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Regulatory T Cells: Concept,
Classification, Phenotype, and Biological
Characteristics

1

Yang Du, Qiannan Fang, and Song-Guo Zheng

Abstract

Regulatory T cells (Treg) play an indispens-
able role in maintaining the body’s immune
nonresponse to self-antigens and suppressing
the body’s unwarranted and potentially harm-
ful immune responses. Their absence, reduc-
tion, dysfunction, transformation, and
instability can lead to numerous autoimmune
diseases. There are several distinct subtypes of
the Treg cells, although they share certain
biological characteristics and have unique
phenotypes with different regulatory
functions, as well as mechanistic abilities. In
this book chapter, we introduce the latest
advances in Treg cell subtypes pertaining to
classification, phenotype, biological
characteristics, and mechanisms. We also
highlight the relationship between Treg cells
and various diseases, including autoimmune,

infectious, as well as tumors and organ
transplants.

Keywords

Treg cells · Immune response · Classification ·
Immunological diseases · Cell therapy

1.1 Introduction

Five decades ago, a subset of T cells with
immunosuppressive properties was described by
Dr. Richard Gershon and colleagues at Yale Uni-
versity (Gershon and Kondo 1970, 1971). How-
ever, the existence of this suppressor T cell was
questioned due to lack of reliable markers. How-
ever, two decades later, Sakaguchi and his
colleagues demonstrated that a CD4+ subpopula-
tion that constitutively expresses CD25 (IL-2
receptor alpha chain) in mouse thymus showed
inhibitory activity. This discovery led scientists to
revisit the study of suppressor or regulatory T
cells (Treg) (Sakaguchi et al. 1995). These
thymus-derived naturally occurring CD4+CD25
+ (tTreg) cells migrate to the periphery 3 days
after birth and constitute 5–10% of the peripheral
CD4+ T cells in normal naïve mice. Moreover,
these cells have critical functional abilities since
the removal of these CD4+CD25+ T cells causes
a discrete autoinflammatory clinical phenotype:
gastritis, thyroiditis, and type 1 diabetes (T1D).
These manifestations were similar to which was
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seen in the neonatal thymectomy (NTx) mice. For
a limited time after thymectomy, adoptively
transferring normal CD4+CD25+ T cells can pre-
vent the development of autoimmunity in these
mice (Kojima and Prehn 1981; Sakaguchi et al.
1995; Itoh et al. 1999). Thus, CD4+CD25+ was
reestablished as a Treg population. However,
since CD25 is also an activation marker for CD4
+ cells, its expression on CD4+ cells cannot be
viewed as a specific marker for Treg cells.

A decade later, a milestone observation was
made; describing the expression of the transcrip-
tion factor Foxp3 (mice) or Foxp3 (human) in
CD25+CD4+ in rodents and humans, respec-
tively, can specifically define the Treg population
(Fontenot et al. 2003; Khattri et al. 2003; Hori
et al. 2003). Functional deletions and mutations in
the human Foxp3 gene can cause severe
autoinflammatory disease. The clinical syndrome
resulting from this deletion was described much
earlier and was called immune dysregulation,
polyendocrinopathy, enteropathy, and X-linked
(IPEX) syndrome (Powell et al. 1982). Thus,
Foxp3 is a specific marker for these cells, and
CD4+CD25+Foxp3+ cell population is
designated regulatory T cells. Indeed, Treg cells,
which naturally express Foxp3 in the nucleus and
CD25 on the cell surface, are present in normal
individuals and actively participate in suppressing
aberrant or unwarranted immune responses
against self, microorganisms, and bacteria (Mar-
tín-Orozco et al. 2017; Grant et al. 2015). Addi-
tionally, recent studies have established that the
Treg cell lineage requires not only the transcrip-
tion factor Foxp3 but also the establishment of
Treg cell-specific CpG hypomethylation pattern
(Ohkura et al. 2012).

Much progress has been made in
demonstrating the role of Treg cells in the patho-
genesis and development of many autoimmune
diseases (Yang et al. 2019a, b). Furthermore, the
role of Tregs in the tumor microenvironment is
being closely examined since their numbers are
increased in tumors (Kashima et al. 2020;
Solis-Castillo et al. 2020). Whether these Treg

cells belong to tTreg or they are induced locally
is not clear (Horwitz et al. 2008; Lin et al. 2013).
In addition to tTreg, induced Treg in the periph-
ery (pTreg) or those in ex vivo with TGF-β and
IL-2 (iTreg) represents a new development in the
history of Treg cells (Zheng et al. 2002, 2004,
2007). In both immune responses to self-antigens
and to tumor antigens, Foxp3+ Treg plays an
inhibitory role. While the former, inhibition of
immune response to self-antigens, is a beneficial;
the latter is deleterious. Consistent with this con-
cept is the observation that large numbers of Treg
cells infiltrating a tumor tissue are often
associated with poor prognosis (Tanaka and
Sakaguchi 2017). More researches are needed to
delineate in more details such as the role and
mechanism of Treg cells in various immune
responses in autoimmune diseases and in tumors.
Enhancing the suppressive role of Treg cells in
immune responses in autoimmunity and dampen-
ing those responses in malignancy are likely to
become novel treatments for these diseases.

1.2 Treg and the Immune
Response

Regulatory T cells (Tregs) are necessary for the
maintenance of immune self-tolerance and
homeostasis (Josefowicz et al. 2012). Treg cells
have unique surface expression profiles, includ-
ing CD4, CD25, CD62L, and specific CD45
isoforms. With the discovery of the specific tran-
scription factor Foxp3 in Treg cell population, the
concept of a regulatory immune cell has changed
from a rare CD4+ T-cell subtype to an important
immune homeostatic regulator (Hori et al. 2003).
Although it is formally named as a regulatory T
cell, its role mostly relates to immune suppres-
sion. Treg cells inhibit various immune
responses, thus a defect or reduction of Treg
number and/or function; or other Treg biological
changes have been observed in various autoim-
mune diseases, such as RA (Prakken et al. 2013),
SLE (Scheinecker et al. 2010), and IPEX

2 Y. Du et al.



syndrome (Horino et al. 2014). Moreover, the
changes in Treg in these various disorders are
not incidental but have been shown to contribute
to their development (Scheinecker et al. 2019).
Conversely, an increase in Treg cells inhibits
abnormal immune responses to autoantigens as
well as antitumor immune responses. Large num-
bers of Treg cells infiltrating tumor tissue are
often associated with poor prognosis (Tanaka
and Sakaguchi 2017). In contrast, an increase in
Tregs in the peripheral blood and in the graft
microenvironment is considered important for
inducing graft tolerance (Bahmani et al. 2018;
Graca et al. 2002; Lee et al. 2005). Furthermore,
an overabundance of Treg cells impairs the
immune response in patients with infection
(Costa et al. 2013). In general, Treg cells are
part of the adaptive immune system playing a
key role in maintaining homeostasis by exerting
their immunosuppressive effects in normal and
disease state (Mohr et al. 2019). In addition, we
also describe various possible immunosuppres-
sive mechanisms of Treg cells (Fig. 1.1).

1.3 Classification of Treg Cells

It is well known that there are many
subpopulations of the Treg cell family (Fig. 1.2),
including CD4+Foxp3+ cells, “Tr1” cells produc-
ing interleukin 10 (IL-10), CD8+ T suppressor
cells, natural killer T cells, CD4�CD8� T cells,
and γδ T cells. In this chapter, we focus on the
first three types of Treg cells (Tang and Bluestone
2008; Zhou et al. 2011).

1.4 CD4+Foxp3+ Treg Cells

Among various Treg populations, CD4+Foxp3+
Treg cells are a key member of the Treg networks
and display many important functional
characteristics. Foxp3+ Treg cells are often clas-
sified as either “natural” or “induced” subsets.
Natural tTregs are long-lived and develop in the
thymus, while induced Tregs are thought to arise
in the periphery after stimulation (pTreg). In

A. Treg cells produce
     inhibitory cytokines

B. Cytotoxicity of treg cells

TGF-β

IL-35,IL-10

perforin

Granular enzyme
A,B

Treg cell Effector T cell

Treg cell naïve T cell

Treg cell Effector T cell

Treg cell

LAG3/FGL1

PD-1/PD-L1

CTLA-4/CD80.CD86

Effector T cell apoptosis

C. Direct contace between cells

Fig. 1.1 Schematic diagram of the immunosuppressive mechanism of Treg
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addition, TGF-β and IL-2 are crucial cytokines to
induce Treg ex vivo (iTreg) (Zheng et al. 2002,
2007). These cell populations all express CD25
and Foxp3; however, they also have some
differences that will be discussed later in this
chapter.

Foxp3 is an important marker for the develop-
ment and function of tTreg cells. It is expressed in
mostly CD4+CD25+ T cells and a small number
of CD4+CD25� T cells. However, CD25 is a
surface marker that effectively identifies live
Treg cells while Foxp3 is an intranuclear tran-
scription factor that require permeabilization of
the cell membrane; therefore, it cannot be used as
a marker in live cells (Fontenot et al. 2003).
Initially, the three research teams found that
Foxp3 was expressed in a large and stable amount
in mouse CD25+CD4+ Treg cells, but not in
naïve CD25�CD4+ T cells or activated CD4+ T
cells (Fontenot et al. 2003; Khattri et al. 2003;
Hori et al. 2003). These findings support the
critical role of Foxp3 in the differentiation of
Treg cells. Foxp3-mutant scurfy mice spontane-
ously die at 3 weeks of age of a systemic
autoinflammatory diseases (Godfrey et al. 1991).

In humans, the loss of function or mutation of
Foxp3 also causes severe autoinflammatory dis-
ease, like IPEX. These are due to the deficiency or
abnormal function of CD25+CD4+ natural tTreg
(Powell et al. 1982; Bacchetta et al. 2018). All
these observations suggest that Foxp3 is a func-
tional molecule of Treg cells. Nonetheless, it has
recently been reported that Foxp3 expression
alone is not sufficient for Treg lineage commit-
ment. It has been shown that demethylation of a
Treg-specific demethylation region (TSDR) in the
Foxp3 promoter plays a crucial role in the main-
tenance of tTreg lineage and that this demethyla-
tion of TSDR is associated with a stable tTreg cell
phenotype (Ohkura et al. 2012).

tTregs are produced by immature Treg
precursors of heat-stable antigen (HAS)hi CD4
single-positive (SP) stage when Foxp3 is induced
and tTreg lineage commitment is established (Lee
and Hsieh 2009). In the presence of IL-2 and
TGF-β, peripherally derived Treg (pTreg) cells
differentiate from naïve T cells in peripheral
sites. Those induced by TGF-β and IL-2 in vitro
are called induced Treg (iTreg) cells (Fig. 1.3).
pTreg and iTreg share some similarities;

Fig. 1.2 Classification of
Treg cells. The figure
shows the classification of
different subtypes of Treg
cells and the characteristic
markers of each type of
Treg cells. Treg cells can be
divided into CD4+ and
CD8+ Treg cells. These two
types of Treg cells can be
further classified as various
subpopulations as shown in
the figure. In addition, in
CD4+ Treg cells, another
type of Tregs called Tr1
was identified. Unlike
traditional CD4+Foxp3+
Treg, Tr1 cells were
Foxp3� with high
expression of IL-10

4 Y. Du et al.
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however, they also have some differences that
will be discussed later. Human CD4+Foxp3+ T
cells are composed of three subsets with different
phenotypes and functions: CD45RA(+) Foxp3
(lo) inactive Treg cells (rTreg cells), CD45RA
(�) Foxp3 (hi) activated Treg cells (aTreg cells),
and cytokine-secreting CD45RA(�) Foxp3
(lo) non-inhibitory T cells (Miyara et al. 2009).
It has been shown that the first two populations
had inhibitory effects in vitro. The terminally
differentiated aTreg cells die rapidly, and the
rTreg cells proliferate and become aTreg cells
in vitro and in vivo (Miyara et al. 2009).

Although CD4+Foxp3+ Treg population has
attracted widespread attention for their role in
maintaining immune homeostasis, studies have
also found that CD4+ Tr1 and CD8+ Treg
showed the immunomodulatory functions as
well. The number and/or function of these cells
are impaired in several autoimmune diseases and
autoimmune experimental animal models
(Roncarolo et al. 2018; Pellegrino et al. 2019),
suggesting that immunotherapy targeting these
cells can also improve autoimmune status man-
agement (Dinesh et al. 2010; Huang et al. 2017,
2018).

1.5 Tr1 Cells

Unlike other CD4+ T-cell subsets, Tr1 cells are a
Treg cell type characterized by the expression of
CD49b and LAG3 (Gagliani et al. 2013), as well
as the lack or transient expression of the transcrip-
tion factor Foxp3 and a significant expression of
IL-10 (Vieira et al. 2004; Groux et al. 1997).
Since their discovery, Tr1 cells have been
shown to play an important role in maintaining
immune homeostasis and preventing T-cell-
mediated diseases (Vieira et al. 2004). Tr1 cells
are made in the periphery after antigen exposure
and under tolerogenic conditions. In vivo and
in vitro studies have confirmed their inhibitory
effects in mouse and human microenvironment.
Specifically, Tr1 cells prevented and
downregulated aberrant immune responses to
pathogenic and nonpathogenic antigens and was
also associated with long-term tolerance in

humans (Bacchetta et al. 1994; Gianfrani et al.
2006; Serafini et al. 2009; Roncarolo et al. 2014;
Globinska et al. 2018). Immunosuppression
observed in some infectious diseases is associated
with a higher frequency of Tr1 cells (Chang 2007;
Koch et al. 2015).

Tr1 cells do not constitutionally express Foxp3
(Vieira et al. 2004), but once activated, they can
rapidly upregulate Foxp3 (Levings et al. 2005;
Brun et al. 2009, 2011), but this upregulation is
not comparable to tTreg or iTreg. In addition to
secreting large amounts of IL-10, Tr1 cells also
secrete TGF-β, IL-5, GM-CSF, and IFN-γ and
small amounts of IL-4, IL-17, and IL-2
(Bacchetta et al. 1990, 1994; Groux et al. 1997).
A key aspect of Tr1 cell-mediated regulation is
that these cells need to be activated by their TCR
to show their regulatory activity, which reflects
their antigen specificity. After activation, Tr1
cells secrete IL-10 and TGF-β, which directly
and indirectly inhibit T-cell response (Roncarolo
et al. 2014). Generally, IL-10 limits the magni-
tude of the immune response and inhibits the
response of T effector cells by downregulating
the expression of MHC II glycoproteins
(de Waal Malefyt et al. 1991), co-stimulatory
molecules, and pro-inflammatory cytokines that
are produced by APC (Gregori and Roncarolo,
2018; Roncarolo et al. 2014).

The differentiation and function of Tr1 cells
depend on the presence of IL-10, an effective
immunosuppressive cytokine even though it has
pleotropic effects. Tr1 cells can inhibit the
response of effector cells in an IL-10-dependent
manner by interacting with CTLA-4 and PD-1
(Roncarolo et al. 2014; Gregori et al. 2012) or
by killing pro-inflammatory cells directly with a
granzymes (Gagliani et al. 2013; Huber et al.
2011). Tr1 cells also express extracellular
enzymes CD39 and CD73, which produce aden-
osine through enzymatic hydrolysis of extracellu-
lar ATP and disrupt the metabolic state of effector
T cells (Mandapathil et al. 2010; Mascanfroni
et al. 2015; Su et al. 2019). Moreover, the role
of synergistic inhibitory receptors (such as
LAG-3, TIGIT, and TIM3) in the regulation of
Tr1 cells is under investigation. However, it was
observed that injection of antibodies against
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LAG-3 reversed the state of immune tolerance
induced by Tr1 cells, and it was predicted that
these co-inhibitory receptors may contribute to
the suppressive function of Tr1 cells (Jofra et al.
2018). Interestingly, IL-27 also plays a key role in
Tr1 cell induction in mice and provides an alter-
native mechanism for the generation of these
cells. As such, it was demonstrated that the devel-
opment of Tr1 cells in intestinal associated lym-
phoid tissues is independent of IL-10 (Maynard
et al. 2007). Short-term activation of mouse T
cells in the presence of IL-27 leads to the produc-
tion of Tr1 cells both in vitro and in vivo
(Awasthi et al. 2007; Batten et al. 2008;
Fitzgerald et al. 2007; Iwasaki et al. 2013; Pot
et al. 2009; Stumhofer et al. 2007).

IL-27 promotes IL-10 production in mouse
CD4+ T cells by activating the STAT1 and
STAT3 pathways (Awasthi et al. 2007; Fitzgerald
et al. 2007; Stumhofer et al. 2007). However, the
role of IL-27 in inducing human Tr1 cells remains
unclear. Recent research has established that the
functional development of Tr1 cells requires
TCR/ITK signaling through the Ras/IRF4 path-
way (Huang et al. 2017).

Like Foxp3+ Treg cells, Foxp3-IL10+ Tr1
cells also have a therapeutic potential in the treat-
ment of inflammatory diseases. The
overactivation of NLRP3 inflammasome is the
basis of several common chronic inflammatory
diseases (Robbins et al. 2014; Agostini et al.
2004). It was speculated that Foxp3+ Treg
and/or Tr1 cells may play a role in regulating
inflammasome activities. This was examined
and only Tr1 cells can regulate this pathway
(Yao et al. 2015). More studies are needed to
compare the functional difference between
Foxp3+ Treg and Tr1 cells.

