might be transient
and dependent on the state of cellular activation. Recently, we have
confirmed the presence of numerous CD73+ granules in the cyto-
plasm of circulating T and B lymphocytes by confocal microscopy
(23). We also showed that CD73 readily aggregates, forming caps
on the cells surface of nTreg, which contrasts with its prominent
and apparently less transient expression in the in vitro generated
iTreg (23). Further, we reported that CD4+ T cells expressing
CD39 or CD73 were present in tumor tissues (HNSCC), and
that at least some CD4+CD25+ Treg infiltrating these tumors
co-expressed the two markers in situ (13). Another possibility,
yet to be investigated, is that CD4+CD39+ Treg producing 5′-
AMP could signal via A1R and directly modulate activities of Teff,
because 5′-AMP has been shown to be an A1R agonist indepen-
dent on ectonucleotidases and capable of binding to A1R with an
affinity equal to or better than ADO (25). Also, we have recently
reported that a CD4+CD73+CD39(−) subset of T cells, most
CD19+B cells which are CD39+CD73+ and CD39+CD73+ exo-
somes isolated from the plasma of NC or cancer patients are all
good ADO producers in the presence of exogenous ATP (23). As
T cells, B cells, and exosomes are ubiquitous components in the
blood, body fluids, and tissues, we have suggested that they could
deliver membrane-tethered CD73 to enable CD39+ Treg to pro-
duce ADO. In fact, co-culture experiments in which CD4+CD39+
Treg were co-incubated with any of the CD73+ lymphocyte sub-
sets or exosomes carrying CD39 and CD73 confirmed the validity
of this cooperative mechanism for ADO production from eATP
(23). Exosomes carrying biologically active CD39 and CD73 were
isolated from the plasma of normal controls and were enriched in

the cancer patients’ body fluids, suggesting that exosomes derived
from CD73+ tumor cells in body fluids of cancer patients may be
an especially rich source of CD73 enabling CD4+CD39+ human
Treg to produce ADO. The role of exosomes in the regulation of
the ADO pathway by delivering their cargo to Treg is a new and
intriguing aspect of immune suppression in the tumor microenvi-
ronment, although exosomes obtained from the plasma of normal
donors also carry CD39 and CD73 ectonucleotidases.

ACCUMULATIONS OF iTREG IN MALIGNANCY
While nTreg develop in the thymus through a series of steps requir-
ing specific signals and transcription factors (2) de novo differenti-
ation from naïve CD4+CD25(−) T cells at mucosal sites or in the
tumor microenvironment also significantly contributes to the pool
of peripheral Treg. It has been well documented that the frequency
of circulating Treg is generally increased in patients with vari-
ous solid tumors or hematologic malignancies (9, 35). Also, Treg
percentages are substantially elevated among tumor infiltrating
lymphocytes (TIL). Furthermore, suppressive functions are usu-
ally much more evident in cancer-associated Treg relative to those
present in normal peripheral blood (8). The origin of Treg accu-
mulating in the cancer microenvironments is not clear. Increased
recruitment of Treg to tumor microenvironments, which is in part
mediated by tumor-derived chemokines and chemokine receptors
expressed by Treg (36), could result from enhanced proliferation
of Treg in response to tumor antigens or to Treg differentiation
and their prolonged survival induced by tumor-derived factors.
This potentially diverse origin of tumor-associated Treg might
be reflected in their heterogeneity and suggests that the Treg
phenotype and functions might be regulated by the local envi-
ronment. Thus, iTreg induced locally and expanded by soluble
factors secreted by tumors are likely to represent the majority of
suppressor lymphocytes present in the tumor milieu.

While iTreg which expand and accumulate at tumor sites are
expected to suppress anti-tumor immunity and thus favor tumor
progression, they also have the ability to block inflammatory
responses and thereby reduce or inhibit tumor growth. At present,
it is unclear whether blocking of tumor-induced inflammation
by iTreg is beneficial to the host. In some human solid tumors,
notably colorectal cancer and breast cancer, iTreg frequency and
activity in situ are reported to predict better outcome (37, 38). In
other solid tumors, Treg accumulations seem to be associated with
poor prognosis (39, 40). It remains to be determined whether Treg
accumulate and influence tumor progression or whether their fre-
quency simply serves as a prognostic marker with no functional
impact on cancer progression and outcome. In colorectal can-
cer, IL-17 expressing Treg subset exists within RORγt-expressing
Treg, and these cells expand in late stages of the disease (41).
These IL-RORγt-expressing Treg have the potential to produce
IL-17, are not suppressive but rather pro-inflammatory and are
pathogenic, as they promote disease progression in man and the
development of polyposis in mice (42). Expression of RORγt
by Treg has been associated with Treg plasticity, a loss of sup-
pressive properties, and conversion to Th-17 (41). Thus, cancer-
associated inflammation, at least in colon carcinoma, appears to
be controlled by the balance between suppressive Treg and pro-
inflammatory RORγt-expressing Treg, although the origin and

www.frontiersin.org July 2013 | Volume 4 | Article 212 | 247

http://www.frontiersin.org
http://www.frontiersin.org/Immunological_Tolerance/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Whiteside and Jackson Adenosine and PGE2 production by Treg

regulatory elements driving the differentiation of these cell subsets
are not yet clear. Thus, there is a need for a better understanding
of the mechanisms responsible for Treg accumulations in cancer-
induced inflammation. This is a critically important question for
future cancer therapies aiming at the elimination of Treg as one
means of improving clinical responses.