1.6 CD8+ Treg Cells

CD8+ Treg subset is a subgroup of CD8+ T cells
with inhibitory potential first discovered in 1972
(Gershon et al. 1972). However, the lack of
unique markers to identify these inhibitory T
cells led to long hiatus in this field of study.
Interest in these studies began to re-emerge in

the 1990s (Noble et al. 1998). In 2007, the func-
tion of these cells in the context of viral infections
and tumorigenesis was highlighted (Guillonneau
et al. 2007). Like CD4+ Treg cells, they also can
be divided into multiple subtypes, including CD8
+CD103+, CD8+CD122+, CD8+CD28�, and
CD8+ Qa-1-restricted CD8αα+TCRαβ+ Treg
cell populations.

1.6.1 CD8+CD103+ Treg Cells

CD8+CD103+ T cells are considered to be sup-
pressive CD8+ T cells because they have been
shown to control immune responses both in vivo
and in vitro (Ma et al. 2015; Lerret et al. 2012).
However, the exact properties of the CD8
+CD103+ regulatory T cells, as well as their
suppressive function and related mechanism in
allogeneic transplantation, remain elusive.

CD103 (αE7β integrin) is an E-cadherin recep-
tor that is present on the surface of CD8+ T
lymphocytes in thymus, small intestine,
bronchoalveolar fluid, and allografts in mice and
humans (Pauls et al. 2001; Rihs et al. 1996;
Sarnacki et al. 1992; Liu et al. 2014; Zhong
et al. 2018; Zhang et al. 2019). CD103 has been
described as the first affinity ligand that mediates
cell adhesion and migration and has the function
of directing T lymphocytes to epithelial cells that
express E-cadherin (Cepek et al. 1994; Karecla
et al. 1995). In humans, CD103 expression is
limited to 1% of circulating memory T cells
(Picker et al. 1990). In mice, CD103 is expressed
in 40–60% of peripheral CD8+ T cells (Hadley
et al. 1997), mainly in those showing a naïve
phenotype (Wang et al. 2004).

The relationship between CD103 and CD8+ T
cells has been established in studies of renal
transplant rejection and intestinal graft versus
host disease (El-Asady et al. 2005). It was found
that CD103 expression was significantly
upregulated in a TGF-β-dependent manner on
CD8+ T cells entering kidney transplantation
sites or intestinal epithelial cells. This
demonstrated that CD103 characterizes CD8+
effector T cells (Wang et al. 2004; Hadley et al.
2001; El-Asady et al. 2005). However,
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subsequent research found that these cells have
regulatory activity. In these studies, alloreactive
CD8+CD103+ T cells are produced by the stimu-
lation using alloantigen but not anti-CD3/CD28
antibodies (Uss et al. 2006). CD8+CD103+ Tregs
are mostly CD28+; they also lacked CD25,
Foxp3, CTLA-4, LAG-3, and GITR expression.
Moreover, the presence of TGF-β resulted in
increased expression of CD103 (Hadley et al.
1997).

CD8+CD103+ Treg cells inhibit T-cell prolif-
eration in mixed lymphocyte cultures in a manner
that depends on cell-to-cell contact (Koch et al.
2008). Even though they also secreted IL-10 and
TGF-β, this inhibitory effect is not mediated
through these cytokines. This makes them to be
different from Tr1 cells. However, in other related
studies, it was demonstrated that IFN-γ binding to
CD8 Tregs is required to mediate its TGF-β-based
suppression (Myers et al. 2005). Meanwhile, they
identified a murine peptide-specific CD8+ T reg-
ulatory cell population that inhibited the response
of CD4+ T cells. However, TGF-β expression in
situ tightly associates with CD103 expression
(Robertson et al. 2001). Chronic ileitis in
TNF-driven model as well as liver transplantation
provides compelling evidence that CD8+CD103+
Treg cells that secreted TGF-β have a protective
effect (Ho et al. 2008; Lu et al. 2009).

Recent studies have provided multiple
pathways for the induction of antigen-specific
CD8+ Treg with inhibitory functions. The latest
research has successfully established a method
using TGF-β plus RAPA in addition to
CD3/CD28 and IL-2 stimulation to effectively
induce human CD8+ Tregs in vitro. These
newly induced hCD8+ Tregs express stable and
high levels of Foxp3, CD103, and PD-1 but have
no IL-17A secretion, and survive in vivo after
adoptive transfer in a CIA animal model (Sun
et al. 2019). Moreover, these cells have a strong
inhibitory ability and can alleviate collagen-
induced arthritis. Our group has reported that
CD8+CD103+ iTreg cells can be induced
ex vivo in the presence of TGF-β and IL-2 (Liu
et al. 2014; Zhong et al. 2018; Zhang et al. 2019).
Interestingly, the functional activity of these Treg
populations does not require Foxp3 expression

(Liu et al. 2014; Zhong et al. 2018). Moreover,
we further found that CD39 expression
participated in the functional activity of these
Treg population (Zhang et al. 2019). Further stud-
ies are warranted to determine the differences
among these Treg populations.

1.6.2 CD8+CD122+ Treg Cells

CD8+CD122+ Treg cells are another natural CD8
+ Treg subtype, which has been shown to have
inhibitory capacity in transplantation and autoim-
munity (Suciu-Foca et al. 2003; Rifa’i et al.
2004). Previous studies have shown that CD8
+CD122+ Treg cells can control immune homeo-
stasis, inhibit traditional T-cell responses (Rifa’i
et al. 2004; Endharti et al. 2005; Chen et al. 2008;
Shi et al. 2008;Molloy et al. 2011;Endharti et al.
2011), and regulate autoimmune responses (Kim
et al. 2011; Mangalam et al. 2012), including
experiments autoimmune encephalomyelitis
(Mangalam et al. 2012; Lee et al. 2008; Seifert
et al. 2017), Graves’ disease (Saitoh et al. 2007),
and colitis (Endharti et al. 2011). Earlier studies
described CD8+CD122+ T cells as antigen-
specific memory T cells (Zhang et al. 1998; Ku
et al. 2000; Judge et al. 2002). CD122 expression
was initially described in nonregulatory memory
lymphocytes (Zhang et al. 1998; Judge et al.
2002). Subsequently, it was reported that central
memory CD8+CD122+ T cells
(CD44highCD62Lhigh) also play a role in
regulating T-cell homeostasis and act as regu-
latory T cells (Rifa’i et al. 2004). A series of
studies in recent years have further shown that
CD8+CD122+ T cells indeed inhibit conven-
tional T-cell responses (Rifa’i et al. 2004;
Endharti et al. 2005; Chen et al. 2008; Shi et al.
2008; Molloy et al. 2011; Endharti et al. 2011;
Wang et al. 2010) and control autoimmune
diseases (Kim et al. 2011; Mangalam et al.
2012). Moreover, some studies have found that
memory CD8+CD122+ T cells and bystander
central memory CD8+ T cells also belong to
Treg that inhibit mouse allograft rejection (Wan
et al. 2008; Dai et al. 2010). Furthermore, other
studies have suggested that central memory CD8
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+ T cells can modulate the acceptance of alloge-
neic lungs (Krupnick et al. 2014).

CD122 is β subunit of IL-2 receptor, while
CD25 is an α subunit of the same receptor on T
cells (Sakaguchi et al. 1995). Murine CD8
+CD122+ Tregs express CD122 (IL-2Rβ) and
CXCR3 but do not express CD25, while their
CD4+CD25+ counterpart does not express
CD122. CD8+CD122+ Tregs are also CD44high,
CD62Lhigh CCR7+, and most CD127� (Suzuki
et al. 2008; Dai et al. 2010). However, CD8
+CD122+ Tregs are Foxp3 negative (Dai et al.
2010), suggesting that they are a different subset
of induced CD8+Foxp3+ Treg cells (Lerret et al.
2012).

In a comparison study, investigators
demonstrated that CD8+CD122+ Tregs were
more effective than CD4+Foxp3+ Tregs in
inhibiting allograft rejection (Dai et al. 2014). In
fact, PD-1 is a key marker in identifying whether
CD8+CD122+ T cells are Treg cells. The CD8
+CD122+PD-1+ group in the CD8+CD122+
population is mainly responsible for CD8
+CD122+ Treg-mediated inhibition (Dai et al.
2010). We previously also reported that PD1
and TNFRII expression contributes to CD8+
Treg functional capacity (Horwitz et al. 2013;
Jacob et al. 2009; Yang et al. 2018, 2019a, b).
Nonetheless, PD1 is also a marker of T-cell
exhaustion, contributing to functional decline of
these cells (Simon and Labarriere 2017). The
expression of PD1 in Treg function and vitality
needs more in-depth studies.

The effects of combined CD8+CD122+PD-1+
Treg and conventional co-stimulatory blockade
on allograft rejection and allogeneic immunity
were examined recently. A synergistic response
was demonstrated with CD8+CD122+PD-1+
Treg and CD40/CD154, but no synergism was
seen with B7/CD28 blockade on prolonging the
survival time of skin allografts in wild-type mice
(Liu et al. 2019). The B7/CD28 co-stimulatory
block, but not CD40/CD154, had a negative
impact on the in vivo expansion of adoptively
transferred Treg and its IL-10 production
in vitro (Liu et al. 2019). The increased effects
of CD8+CD122+PD-1+ Treg cells on the sur-
vival rate of allografts depend to a considerable

extent on the expression of IL-10 by Treg cells
(Dai et al. 2010; Liu et al. 2017). CD8+CD122+
Tregs may regulate the immune response by pro-
ducing IL-10, TGF-β1 and IFNγ, but the exact
mechanism of their inhibitory effect is still
unclear.

1.6.3 CD8+CD282 Cells

CD8+CD28� T cells are also classified as natural
CD8+ Treg population. Among different CD8+
Treg subgroups, non-antigen-specific CD8
+CD28� Tregs have been associated with a vari-
ety of clinical conditions such as pregnancy, can-
cer, organ transplants, and infectious diseases.
Different reports showed that CD8+CD28�Tregs
inhibit T-cell proliferation in an IL-10-dependent
or TGF-β-dependent manner (Fenoglio et al.
2008; Miller et al. 2010).

CD8+ T cells play a key role in the recognition
and clearance of intracellular pathogen-infected
cells (Nagata and Koide 2010) and anti-tumor
response (Mempel and Bauer 2009). Binding of
CD8+ T-cell surface receptor TCR and MHC-I-
binding antigen expressed on the surface of pro-
fessional antigen-presenting cells (pAPC) led to
the activation of CD8+ T cells (Strioga et al.
2011). However, the optimal activation of CD8+
T cells cannot be maintained by TCR stimulation
alone, and a second co-stimulation signal is
required for the complete activation and survival
of these cells (Boesteanu and Katsikis 2009). The
interaction between CD28 molecule on T
lymphocytes and CD86 and CD80 molecules
expressed on the surface of pAPC provides a
co-stimulating signal that has been well described
(Strioga et al. 2011). When a sufficient signal is
delivered to naive CD8+ T cells, they will prolif-
erate and differentiate into two different cell
types. One is cytotoxic T lymphocytes (CTLS),
which undergo apoptosis upon maturation and
effector function. The other is CD8+ memory T
cells, which are both central and effector cells
(Zheng et al. 2006). Their continuous presence
in the circulation is important for controlling
another potential exposure to the same antigen
in a faster and more efficient manner (Kaech
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et al. 2002). Chronic antigenic stimulation leads
to repeated activation cycles, which progressively
loses CD28 molecule expression with each cycle
of activation. This leads to the accumulation of
“highly antigenic experienced” T cells with the
CD8+CD28� phenotype, characterized by
extremely short telomeres (Vallejo 2005). There
is a close relationship between CD28 and telome-
rase denaturation. Telomerase activity is essential
for cell proliferation, production of cytokines and
chemokines, and antiviral activity. However, lack
of CD28 leads to loss of the ability to activate
telomerase activity in the cells. Maintaining the
presence of CD28 through in vitro gene transduc-
tion slows down the rate of “immune aging” and
improves the efficiency of the immune system
(Cohen et al. 2013). Telomeres build on the
ends of chromosomes and ensure their stability.
Unprotected ends of chromosomes are at high
risk of degradation, which leads to loss of genetic
information and cell death (Kim Sh et al. 2002).
Studies have found an association between a
shortened telomere length in peripheral blood
cells and autoimmune diseases, such as SLE
(Haque et al. 2013; Honda et al. 2001), rheuma-
toid arthritis (Colmegna et al. 2008), systemic
sclerosis (SSC) (Artlett et al. 1996), ANCA-
related vasculitis (AAV) (Vogt et al. 2003), pso-
riasis, and atopic dermatitis (Wu et al. 2000). It is
believed now that one of the main causes of
abnormal immune response is abnormal
telomeres in autoimmunity (Montoya-Ortiz
2013). Moreover, the loss of CD28 has been
observed to be associated with increased surface
expression of CD57 molecules. CD8+CD28�
(CD8+CD57+) T cells are known to be antigen-
specific, terminally differentiated, but are also
known as functional memory or effector T cells
that undergo multiple cell division cycles. These
cells are characterized by reduced or even loss of
telomerase five activity and low levels of expres-
sion of genes involved in cell cycle regulation.
CD8+CD28� (CD8+CD57+) T cells are gener-
ally limited in their ability to proliferate after
stimulation and are thought to have reached a
state of “replicative senescence” or “clonal fail-
ure” (Strioga et al. 2011; Focosi et al. 2010).

The relationship between CD8+CD28� (CD8
+CD57+) lymphocytes and apoptotic sensitivity
is controversial. Some researchers (Borthwick
et al. 2000; Wood et al. 2009) reported that
these cells are highly sensitive to activation-
induced apoptosis because they have observed
an increased expression of Fas and caspase-3
and a decreased expression of anti-apoptotic
molecules such as survivin or heat shock protein
27 (HSP27). Others suggested that CD8+CD28�
(CD8+CD57+) T lymphocytes are highly resis-
tant to apoptosis and thus accumulate gradually
throughout life (Spaulding et al. 1999; Effros
2011).

Most autoimmune diseases are associated with
an increase in CD8+CD28� (CD8+CD57+) T
cells, which exhibit high cytotoxic activity, and
their presence may correlate with more severe
manifestations of the disease. Such changes in
CD8+CD57+ population has been observed in
multiple sclerosis (Mikulkova et al. 2010), type
1 diabetes (Mikulkova et al. 2010), Graves’ dis-
ease (Sun et al. 2008), and rheumatoid arthritis
(Wang et al. 1997). Moreover, regulatory
properties have been attributed to lymphocytes
with a CD8+CD28� phenotype. Further analysis
confirmed the expression of Foxp3 in these cells
(Frisullo et al. 2010; Manavalan et al. 2004).
However, this finding was not confirmed by
other groups (Korecka-Polak et al. 2011; Scotto
et al. 2004). In addition to the lack of Foxp3
expression, characteristic markers of cytotoxic
cells, such as granzyme A or perforin, were
detected on the surface of CD8+CD28� popula-
tion (Baeten et al. 2006).

1.6.4 CD8+ Qa-1-Restricted CD8aa
+TCRab+ Regulatory T Cell

Major histocompatibility complex (MHC) class
Ib molecules consist of rodent QA-1, QA-2,
H2-M3, and CD1d and human leukocyte antigen
(HLA)-E, HLA-G, and CD1(Braud et al. 1999).
Qa-1-restricted CD8αα+TCRαβ+ T cells have
been recognized as another CD8+ Treg subset
(referred to as CD8αα+ Treg) that recognizes an
antigenic determinant in the conserved CDR2
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region of the TCRβ.82 chain (Smith et al. 2010).
CD8αα+ Tregs can control experimental autoim-
mune encephalomyelitis (EAE), a prototype for
multiple sclerosis. They control EAE by inducing
apoptosis in activated and pathogenic CD4+ cells
after recognition of the TCR–peptide/Qa-1 com-
plex on their cell surface (Smith et al. 2009,
2010). There were data showing that a unique
phenotype of CD8αα+TCRαβ+ Treg cells is
enriched in a number of molecules expressed by
NK cells, members of TNF-superfamily as well
as in negative signaling molecules, including
CD200 (Fanchiang et al. 2012). In general,
peripheral class Ib-responsive CD8αα+TCRαβ+
T cells represent a unique type of regulatory T
cells that are different from class Ia
MHC-restricted conventional T cells. These
findings have important significance for under-
standing the regulatory mechanism mediated by
the CD8+ Treg cell population, and much work
needs to be done to clarify their relationship to
other CD8+ Treg populations.

1.7 Similarity and Differences
Between tTreg and iTreg Cells

As we discussed before, CD4+Foxp3+ Tregs can
be classified into three subtypes, thymus-derived
Treg (tTreg) originates from the thymocytes in
response to self-antigen stimulation during
T-cell development in vivo, induced Treg in the
periphery (pTreg) and induced Treg (iTreg) from
naïve T cells by means of T-cell receptor (TCR)
stimulation through exposure to the IL-2 and
TGF-β ex vivo (iTreg) (Zheng et al. 2002;
Sakaguchi 2004). The different Treg subtypes
share significant similarities, such as their high
levels of IL-2 receptor alpha chain (CD25)
expression and dependence on the forkhead box
P3 transcription factor (Foxp3). As pTregs are
developed in vivo, it is hard to distinguish them
from tTregs, and Foxp3+CD4+ cells in the
periphery actually could be a mixture population
of both tTreg and pTreg cells. We will focus here
on similarities and differences between tTreg and
iTreg subpopulations.

First, developmentally, iTreg requires TGF-β
signaling since lack of this signal fails to induce
iTreg (Zheng et al. 2002, 2004; Lu et al. 2010).
However, tTreg development is independent
upon TGF-β signaling (Piccirillo et al. 2002;
Jordan et al. 2001). Second, CTLA-4 has an
essential role in the generation of Foxp3 and
acquisition of suppressor activity by naïve cells
activated with TGF-β in vitro while it is not
necessary for the development of tTreg cells in
the thymus (Zheng et al. 2006; Liang et al. 2005).
Third, phenotypically, both tTreg and iTreg have
negative immune regulation function in vitro and
in vivo through the secretion of inhibitory
cytokines, such as TGF-β, IL-10, IL-35, and
cAMP, expression of ectoenzymes CD39 and
CD73 to degrade extracellular ATP, and both
express similar levels of Foxp3. In contrast, phe-
notypic distinguishable features include tTregs
overexpress Helios (a member of the Ikaros fam-
ily of transcription factors) and Nrp1(a type
1 transmembrane protein), which are the two
immunosuppressive protein molecules, while
iTregs frequently express less of those proteins
(Atif et al. 2020; Thornton et al. 2010; Weiss et al.
2012). However, there is controversy surrounding
these observations, and others suggested that
iTregs also express similar levels of Helios and
Nrp1 (Akimova et al. 2011; Verhagen and Wraith
2010; Szurek et al. 2015). Therefore, there is a
need to identify specific markers that reliably
distinguish these two populations (Wing et al.
2019). Fourth, the two Treg populations have
functional differences in inflammation and high
salt diet. tTreg population tends to convert from
regulatory cells to effector cells with loss of
immune regulation ability in inflammatory and
high salt microenvironment (Wu et al. 2013a, b;
Kleinewietfeld et al. 2013; Sakaguchi et al. 2013).
However, we and others have demonstrated that
iTreg sustained their function even under inflam-
mation and high salt conditions (Zheng et al.
2008; O’Connor et al. 2010; Zhou et al. 2010;
Kong et al. 2012a, b), demonstrating potential
advantages of iTreg versus tTreg in treating
these diseases. Interestingly, all-trans retinoic
acid could overcome tTreg instability in the pres-
ence of inflammatory milieu in mice and humans
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(Zhou et al. 2010; Lu et al. 2014; Luo et al. 2019).
Fifth, iTreg and tTreg cells have a unique mecha-
nism in targeting B cells. It has been previously
reported that tTregs suppressed B-cell function
mainly through killing target cells (Zhao et al.
2006; Iikuni et al. 2009), while iTregs suppressed
B cells via their cytokine secretion rather than
killing (Xu et al. 2016). The latter mechanism
may be more optimal. Sixth, tTregs are poly-
clonal while iTregs can be developed into
antigen-specific iTregs (Zheng et al. 2006; Kong
et al. 2012a, b). In addition, tTreg cells are rare
cell population while iTreg cells can be
manipulated in a large scale, demonstrating their
translational value. Seventh, there are also some
similarities and differences between the two Treg
subpopulations in the epigenetic mechanisms
such as specific DNA methylation, histone modi-
fication which show the important role for the
differentiation and stabilization of cells. tTreg
cells exhibit the CpG hypomethylation pattern
of the Treg cell representative regions such as
Foxp3, Tnfrsf18, Ctla4, Ikzf4, and Il2ra even
after anti-CD3/CD28 stimulation. The methyla-
tion status of those regions is stably high in iTreg
except Il2ra which is also gradually demethylated

with TCR stimulation. Interestingly, histone
modifications are less specific for tTreg because
of the similar histone such as H3K4me3 and
H3K27me3 modification in the Treg associated
genes of tTreg and iTreg cells (Ohkura et al.
2012). The combination of hypomethylation
establishment and Foxp3 expression are essential
for regulating and stabilizing the expression of the
molecules required for tTreg cell development
and function. In fact, many studies demonstrated
that iTregs are superior to tTreg in treating the
established autoimmune and inflammatory
diseases (Kong et al. 2012a, b; Su et al. 2012).
The studies are needed to delineate the signifi-
cance of these Treg populations. The difference
between these two Treg populations were com-
pared in detail in Table 1.1.

1.8 Treg in Diseases

1.8.1 Treg in Autoimmune Diseases

Autoimmune diseases are characterized by a
breakdown in immune tolerance. Regulatory T
cells regulate peripheral immune tolerance and

Table 1.1 Similarity and differences between tTreg and iTreg cells
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homeostasis and play an important role in the
development of autoimmune diseases. Functional
defects and reduced numbers of Treg cells have
been observed in a variety of autoimmune
diseases (Scheinecker et al. 2019) including type
1 diabetes, multiple sclerosis, systemic lupus
erythematosus (SLE), myasthenia gravis, and
rheumatoid arthritis (RA) (Chen et al. 2013;
Goschl et al. 2019). Patients with CD25 (IL-2R)
deficiency suffer from autoimmune phenomena,
lymphadenopathy, and persistent viral infections
similar to the mentioned IPEX syndrome. How-
ever, in spite of the presence of Foxp3+CD4+ T
cells, impaired production of IL-10 was
demonstrated following T-cell activation (Malek
2008). RA is a systemic autoimmune disease that
causes chronic inflammation and tissue destruc-
tion of joints (Zou et al. 2018). The role of Treg
cells in pathogenesis is not fully understood, as
changes in the number of Treg cells in synovium
and peripheral blood have been described in the
past few years, but these observations have not
been uniform (Han et al. 2008; Cao et al. 2004;
Jiao et al. 2007; Sempere-Ortells et al. 2009;
Kawashiri et al. 2011; Niu et al. 2012; Samson
et al. 2012; Lina et al. 2011; Yang et al. 2019a, b).
In addition to the quantitative defects, there have
been reports of functional defects in patients with
RA (Rapetti et al. 2015; Flores-Borja et al. 2008;
Nadkarni et al. 2007). Anti-TNF and anti-IL-6
therapies can restore the balance of Treg and
Th17 cells in RA patients and affect Treg function
(Samson et al. 2012, Nadkarni et al. 2007;
Ehrenstein et al. 2004). Over the past two
decades, improved anti-rheumatic drugs
(bDMARD) have revolutionized the treatment
of RA patients. Among them, TNF blockade,
IL-6R blockade, and inhibition of T-cell activa-
tion through targeting co-stimulation signals are
second-line drugs for treating patients with refrac-
tory RA with methotrexate (Smolen et al. 2016).
The latest data showed that anti-TNF therapy in
RA patients increases the frequency of TNFR2+
Treg cells, and the lack of TNFR2 leads to an
increase in the methylation of Foxp3 TSDR,
suggesting that TNFR2 expression has an effect
on Treg function and stability in RA patients
(Santinon et al. 2019). This is consistent with

our recent reports that TNFRII favors Tregs
while TNFRI promotes T effector cells (Yang
et al. 2018; 2019a, b). IL-6 is another driver of
inflammation in RA patients and is involved in
the plasticity of Treg cells (Xu et al. 2007; Zheng
et al. 2008; Luo and Zheng 2016). After treatment
with tocilizumab, the number of Treg cells in RA
patients increased in patients with good clinical
response (Thiolat et al. 2014; Kikuchi et al.
2015).

Similarly, in the study of systemic lupus
erythematosus (SLE), it was found that helper T
cells (Th17) can induce tissue inflammation and
immune responses. In contrast, Treg cells can
mediate immune tolerance and inhibit inflamma-
tory responses. The imbalance of Th17 cells and
Treg cells affects the occurrence and pathogenesis
of SLE (Ma et al. 2010; Szmyrka-Kaczmarek
et al. 2014). Therefore, inhibiting the differentia-
tion of Th17 cells and promoting the differentia-
tion of Treg cells can help restore the balance of
Th17/Treg cells and provide a potential new ther-
apeutic approach in SLE. Low doses of IL-2 can
increase the number of Treg cells, maintain
immune homeostasis, and temporarily relieve
clinical symptoms in patients with SLE (Goudy
et al. 2013; Hartemann et al. 2013; Saadoun et al.
2011; He et al. 2016; von Spee-Mayer et al. 2016;
Ye et al. 2018). However, most of these studies
focus on short-term effects (von Spee-Mayer et al.
2016) and are not feasible long-term treatment
(Humrich et al. 2015). The decrease in Treg and
the imbalance of Th17/Treg cells are related to the
occurrence and development of refractory SLE. It
was proposed that the use of low-dose IL-2 com-
bined with rapamycin can restore the Treg num-
ber and the balance of Th17/Treg cells. This
method can induce immune tolerance, promote
clinical response, reduce the dosage of prednisone
or cytotoxic drugs, reduce drug side effects, and
collectively benefit patients (Zhao et al. 2019).

Ankylosing spondylitis (AS) is an inflamma-
tory autoimmune disease related to HLA-B27.
Similar to RA, Treg cells also have functional
deficits in AS (Guo et al. 2016). Recent studies
have found that treatment with anti-TNF may
affect the Th17/Treg ratio (Dulic et al. 2018;
Liao et al. 2015). While most have reported that
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Treg cells are involved in the pathogenesis of AS
(Cao et al. 2004; Wang et al. 2015; Ye et al.
2016), there are few reports that are inconsistent
with that concept. Several studies have reported a
significant decrease in circulating Treg cells in
AS patients compared to healthy controls
(Wu et al. 2011; Zhao et al. 2011). Other studies
have found no change in the percentage of
circulating Treg cells in patients with AS (Guo
et al. 2016; Cao et al. 2004; Wang et al. 2015; Ye
et al. 2016).

Systemic sclerosis (SSc) is a connective tissue
disease characterized by immune dysfunction,
microvascular damage, and fibrosis of the skin
and various organs (Frantz et al. 2018). A grow-
ing body of evidence indicates that T-cell prolif-
eration and cytokine secretion play a major role in
SSc (Meloni et al. 2009; Kalogerou et al. 2005).
There is also controversy regarding the role of T
regs in SSC with some reports showing impaired
function while others demonstrating normal func-
tion (Liu et al. 2013a, b; Radstake et al. 2009;
Papp et al. 2011; Fenoglio et al. 2011; Mathian
et al. 2012; Klein et al. 2011). Studies have shown
that Treg cells in the blood of patients with SSc
have a normal phenotype and do not produce T
effector cytokines. In contrast, skin Treg cells
affected by SSc produce large amounts of IL-4
and IL-13 (MacDonald et al. 2015). Mathian et al.
found that in SSc patients, activated and resting
Treg cells were not functionally matched. The
number of activated Treg cells decreased early
in the disease (Mathian et al. 2012). Some authors
have found that Tregs are significantly
upregulated in all SSc phenotypes (Radstake
et al. 2009; Giovannetti et al. 2010), especially
in active and severe diseases (Slobodin et al.
2010). These inconsistencies could be explained
by disease stages, new onset and treated patients,
and methods used to define Treg cells. However,
most studies reported that their functional capac-
ity is reduced or T effector cells have gained the
increased resistant ability to Treg suppression in
disease status. Thus, the increase in the number of
Treg cells and the restoration of their functions
are important ways to induce immune tolerance
and treat autoimmune diseases. Although Treg
cells have heterogeneity and stability issues in

clinical application, this treatment strategy is an
important direction in the prevention and treat-
ment of patients with autoimmune diseases.

1.8.2 Tregs in Infectious Diseases

In the field of infectious diseases, immune
checkpoints limit protective immunity in many
chronic infections, but therapies based on
immune checkpoint suppression have not been
well developed. Clearly, most pathogens have
developed mechanisms to evade and suppress
the host’s protective immune response. Although
Treg cells must control the activation of
T-effector cells to prevent autoimmunity, it is
also known that enhanced activation of Treg
cells may lead to suppression of host immunity
against microorganisms (viruses, bacteria,
protozoa, fungi, and worms), resulting in reduced
antimicrobial immunity and the persistence of
pathogens (Belkaid et al. 2002, 2006). Many ani-
mal models of bacterial infection (e.g., Listeria
monocytogenes, Salmonella enteritis, and Myco-
bacterium tuberculosis) exhibit the proliferation
of Foxp3+ Treg. The inhibitory function of Treg
cells can lead to increased bacterial load and
invasion of systemic tissues (Johanns et al.
2010; Scott-Browne et al. 2007; Rowe et al.
2011). In addition, higher Treg frequency was
associated with increased titer of hepatitis C
virus RNA and dengue virus (Cabrera et al.
2004; Lühn et al. 2007). Paradoxically, Tregs
play an early protective role in local infection in
animal models of herpes simplex virus 2 and west
Nile virus (Lanteri et al. 2009; Lund et al. 2008).

In the early stages of HIV infection, Tregs
were found to control viral replication in target
CD4+ T cells (Moreno-Fernandez et al. 2011).
Moreover, Tregs may play an important and ben-
eficial role in preventing the vigorous inflamma-
tory response in the course of infection by
parasites such as Pneumocystis carinii (Hori
et al. 2002) and Schistosoma mansoni (Layland
et al. 2013). Similarly, Tregs protect the host from
parasites such as plasmodium and toxoplasma as
well as the fungus Candida albicans (Haque et al.
2010; Oldenhove et al. 2009; Pandiyan et al.
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2011). These complicated roles of Treg cells in
acute and chronic microbial infections require a
delicate balance between Foxp3+ Treg and effec-
tor T cells to provide an effective immune
response against pathogens without inducing
destructive autoimmunity.

Immunosuppressive cytokines IL-10 and
TGF-β have established roles in suppressing
anti-pathogenic effector T-cell responses (Mills
2004), but there is also growing evidence that
immune checkpoints and Treg cells play a role.
The use of immune checkpoint inhibitors may
help reverse chronic infections, especially the
immunosuppressive state in parasitic infections,
and has great potential to promote an immune
response that cures parasites. However, the
greatest potential may lie in combining immune
checkpoint blockades with therapeutic vaccina-
tion. Indeed, one study has demonstrated that
vaccine-induced immune responses can be
enhanced by reducing Treg cells or blocking the
production or function of immunosuppressive
cytokines (Jarnicki et al. 2008; Moore et al.
2005). Although blocking Treg cells or immune
checkpoints is unlikely to be used to enhance the
efficacy of routine vaccination, it does have great
potential to enhance the efficacy of therapeutic
vaccines against many chronic infections such as
malaria, tuberculosis, and HIV.

1.8.3 Treg in Cancer

The association between Treg and cancers has
been widely studied for decades. Many studies
have shown that Tregs infiltrate into various types
of cancers, such as breast, lung, liver, and gastro-
intestinal tract (Liyanage et al. 2002; Anna et al.
2002; Lars et al. 2005; Fumiko Ichihara et al.
2003). Additionally, the immunosuppressive
function of Treg cells in patients with cancers is
also significantly increased compared with
healthy controls (Ju et al. 2009). Furthermore,
Tregs account for 10–50% of the CD4+ T cells
in tumors sites and, therefore, contribute substan-
tially to tumor development by impairing the
activation, survival, and expansion of anti-tumor
T cells. The high levels of Treg and decreased

ratios of tumor-infiltrating CD8+ T cells to Foxp3
+ Treg have been demonstrated to correlate with
the poor prognosis (Sato et al. 2005; Bates et al.
2006). Investigations on tumor specimens are
crucial to understanding the phenotypes and
origins of tumor-infiltrating Tregs which is more
complicated than what we expected. It is still
unclear whether the large amounts of Treg in
tumor tissues have migrated from the periphery,
amplified tTreg, or iTreg differentiated from
naïve or effector CD4+ T cells in the tumor
microenvironment. It is noted that the increase
in intra-tumoral expression of chemokines such
as CCL17, CCL22, and CCL28 may facilitate the
recruitment of Treg cells (Speiser et al. 2016).
With the rapid development of single cell
sequencing technologies and the adoption of
novel deeper immunophenotyping, a more com-
prehensive understanding of Treg heterogeneity
is within reach. This is critical to safely and effec-
tively exploit their anti-tumor immune response
and to enhance their targeting therapeutic poten-
tial. Considering the crucial role of Treg in pro-
moting tumorigenesis, cancer immunotherapy
targeting Treg got more attention and achieved
great progress. Therefore, the functional
molecules related to Treg such as CTLA-4,
GITR, PD-1, OX-40, and LAG3 are potential
candidates that can be used for Treg depletion or
functional modulation (Tanaka and Sakaguchi
2017). Checkpoint blockade therapy such as the
clinical use of anti-CTLA-4 antibody predomi-
nantly affected Treg cells, thereby enhancing the
anti-tumor immune response (Simpson et al.
2013). Additionally, agonistic interference such
as anti-GITR antibody could abrogate Treg sup-
pressive function because Tregs express elevated
level of GITR and upregulate it upon activation
(Shimizu et al. 2002). In general, Tregs have the
opposite effect in cancers and autoimmune
diseases. Thus, an effective anti-tumor response
such as systemic Tregs depletion is likely to
result in autoimmunity. Therefore, selective
targeting specific subpopulations of Treg cells
such as effector Treg in tumor tissues may be a
more effective approach to promote tumor
immunity without causing serious autoimmune
reaction.
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1.8.4 Treg in Organ Transplantation

The achievement of graft tolerance and preven-
tion of graft-versus-host disease (GvHD) have
always been the important aims in the field of
organ transplantation (Atif et al. 2020). Research
has been focusing on preventing the chronic allo-
graft dysfunction and reducing the side effects of
long-term immunosuppression (Issa et al. 2013).
In this regard, Treg within the peripheral
circulating blood and graft microenvironment
contribute to induce immune tolerance through
employing multiple regulatory mechanisms (Liu
et al. 2013a, b; Ferrer et al. 2014). Tregs limit
graft damage by migrating to the organ and then
retreating to the draining lymph nodes to maintain
tolerance. Additionally, Tregs constitutively
express cytotoxic T-lymphocyte antigen-4
(CTLA-4), which can interact with the
costimulatory ligands CD80, CD86 of APCs,
thereby inhibiting the activation of T cells (Tang
and Vincenti 2017). Importantly, adoptive trans-
fer of Treg has been shown to prevent transplant
rejection and GVHD in mouse models which spur
the development of experimental Treg therapies,
particularly with antigen-specific Treg cells
(Wu et al. 2013a, b; Brunstein et al. 2016; Liao
et al. 2017; Gu et al. 2014). Currently, several
Treg phase I clinical trials have shown encourag-
ing safety and efficacy (Brunstein et al. 2011;
Satoru et al. 2016). One trial was designed to
identify the function of ex vivo expanded recipi-
ent polyclonal Treg in inducing immune tolerance
in kidney transplant. The expanded Tregs
amplified circulating Treg levels in a sustained
manner without infusion-related side effects,
infectious, or rejection events up to 2 years
posttransplant (Mathew et al. 2018). Another
trial was to determine the safety and feasibility
of expanding polyclonal Treg ex vivo in kidney
transplant recipients with subclinical graft inflam-
mation noted on 6-month surveillance biopsy
(Chandran et al. 2017). Treg infusion was safe
and well tolerated without the impaired stability.
In addition, compared with polyclonal Treg,
alloantigen-specific Tregs have superior effects
which potentially led to more targeted

suppression, lower dose, and better safety
(Esensten et al. 2018). There are still many
challenges regarding Treg therapies in organ
transplantation that require more basic and clini-
cal studies. The above diseases are summarized in
Table 1.2.