TUMOR MICROENVIRONMENT AND HUMAN iTREG
Tumor-derived soluble factors, such as VEGF, SDF-1, IL-10, and
TGF-β, have been acknowledged to be responsible for expansion
of iTreg in tumor-bearing hosts (43, 44). Recently, the number
and variety of these factors have been increased to include tumor-
derived exosomes which carry death receptor ligands contributing
to apoptosis of activated CD8+ Teff (45) as well as a number of
other cytokines, chemokines and enzymes able to directly induce
expansion of Treg (46, 47). In addition, these factors induce accu-
mulation of immature DC which, in turn, promotes the expansion
of Treg, thereby contributing to inhibition of anti-tumor immune
responses (48). An enzyme, indoleamine 2,3-dioxygenase (IDO),
produced by DC is one of the most potent inducers of Treg dif-
ferentiation in the tumor milieu (49). The IDO activity results in
tryptophan depletion, leading to activation of the GCN2 kinase,
and to Treg expansion (50). The ligation of CTLA-4, which is
highly expressed on Treg, also leads to enhanced IDO production
and favors Treg expansion (51). In addition, the transcription fac-
tor, STAT3, as well as the immunosuppressive cytokine, TGF-β, are
abundant in the tumor microenvironment and can also contribute
to maintaining elevated IDO expression in DC or tumor cells.

In the tumor microenvironment, accumulating CD4+CD39+
iTreg expand upon induction by TA, DC products, and selected
cytokines and up-regulate CD73, acquiring the capability to uti-
lize ADO for mediating suppression of other immune cells. In
addition to the ADO pathway, another suppressive pathway is
known to operate in the microenvironment of many human solid
tumors which commonly overexpress cyclooxygenase-2 (COX-2).
PGE2 is a major product of COX-2 activity, and it too is a power-
ful immunosuppressive factor often implicated in human tumor
progression and poor outcome (52). We reported that in vitro
generated Tr1 were effective producers of PGE2 (53).

PGE2 AND iTREG
PGE2 mediates immune suppression via EP2 receptors (EP2R),
which are Gs protein-coupled receptors expressed on the surface
of immune cells. Similar to signals processed by ADO A2A recep-
tors (A2AR), PGE2 signaling leads to an increase in intracellular
levels and activation of 3′5′-cAMP in responder cells, with a con-
comitant decrease in cell proliferation and suppression of cytokine
production as well as other immune cell functions (54, 55). PGE2

also induces expansion of Tr1 cells and modulates their activity,
thus contributing to creating and sustaining a tolerogenic envi-
ronment (56). We showed that Tr1 proliferation as well as IL-10
and TGF-β production responsible for their suppressor functions
were dependent on COX-2 expression in tumor cells (56). When
COX-2 expression was inhibited in tumor cells, using siRNA spe-
cific for the COX-2 gene or diclofenac, a generic COX inhibitor,
Tr1 outgrowth, and suppressor functions were inhibited. Further,
tumor cells which overexpressed COX-2 induced a significantly

greater number of Tr1 than COX-2(−) tumor cells. Also, Tr1 gen-
erated in co-cultures with COX-2+ tumor cells were significantly
more suppressive, hydrolyzed more exogenous ATP, and produced
higher levels of ADO and PGE2 than Tr1 induced by COX-2(−)
tumors (56). Tr1 induced by COX-2+ tumor cells were themselves
COX-2+ and were able to produce and secrete PGE2. These COX-
2+ Tr1 co-expressed CD39 and CD73, and in addition to PGE2,
they also produced ADO (53). Suppressor functions of these Tr1
were blocked in the presence of ectonucleotidase antagonists and
also in the presence of indomethacin, confirming that ADO and
PGE2 contributed to Tr1-mediated immunosuppression (53).

ADO AND PGE2 COLLABORATE IN MEDIATING
SUPPRESSION IN THE TUMOR ENVIRONMENT
Since many human solid tumors and Tr1 generated in the presence
of these tumors produce ADO and PGE2, the tumor microenvi-
ronment tends to be immunosuppressive. The G-protein-coupled
ADO and PGE2 receptors on responder lymphocytes mediate
signaling via 3′,5′-cAMP, and the two factors can cooperate in
suppressing functions of immune cells (see Figure 1). By adding
AH6809, an EP2R antagonist to co-cultures of Tr1 and Teff, we
showed that PGE2 binds to EP2R on lymphocytes (53). Antag-
onists of EP1, EP3, or EP4 receptors had no effect on Teff pro-
liferation in these co-cultures. Also, studies with ZM241385, an
antagonist of A2AR, showed that suppression of Teff prolifera-
tion by Tr1-derived ADO was prevented in the presence of this
inhibitor, confirming the utilization of A2AR on Teff by ADO.
In these co-culture experiments, ADO and PGE2 appeared to be
equally involved in suppression of Teff proliferation by iTreg, as
antagonists of EP2 and of A2 receptors equally reversed iTreg-
mediated suppression (53). As indicated in Figure 1, both ADO
and PGE2 down-modulate Teff functions by controlling 3′5′-
cAMP levels in these cells, presumably by engaging the adenylate
cyclase-7 (Ac-7), an Ac isoform present in lymphoid cells (57), as
also suggested by our preliminary data (Whiteside and Jackson).
This enzyme appears to be a point of convergence for EP2R and
A2AR, and it contributes to the regulation of 3′,5′cAMP levels in
responder cells. Downstream from Ac-7, the protein kinase type
I (PKA type I) in effector T cells is also involved in mediating
suppressor activity of ADO and PGE2 (22). We have shown that
Rp-8-Br-cAMPS, an agent which blocks binding of 3′5′-cAMP to
the regulatory subunit of PKA type I, significantly inhibited iTreg-
mediated suppression of Teff proliferation (53). This observation
suggests that blocking of PKA type I activity in Teff could protect
them from suppression delivered by ADO- and PGE2-producing
iTreg.

To determine whether ADO and PGE2 play a role in the
suppressive activity of Treg in vivo, we measured the frequency
of circulating CD39+ and COX-2+ Treg by flow cytometry in
cohorts of patients with HNSCC at various disease stages (8, 53,
Schuler et al., in revision). The frequency of CD39+ or COX-
2+ Treg was increased in these patients’ blood (relative to that
in NC), and it correlated with disease progression (8, 23, 58,
Schuler et al., in revision). Suppressor function of these Treg was
also significantly increased (8). Further, co-expression of CD39
and COX-2 in iTreg present among TIL in HNSCC tissues was
observed by immunohistochemistry (22). Our data support the
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FIGURE 1 | ADO and PGE2 collaborate in mediating suppression in the
tumor microenvironment. Inducible (i)Treg are activated in the tumor
microenvironment, co-express CD39 and CD73, and produce ADO via
hydrolysis of exogenous ATP/ADP. These Treg also up-regulate COX-2
expression and produce PGE2. These two factors, ADO and PGE2, are
abundant in the tumor microenvironment, which is strongly
immunosuppressive. The G-protein-coupled ADO and PGE2 receptors on
responder T cells receive and process the cognate signals that activate

adenylate cyclase-7 (AC-7) and lead to an increase in intracellular levels and
activation of 3′,5′-cAMP. This results in suppression of cellular functions in
responder T cells. The cooperation between ADO and PGE2 is mediated at the
level of the AC-7, which together with cellular phosphodiesterase (PDE4) is
responsible for regulating 3′,5′-cAMP levels in cells. The ADO and
PGE2-mediated cooperative inhibition of T effector functions via up-regulation
of 3′,5′-cAMP levels represents one of the mechanisms utilized by iTreg for
inducing immune suppression.

conclusion that iTreg present in the blood and tumor tissues of
patients with cancer co-express CD39 and COX-2 and have the
capability to produce ADO and PGE2. While CD39 and COX-2
were co-expressed in circulating CD4+T cells of HNSCC patients,
IL-10 and TGF-β were expressed by a non-overlapping, distinct
subset of CD4+ T cells. These data suggested that Treg pro-
ducing ADO and PGE2 may be distinct from the Treg subset
expressing IL-10 and TGF-β. Further, in HNSCC patients success-
fully treated with chemoradiotherapy (CRT) and evaluated during
post-therapy clinical remission, only CD39+, but not IL-10+ or
TGF-β+ Treg, were found to be expanded and to accumulate.
This CD4+CD39+ subset of Treg was shown to be resistant to
CRT, persisted in the patients’ circulation for months after CRT
and mediated high levels of immune suppression (Schuler et al.,
in revision). This observation suggests that CD39+ iTreg might
be of special clinical significance in vivo, because their suppres-
sive activity could facilitate the disease recurrence. In HNSCC, the
disease recurrence within 2–3 years of successful oncological ther-
apies occurs in a large proportion (50–60%) of patients. Therefore,
the possibility that CD39+ iTreg contribute to early recurrence by
inhibiting anti-tumor immune responses is being further investi-
gated at our institution in a prospective non-therapeutic clinical
trial.

If ADO and PGE2 produced by activated iTreg synergize in
mediating suppression of conventional T cell functions, the result
of such synergy is powerful immune suppression of immune cells.
Because human tumors are often COX-2+ and are rich in extracel-
lular ATP due to cell death, opportunities exist for ATP-mediated
up-regulation of ectonucleotidase activities and COX-2 expression
in iTreg generated and accumulating in the tumor microenviron-
ment. In fact, up-regulation in expression and activity of these
enzymes is known to occur during inflammation, which is a fre-
quent component of the tumor development (54, 59). The cooper-
ation between the ADO and PGE2 pathways, which is regulated at
the 3′,5′-cAMP level, is an example of a powerful suppressor mech-
anism which, by down-regulating anti-tumor immune responses,
contributes to tumor progression, and tumor escape from immune
control.

ADO- AND PGE2-PRODUCING iTREG AS PHARMACOLOGIC
TARGETS IN CANCER
A number of clinically applicable pharmacologic interventions
exist for direct interference with the production of ADO and/or
PGE2 or with binding to their cognate receptors on immune cells.
Pharmacologic interventions have been used to block undesirable
suppressive effects of these factors in diseases other than cancer
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(58, 60, 61). The inhibitors of the PGE2 pathway (e.g., celecoxib
or indomethacin, diclofenac, ibuprofen) have been previously
utilized in cancer therapy (61). However, the application of phar-
macologic inhibitors to specifically target iTreg accumulating in
cancer is a novel therapeutic strategy. To date, Treg depletion
has depended on the delivery to tumor-bearing hosts of low-dose
cyclophosphamide, daclizumab (anti-CD25 Ab), denileukin difti-
tox (ONTAC), or tyrosine kinased inhibitors such as sunitinib
(62–64). Largely utilized to diminish suppression and improve
endogenous anti-tumor immunity, these agents have transient
and inconsistent effects on the Treg frequency and functions.
More recent use in the clinic of ipilimumab or anti PD-1/PDL-
1 Abs, which target T-cell checkpoints including those operat-
ing in Treg, might be more effective in controlling suppression,
but their effectiveness is still being evaluated. In patients with
cancer, iTreg able to produce ADO and PGE2 accumulate in
tissues and blood and may be resistant to conventional onco-
logical therapies (Schuler et al., in revision), so that silencing of
these cells appears to be advisable. Pharmacologic agents such as
inhibitors of ectonucleotidase activity, A2AR or EP2R antagonists
or inhibitors of PKA type I activity can effectively block suppres-
sion mediated by iTreg, as shown in our in vitro experiments (22).
In addition, rolipram, a phosphodiesterase 4 (PDE4) inhibitor,
increased 3′,5′-cAMP levels in Teff thereby increasing their sus-
ceptibility to iTreg-mediated suppression (53). Drugs blocking
COX-2 activity are in clinical use and can be readily selected for
blocking PGE2 production by iTreg and thus prevent suppres-
sion of Teff. With evidence pointing to A2AR and EP2R as the
negative signal-mediating receptors in lymphocytes, it might be
rational to design the pharmacologic blockade specifically target-
ing these receptors. Alternatively, the selective blockade in Teff
of Ac-7, which is the convergence point for ADO and PGE2 sig-
naling, is expected to restore anti-tumor activity in patients with
cancer (65, 66). Because the Ac-7 isoform integrates signals gener-
ated by both ADO and PGE2 pathways and are expressed mainly,
perhaps exclusively, in hematopoietic cells (67), it represents a
potentially attractive therapeutic target. Inhibition of Ac-7 activ-
ity by pharmacologic agents could be confined to lymphocytes,
leading to selective down-regulation of 3′,5′-cAMP levels in Teff,
up-regulation of Teff functions, silencing of iTreg and relief from
ADO- and PGE2-mediated suppression. Unfortunately, among the
available pharmacologic inhibitors of Ac none is specific for the Ac-
7 isoform, and further development is necessary for implementing