1.9 Conclusion

Treg cells play a vital role in regulating immune
tolerance and balance, preventing autoimmunity,
and have distinct roles in various disease
environments. Restoring the frequency and func-
tion of Treg cells favor the therapy of autoim-
mune diseases and maintenance of allo-graft
organ transplantation. Conversely, they probably
are detrimental in patients with cancers and infec-
tion. Thus, they are a double-edged sword and
selective manipulation of their frequency and
function may be therapeutic in various immuno-
logical diseases. Indeed, it has been demonstrated
to be effective in a series of clinical trials. How-
ever, it is still necessary to further explore the
molecular mechanisms of how Treg cells regulate
immune response. Treg surface molecular
markers are still needed to be further identified
since this will help to isolate live Treg cells in the
clinical setting. In addition, the difference in phe-
notype and biological characteristics of various
Treg subpopulations require to be further
analyzed and compared. The epigenetic modifica-
tion and mechanisms remain an in-depth study as
well. Overall, understanding in-depth the role,
mechanisms, and approaches in operating Treg
cells helps to develop an innovative strategy for
the treatment of many relevant diseases.
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A Structure-Guided Delineation
of FOXP3 Regulation Mechanism in IPEX 2
Tengyun Ma, Xiaomin Song, Ciriaco A. Piccirillo,
Guoping Deng, and Mark I. Greene

Abstract

The FOXP3 transcription factor acts as a mas-
ter regulator in the development and function
of regulatory T cells (Tregs). Insufficient
expression or mutation of FOXP3 gene
impairs Treg abundancy and function and
causes fatal autoimmune lymphoproliferative
diseases in mice and humans. The available
crystal structures of FOXP3 protein fragments
provide insights into understanding details of
the FOXP3 work mechanism in Tregs. This
chapter consists of four sections. First, we
introduce some features of Treg cells indis-
pensable for the establishment of immune

tolerance; second, we describe the critical
roles of FOXP3 in Treg development and
function; third, we summarize the current
available crystal structures of FOXP3 func-
tional domains and related pathogenic
mutations in autoimmune diseases; finally,
we discuss the potential functional and patho-
logical relevance of FOXP3 protein structure
modulation, partner interaction, and
posttranslation modification based on the clin-
ical significance in IPEX disease. The infor-
mation presented in this chapter will help to
consider therapeutic strategies to enhance
FOXP3 activity and Treg function in the
settings of autoimmune disease. Targeting
Treg suppression based on FOXP3 structure
and interactions hold great promises for the
therapy of autoimmune diseases.

Keywords

Regulatory T cells · FOXP3 · Crystal
structure · Protein interactions ·
Posttranslational modifications · IPEX

2.1 Treg Cells Play a Central Role
in Peripheral Immune
Tolerance

The immune system mounts an immune response
against invading foreign pathogens while
maintains tolerance to self-tissues. The concept

T. Ma · G. Deng (*)
Department of Immunology, School of Basic Medical
Sciences, Peking University, Beijing, China
e-mail: gdeng@pku.edu.cn

X. Song
State Key Laboratory of Molecular Biology, CAS Center
for Excellence in Molecular Cell Science, Institute of
Biochemistry and Cell Biology, Chinese Academy of
Sciences, Shanghai, China

C. A. Piccirillo
Department of Microbiology and Immunology, McGill
University, Montreal, QC, Canada

Centre of Excellence in Translational Immunology
(CETI), Research Institute of the McGill University Health
Centre, Montreal, QC, Canada

M. I. Greene
Department of Pathology and Laboratory Medicine,
Perelman School of Medicine, University of Pennsylvania,
Philadelphia, PA, USA

# Springer Nature Singapore Pte Ltd. 2021
S.-G. Zheng (ed.), T Regulatory Cells in Human Health and Diseases, Advances in Experimental
Medicine and Biology 1278, https://doi.org/10.1007/978-981-15-6407-9_2

33

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-6407-9_2&domain=pdf
mailto:gdeng@pku.edu.cn
https://doi.org/10.1007/978-981-15-6407-9_2#DOI


of T-cell-mediated immune tolerance, i.e., sup-
pressor T cells, has been described since early
1970s (Gershon and Kondo 1971). There are
two main mechanisms to establish immune toler-
ance. In the central immune tolerance, self-
reactive T cells are deleted in the thymus by
clone selection; however, some autoreactive
cells escape deletion. There are peripheral
immune tolerance processes. Some escaping
autoreactive T cells from thymus are actively
inhibited by various immune suppressors.
CD4+CD25+ regulatory T cells (Tregs) highly
express CD25, the alpha-chain molecule of IL-2
receptor. Tregs possess immune suppressive
capacity and are actively engaged in the periph-
eral immune tolerance (Sakaguchi et al. 1995).
Reconstitution of Tregs prevented autoimmune
developments caused by the transfer of effector
T cells into BALB/c athymic nude mice; further-
more, these Treg cells limited immune responses
to allogeneic skin graft. These studies
demonstrated that Treg cells can suppress
immune response toward both self and non-self-
antigens (Sakaguchi et al. 1995).

Treg cells are categorized into at least two
main subsets according to their origins (Horwitz
et al. 2008). The majority of Treg cells develop
and mature in the thymus requiring stimulation of
self-antigens and co-stimulation from CD28, i.e.,
thymus-derived Treg cells (Tai et al. 2005; Lio
and Hsieh 2008); other Treg cells are generated in
the periphery, i.e., peripheral Treg cells, by con-
version from conventional T cells upon exposure
to certain extracellular stimulation such as cyto-
kine TGF-β, foreign agonist peptide, and com-
mensal bacteria (Atarashi et al. 2011;
Kretschmer et al. 2005; Zheng et al. 2002,
2004). Treg cells develop in thymus via a
two-step process whereby Treg cell precursors
upregulate IL-2R (CD25) expression upon TCR
activation, and then Foxp3 expression is induced
concomitant with the acquisition of IL-2 cytokine
(Lio and Hsieh 2008). IL-2 signal is also crucial
for the differentiation of induced Treg cells
(Zheng et al. 2007a; Davidson et al. 2007).
Helios, an Ikaros transcription factor family mem-
ber, is preferentially expressed in thymocytes and
considered as a marker to distinguish

thymus-derived Treg cells and peripheral Treg
cells under physiological conditions (Thornton
et al. 2010). Helios is required for the stability
of effector Treg cells (Kim et al. 2015; Nakagawa
et al. 2016). In patients with rheumatoid arthritis,
Helios seems to be better than Foxp3 to identify
Treg cells (Yang et al. 2019). A surface marker
Neuropilin-1 is selectively expressed on naturally
thymus-derived Treg cells (Yadav et al. 2012;
Weiss et al. 2012). The signaling of neuropilin-
1–semaphorin-4a axis is required for the stability
and function of regulatory T cells (Delgoffe et al.
2013). In addition, thymus-derived Treg cells dis-
play unique genomic imprints such as DNA
hypomethylation and modification of Treg
lineage-specific genes in comparison with that of
periphery-derived Treg cells. This epigenetic fea-
ture confers thymus-derived Tregs to be more
stable during cell passage than periphery-derived
Treg cells (Lal et al. 2009; Ohkura et al. 2012;
Feng et al. 2014).

The molecular mechanisms underlying the
immune suppression of Treg cells are incom-
pletely understood yet. There are many excellent
review articles summarize the mechanisms of
Treg suppression (Vignali 2012; Schmidt et al.
2012; Sakaguchi et al. 2009; Miyara and
Sakaguchi 2007; Shevach 2009). Treg cells
derived in the periphery also function in suppres-
sion of T-cell immune response. Tregs can
directly suppress immune responses by cell-to-
cell contact through expression of surface inhibi-
tory receptors, such as CTLA-4, PD-1, GITR, and
LAG-3. Inducible deletion of CTLA-4 in adult
mice promoted peripheral expansion of Treg cells
and enhanced the protection from EAE disease
(Klocke et al. 2016; Paterson et al. 2015).
Although lack of CTLA-4 does not affect the
thymus-derived Treg cells (Salomon et al.
2000), it indeed reduces the development of
induced Treg cells (Zheng et al. 2006). Treg
cells produce immune suppressive cytokines
including IL-10, TGF-beta, and IL-35, or com-
pete for consumption of the IL-2 cytokine by
expression of CD25 to restrain fitness of effector
T cells.

Treg cells also mediate immune suppression
by the expression of CD39 and CD73 to generate
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pericellular adenosine from extracellular
nucleotides (Deaglio et al. 2007; Su et al.
2019b). Of note, Treg suppression is driven by
TCR engagement with cognate antigens,
although the dominant bystander suppression of
Treg cells occurs in an antigen-non-specific man-
ner (Legoux et al. 2015). Adoptive transfer of
antigen-specific rather than polyclonal expanded
Treg cells can effectively prevent the develop-
ment of autoimmune diseases in mice and
humans (Bluestone et al. 2015; Jaeckel et al.
2005; Kong et al. 2012). In addition, Treg cells
may convey suppressive activity to nearby Tconv
helper cells via a cell–cell contact manner which
has been suggested as a phenomenon named
infectious tolerance (Jonuleit et al. 2002; Gershon
and Kondo 1971).

2.2 Foxp3 Is the Dominant
Regulator of Treg Cell Lineage
Commitment and Maintenance

The role of FOXP3 transcription factor involved
in immune tolerance was initially revealed from
the studies of Scurfy mice and human IPEX syn-
drome. Scurfy mice arise spontaneously with pro-
found X-linked recessive autoimmune diseases
including external dermatitis and internal lymph-
adenopathy, splenomegaly, and hepatomegaly
(Ramsdell and Ziegler 2014). Genetic analysis
of Scurfy mice found that a mutation in Foxp3
transcriptional factor is responsible for the auto-
immune phenotypes mechanically (Brunkow
et al. 2001). In addition, human immune
dysregulation, polyendocrinopathy, enteropathy,
and X-linked syndrome (IPEX) contains multiple
mutations in the forkhead/winged-helix domain
of human FOXP3, which disrupts the interaction
between FOXP3 and DNA (Wildin et al. 2001).
We summarize mutation types and mutation loca-
tion of FOXP3 functional domains and gene locus
according to the available published data
(Fig. 2.1a–c). In addition to the site mutations,
other mutation types including unstable mRNA,
splicing, nonsense mutation, missense, frameshift
and deletion, as well as complex mutation of
FOXP3 have been reported from IPEX patients.

Many of the mutations which occur in the FKH
and Leucine zipper FOXP3 domains identify the
importance of these two functional domains in
regulating FOXP3 transcriptional activity. A few
mutations of other genes including CTLA-4,
IL2RA, and STAT5 may also be causative of
autoimmune symptoms of IPEX (Fig. 2.1d).
These findings demonstrate that FOXP3 acts as
a dominant regulator in establishing the immune
tolerance and preventing the progression of auto-
immune diseases.

Foxp3 is predominantly expressed in mouse
CD4+CD25+ Treg cells and acts as the lineage-
specific transcriptional factor for their develop-
ment and function in a cell-intrinsic manner
(Fontenot et al. 2003). Dysfunction or mutation
of Foxp3 led to lethal autoimmune phenotypes in
mice accompanied with loss of Treg abundancy
in vivo, as described above as Scurfy phenotypes
(Khattri et al. 2003). Ectopic expression of Foxp3
confers conventional CD4+ T-cell regulatory
capacity to inhibit autoimmune diseases in vivo
(Hori et al. 2003). In addition, Foxp3-transgenic
mice in which Foxp3 gene is overexpressed pos-
sessed fewer peripheral CD4+ T cells. These
CD4+ T cells are compromised in their functional
capability as shown in reduced proliferative
responses and IL-2 production upon antigen stim-
ulation in comparison with the normal
counterparts (Kasprowicz et al. 2003; Khattri
et al. 2001). These observations identify a nega-
tive role of Foxp3 in T-cell activation by
attenuating TCR signaling (Carson and Ziegler
2007).

Human FOXP3 is exclusively expressed in
CD4+CD25+ T cells and is correlated with
immune suppression as seen in mice.
CD4+CD25� T cells can also transiently elevate
FOXP3 expression upon TCR stimulation
(Walker et al. 2003; Jonuleit et al. 2001). Tran-
sient expression of FOXP3 in human
CD4+CD25� T cells leads to hyporesponsiveness
of activated T cells, but is not sufficient to induce
a full regulatory T-cell activity (Wang et al.
2007). The human FOXP3 protein possesses
two isoforms: one is full-length of gene expres-
sion which represents the ortholog to mouse
Foxp3, and the other one is a truncated isoform
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(FOXP3Δ2) encoded from an mRNA lacking
exon 2; however, ectopic expression of FOXP3
alone or together with FOXP3Δ2 is not sufficient
to induce a complete Treg suppressive activity
(Allan et al. 2005), which suggests that other
factors or mechanisms are required for the devel-
opment of complete Treg cell lineage. In fact, an
epigenome-based definition of Treg cells, prior to
Foxp3 expression, is proposed to understand the
functional stability, plasticity, and heterogeneity
of Treg lineage (Morikawa and Sakaguchi 2014;
Morikawa et al. 2014). Satb1 is thought to be
responsible for the activation of Treg cell-specific
super-enhancers (Treg-SEs) and the subsequent
expression of Treg signature genes including
Foxp3 in Treg precursor cells during thymocyte
development (Kitagawa et al. 2017).

Treg cells co-express Foxp3 with other tran-
scriptional factors of effector CD4 T cells for
more timely and efficient control of immune
responses. For instance, dermal and large intesti-
nal lamina propria Treg cells express high levels
of GATA3 upon activation, GATA3 interacts and
promotes Foxp3 expression, and GATA3-defi-
cient Treg cells showed impaired suppression
capability, failed to accumulate at inflamed sites,
and produced effector cytokine IL-17a (Wohlfert
et al. 2011; Wang et al. 2011). Foxp3+RORγt+ T
cells represent a stable Treg lineage with
enhanced suppressive capability in T-cell-
mediated intestinal inflammation as compared
with Foxp3+RORγt� Tregs (Yang et al. 2016).
Th1-polarizing infection increased specialized
T-bet+ Treg cells that potently inhibit Th1-type
immune responses (Koch et al. 2012), intestinal
Treg cells prevalently co-express T-bet and
RORγt, and acute ablation of T-bet+ Treg cells
resulted in Th1 autoimmunity (Levine et al.
2017). These findings indicate that phenotypic
heterogeneity and functional plasticity of Treg
cells are critical features of immune tolerance.

In summary, Foxp3 is the lineage-specific
transcriptional factor of Treg cells, Foxp3
together with other factors as well as genome
epigenetic modification program the development
of stable Treg cells.

2.3 Structural Features of Foxp3
Protein

The forkhead box (FOX) proteins are a superfam-
ily of transcription factors which is composed of
50 FOX protein members and 19 subfamilies
classified by their sequence homologies.
Forkhead transcription factors are involved in
oncogenesis including aspects of tumor initiation,
maintenance, and drug resistance (Lam et al.
2013). The Foxp3 protein mainly localizes in
nucleus of Treg cells (Lopes et al. 2006) and
binds to ~700 genes and miRNA involved in the
regulation of many facets of Treg cell biology
(Marson et al. 2007; Zheng et al. 2007b).

The Foxp3 protein contains three main func-
tional domains: (1) the N-terminal domain is a
proline-rich domain involved in transcriptional
activation and repression; (2) the middle localized
zinc finger leucine-zipper domain involved in its
dimerization or association with other factors;
(3) and the conserved C-terminal forkhead
domain is responsible for DNA binding (Deng
et al. 2020; Lopes et al. 2006). Three subdomains,
i.e., the C-terminal 12 amino acids, an immediate
N-terminal to the forkhead domain, and the first
51 amino acids within the N-terminal, contribute
to the nuclear transport of murine Foxp3
(Hancock and Ozkaynak 2009).

The proline-rich Foxp3 N-terminal domain
regulates its transcriptional activity through
interacting with many factors, including Foxp1,
AML1/Runx1, NFAT, TIP60, HDAC7, and so on
(as reviewed otherwhere (Zhou et al. 2008; Deng
et al. 2012)). Two independent studies of trans-
genic mice with Foxp3gfp revealed that a GFP
insertion at Foxp3 N-terminal impaired Treg
development and stability by blocking the inter-
action of Foxp3 with Eos, Tip60, HDAC7, and
HIF-1α. These Foxp3gfp mice were predisposed
to autoimmune diabetes (Darce et al. 2012;
Bettini et al. 2012). These observations suggest
that a proper stereo conformation and interactions
of Foxp3 protein are totally required for the nor-
mal function of Foxp3 in Treg cells.