the simultaneous blockade of ADO and PGE2 pathways at the
point of their convergence. Nevertheless, this remains an attrac-
tive possibility for restoration of immune competence in cancer
and represents a novel strategy for “blocking the inhibitors” with
pharmacologic agents.

Yet another pharmacologic intervention that could lead to
restoration of anti-tumor immunity involves the PDE pathway
in Teff. Levels of 3′,5′-cAMP in Teff are partly determined by the
activity of PDEs, and its up-regulation with, e.g., propanolol, lead-
ing to a decrease in cAMP levels, can be expected to restore Teff
functions and decrease Treg-mediated suppression. A recent study
in mice, illustrated the in vivo effectiveness of a PDE-directed phar-
macologic strategy (68). Bushell et al. showed that stimulation of
CD4+ T cells by allogeneic DC in the presence of cilostamide, an
inhibitor of PDE3, resulted in a significant increase in the num-
ber and functions of Treg, which blocked allograft rejection (68).
This in vivo study confirms that modulation of PDE activity is a
promising strategy for controlling functions of Treg.

CONCLUSION
Among suppressive mechanisms utilized by Treg in patients with
cancer, ADO- and PGE2-mediated suppression appears to be espe-
cially prominent. These factors are present in the tumor microen-
vironment not only because many human tumors produce them
but also because activated iTreg, the subtype of Treg accumulat-
ing in tissues and the peripheral circulation of cancer patients, are
also ADO and PGE2 producers. iTreg express enzymes involved
in ATP hydrolysis and PGE2 production, and utilize ADO and
PGE2 to up-regulate 3′5′-cAMP in Teff suppressing their func-
tions. Pharmacologic interventions designed to selectively target
components of the ADO and/or PGE2 pathways could not only
inhibit the tumor-derived factors but also to silence suppres-
sive functions of Treg and thus restore anti-tumor activity of
Teff. A particularly attractive therapeutic strategy for overcoming
tumor-induced immune suppression and prevent tumor escape
involves a blockade by pharmacologic agents of cooperative inter-
actions between ADO and PGE2. Pharmacologic blocking of this
cooperation, which is mediated via the Ac-7 isoform present in
lymphocytes and responsive to A2A and EP2 receptor signaling,
depends on the future development of small molecular weight
selective inhibitors of Ac-7 activity. The resulting alterations in
cAMP levels in Teff could restore their anti-tumor functions and
silence Treg in cancer.
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In this study, we show that CD25hiTNFR2+ cells can be rapidly generated in vitro from cir-
culating CD4 lymphocytes by polyclonal stimuli anti-CD3 in the presence of anti-CD28.The
in vitro induced CD25hiTNFR2+ T cells express a conventional regulatoryT cells phenotype
FOXP3+CTLA4+CD127lo/−, but produce effector and immunoregulatory cytokines includ-
ing IL-2, IL-10, and IFN-g. These induced CD25hiTNFR2+ T cells do not suppress target cell
proliferation, but enhance it instead. Thus the CD25hiTNFR2+ phenotype induced rapidly
following CD3/28 cross linking of CD4T cells identifies cells with maximal proliferative and
effector cytokine-producing capability. The in vivo counterpart of this cell population may
play an important role in immune response initiation.

Keywords: regulatoryT cells, FOXP3,TNFR2,Th1, effector cells

INTRODUCTION
Regulatory T cells (Tregs) play a central role in the maintenance
of peripheral tolerance and immune homeostasis, thereby pre-
venting autoimmune diseases (1–3). FOXP3 is a key transcription
factor for Tregs (4–6), with ectopic expression of FOXP3 in human
CD4+ T cells resulting in the acquisition of suppressive function
and down-regulation of effector cytokine production like IFN-g
(4, 5, 7). Although all murine FOXP3+ T cells are regulatory in
function, the definition of human Tregs using FOXP3 is compli-
cated by the fact that effector T cells up-regulate FOXP3 expression
upon activation (8). FOXP3 expression on activated effector T
cells has however been reported to be transient and relatively low
when compared to Tregs (9). Such low levels are believed to be
insufficient to negatively regulate effector cytokine production,
particularly IFN-g (8). This suggests that T cells that are FOXP3hi

are regulatory in function. However, FOXP3 is an intracellular
transcription factor and functional assays cannot be performed
based on FOXP3 expression in human T cells. Hence, a surro-
gate marker that is expressed on the surface of Tregs is required to
distinguish bona fide Tregs.

Recent studies have identified a subset within both murine
and human Tregs that expresses the type II receptor for the
major pro-inflammatory cytokine tumor necrosis factor TNF,
TNFR2 (1, 10, 11). As well as providing a potential link between
the regulation of inflammation and adaptive immunity, ex vivo
TNFR2+ Tregs are maximally suppressive regulators in both mice
and humans, consistent with their higher expression of CTLA4
and FOXP3 (12–14). Additionally, intracellular FOXP3 expression
appeared to positively correlate with surface TNFR2 expression

on human CD4 T cells (1). However, similar to FOXP3 expres-
sion, both murine and human effector T cells also up-regulate
TNFR2 expression upon activation via the T cell receptor (TCR)
(15, 16). A recent murine study demonstrates FOXP3−TNFR2+

effector T cells secrete significantly higher levels of Th1 cytokines
like IFN-g when compared to FOXP3−TNFR2− effector T cells
(17). These effector T cells, however, are in turn susceptible to
suppression exerted by TNFR2+FOXP3+ Tregs (17). The above
data suggest that TNFR2 expression identifies the maximally
functional effector T cells (CD25intTNFR2+FOXP3int) and Tregs

(CD25hiTNFR2+FOXP3hi) in humans. We hypothesized that
human CD25hi T cells expressing TNFR2 identifies Tregs and
TNFR2 may be a surrogate marker for FOXP3.

Herein we show that although human CD25hiTNFR2+FOXP3hi

T cells with a Treg phenotype are inducible in vitro from isolated
CD4 T cells by stimulation via the TCR, these induced cells fail
to suppress proliferation of effector cells, and are surprisingly
the maximally effector cytokine-producing population, capable
of augmenting early proliferative responses.

MATERIALS AND METHODS
CELL ISOLATION
Peripheral blood mononuclear cells (PBMCs) were isolated from
buffy coats of healthy individuals, provided by the Australian Red
Cross Blood Service. CD4+ T cells were isolated from PBMCs
using the CD4 T cell negative isolation kit and LD columns accord-
ing to manufacture’s recommendations (Miltenyi Biotec). The
purified fraction consistently contained 94–99% CD3+CD4+ T
cells by flow cytometry. CD4+CD25− and CD4+CD25+ cells were
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obtained by staining CD4 cells with anti-CD25 PE antibody and
anti-PE magnetic cell isolation beads as per manufacture’s protocol
(BD Pharmingen).

IN VITRO INDUCTION OF CD25HITNFR2+ CELLS
To obtain the induced TNFR2+ T cell subsets, the MACS puri-
fied T cell populations, either un-fractionated CD4+ T cells, or its
sub-populations,CD4+CD25− and CD4+CD25+ T cells were cul-
tured. The T cells were suspended in AIM V medium (Invitrogen)
containing 5% heat inactivated normal human serum (Sigma).
The cells were added (5× 106 cells/2 mL/well) to 24 well plates,
pre-coated with anti-CD3 antibody (2.5 µg/mL; OKT3, Biole-
gend). This was followed by the addition of soluble anti-CD28
antibody (1.25 µg/mL; CD28.2, BD Pharmingen), and the cells
were cultured for 72 h at 37°C with 5% CO2.

CELL SORTING
The above un-fractionated CD4+ T cell culture was harvested on
day 3, and sorted using a FACS ARIA (Becton Dickinson) to isolate
the CD25hiTNFR2+, CD25intTNFR2int/− and CD25−TNFR2− T
cell populations.

FLOW CYTOMETRY
The following monoclonal antibodies were used for flow cytome-
try analysis: TNFR2 FITC (R&D systems), CD3 FITC/APC, CD4
APC-Cy7, CD25 PE/PeCy7, CD127 bio-PerCP, CTLA4 APC (BD
Pharmingen), and FOXP3 APC/PerCP. Intracellular staining was
performed by firstly using the FOXP3 fixation/permeabilization
kit (eBioscience) followed by staining the cells intracellular using
the FOXP3 antibody. Flow cytometry was performed using BD
LSRII, and data were analyzed using FlowJo software (Treestar).

For intracellular cytokine staining, the MACS isolated total
CD4+ T cells were cultured for 3 days, stimulating with CD3/28.
On day 3, PMA (50 ng/mL) and Ionomycin (1 mg/mL) were added
for 5 h, with Brefeldin A (ebioscience) supplementation for the
final 4 h. After stimulation, the cells were stained with intracellular
IFN-γ, IL-2, and FOXP3 staining. Flow cytometry was performed
using BD ARIA, and data were analyzed using FlowJo.

SUPPRESSION ASSAYS
For suppression assays, the sorted cells above were irradiated at
40 Gy for use as suppressors. The responder cells consisted of
cryopreserved autologous CD4+ T cells that are defrosted and
washed. The sorted cell subsets, re-suspended at 105 cells/50 µl in
AIM V media containing 5% human serum, were mixed with an
equal number of the responder cells. The mixture was then added
to a 96 U bottom plate (Becton Dickinson) and stimulated for a
further 72 h using CD3/28 stimulation as above. On day 3, cells
were pulsed overnight at 37°C with 5 µCi/mL per well of TRK
120 titrated thymidine (Amersham, UK). Cells were then har-
vested and proliferation was determined by thymidine incorpo-
ration, measured by a liquid scintillation counter, Topcount NXT
(Packard, USA). In some experiments, autologous CD4 depleted
(using anti-CD4 microbeads, Miltenyi Biotec) PBMCs were irra-
diated at 40 Gy, and used as antigen presenting cells. A mixed
lymphocyte reaction (MLR) was also used as responders, where
PBMCs of three different donors were cultured together.

PROLIFERATION ASSAY AND CYTOKINE BEADS ARRAY
For proliferation assays, the sorted CD25hiTNFR2+,
CD25intTNFR2int/− and CD25−TNFR2− cells was re-stimulated
for 3 days using CD3/28, pulsed with titrated thymidine on day 3
and analyzed as above. Supernatant was removed prior to thymi-
dine addition for cytokine analysis, where the cytokines present
in the supernatant were determined using CBA-flex kits (BD
Pharmingen) as per the manufacture’s protocol, and data analyzed
using the manufacture’s software.