The crystal structures of the FOXP3 domains
facilitate insight into the mechanism by which
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FOXP3 regulates the development and function
of Treg cells. Bandukwala and collogues have
solved a high-resolution crystal structure of a
ternary complex which contains the NFAT1
DNA-binding domain and the FOXP3 forkhead
domain bound to DNA (Bandukwala et al. 2011).
In this structure, the forkhead domain of FOXP3
forms a domain-swapped dimer to bridge two
molecules of DNA in an antiparallel orientation
(Fig. 2.2a). The highly conserved hydrophobic
aromatic residues, including Tyr364, Trp366,
Phe367, Phe371, Phe373, Phe374, and Trp381
of forkhead domain, form the interface of domain
swapping. Two IPEX mutations F371C and
F373A localized in this interface could impair
the stability of the domain-swapped dimer,
suggesting that domain-swapping is functionally
relevant to the pathogenies of IPEX (Fig. 2.2b).
Of note, disruption of the domain-swap interface
of FOXP3 does not impair DNA binding as
assumed, but attenuates FOXP3-mediated sup-
pressor functions. These findings indicated that
FOXP3 regulates gene expression through the
assembly of higher-order stereo transcription
complexes by the domain-swapped FOXP3
dimer (Bandukwala et al. 2011). This idea was
verified by a further study from the same research
group which demonstrated that the domain-
swapped dimer allows FOXP3 to coordinate the
expression of genes through bridging two distal
regions of DNA and reorganizing the genome
architecture (Chen et al. 2015). The IPEX muta-
tion M370I in the FKH domain-swap interface of
FOXP3 generates Th2-like Treg cells expressing
GATA3 and Th2 cytokines, resulting in unre-
strained Th2 immune response (Van Gool et al.
2019). These findings demonstrate that FOXP3
orchestrates chromosomal interaction dynamics
during regulating Treg development and function.

The mutant FOXP3 leucine-zipper domain
(ΔE201) as well as a truncated mutant forkhead
can lead to the IPEX dysregulation syndrome
(Chatila et al. 2000). Mechanistically, the mutant
FOXP3 leucine-zipper impairs FOXP3 homo/
heterodimerization and compromises Treg sup-
pressive function (Chae et al. 2006). FOXP3-ZL
also mediates the heterodimerization with
FOXP1, which regulates Foxp3 chromatin

binding and coordinates Treg function (Wang
et al. 2003; Konopacki et al. 2019).

This mechanism was explained by the struc-
turally characterized mouse Foxp3 zinc finger and
leucine-zipper region (mFOXP3-ZL) (Song et al.
2012). The crystal structure of mFOXP3-ZL
homodimer features in a two-stranded anti-paral-
lel α-helical coiled coil with a twofold symmetry
(Fig. 2.3a). Unlike typical coiled coil structures,
FOXP3 dimer association is flexible and dynamic
with half residues in the coiled coil core packing
being polar ones. Stabilization of the mFOXP3-
ZL coiled coil is influenced by electrostatic
interactions such as E242-K249 and E248-Q234
inter-subunit hydrogen bonds and salt bridges.
The importance of K249 (which is equivalent to
K250 of human FOXP3) in stabilizing the coiled
coil structure explains a functional and pathologi-
cal relevance in IPEX disease cases (Wildin et al.
2002). Lysine residues are candidates for acetyla-
tion modification. We discuss how acetylation
could affect the conformation of Foxp3 structure
and dimerization to fine-tune Treg function in the
next section.

2.4 Foxp3 Activity Is Modified by
Protein Posttranslational
Modifications and Interactions

The roles of Foxp3 posttranslational
modifications in regulating Treg function have
been reviewed elsewhere (van Loosdregt and
Coffer 2014; Deng et al. 2019). The Foxp3 pro-
tein has multiple types of posttranslational
modifications, such as phosphorylation, acetyla-
tion, ubiquitylation, methylation, and so
on. These modifications reflect environmental
and intrinsic signals in regulating Foxp3 tran-
scriptional activity and functional property.
Accumulating evidence demonstrates that phos-
phorylation, acetylation, and ubiquitylation are
largely involved in regulating Foxp3 protein sta-
bilization by preventing its proteasome-
dependent degradation (Morawski et al. 2013;
Deng et al. 2015; van Loosdregt et al. 2010;
Chen et al. 2013).
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Foxp3 posttranslational modifications can
fine-tune transcriptional activity by adjusting its
protein conformation. Protein acetylation modifi-
cation is one of the most extensively studied
modifications of Foxp3. TIP60 and p300 are two
well-known histone acetyltransferases (HATs)
involved in Foxp3 acetylation and Treg function
regulation, and multiple acetylated sites of Foxp3
have been identified (Xiao et al. 2014; Li et al.
2007). Acetylation acts as a competitive event on
the lysine residue with ubiquitination and
enhances Treg function by limiting Foxp3 protein
from ubiquitination-dependent degradation (van
Loosdregt et al. 2010; Kwon et al. 2012). How-
ever, some IPEX patients have similar frequency
of Treg population as the same-aged healthy
controls but still develop autoimmune disorders
(Brusko et al. 2005, 2007). As mentioned above,
deletions of FOXP3 ΔK250 and ΔE251 (equiva-
lent to mouse Foxp3 K249 and E250) accounted
for the pathogenesis of IPEX patients (Chatila et al.
2000; Wildin et al. 2002). Deletions of these key
residues may break the E242-K249 inter-subunit

salt bridge or Q234-E248 inter-subunit hydrogen
bond and consequently disrupt the FOXP3
homodimerization as described in coiled coil crys-
tal structure of FOXP3-ZL domain (Song et al.
2012). Indeed, acetylation of K249 and K251 will
neutralize the positive charges of these residues
and destabilize the FOXP3 homodimerization in
a regulated manner (Fig. 2.3b, c), which proposes
a model of how Foxp3 posttranslational
modifications in modulating Foxp3 activity (Song
et al. 2012).

In addition to the posttranslational modifi-
cations, the interactions of Foxp3 with other
factors also mediate Foxp3 activity. Foxp3
forms multiprotein complexes of 400–800 kDa
with ~361 partner proteins (Rudra et al. 2012).
As discussed above, disruption of the interaction
of Foxp3 with Eos, Tip60, HDAC7, and HIF-1α
by inserting a GFP tag at Foxp3 N-terminal
compromised Foxp3 activity and Treg function
(Darce et al. 2012; Bettini et al. 2012).
Downregulated expression of TIP60 is observed
in rheumatoid arthritis patients with impaired

Tyr364Trp366

Phe367
Phe371Phe374

Trp381

Tyr364
Trp366

Phe367 Phe371

Phe373

Phe374 Trp381

NFAT1

DNA DNA

FOXP3_FKH Dimer

a b

Phe373

Fig. 2.2 (a) The crystal structure of the complex of the
NFAT1 DNA-binding domain (yellow), the FOXP3 FKH
domain dimer (blue and cyan) and DNA molecules (pur-
ple); (b) the interface of domain swapping is formed by
hydrophobic aromatic residues, including Tyr364,
Trp366, Phe367, Phe371, Phe373, Phe374, and Trp381
of FOXP3 forkhead domain. Two IPEX mutations F371C

and F373A (red highlighted) localized in this interface
could impair the stability of the domain-swapped dimer
and cause autoimmune diseases. The image is based on the
crystal structure of FoxP3 forkhead domain complexed
with DNA and NFAT (PDB code 3QRF) using Pymol
(Bandukwala et al. 2011)
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Foxp3 activity and Treg function (Su et al.
2019a). The FOXP3-A384T mutation occurred
in IPEX patient impairs the interaction of
FOXP3 with TIP60 and decreases Treg suppres-
sive function. Pharmacologic enhancement of
FOXP3–TIP60 interactions by an allosteric

modifier could rescue the loss of Treg function
(Bin Dhuban et al. 2017). The allosteric modifi-
cation of TIP60–FOXP3 interaction offers a new
strategy to modulate FOXP3+ Treg cell function
specifically without affecting effector T-cell
responses pharmacologically.

a

b

c

Leu241
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Met255

Gln234

Leu241

Glu248 Lys251
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Met255 Ace-Lys251

Ace-Lys249

Gln234

Met255
Lys251

Glu248
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Glu242 Glu242

Fig. 2.3 (a) Coiled coil structure of Foxp3 ZL (zinc
finger and leucine-zipper) domain which is modified as
described in context; (b, c) electrostatic interactions such
as E242-K249 and E248-Q234 inter-subunit hydrogen
bonds and salt bridges enhance the stabilization of
Foxp3-ZL coiled coil (left), acetylation of K249 and

K251 (red circle) neutralize the positive charges of these
residues and destabilize the FOXP3 homodimerization
(right). The scheme is generated based on the crystal
structure of FoxP3 ZL domain (PDB code 3QRF) using
Pymol (Song et al. 2012)
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2.5 Conclusion

In this chapter, we discussed FOXP3 regulatory
features and mechanisms in Treg cells based on
the available structure information of FOXP3
functional domains. The high-resolution crystal
structures of FOXP3 FHK and Leucine-Zipper
domains give us a deep insight into delineating
the work model of FOXP3 in Treg cells. In addi-
tion, posttranslational modifications and partner
interactions fine-tune the FOXP3 protein stereo
conformation and structure, which modulates
FOXP3 activity and Treg suppression. Allosteric
modification of FOXP3 interaction by drugs
offers a new strategy to mediate Treg cell function
without affecting effector T-cell responses.
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Regulation of Treg Functions by
the Ubiquitin Pathway 3
Elena Montauti and Deyu Fang

Abstract

Regulatory T (Tregs) cells, required to main-
tain immune homeostasis, have significant
power in disease outcomes. Treg dysfunction,
predominantly characterized by the loss of the
master transcription factor FoxP3 and the
acquisition of Teff-like phenotypes, can pro-
mote autoimmunity as well as enhance anti-
tumor immunity. As FoxP3 expression and
stability are pinnacle for Treg suppressive
functions, understanding the pathways that
regulate FoxP3 is crucial to ascertain Treg-
mediated therapies for autoimmune diseases
and cancer. Mechanisms controlling FoxP3
expression and stability range from transcrip-
tional to posttranslational, revealing multiple
therapeutic opportunities. While many of the
transcriptional pathways have been explored
in detail, a recent surge in interest on the post-
translational mechanisms regulating FoxP3
has arisen. Particularly, the role of
ubiquitination on Tregs both directly and indi-
rectly involving FoxP3 has gained interest.
Here, we summarize the current knowledge
on ubiquitin-dependent, FoxP3-mediated

control of Treg function as it pertains to
human diseases.

Keywords

Treg · FoxP3 · Ubiquitin · E3 ligase ·
Deubiquitination

3.1 Introduction

The power of the human immune system, capable
of defeating both internal and external threats, is
kept in check to avoid host injury by immune
tolerizing T-regulatory cells (Tregs), creating a
delicate balance between immune activation and
suppression crucial for host survival (Mahajan
et al. 2006; Maloy et al. 2003; Sakaguchi
et al. 1995; Singh et al. 2001). To maintain
peripheral tolerance, Tregs implement a variety
of mechanisms including but not limited to the
production of inflammatory cytokines, expression
of co-inhibitory molecules, and the scavenging
of growth factors (Horwitz et al. 2008; Kong
et al. 2012; Vignali et al. 2008). Problematically,
tumor hijacking of Treg suppressive capabilities
promotes tumor immune evasion and enhances
tumor growth (Akimova et al. 2017; Angelin
et al. 2017; Clark et al. 2007; De Simone et al.
2016; Mao et al. 2017; Plitas et al. 2016; Sawant
et al. 2019; Woo et al. 2001). Additionally, the
tumor residing Tregs have an altered
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transcriptional landscape, resulting in heightened
suppressive functions and creating a major hurdle
when targeting tumors for immunotherapy
(Akimova et al. 2017; Angelin et al. 2017; De
Simone et al. 2016; Plitas et al. 2016). Depletion
of Tregs in these highly immunogenic cancers
through Treg-specific markers is a promising
strategy for the enhancement of tumor immuno-
therapy. Unfortunately, most Treg markers are
nonspecific, such as CD25 and GITR, and clinical
administration may affect activation of tumor-
targeting T-effector (Teff) cells (Rech et al.
2012; Robb et al. 1981; Sakaguchi et al. 1995;
Schaer et al. 2013). The most specific marker for
Treg lineage is FoxP3, the master regulator of
Treg immune regulatory functions (Fontenot
et al. 2003). However, direct targeting of FoxP3
has proven difficult, as is a transcription factor.
Therefore, a promising new strategy of tumor
immunotherapy is through regulation of FoxP3
expression, resulting in the attenuation of Treg
suppressive function.

Understanding the fundamental regulators of
Foxp3 is critical, for the foundation of new poten-
tial Treg therapies capable of modulating the
immune response during cancer, chronic infec-
tion, or autoimmune diseases. FoxP3 expression
can be regulated at the transcriptional, posttran-
scriptional, and posttranslational levels, resulting
in various degrees of suppression (Gao et al.
2015; Isomura et al. 2009; Kerdiles et al. 2010;
Liston et al. 2008; Tai et al. 2005; Tang et al.
2003; Zheng et al. 2008; Zhou et al. 2008). These
regulatory mechanisms have major consequences
for the stability and overall function of Tregs.
Particularly, a newly appreciated layer of FoxP3
regulation and Treg functional modulation is
through ubiquitination. In the following sections,
we will discuss ubiquitin-dependent pathways
that modulate Treg generation, function, and sta-
bility, some of which directly regulate Foxp3
expression and activity.

3.2 The Ubiquitination Pathway

As one of the most conserved mechanisms in all
biology, ubiquitination is one of the most

intensely studied of the posttranslational
modifications. A pathway with many end goals,
ubiquitination refers to the sequential three-step
cascade initiated by ubiquitin activation by
ubiquitin-activating enzymes (E1s), followed by
conjugation by ubiquitin-conjugating enzymes
(E2s), and culminated with covalent ligation of
ubiquitin to the target protein by ubiquitin ligases
(E3s) (Ciechanover et al. 1982; Ciehanover et al.
1978). Whether it be protein degradation, tran-
scription, activation, or cellular localization, the
particular lysine residue by which the ubiquitin is
attached, and the length of the ubiquitin chain,
determines the fate of the target protein (Johnson
et al. 1995; Kim et al. 2007; Kirisako et al. 2006;
Peng et al. 2003; van Loosdregt et al. 2013; Xu
et al. 2009). Ligation of polyubiquitin chains can
occur at one of seven lysine residues on the
ubiquitin protein: K6, K11, K27, K29, K33,
K48, and K63. K48 and K63 modifications are
the best understood. K63-ubiquitin chains result
in the association of the target protein with
proteins involved in DNA repair, endocytic traf-
ficking, and signal transduction (Tenno et al.
2004). Contrarily, K48 polyubiquitination
culminates in the degradation of target proteins
by the 26S proteasome (Johnson et al. 1995).
Furthermore, mono-ubiquitination on key histone
lysine residues can regulate transcriptional
accessibility.

Appropriately, the process of ubiquitination is
dynamic and reversible. The highly regulated
removal of ubiquitin, termed deubiquitination,
has been implicated in numerous cellular
functions, including cell cycle regulation (Hanna
et al. 2003), proteasome-dependent degradation
(Wilkinson 1997), and gene expression (Suresh
et al. 2016). Deubiquitination is catalyzed by a
group of cysteine proteases called deubiquitinases
(DUBS) that encompass more than 100 proteins
shown to regulate p53 activity, WNT, NF-κB
pathways, EGFR, cell cycle progression, apopto-
sis, and response to DNA damage (Fraile et al.
2011; Wilkinson 1997). Clearly, ubiquitination
mediates many diverse cellular processes, and
their dysregulation has been specifically
implicated in cancer and autoimmunity. In the
following sections, we discuss how ubiquitination
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facilitates both immune activation and restraint,
particularly through the ubiquitin-specific
pathways that modulate Treg generation, stabil-
ity, and function.

3.3 Regulation of Treg Function by
E3 Ligases Directly
Targeting FoxP3

As the primary function of Tregs is the mainte-
nance of peripheral tolerance, FoxP3 stability is
key to controlling the immune system (Lu et al.
2014). Therefore, stabilizing FoxP3 expression
enhances control over the aberrant immune acti-
vation that occurs in autoimmune diseases
(Fontenot et al. 2003; Mahajan et al. 2006; Zhou
et al. 2010). As DUBs remove ubiquitin from
target proteins, E3 ligases place them
on. Therefore, targeting E3 ligases does
downregulate the ubiquitination of FoxP3 that is
an attractive therapeutic strategy for autoimmune
diseases.

3.4 Stub 1 Potentiates
Environmental Cues
to Regulate Treg Function

STIP1 homology and U-Box containing protein
1 (Stub1) is a stress activated, U-box domain-type
E3 ubiquitin ligase that was found to interact with
FoxP3 through the chaperone molecule heat
shock 70 kDa protein (HSP70) (Fig. 3.1)
(Ballinger et al. 1999; Chen et al. 2013).
Although not highly expressed in Treg cells at
baseline, Stub1 was noted to be upregulated
in vitro in the presence of proinflammatory
cytokines and lipopolysaccharides, environmen-
tal conditions that downregulated FoxP3. This,
along with HSP70-dependent Stub1 interaction
with FoxP3, suggested it may be the driving
force behind FoxP3 ubiquitination (Chen et al.
2013). To support this, retroviral overexpression
of Stub1 in Tregs abolished their ability to control
immune responses in vitro and in vivo and
enhanced Treg expression of inflammatory
cytokines. Conversely, silencing Stub1

augmented Treg function in vitro and in vivo
(Chen et al. 2013). The relationship between
Stub1 and FoxP3, and the resulting fate of Treg
suppressive function, highlights the importance
of environmental cues of mechanical pathways.