RNA ISOLATION AND REAL TIME RT-PCR
Total RNA was isolated from a minimum of 105 cells of each of
the sorted TNFR2 subsets using the RNA isolation kit (Roche,
Germany). The first-strand cDNA was synthesized using oligo-
dT primers and Superscript II reverse transcriptase (Invitrogen).
qPCR for IL-10, TGF-b, IFN-g, T-bet FOXP3, and house keep-
ing control 18SrRNA was performed using commercial primers
and SYBR green reagent (Life technologies). PCR was performed
using an ABI PRISM 7900 (Applied Biosystems). Results for target
genes were normalized to 18SrRNA expression and expressed as
fold changes between TNFR2 subsets.

STATISTICAL ANALYSIS
To compare between the induced TNFR2 subsets, one-way
ANOVA with Tukey’s multiple comparison test was used if data
were normally distributed and Kruskal–Wallis test with Dunn’s
multiple comparison test was used if the data were not normally
distributed (Graphpad 5.0).

RESULTS
CD25HITNFR2+T CELLS INDUCED UPON IN VITRO STIMULATION OF CD4
T CELLS VIA THE TCR HAVE A CONVENTIONAL TREG PHENOTYPE
TNFR2 expression on Tregs is believed to be critical for Treg func-
tion (12). It is unknown however, if functional TNFR2+ Tregs

can be rapidly generated in vivo from circulating human periph-
eral blood CD4 lymphocytes during an active immune response.
To address this question using an in vitro model, we purified
CD4+CD25− T cells and CD4+CD25+ T cells and stimulated the
cells using anti-CD3 in the presence of CD28 to provide the sec-
ondary signal. After 72 h, these in vitro stimulated T cells could be
differentiated into distinct CD25−TNFR2−, CD25intTNFR2int/−,
and CD25hiTNFR2+ T cells sub-populations (Figure 1A). While
substantial numbers of CD25hiTNFR2+ T cells were induced from
the CD4+CD25− and CD4+CD25+ T cell fractions, we found
that these cells were generated more efficiently from the total un-
fractionated CD4+ T cells (Figure 1C). It is possible that the
interactions between CD4+CD25− and CD4+CD25+ cells are
helpful for the optimal induction of CD25hiTNFR2+ T cells under
physiological conditions.

These induced CD25hiTNFR2+ T cells (regardless of the start-
ing population) had a typical Treg phenotype: significantly higher
levels of FOXP3, CTLA4, and lower levels of CD127, when com-
pared to the CD25−TNFR2− and CD25intTNFR2int/− cells within
the same culture. Figure 1D is a representative phenotype of
CD25hiTNFR2+ T cells induced from CD4+CD25+ T cell popu-
lation. Figure 1E represents the quantitative analysis for FOXP3
expression on the induced TNFR2 subsets. The induced TNFR2+
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FIGURE 1 | Phenotype of inducedTNFR2+ T cells. (A) The expression of
CD25 and TNFR2 on MACS sorted CD4+CD25− T cells and CD4+CD25+

cells after 72 h of CD3/28 stimulation. (B) The expression of FOXP3 on
TNFR2 subsets induced from starting population CD4+CD25+ T cells. (C)
Comparison of percentages of CD25hiTNFR2+ T cells induced from the
different starting populations – the CD4+CD25−, CD4+CD25+, or
un-fractionated CD4+ T cells. (D) Expression of regulatory molecules on
TNFR2 subsets from starting population CD4+CD25+ T cells. Gray

histograms represent isotype staining while clear histogram represents
the indicated molecule. The numbers indicate percentage positive for the
represented molecular marker. (E) The MFI of FOXP3 within the TNFR2
subsets. (F) The mRNA expression levels of FOXP3 within the TNFR2
subsets. Data shown in (A,B,D) are representative of four donors
respectively while (C,E,F) are summarized from four donors.
Kruskal–Wallis with Dunn’s multiple comparison test was used here and
graphs represent mean±SEM. *p < 0.05.

T cell subset had the highest level of FOXP3 expression when
compared to the other TNFR2int/− T cell subsets, as shown in
both Figures 1B,D. This was further confirmed at the mRNA

level using qPCR (Figure 1F). As the phenotype of the induced
CD25hiTNFR2+ T cells contained similar percentage of cells posi-
tive for CTLA4 and FOXP3 (see Figure A1 in Appendix) across
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all starting populations (CD4+CD25−, CD4+CD25+, or un-
fractioned CD4+ T cells), in the following sections we used the
un-fractioned CD4 T cells as starting population.

As conventional effector human T cells also express low lev-
els of FOXP3, it was important to confirm that the in vitro
CD25hiTNFR2+ T cells had the highest level of FOXP3 expression.
We compared FOXP3 levels between the induced CD25hiTNFR2+

T cells and ex vivo Tregs (Figure 2). Firstly, consistent with pre-
vious studies, we observed that ex vivo Tregs expressing TNFR2
had the higher levels of FOXP3 when compared to TNFR2−

Tregs (Figure 2A). Moreover, induced CD25hiTNFR2+ T cells
had significantly higher levels of FOXP3 when compared to ex
vivo TNFR2+ Tregs (Figure 2B). Similar results were obtained
even when FOXP3 MFI levels were normalized to the corre-
sponding CD25−TNFR2− cells for each donor to avoid any
experimental variations and then compared between induced
CD25hiTNFR2+ T cells and ex vivo TNFR2+ Tregs (Figure A2
in Appendix).

Collectively, our data suggests that induced CD25hiTNFR2+ T
cells have a regulatory T cell phenotype and their FOXP3 levels are
significantly higher than that of ex vivo Tregs.

IN VITRO INDUCED CD25HITNFR2+ T CELLS DO NOT SUPPRESS
PROLIFERATIVE T CELL RESPONSES
Since the induced CD25hiTNFR2+ T cells displayed a typical
regulatory T cell phenotype, they would be expected to have
regulatory function. Inhibition of proliferative T cell responses
is a well-studied suppressor function attributed to Tregs. The

CD25hiTNFR2+ and CD25intTNFR2int/− cells were isolated using
flow cytometry on day 3 from the CD4 T cell starting culture, irra-
diated,and added at 1:1 ratio to responders,which were autologous
CD4+ T cells. Surprisingly, the induced CD25hiTNFR2+ T cells
did not suppress responder T cell proliferation, but instead, were
found to enhance it (Figure 3A). Chen and colleagues demon-
strated freshly isolated CD25+TNFR2+ T cells suppress T cell pro-
liferation in assays that further contain added antigen presenting

FIGURE 2 | FOXP3 expression levels on ex vivo and inducedTNFR2+ T
cells. Flow cytometry was performed on both ex vivo PBMCs (N =14) and
in vitro induced T cells (N =4). These cells were initially gated on CD3,
CD4, CD25, and TNFR2 expression to identify the different TNFR2
populations, noting that the CD25/TNFR2 phenotype was considerably
different between fresh and cultured cells. (A) FOXP3 expression was

further compared between CD25−TNFR2− (tinted histogram),
CD25intTNFR2int/− (thin clear histogram), and CD25hiTNFR2+ (thick clear
histogram). (B) The FOXP3 expression levels were compared between ex
vivo CD25hiTNFR2+ and induced CD25hiTNFR2+ T cells. Unpaired Student’s
t -test was performed to compare FOXP3 levels and graphs represent
mean±SEM. ****p < 0.0001.
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cells (APCs) (12). We therefore also performed the above sup-
pression assays with the further addition of autologous APCs, to
account for any potential indirect suppressor TNFR2+ Treg effects.

As shown in Figure 3B, the induced CD25hiTNFR2+ T cells again
failed to suppress under these conditions. We speculated that the
strong signaling of responder cells by CD3/28 cross linking may
not be capable of being suppressed by CD25hiTNFR2+ Tregs, but
other, more natural T cell stimulation protocols could be suscep-
tible to suppression. The MLR where T cells from donors with
different MHC react to each other is a biologically relevant assay
(18). We found that induced CD25hiTNFR2+ T cells were not
capable of suppressing MLRs, and instead the addition of these
cells into MLR cultures further enhanced proliferative responses
(Figure 3C). Therefore, three different independent suppression
assays indicated that in vitro induced CD25hiTNFR2+ T cells from
healthy CD4 T cells do not have conventional suppressor function.

INDUCED CD25HITNFR2+ T CELLS PRODUCE EFFECTOR CYTOKINES IL-2
AND IFN-G AND ARE HYPER-PROLIFERATIVE
To further analyze the function of induced CD25hiTNFR2+ T cells,
we assessed their proliferative capacity. As shown in Figure 4A,
induced CD25hiTNFR2+ T cells had a significantly higher pro-
liferative capacity compared to the TNFR2− T cells when re-
stimulated with CD3/28 cross linking. Analyzing the cytokine
production capacity of the sorted CD25hiTNFR2+ T cells, we
found that intracellular IL-2 production in TNFR2+ cells were
significantly higher compared to the TNFR2− or TNFR2int/− sub-
sets (Figure 4B), suggesting a mechanism underlying both their
increased proliferative capacity and ability to enhance effector T
cell proliferation. The CD25hiTNFR2+ T cells also secreted sig-
nificantly higher levels of IFN-g into the supernatant compared
to the TNFR2− or TNFR2int/− subsets (Figure 4D), and interest-
ingly, they also secreted IL-10, while the TNFR2int/− and TNFR2−

cells did not secrete this cytokine (Figure 4C). IL-10 secretion,
however, was present at a much lower concentration when com-
pared to IFN-g and clearly insufficient to suppress proliferative
responses. The phenotype of the induced CD25hiTNFR2+ T cells
was further confirmed by mRNA expression level, determined
using qPCR. Compared to TNFR2int/− and TNFR2− cells, the
in vitro induced CD25hiTNFR2+ T cells expressed significantly
higher mRNA level for IFN-g, IL-10 and the Th1 transcription
factor, T-bet (Figures 4C,D). We also analyzed intracellular IFN-g
production by these different induced TNFR2 populations from
total PBMCs. Consistent with the mRNA levels and the cytokine
levels present in the supernatant, we observed that the induced
CD25hiTNFR2+ T cells have the highest intracellular production
of IFN-g compared to the other induced populations, TNFR2−

and TNFR2int/− T cells (Figure 4E).

DISCUSSION
In contrast to studies demonstrating effector T cells acquire only
low levels of FOXP3 upon activation (8, 19), we find that induced
CD25hiTNFR2+ T cells in vitro from CD4 T cells express high
levels of FOXP3. Moreover, although it has been accepted as dogma
that FOXP3 expression turns off IFN-g production (7, 8, 20), our
results suggest that upon T cell activation, CD25hiTNFR2+ express
not only IFN-g but also IL-2, IL-10, T-bet and thus these T cells

FIGURE 3 | Suppressive capacity of inducedTNFR2+ T cells. CD4+ T cells
were stimulated with anti-CD3/28 for 72 h. On day 3, induced
CD25intTNFR2int/− and CD25hiTNFR2+ were sorted by flow cytometry and
added to autologous responders (CD4+ T cells) at a ratio of 1:1 and
stimulated with anti-CD3/28 for 72 h in the (A) absence of APCs or (B)
presence of APCs. (C) Suppression assays performed using MLRs as
responders. PBMCs of three different donors were isolated and cultured
together with the indicated TNFR2 subsets at a 1:1 ratio. One-way ANOVA
with Tukey’s multiple comparison test was used for (A,C), and
Kruskal–Wallis with Dunn’s multiple comparison test was used for (B). Error
bars indicate SD for (A,B) and SEM for (C). Comparison of the proliferation
of responders: *p < 0.05; ***p < 0.001.

identify a maximally active cytokine-producing subset. Although
several studies have demonstrated that TNFR2 can be up-regulated
on murine and human T cells upon activation (17, 21, 22), our
study is the first to demonstrate that TNFR2 expression on human
CD4+ T cells is concomitantly up-regulated with FOXP3 upon
polyclonal TCR stimulation.