Although in vivo suppressive assays revealed
a Stub1 importance on Treg suppressive function,
the degree of which Stub1 induction reduces Treg
functions under physiological conditions is still
unknown. Particularly, the observation that a
small pool of Tregs retains FoxP3 regardless of
enhanced Stub1 expression suggests the eventual
growth of a population of Tregs that are likely
more stable and suppressive. The physiological
implications of these more stable Tregs may
likely put a damper on immune surveillance, pos-
sibly resulting in tumor colonization. Similarly,
the level Stub1-specific loss of FoxP3 would push
Tregs into long-lasting dysfunction, resulting in
autoimmune diseases that needs to be explored
before Stub1-specific therapies can be
envisioned.

3.5 TRAF6 Controls FoxP3
Localization Via K63
Ubiquitination

The E3 ligase TNF receptor-associated factor
6 (TRAF6) was found to be an important signal-
ing molecule involved in the priming of T-cell-
mediated immune responses (Kobayashi et al.
2003). Apart from this, TRAF6 deficiency
resulted in enhanced Th17 commitment as well
as multi-organ autoimmunity and dermatitis,
suggesting involvement in immune regulation
(Akiyama et al. 2005; Cejas et al. 2010;
Chiffoleau et al. 2003; Muto et al. 2013). At
baseline, preferential expression of TRAF6 by
multiple Treg subsets implicated TRAF6 as an
important factor in Treg biology (Ni et al.
2019). Particularly, Muto et al. (2013) detailed
that mice lacking TRAF6 specifically in Tregs
showed elevated Teff-cell activation, supporting
the notion of insufficient immune control. Despite
Tregs being elevated in frequency, TRAF6-null
Tregs displayed an unstable phenotype in vivo
and resulted in enhanced anti-tumor immunity
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(Muto et al. 2013; Ni et al. 2019). Interestingly,
TRAF6 deficiency did not alter TGF-β driven
iTreg differentiation, nor Treg suppressive
capabilities in vitro suggesting that TRAF6 may
be more important for determining the commit-
ment to the Treg lineage (Cejas et al. 2010; Shimo
et al. 2011). Indeed, TGF-β signal is crucial for
Treg cell differentiation and function (Zheng et al.
2002, 2004). However, recent findings suggest an
underappreciated ubiquitin-mediated pathway
involving TRAF6 and FoxP3.

As stated in the introduction, there are various
ubiquitin linkages, each with their unique down-
stream pathways. While FoxP3 can be
ubiquitinated via the K48-linkage, ultimately
leading to degradation, it was revealed to
also be ubiquitinated through the K63-type

ubiquitination via TRAF6 (Fig. 3.1) (Ni et al.
2019). This ubiquitination was largely through
the zinc finger and leucine zipper domains on
FoxP3 as well as the TRAF6 target residue
K262. Tregs insensitive to FoxP3-specific K626
ubiquitination resulted in Treg dysfunction
in vivo (Ni et al. 2019). Ultimately, this modifica-
tion promoted FoxP3 translocation into the
nucleus and gene regulatory functions (Wang
et al. 2012). These data reveal an unprecedented
role for TRAF6, confirming its importance in
many immunological pathways, presenting
TRAF6 as an enticing target for anti-tumor immu-
notherapy. However, targeting TRAF6 may
prove counterproductive due to its involvement
in T-cell priming and the NFκB pathways down-
stream of the TCR. Fortunately, TRAF6 seems

Fig. 3.1 Schematic showing direct E3 regulatory
elements on FoxP3. Solid arrows indicate stimulatory
effects. Inflammatory signals from the cell environment
stabilize Stub1 levels to deubiquitinate FoxP3. Upon
TCR/CDX28 co-stimulation, Cbl-b is recruited to Stub1
as aid. Similarly, Cbl-b is also recruited by the UBC13/

HSP complex. These pathways lead to FoxP3 K48
ubiquitination and subsequent degradation of the
proteasome. Uniquely, TRAF6 ubiquitinates FoxP3 via
K63, resulting in FoxP3 translocation into the nucleus.
These two pathways of ubiquitination are fundamentally
important to Treg-suppressive function
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dispensable for TCR-mediated activation of T
cells as well as NFκB activation (Chiffoleau
et al. 2003). Furthermore, T-cell-specific deletion
of TRAF6 phenocopies the FoxP3-specific
knockout, and global TRAF6 knockout resulted
in enhanced leukocyte activation and inflamma-
tion (Muto et al. 2013; Ni et al. 2019). Therefore,
TRAF6 seems to have a more pronounced role in
Treg immune restraint rather than in Teff immune
activation, positioning TRAF6 as a likely target
focused on breaking tolerance in tumor
immunotherapy.

3.6 Cbl-b Induces FoxP3
Degradation Upon TCR/CD28
Stimulation

The initial ubiquitin-mediated influence on Tregs
occurs during the thymic generation of Foxp3+

Tregs influenced by ubiquitin-mediated regula-
tion of NFκB signaling (Schmidt-Supprian et al.
2004). Signaling cascades initiated at the TCR,
combined with co-stimulation, are central for
proper Treg development. Upon TCR stimula-
tion, downstream phosphorylation of IκB (creat-
ing PI3K) leads to its ubiquitination, allowing for
key NFκB family members to translocate into the
nucleus and aid in the transcriptional activation of
the Foxp3 gene (Gerondakis et al. 2012; Schmidt-
Supprian et al. 2004).

Casitas-B-lineage lymphoma protein-b
(Cbl-b) is an E3 ligase known to modulate
T-cell activation through non-proteolytic tagging
of PI3K, preventing its association with CD28
and the TCR. When TCR activation is coupled
with CD28 co-stimulation, the ubiquitination of
Cbl-b lowers the threshold required for T-cell
activation by releasing PI3K. Without
co-stimulation, or with coinhibitory signals from
CTLA-4 engagement, Cbl-b levels stabilize and
cling to PI3K downregulating TCR signaling. In
fact, both co-stimulatory and co-inhibitory
signals affect Treg cell development (Tang
et al. 2003; Zheng et al. 2006). Cbl-b-mediated
restraint of PI3K also counters AKT/mTOR acti-
vation, a pathway that negatively effects FoxP3
expression (Bachmaier et al. 2000; Chiang et al.
2000). Furthermore, FoxP3 levels in Cbl-b�/�

mice can be restored with the administration of a
PI3K inhibitor, defining Cbl-b as a key factor
controlling FoxP3 levels (Harada et al. 2010).

Although Cbl-b facilitates FoxP3 expression
through decreasing the T-cell activation thresh-
old, more recent results have demonstrated that
Cbl-b actually acts to downregulate FoxP3 post-
translationally (Zhao et al. 2015). Cbl-b acts in
concert with Stub1 to sequentially induce FoxP3
degradation in tTregs through ubiquitination
upon TCR/CD28 stimulation (Fig. 3.1). Cbl-b
associates with the Stub1-FoxP3 complex
through its UBA domain, and siRNA knockout
of Cbl-b alone could stabilize FoxP3 protein
levels and reduce FoxP3 polyubiquitination.
Treatment of Cd28�/� mice with a proteasome
inhibitor also completely rescues defective tTreg
development in these mice, demonstrating the
importance of Cbl-b function in tTreg develop-
ment (Zhao et al. 2015). It is noteworthy to men-
tion the contrasting roles played by Cbl-b in
peripheral verses thymic FoxP3 induction—an
important point in dissecting the dynamic role of
Cbl-b in Tregs.

3.7 UBC13, a Critical E2 in Treg
Functions

Another mechanism in place to check aberrant
gene expression is through the K63-type E2
ubiquitin-conjugating enzyme UBC13 (also
known as CHIP), known to be involved in
TNFα signaling and NFκB activation (Fukushima
et al. 2007). UBC13 is a member of a RING-like
domain containing E3 ligases such as heat shock
protein 70 (HSP70) and HSP90 functioning to
facilitate the polyubiquitination of target proteins
(Cyr et al. 2002). Deletion of UBC13 disrupts
NFκB signaling, leading to a reduction in IL-10
and SOCS1 expression (Takahashi et al. 2011).
SOCS1 is an important regulator for IFNγ and
IL-17 production, and its altered expression could
result in Teff-like phenotypes. Supporting this,
mice with a Treg-specific deletion of UBC13
demonstrate high levels of inflammation due to
highly proliferative but non-functioning Tregs.
These Tregs express high levels of both IFNγ
and IL-17, validating the importance for UBC13
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in proper gene regulation within Treg cells
(Chang et al. 2012).

UBC13 acts directly on FoxP3 polyubiqui-
tination through the recruitment of Cbl-b to the
Ring-like complex. This results in synergistic
enhancement of FoxP3 degradation by the
proteasome (Fig. 3.1) (Zhao et al. 2015). Further-
more, UBC13 plays an important role in periph-
eral (p)Tregs during inflammatory conditions via
its direct interaction with HSP70, promoting
K48-linked FoxP3 ubiquitination and subsequent
proteosomal degradation. Overexpression of
UBC13 induced a Teff-like Treg phenotype,
compromising many Treg-associated gene
expression (Zhang et al. 2016). Overall, UBC13
functions as an influencer in Treg stability.

3.8 Indirect FoxP3 Targeting
Through Ubiquitination

Although targeting a direct E3 ligase of FoxP3
seems the most streamlined way to regulate Treg
function, indirect FoxP3 regulators also reveal
promising therapeutic targets.

3.9 RNF20 Decreases FoxP3
Transcription Through H2B
Ubiquitination

Ring finger protein 20 (RNF20) was shown to be
a negative regulator of FoxP3 in a CRISPR-based
targeted loss of function screen, where knock-
down resulted in increased FoxP3 expression
(Cortez et al. 2020). RNF20 is a known E3 ligase,
specifically functioning to ubiquitinate histones
H2A and H2B. Interestingly, the same screen
flagged another protein with the opposing effect,
ubiquitin-specific peptidase 22 (see below).
Therefore, it is possible that RNF20 and USP22
could have an epistatic relationship due to their
reciprocal effects on histone ubiquitination, par-
ticularly at the FoxP3 locus. Indeed, Western blot
analysis demonstrated that targeting RNF20 in
USP22-deficient Tregs restored H2BK120ub
levels. Consistent with this model, RNF20 and
USP22 co-occupy regions along the FoxP3 locus.
Furthermore, targeting Rnf20 tended to reduce

H2BK120 ubiquitination (H2BK120ub) at sites
along the FoxP3 locus that had increased
H2BK120ub upon USP22 deletion, suggesting a
reciprocal ubiquitin switch on the FoxP3 pro-
moter. Finally, RNP-mediated knockout of
RNF20 was able to rescue the impairment of
FoxP3 transcription exhibited by the USP22-null
Tregs. Ultimately, RNF20 and USP22 demon-
strate a novel and enticing avenue to easily
“switch” Treg-suppressive capabilities through
FoxP3 transcription (Fig. 3.2). Harnessing the
power of this regulatory mechanism could aid in
the battle between anti-tumor immunity and the
consequential auto-immunity that often follows.

3.10 Hrd1 Destabilizes FoxP3
Through
an Inflammation-Induced ER
Stress Response

It has been well established that inflammatory
conditions destabilize Treg-suppressive
capabilities, yet the role of the ER stress response
had not been previously examined (Martinon
et al. 2010; Xu et al. 2019). Best known for its
ability to catalyze the degradation of misfolded or
unfolded proteins through ER-associated degra-
dation, Hrd1 is an E3 ubiquitin ligase that was
first implicated in the immune system as a posi-
tive regulator for T cells. Specifically, genetic
deletion resulted in substandard T-cell develop-
ment, differentiation, and function (Xu et al.
2016). Of particular interest, deletion of Hrd1
enhances the inflammation-induced ER stress
response in Tregs, further destabilizing FoxP3
levels and Treg suppressive function in vivo.
Furthermore, Hrd1-null naive CD4 T cells are
resistant to TGF-β-induced Treg polarization.
Hrd1-mediated stabilization of Tregs seems to
function through Hrd1 suppression of IRE1α
kinase (Fig. 3.2), as Hrd-1-null Treg instability
was rescued by the administration of IRE-α inhib-
itor (Xu et al. 2019). These results define a critical
role in Hrd1 in suppressing ER stress–induced
Treg depolarization under inflammation
conditions and indicates another pathway with
which the cellular environment is key to Treg
function.
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3.11 HIF-1, an Important VHL
in FoxP3 Stability

During differentiation, naïve CD4+ T cells
acquire specialized functions in response to cyto-
kine signals. While pro-inflammatory Th17 cells
and suppressive Tregs are functionally opposite,
they share common signals in their differentiation

pathways. Both cell lineages require TGF-β for
their generation: Tregs require just high levels of
TGF-β, while Th17 require both TGF-β and
STAT3 activating cytokines (Bettelli et al.
2006). Interestingly, both Tregs and Th17 express
FoxP3 in the early stages of their lineages. Since
FoxP3 is known to suppress RORγt-driven
expression of TH17-associated genes, the timely

Fig. 3.2 Schematic showing E3 ubiquitin ligases indi-
rectly regulating FoxP3. Solid arrows indicate stimulatory
effects. T bars show inhibitory effects. Inflammatory
signals induce ER stress to block the inhibitory effects of
IRE1α on FoxP3. Hypoxia stabilizes HIF-1 proteins that
naturally inhibit FoxP3 through a co-degradation mecha-
nism. Similarly, HIF-1 is stabilized during development
through a STAT3-dependent manner in order to keep a

balance between Tregs and TH17 cells. The TGF-β path-
way, known for its importance in FoxP3 induction and
stabilization, can also act to stabilize ITCH, which blocks
TIEG1 suppression on FoxP3 through ubiquitination.
Transcriptionally, GRAIL maintains Treg suppressive
functions by downregulating inappropriate gene expres-
sion, while USP22 and RNF20 act together to regulate
FoxP3 transcription through histone H2B ubiquitination
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removal of FoxP3 is necessary for the develop-
ment of the Th17 lineage.

Hypoxia-inducible factor 1 (HIF-1), although
known for its role under hypoxic conditions,
plays a key role in this Treg/Th17 balance
(Dang et al. 2011). During Th17 differentiation,
HIF-1 is stabilized in a STAT3-dependent man-
ner despite the presence of oxygen, suggesting
HIF-1’s importance in Th17 development (Guan
et al. 2017). HIF-1 was shown to directly
upregulate RORγt transcription as well as directly
interact with RORγt to activate more Th17 signa-
ture genes. Correspondingly, deficiency of the
alpha subunit of HIF-1 (HIF-1α) in CD4+ T
cells stunted Th17 gene upregulation as well as
reciprocal upregulation of FoxP3 protein level.
Similarly, elevated levels of HIF-1 have a detri-
mental effect to FoxP3 expression and Treg sta-
bility (Fig. 3.2) (Hsiao et al. 2015). FoxP3
upregulation was not seen at the transcription
level, suggesting a posttranslational regulation
of FoxP3 by HIF-1 at the Treg/Th17 differentia-
tion point (Dang et al. 2011; Shi et al. 2011). This
regulation was dependent on HIF-1 interaction
with FoxP3, and its own ability to be
ubiquitinated. Interestingly, both oxygen-
resistant HIF-1 mutants and mutations along the
HIF-1 degradation pathway resulted in FoxP3
protein stability. Furthermore, inhibition of the
proteasome resulted in the stability of both
proteins, proposing a co-degradation method
where FoxP3 is degraded by its association with
HIF-1 along the HIF1 degradation pathway
(Dang et al. 2011). Although the molecular mech-
anism that determines Hif-1/FoxP3
co-degradation is still not definitively known, it
is clear that the duality of HIF-1 function along
the Treg/Th17 lineage crossroads is highly impor-
tant for proper immune function.

Contradicting the previous study, Hsiao et al.
demonstrated that a Treg-restricted loss of Deltex
(DTX1), a promoter of HIF-1 degradation,
resulted in loss of suppressive function and
FoxP3 levels in both in vivo models of airway
inflammation and colitis (Hsiao et al. 2015).
Importantly, simultaneous deletion of HIF-1 and
DTX1 in Tregs largely corrected the deficiency
seen in the DTX1 single knockouts (Hsiao et al.
2015). Therefore, under DTX1 deletion, FoxP3

protein loss was more pronounced even though
HIF-1 degradation was decreased, challenging
the model of co-degradation. However, DTX1
did not appear to drive the direct ubiquitination
of HIF-1, therefore there could still be basal levels
of HIF-1 degradation which reduce the FoxP3
protein pool. Furthermore, the precise details of
DTX1 stabilizing effects on FoxP3 are still
unknown, raising the possibility that DTX1 may
have unknown consequences to the HIF-1-FoxP3
interaction and co-degradation. Regardless, both
support that higher levels of HIF-1 result in
FoxP3 degradation. The push of this regulatory
pathway from pro- to anti-inflammatory through
HIF-1 could enable the regulation of the immune
system through the Treg/Th17 lineage balance.
Importantly, the duration of hypoxia is crucial
for HIF-1 stabilization, possibly halting of the
co-degradation of FoxP3 (Facciabene et al.
2011). Since aberrant cellular proliferation within
tumor sites results in a significant drop in oxygen
availability, studying the importance of this path-
way on Treg stability reveals in new avenues for
tumor therapies.