Despite high FOXP3 expression, which is a master regulatory
gene enabling suppressive cell function (23), the role of induced
CD25hiTNFR2+FOXP3+ T cells in the immune system may not
necessarily be immune-suppressive. It is possible that the induced
CD25hiTNFR2+ subset is a heterogeneous population containing
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FIGURE 4 | Proliferative capacity, IL-2, and IFN-g production by induced
CD25hiTNFR2+ T cells. (A) The proliferative capacity of sorted TNFR2 subsets
(originated from the un-fractionated CD4+ cells) upon 72 h anti-CD3/28
re-stimulation. N =6. (B) Intracellular expression of IL-2 (upper panel, N =2)
by the sorted cells. (C) IL-10 secreted into the supernatant during the
re-stimulation of the sorted TNFR2 subsets (N =4) was determined using
CBA-flex kits (left panel) and IL-10 mRNA levels (right panel) was determined
using qPCR (N =4). (D) IFN-g secreted into the supernatant during the
re-stimulation of the sorted TNFR2 subsets (N =4) (left panel) and the mRNA

expression levels of IFN-g and T-bet on sorted TNFR2 subsets (N =4) (right
panel). (E) Total PBMCs were stimulated using CD3/28 to obtain the induced
TNFR2 populations. On day 3, cells were further stimulated with
PMA/Ionomycin in the presence of Brefeldin A to determine intracellular IFN-g
production. Flow cytometry was performed to identify the different induced
TNFR2 populations and their IFN-g production was determined. Data is
representative of four donors. Kruskal–Wallis with Dunn’s multiple
comparison test was used and error bars indicate SEM. Comparison of
proliferation, mRNA and cytokine levels: *p < 0.05; **p < 0.01; ***p < 0.001.

both effector and Tregs, however we have demonstrated here that
the effector T cells clearly dominate in function in this induced
subset. Moreover, the plasticity among T cells is a well-established
phenomenon (24, 25) and hence it is not accurate to distinguish
cells based merely on their phenotype without considering the
nature of their induction.

Our findings may seem to be contradictory to previous studies,
which demonstrate that freshly isolated CD25+TNFR2+ T cells
that express high levels of FOXP3 were maximally suppressive
(10, 12). We do not believe a lack of suppression in the induced
CD25hiTNFR2+ population was due to the difference in the sup-
pression assay protocol employed as we have also demonstrated
that ex vivo Tregs (both TNFR2+ and TNFR2− Treg subsets) are
capable of suppressing responder T cell proliferation (Figure A3

in Appendix). However, this disparity in function between ex vivo
and induced cells with a similar phenotype may be explained by
the history of the cells, for instance, there could be functional
differences between freshly isolated cells obtained from a bal-
anced immune micro-environment and induced cells obtained
as a result of polyclonal TCR stimulation of CD4 T cells. The
potential plasticity of T cells, or how they may change pheno-
type and/or function in response to microenvironments, implies
that the types of stimuli or culture conditions play a role in
the phenotype or function of the induced T cells. We demon-
strate here that in vitro stimulation of T cells with anti-CD3 and
anti-CD28 results in several populations with varying effector
functions, but none of the induced populations were suppressive
in function.
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Our results together with previous studies indicate that whereas
freshly isolated peripheral blood CD25+/hiTNFR2+ T cells help
maintain homeostasis, by preventing the activation of self-reactive
cells in the absence of an active immune response, or after anti-
gen clearance, induced CD25hiTNFR2+ T cells generated rapidly
from circulating precursors by TCR stimulation in the absence of
micro-environmental signals, would by contrast play a pivotal role
in initiating responses against potential pathogens by maximally
producing effector cytokines.
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APPENDIX

FIGURE A1 | Phenotype of inducedTNFR2+ T cells from CD4+CD25− T
cell, CD4+CD25+ T cells, and un-fractionated CD4+ cells. Expression of
regulatory molecules on TNFR2 subsets from starting population
CD4+CD25− T cells, CD4+CD25+ T cells, and un-fractionated CD4+ T cells.
Gray histograms represent isotype staining while clear histogram
represents the indicated molecule. The numbers indicate percentage
positive for the represented molecular marker.

FIGURE A2 | FOXP3 expression levels on ex vivo and inducedTNFR2+ T
cells. The FOXP3 expression levels were compared between ex vivo
CD25hiTNFR2+ and induced CD25hiTNFR2+ T cells. Unpaired Student’s
t -test was performed to compare FOXP3 levels and graphs represent
mean±SEM. **p < 0.01.

FIGURE A3 | Suppression assays performed using ex vivo Tregs from
healthy donors. PBMCs from healthy donors were stained with Treg

markers, CD4, CD25, and TNFR2 to sort for non-induced ex vivo Tregs. Tregs

were identified as either CD4+CD25hiTNFR2+ T cells or CD4+CD25hiTNFR2−

T cells. The sorted Tregs were added to autologous responders (CD4+ T cells)
at a ratio of 1:1 and stimulated with anti-CD3/28 for 72 h in 96 well plates.
(A) Represents a suppression assay using CD25hiTNFR2+ T cells as the Treg

population while (B) Represents a suppression assay using CD25hiTNFR2−

T cells as the Treg population. Data shown here represents mean±SD.
Unpaired t -tests was used to determine statistical significance. *p < 0.05.
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