3.12 ITCH Deficiency Results
in Th2-Like Treg Cells

The HECT-domain-type E3 ligase ITCH, named
for the incessant itching displayed by the mice
lacking it, promotes the generation and mainte-
nance of Treg cells. Murine ITCH global deletion
results in diminished Treg ability to control
inflammation, particularly that driven by Th2
T cells. A Treg-specific deletion of ITCH
phenocopied the global knockout, and the mice
showed signs of spontaneous autoimmunity (Jin
et al. 2013). Furthermore, ITCH-deficient Tregs
acquired Th2-like phenotypes, including height-
ened STAT6 activation and GATA-3 expression,
suggesting ITCH as an important suppressor for
Th2 associated gene expression (Jin et al. 2013).

Furthermore, as ITCH is also involved in the
TGF-β pathway through the phosphorylation of
Smad2 and the ubiquitination of TGF-β-inducible
early gene 1 (TIEG1), the conversion into iTregs
in the periphery TGF-β (Fig. 3.2) is of particular
importance (Bai et al. 2004). Mice lacking either
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ITCH or TIEG1 failed to suppress airway inflam-
mation in vivo and hindered Treg differentiation
in vitro (Venuprasad et al. 2008). These studies
cement the importance of ITCH in Treg pheno-
typic stability.

3.13 GRAIL Restrains Inappropriate
Gene Expression in Tregs

As its name states, the RING finger E3 ligase
“gene related to anergy in lymphocytes”
(GRAIL) is highly important for the induction
of anergy in T cells (Anandasabapathy et al.
2003), maintaining immune tolerance. GRAIL-
null T cells are hyperproliferative and less sensi-
tive to immune-mediated suppression. Although
GRAIL is naturally upregulated by Tregs, its
deletion appears to have no effect on the popula-
tion size in vivo and in skewing ability in vitro
(MacKenzie et al. 2007). Despite having normal
FoxP3 levels, GRAIL-null Tregs are less suppres-
sive than their wild-type counterparts and exhibit
higher levels of Th17 gene expression. Particu-
larly, the high level of IL-21 expressed by these
cells are attributed to unchecked NFAT signaling
due to the absence of GRAIL (Nurieva et al.
2010). Therefore, GRAIL can function to
preserve peripheral tolerance by restraining inap-
propriate gene expression capable of undermining
Treg suppressive function.

3.14 DUBs of FoxP3 in Regulating
Treg Functions

Since understanding the fundamental regulators
of Tregs is critical, scientists have set to identify
novel regulators of FoxP3 in the hopes of finding
potential therapeutic targets. Observations that
posttranslational modifications of FoxP3, includ-
ing ubiquitination, result in protein destabiliza-
tion that has attracted a lot of recent attention
(Dang et al. 2011; van Loosdregt et al. 2009,
2011). Since direct ubiquitination of Foxp3 can
drive its degradation, it stands to reason that
counteracting this process should preserve levels
of this important regulatory hub of the Treg
phenotype. Three novel DUBs of FoxP3 have

been identified in the past 7 years, all of which
belong to the ubiquitin-specific peptidase (USP)
family.

3.15 USP22 Functions as Both
a Transcriptional
and Posttranslational
Regulator of FoxP3

Ubiquitin-specific peptidase 22 (USP22) is a
highly conserved member of the USP family,
and is known for its importance in transcription
through histone deubiquitination as part of the
Spt-Ada-Gen5 Acetyl transferase (SAGA) com-
plex (Zhang et al. 2008). In addition, USP22 has
been implicated in cancer through its involvement
in regulating genes involved in cell cycle progres-
sion, apoptosis, and development and has been
identified as one of 11 “death from cancer” signa-
ture genes (Glinsky et al. 2005; Li et al. 2014; Lin
et al. 2012, 2015). The silencing of USP22 in
many cancer types results in the cessation of
proliferation. These oncolytic functions are not
shared by the other members of the USP family
implicated in Treg function. Of interest, USP22
was recently flagged in the same pooled Crispr
screen as RNF20, but as a positive regulator of
FoxP3 (Cortez et al. 2020). Upon USP22 deletion
in Treg cells both in vitro and in vivo mouse
model (USP22f/fFoxP3YFP-Cre), both FoxP3
mean fluorescent intensity (MFI) and mRNA
level decreased, resulting in a loss of Treg sup-
pressive function in vitro. Further analysis by
Chip-qPCR, and subsequent confirmation by
Chip-seq, revealed USP22 transcriptional control
over FoxP3 through deubiquitination of Histone
H2B in the conserved non-coding sequence
1 (CNS1) region of the FoxP3 locus. Looking
more broadly across the genome, the sites that
USP22 functioned were also enriched for
activating histone modifications, suggesting that
USP22 binds to regions containing gene regu-
latory elements, including Treg super enhancers.
Furthermore, USP22 dually functions to reverse
FoxP3 polyubiquitination, preserving Treg sup-
pressive function through both transcriptional and
posttranslational mechanisms. Further validation
of USP22 requirements on Treg suppressive
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capabilities was seen in both an in vivo model of
colitis and an EAE model of multiple sclerosis,
where the USP22-deficient Tregs were unable to
maintain immune tolerance.

The functional duality of USP22, being impor-
tant in both the tumor cell itself and the Tregs
within the tumor microenvironment, signal
USP22 as an attractive tumor immune therapeu-
tic. Indeed, upon induction of four different tumor
types (B16 melanoma, LLC1 Lewis Lung Carci-
noma, MC38 colon carcinoma, and EG7 Lym-
phoma) USP22f/fFoxP3YFP-Cre mice
demonstrated an increased anti-tumor immune
phenotype, resulting in enhanced tumor immune
infiltration and decreased tumor burden (Cortez
et al. 2020). These results solidify USP22 as a
highly attractive potential tumor therapeutic.

3.16 USP21 Prevents Generation
of Th1-Like Treg Cells

Another USP family member has been
established as a FoxP3 regulator, ubiquitin-
specific peptidase 21 (USP21). USP21 was first
discovered through a human placenta cDNA
library as a novel regulator of cell growth through
both as a DUB and as a NEDD8-specific
isopeptidase (Gong et al. 2000). More recently,
USP21 was implicated in Treg phenotypic stabil-
ity and FoxP3 expression through the deubiqui-
tination of GATA3 (Zhang et al. 2013). Although
GATA3 is the master regulator for Th2 cell dif-
ferentiation and function, it also plays a major
role in nTreg development and function (Wang
et al. 2011; Wohlfert et al. 2011). Treg-specific
loss of GATA3 results in spontaneous autoimmu-
nity through defective Treg suppressive
capabilities (Wang et al. 2011). Therefore, by
stabilizing GATA3 levels through its DUB func-
tion, USP21 indirectly supports Foxp3 expression
and Treg function (Zhang et al. 2013).

Directly, USP21 prevents the generation of
T-helper-1-like Treg cells through the deubiqui-
tination of FoxP3 itself (Li et al. 2016). Aged
mice with USP21 ablation in Tregs displayed
autoimmune symptoms such as lymphocytic infil-
tration into peripheral organs as well as spontane-
ous T-cell activation. Particularly, these mice

demonstrated excessive Th1 skewing of Treg
cells through both heightened Treg expression
of IFNγ and lower expression of FoxP3. RNAseq
of the skewed Tregs displayed impaired transcrip-
tional ability of Treg signature genes, with a trend
toward expression of genes controlling Teff cell
fate. Furthermore, about 35% were direct FoxP3
targets, suggesting that USP22 regulates the func-
tion of Tregs mainly through FoxP3 (Li et al.
2016). This finding, however, could likely be
due to the fact that the aged mice are already
highly inflamed, creating an optimal environment
for FoxP3 loss. Functionally, USP21-null Tregs
had a significantly impaired suppressive capacity
in both in vitro on Teff cell proliferation and
in vivo EAE model of multiple sclerosis. Further-
more, when transferred into EAE-bearing mice,
the USP21-null Tregs quickly began to lose
FoxP3, suggesting that USP21 is important for
Treg stability as well as function. Although the
authors demonstrate USP21 DUB function on
FoxP3, all experiments were done in an
overexpression system. To further cement
USP21 as an important FoxP3 regulator, investi-
gation of the acute loss of USP21 on FoxP3
protein stability on endogenous Tregs should be
explored. Furthermore, to state that USP21 loss
functions primarily through FoxP3, the conse-
quence of the re-introduction of FoxP3 through
retroviral transduction in the USP21-null Tregs
would have to be tested.

3.17 USP7 Inhibition Results
in Severe Treg Instability

Ubiquitin-specific peptidase 7 (USP7) was the
first DUB implicated in Treg-suppressive func-
tion. Although not highly expressed in Treg cells,
USP7 was found to regulate Treg function
through direct interaction and deubiquitination
of FoxP3 (Li et al. 2016). In co-ordinance with
the other DUBs of FoxP3, the loss of USP7 in
Tregs resulted in a loss of suppressive function
in vitro and in vivo. Strikingly, both a pan-DUB
inhibitor and shRNA against USP7 significantly
reduced Treg function in both colitis and tumor
models in vivo, suggesting that DUB targeting is
an effective strategy to break Treg-enforced
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tolerance in the cancer setting (Chauhan et al.
2012; Wang et al. 2016). Singularly, USP7
resulted in both a drop in FoxP3 MFI and a
decrease in Treg percentage, leading to severe
autoimmunity and premature death in the
USP7f/fFoxP3YFP-Cre inducible mice. There-
fore, many of the experiments were conducted
in a tamoxifen inducible model, speaking to the
severity of USP7 deletion and its importance in
Treg function. It is important to note that thera-
peutic inhibition of USP7 may result in extremely
high levels of autoimmunity in cancer patients
upon administration. So, although USP7 is an
important regulator of FoxP3 and therefore Treg

function, its inhibition may have too strong of
adverse effects for it to be an attractive potential
therapeutic.

3.18 Dysregulation of Treg
Ubiquitin Pathway in Human
Diseases

As part of important pathways regulating
Treg function, many of these proteins are
found to be dysregulated in immune diseases
and cancer (Table 3.1). For example, the elevated
expressions of the E3 ubiquitin ligases,

Table 3.1 Association of the dysregulated ubiquitin pathways in Treg with inflammatory diseases

Name Function Disease

Stub1 E3 ligase Stub1 expression is increased in CD4+ T cells from systemic lupus erythematosus patients (SLE)
(Guo et al. 2016).
Stub1 expression is upregulated both in the airway epithelium of patients with asthma and in lung
tissues of individuals with early stage mild chronic obstructive pulmonary disease (COPD) (Wei
et al. 2013)

TRAF6 E3 ligase Genetic variants at TRAF6 loci are associated with rheumatoid arthritis (RA) risk (BIRAC
Consortium et al. 2009).
Association of multiple TRAF6 SNPs in association with SLE (Namjou et al. 2012)

Cbl-b E3 ligase Small yet significant reduction of Cbl-b expression in T lymphocytes from patients with SLE, with
an association to the 2126(A/G) gene polymorphism (Doníz-Padilla et al. 2011).
Cbl-b SNP variant rs9657904 is associated with multiple sclerosis (MS) (Sanna et al. 2010)
Whole-exome sequencing of a pedigree identified Cbl-b as a possible asthma susceptibility variant
(DeWan et al. 2012)

RNF20 E3 ligase Patient colon samples from both ulcerative colitis and colorectal tumors revealed downregulated
levels of RNF20 and H2Bub (Tarcic et al. 2016)
RNF20 displays tumor suppressor features (Shema et al. 2008) and is suppressed, along with
H2Bub, in many cancers (Chernikova et al. 2012; Hahn et al. 2012; Prenzel et al. 2011; Wang et al.
2013)

Hrd1 E3 ligase Elevated Hrd1 mRNA expression in CD4+ T cells from the MS patients (Xu et al. 2016).
Hrd1 is highly expressed in the rheumatoid synovium of RA patients (Amano et al. 2003)

HIF VHL Hypoxia-driven HIF stabilization within the tumor microenvironment impedes anti-tumor
immunity (Facciabene et al. 2011; Horikawa et al. 2017; Ivashkiv 2020; Rivera et al. 2015;
Westendorf et al. 2017)

ITCH E3 ligase ITCH deficiency causes syndromic multisystem autoimmune disease (Lohr et al. 2010)
GRAIL E3 ligase Elevated GRAIL levels seen in remising ulcerative colitis patients (Egawa et al. 2008)
UBC13 E2 ligase UBC13 levels elevated in CD4+ T cells from SLE patients (Guo et al. 2016).

Interactive network of genes including UBC13, IL-4, and IL-4R important in childhood asthma
with UBC13 expression increased in airway epithelium of asthmatic patients and in the lungs of
individuals with COPD (Holtzman et al. 2014)

USP22 DUB Acts as an oncogene through P53 antagonization and is correlated with poor prognosis in many
cancers (Glinsky 2006; Jiang et al. 2018; Li et al. 2014; Lv et al. 2011; Piao et al. 2012; Zhang
et al. 2008)

USP21 DUB Elevated USP21 levels in Tregs from asthmatic patients, resulting in a FoxP3/GATA3 imbalance
(Chen et al. 2018)

USP7 DUB Significant overexpression correlated with disease severity in patients with SLE, particularly
through the stabilization of IFNγRI (Yu et al. 2017).
Overexpressed in various cancers (Nicholson and Kumar 2011)
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which consequently facilitates FoxP3 protein
degradation, have been detected in T cells
from patients with autoimmune inflammatory
diseases including systemic lupus erythematosus,
rheumatoid arthritis, multiple sclerosis, chronic
obstructive pulmonary disease and asthma.
Continued characterization of these pathways
within the context of disease will shed light on
ways to a better understanding of inflammatory
disease pathogenesis and more stringently control
over Treg function, possibly shedding light on
new therapies.

3.19 Conclusion and Perspectives

It is clear that the dynamic nature of FoxP3
expression is pivotal to proper immune regula-
tion. These studies reveal the importance of tran-
scriptional to posttranslational modifications to
preserving tolerance and Treg function. The
breadth of direct DUBs and E3 ligases of FoxP3
suggest a strong need for conditional regulation
of Treg suppression. Enlightening both the direct
and the indirect ubiquitin-mediated pathways that
downregulate FoxP3 reveal means to alter Treg
functional capabilities. Specifically, the targeting
of these regulatory molecules may be an effective
way to either elicit or break tolerance in auto-
immune or anti-tumor immune therapies.
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Ubiquitin-Dependent Regulation of Treg
Function and Plasticity 4
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Abstracts

As an indispensable part of peripheral toler-
ance, regulatory T (Treg) cells play an impor-
tant role in immune homeostasis by
suppressing other immune cells. Behind this
function is a complex network of transcription
factors and signaling cascades that regulates
the function and plasticity of regulatory T
cells. Among these, Forkhead box P3
(Foxp3) is considered as the master transcrip-
tion factor, and its stability will influence the
function and viability of Treg cells. Because of
this, understanding the mechanisms that regu-
late Foxp3 and its co-regulators will provide
more understanding to Treg cells and uncover
more targets to manipulate Treg cells in
treating autoimmune diseases, organ trans-
plantation, and tumor. Interestingly, several
recent studies show that ubiquitin-dependent
pathways are important regulators of Foxp3,
which suggest both great scientific and thera-
peutic values. In this chapter, we cover
emerging evidence of ubiquitin-dependent,

posttranslational regulation of Treg function
and plasticity.

Keywords
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4.1 Introduction

Through evolution, the immune system has been
equipped with some highly efficient killing
machines to defend against both external and
internal threats. However, this raises an issue
that the immune system may be overpowered
and misdirected to target the self. Fortunately,
the immune homeostasis is secured by immune
tolerance. Among different mechanisms of
immune tolerance, regulatory T (Treg) cells play
an important role in mediating the intensity of the
immune response and suppressing self-reactive
leukocytes (Sakaguchi et al. 2008).

While several subsets of T cells display sup-
pressive functions, the most characterized are
those CD4+ cells that constitutively express
CD25 and the transcription factor Forkhead box
protein 3 (Foxp3). These cells utilize multiple
mechanisms to suppress immune activation. For
example, they produce anti-inflammatory
cytokines like IL-10, TGF-β, and IL-35 to inhibit
effector T cells; they express coinhibitory
molecules like CTLA-4 and LAG3 to inhibit DC
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maturation and function; they disrupt the survival
of other leukocytes by scavenging growth factors
like IL-2 (Vignali et al. 2008). Losing or
disrupting the function and the number of these
Treg cells will induce severe autoimmune
diseases (Sakaguchi et al. 2008).

After decades of studies, we now understand
that Foxp3+ Treg is composed of a heterogeneric
pool of cells from different origins (Hori 2011).
Not surprisingly, they appear with different pro-
liferation, stability, and suppression potentials
(Miyara et al. 2009). These properties are
regulated not only by the stability of the master
transcription factor Foxp3 (Williams and
Rudensky 2007; Lu et al. 2014) but also by a
network of coregulators with certain redundant
functions (Pan et al. 2009; Fu et al. 2012; Zheng
et al. 2009). As a result, altering the stability of
Foxp3 and the interactions with these
coregulators can modulate the immune response
at different contexts (Darce et al. 2012; Bettini
et al. 2012).

So far, multiple layers of regulation have been
identified, including both transcriptional (Luo and
Li 2013) and translational controls (Bjur et al.
2013). Within these regulations, ubiquitin-
dependent modification is of high interests
because of its unique properties. First, proteins
can be modified for different functions. They can
be either poly-ubiquitinated for proteasome-
dependent degradation or monoubiquitinated for
signaling cascades (Gao and Karin 2005). Sec-
ond, these modifications involve highly specific
E3 ligases, which provide new insights into pro-
tein functions and potentials targets for new drugs
(Bielskiene et al. 2015).

Since both Treg cells and ubiquitination
are very broad topics, in this chapter, we focus
on a number of ubiquitin-dependent pathways
that regulate Treg function and plasticity. In
terms of Treg function, we summarize recent
discoveries on factors that mediate Foxp3 stabil-
ity directly or indirectly. In terms of Treg plastic-
ity, we emphasize the factors that control Th17–
iTreg balance.

4.2 A Brief History About
Regulatory T Cells and Foxp3

Like other great discoveries in science, the dis-
covery of regulatory T cells is fairly tortuous.
Back in 1969, Nishizuka and Sakakura showed
that neonatal thymectomy of normal mice at
about 3 days (3d NTx) would induce ovarian
dysgenesis, which suggests that some T cells
may be responsible for this autoimmunity
(Nishizuka and Sakakura 1969). In addition, in
1970, Gershon and Kondo also suggested that a
subtype of T cells named suppressor T cells may
be able to suppress immune response (Gershon
and Kondo 1970). However, it suffered from a lot
of skepticisms during the 1980s, mostly because
of three reasons: failed to find suppression related
I-J region in the MHC gene (Kronenberg et al.
1983), unbale to identify reliably markers for cell
sorting and cloning (Bloom et al. 1992), and
unable to explain the molecular basis of cell sup-
pression (Kappler et al. 1987).

A dramatic turn happened in 1995 when
Sakaguchi identified CD25 (IL-2 receptor α
chain) as a reliable marker for CD4+ suppressive
T cells in normal naïve mice (Sakaguchi et al.
1995). Not only did they found that removal of
these CD4+CD25+ T cells induce severe autoim-
mune disease in mice, but also they confirmed
that these T cells are developed in thymus and
constitutes 5–10% of peripheral CD4+ T cells in
adults (Asano et al. 1996). Further research from
Sakaguchi and other teams established the in vitro
functional assays for natural Treg (nTreg) cells
(Takahashi et al. 1998; Thornton and Shevach
1998) and characterized the importance of IL-2
as the key cytokine for nTreg maintenance
(Willerford et al. 1995; Suzuki et al. 1999;
Almeida et al. 2002; Malek et al. 2002; Setoguchi
et al. 2005).

Another milestone in regulatory T cells hap-
pened in 2001, when the transcription factor
Forkhead box P3 (Foxp3) was identified as the
disease-causative gene in Scurfy mice (Brunkow
et al. 2001; Wildin et al. 2001). Mutation in
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Foxp3 gene leads to severe autoimmune diseases
not only in mice but also in human, which is
called IPEX syndrome (immune dysregulation,
polyendocrinopathy, enteropathy, and X-linked
syndrome) (Wildin et al. 2001; Bennett et al.
2001). Soon, in 2003, Sakaguchi, Rudensky,
and Ramsdell confirmed that Foxp3 is the unique
transcription factor that programs the develop-
ment and function of regulatory T cells (Hori
et al. 2003; Fontenot et al. 2003; Khattri et al.
2003). Later, genetically engineered Foxp3
reporter mice were made by Rudensky and his
colleges, which makes it convenient to study the
development and the signaling in Treg cells
(Fontenot et al. 2005; Kim et al. 2007).

In the next decade, our understanding of Treg
cells expanded a lot. For example, naïve CD4+ T
cells can be differentiated into Foxp3+ Treg cells
under TGF-β environment (Chen et al. 2003;
Zheng et al. 2002, 2004) but would be skewed
into IL-17 secreting Th17 lineage under the influ-
ence of IL-6 (Veldhoen et al. 2006; Bettelli et al.
2006). In terms of development, the Foxp3 land-
scape is locked in and maintained by multiple
transcription factors such as NFAT and Eos
(Pan et al. 2009; Fu et al. 2012; Zheng et al.
2007a; Wu et al. 2006). In terms of expansion,
Foxp3+ Treg cells can undergo expansion with
the help of certain mature DC in a CD80/CD86-
dependent manner (Yamazaki et al. 2003).
Besides these, our knowledge on Treg cells is
still expanding, especially in the field of induced
Treg (iTreg) cells (Horwitz et al. 2008).

4.3 Natural Regulatory T (nTreg)
and Induced Regulatory T
(iTreg) Cells

After Foxp3 is ultimately identified as the master
transcription factor of Treg cells (Zheng and
Rudensky 2007), more insights come into Treg
classification. As the name suggests, natural Treg
(nTreg) or thymic Treg (tTreg) cells are those
developed in the thymus and induced Treg
(iTreg) cells are those differentiated from periph-
eral naïve conventional T (Tconv) cells (Curotto
de Lafaille and Lafaille 2009). Since there are

multiple subsets of iTreg cells, we cover only
those Foxp3 expressing cells induced from CD4
+CD25�Foxp3� cells. In this section, we review
and compare the difference between nTreg and
iTreg cells in terms of cell development, signal-
ing, TCR specificity, and stability.

Unlike nTreg which is developed from CD4
+CD8� single positive T cells in the thymus,
iTreg comes from peripheral or lymphoid CD4+
Tconv cells in the presence of TGF-β and IL-2
(Chen et al. 2003; Zheng et al. 2002, 2007b;
Davidson et al. 2007). Besides, other
requirements should be met for a functionally
suppressive iTreg to develop in vivo, including
strong antigen presentation without optimal
co-stimulation, IL-35, and retinoic acid
(Thorstenson and Khoruts 2001; Apostolou and
von Boehmer 2004; Cobbold et al. 2004; Mucida
et al. 2005; Zheng et al. 2006; Lu et al. 2011). In
addition, other reports also show that commensal
microbiota also contributes to iTreg development
(Round and Mazmanian 2010; Atarashi et al.
2011; Geuking et al. 2011). Because of these
characteristics, iTreg typically appears or resides
in either tolerogenic or chronic inflammatory
environments.

As of signaling, there are some difference
between nTreg and iTreg cells. Although both
nTreg and iTreg cells need IL-2 to maintain cell
survival and suppressive function (Hori 2010;
Roncador et al. 2005), TGF-β is critical for
iTreg generation (Curotto de Lafaille and Lafaille
2009; Ouyang et al. 2010). Studies have shown
that TGF-β activates Smad3, which binds to
CNS1 (Conserved Non-coding Sequence 1)
enhancer of the Foxp3 gene (Schlenner et al.
2012; Josefowicz et al. 2012). Additionally,
activated PI3K-AKT-mTOR signaling dampens
iTreg generation and destabilize Foxp3 expres-
sion (Haxhinasto et al. 2008; Sauer et al. 2008;
Zhang et al. 2013a).

In terms of TCR specificity, nTreg and iTreg
cells tends to have different tendencies. Since
nTreg cells are developed during negative selec-
tion in the thymus (Jordan et al. 2001), their
T-cell receptor tends to recognize more self-
antigens (Relland et al. 2009). On the contrary,
since iTreg cells are induced from conventional T
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cells, they tend to have higher affinity toward
foreign antigens (Relland et al. 2012). Although
the magnitude of their intersection is still under
debate, based on CDR3 (complementarity deter-
mining region 3) studies, they tend to have differ-
ent repertories (Relland et al. 2012; Wong et al.
2007; Hsieh et al. 2006).

There are some debates in cell stability. In
general, Foxp3 is believed to be critical in order
to maintain Treg identity (Li and Zheng 2015).
However, although nTreg cells have relatively
stable Foxp3 expression, they are not stable
under inflammatory condition and can be
converted into Th17 lineage in the presence of
IL-6 (Zheng et al. 2008; Kong et al. 2012a). On
the contrary, iTreg cells have relatively less stable
Foxp3 expression partially due to lack of demeth-
ylation at CNS2 region, aka TSDR region (Treg-
specific demethylated region) (Zheng et al. 2010).
Yet, they are relatively stable under inflammatory
condition and is able to maintain their suppres-
sion capability (Kong et al. 2012b). Recent stud-
ies have also demonstrated that both nTreg and
iTreg have a different biological feature under
high salt diet (Hernandez et al. 2015; Luo et al.
2019).

4.4 Mechanisms
of Ubiquitin-Dependent
Regulation

Ubiquitin is an 8.6-kDa small molecule protein
that is discovered in 1975 (Goldstein et al. 1975).
It involves in an ATP-dependent posttranslational
modification process in all eukaryotic cells called
ubiquitination (Ciehanover et al. 1978). In this
process, one ubiquitin protein is attached to a
substrate protein at a time with the help of three
types of adapter enzymes, namely E1 (ubiquitin-
activating enzyme), E2 (ubiquitin-conjugating
enzyme), and E3 (ubiquitin ligase) (Pickart and
Eddins 2004). In human, there are two E1s,
35 E2s, and more than 600 of E3s (Li et al.
2008). Despite the large abundance in the
genome, E3 ligase can be categorized into four
subgroups: HECT, RING, U-Box, and PHD fin-
ger (Nakayama and Nakayama 2006).

The detailed mechanism is described below.
To start with, ubiquitin is activated in a two-step
reaction by an E1. First, E1 binds to both
ubiquitin and ATP and modifies the C-terminus
of the ubiquitin. Second, the acyl-adenylated
ubiquitin is transferred to the active site that
includes a cysteine residue and release the AMP.
This step will form a thioester bond between
ubiquitin and E1 (Pickart 2001). Then, E2 binds
to both activated ubiquitin and the E1 and
conjugates the ubiquitin via a trans-thio-esterifi-
cation reaction (van Wijk and Timmers 2010).
Finally, E3 recognizes the target protein and
catalyzes the ligation process by creating an
iso-peptide bond between the C-terminal glycine
residue of ubiquitin and the lysine residue of the
target protein (Komander and Rape 2012).

The substrate protein can be either
monoubiquitinated or polyubiquitinated
(Behrends and Harper 2011). As the name
suggests, monoubiquitination involves one
ubiquitin molecule to one substrate protein resi-
due. This typically involves cell signaling and
membrane trafficking (Ikeda and Dikic 2008;
Hicke 2001). Similarly, polyubiquitination
involves multiple ubiquitin attached subsequently
to the substrate protein (Komander 2009). All
seven residues and the N-terminus have been
reported as sights for polyubiquitination, includ-
ing K6, K11, K27, K29, K33, K48, K63, and M1
(Komander and Rape 2012). Among these, K48
and K63 polyubiquitination are well
characterized. K48 polyubiquitination involves
at least four ubiquitin molecules at a time to the
target protein. This leads to target protein recog-
nition and degradation by the 26S proteasome
(Lecker et al. 2006). K63 polyubiquitination is
not associated with proteasomal degradation, but
it involves different cell signaling events
(Miranda and Sorkin 2007).

The opposite side of ubiquitination is
deubiquitination. This relies on deubiquitinating
enzymes (DUBs) to cleave both the isopeptide
bonds between ubiquitin and the target and the
peptide bonds between ubiquitin molecules
(Reyes-Turcu et al. 2009). These cysteine
proteases are important for both ubiquitin
recycling and signaling (Nijman et al. 2005).
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4.5 Ubiquitin-Dependent
Regulation of Treg Function

4.5.1 Itch

Itch is a HECT domain-type E3 ligase that plays
an important role in generation and maintenance
of Treg cells. It is named after the “Itchy” pheno-
type observed from Itch-deficient mice. These
mice suffer from severe systemic and progressive
autoimmune disease especially in skin. In addi-
tion, these mice are prone to T-cell hyperproli-
feration and Th2-biased inflammation
(Venuprasad et al. 2006).

The mechanism of this Itch-mediated T-cell
response has been studied in two parts. First,
Itch has been linked to the phosphorylation and
activation of Smad2/3, which is downstream of
TGF-β/TGF-β receptor (Bai et al. 2004). Second,
Itch is involved in monoubiquitination of a tran-
scription factor known as TIEG1 (TGF-β Induced
Early Gene 1) (Venuprasad et al. 2008). This
monoubiquitination leads to TIEG1 translocation
from cytoplasm to the nucleus. Subsequently,
TIEG1 binds to the promoter region of Foxp3,
which stabilizes the expression of Foxp3
(Fig. 4.1). Reflecting this, ITCH�/� and
TIEG1�/� mice have poor iTreg function and
are unable to suppress airway inflammation (Jin
et al. 2013).

4.5.2 Ubc13

Ubc13 is a K63-type E2 ubiquitin-conjugating
enzyme that regulates NFκB and TNFα signaling.
In Treg cells, Ubc13 plays an important role in
suppressing T-effector genes from other T-cell
lineages (Fukushima et al. 2007). For example,
mice with Ubc13 deficiency suffer from systemic
inflammation with functionally defective Treg
cells that express pro-inflammatory cytokines
like IFNγ and IL-17 instead of IL-10 (Chang
et al. 2012). One of the known mechanisms is
that Ubc13 targets IKK-β for deactivation in Treg
cells. IKK-β is a subunit of IKK (IκB kinase) that
phosphorylates IκB (inhibitor of NFκB) for

degradation (Fig. 4.1). In this way, NFκB is
activated to upregulate pro-inflammatory cyto-
kine expression and downregulates SOCS1
(Chang et al. 2012; Takahashi et al. 2011).

4.5.3 Stub1

Stub1 (STIP1 homology and U-box containing
protein 1) aka CHIP (C terminus of HSC70-
Interacting Protein) is a U-box domain-type E3
ubiquitin ligase that interacts with a chaperone
molecule named Hsp70 (Chen et al. 2013).
Early research shows that Stub1 enhances
Hsp70 induction and promotes ubiquitination
upon acute stress (Ballinger et al. 1999). In the
context of Treg cells, it has been reported that
Stub1 mediates Foxp3 turnover, especially when
exposed to stress signals like LPS and
proinflammatory cytokines (Chen et al. 2013).

Recently, our group and collaborators have
identified further mechanisms behind Stub1-
mediated Treg function. At homeostasis, Foxp3
protein is subject to constant turnover (Chen et al.
2013; Fleskens et al. 2019). One of the
mechanisms is through Stub1-mediated
K48-type polyubiquitination (Chen et al. 2013).
Upon stress, Stub1 is upregulated in Treg cells
which reduces both the quantity of total Foxp3
and the suppression function of Treg cells (Chen
et al. 2013). In addition, other groups indicate that
Stub1 ubiquitinates the CARMA1 in a
non-degradative manner (Wang et al. 2013)
(Fig. 4.1). As CARMA1 is important in NFκB
signaling that initiates Foxp3 transcription, it
suggests another role of Stub1 in the development
of nTreg in thymus (Wang et al. 2013).

4.6 Ubiquitin-Dependent
Regulation of Treg Plasticity

4.6.1 Cbl-b

Cbl-b (Casitas-B-lineage lymphoma protein-b) is
a RING-type E3 ligase that plays an important
role in setting up the threshold for T-cell activa-
tion. It is critical for iTreg formation and
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plasticity, which has been reported in autoim-
mune diseases like type 1 diabetes (T1D)
(Yokoi et al. 2008) and systemic lupus
erythematosus (SLE) (Romo-Tena et al. 2018).

The mechanism of Cbl-b regulation involves
restricting activation signaling. Upon normal
T-cell activation, Cbl-b itself is K48-type
polyubiquitinated for degradation (Bachmaier
et al. 2000). When T cell is activated with insuffi-
cient amount of co-stimulation or with
co-inhibitory signals like CTLA-4, Cbl-b is
stabilized (Li et al. 2004; Chiang et al. 2000). In
this case, the p85 regulatory subunit of PI3K is
polyubiquitinated at K63 by Cbl-b, blocking it
from associating with the ITAM
(Immunoreceptor Tyrosine-based Activation
Motif) and CD28. Thus, PI3K-related activation
signaling will be blocked, including PI3K-ATK-
mTOR pathway (Chiang et al. 2000) (Fig. 4.2).
As explained earlier, this will favor the formation

of iTreg cells (Haxhinasto et al. 2008; Sauer et al.
2008; Zhang et al. 2013a).

4.6.2 TRAF6

TRAF6 (TNF receptor-associated factor 6) is a
RING-type E3 ligase that mediates signaling
from IL-1 receptor, TLRs, and TNF receptor
superfamily (Kobayashi et al. 2003). It plays an
important role in activation or “licensing” of
antigen-presenting cells to produce inflammatory
cytokines and to activate T cells (Kobayashi et al.
2004). Mice with TRAF6 deficiency will result in
systematical autoimmunity and robust T-cell acti-
vation (Chiffoleau et al. 2003; Akiyama et al.
2005).

Further studies show that TRAF6 mice harbor
enhanced Th17 commitment and reduced Treg
population (Cejas et al. 2010). TRAF6-specific

Fig. 4.1 Ubiquitin-
dependent regulation of
Treg function. The function
of regulatory T cells can be
regulated by multiple
mechanisms. Here, we
summarize some of the
mechanisms that we listed
in the review. In brief,
ubiquitination leads to both
transcriptional and
translational regulations.
This can be done by
regulating FOXP3 gene
expression, Foxp3 protein
turnover, and pathways that
affect Treg function
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knockout (Foxp3cre/TRAF6flox) Treg cells have
reduced stability and upregulated effector T-cell
associated transcription factors and cytokines,
including GATA3, Tbet, and IL-4 (Shimo et al.
2011; Muto et al. 2013). These findings suggest
that TRAF6 stabilizes Treg cells by improving its
lineage commitment. However, the detailed
mechanism remains uncertain.

Recently, our group found an important
link between TRAF6 and Foxp3 localization.
We identified that TRAF6 mediates a
K63-type polyubiquitination on Foxp3 protein
at Lysine 262 that does not interfere with other
K48-type polyubiquitination (Ni et al. 2019)
(Fig. 4.2). In addition, TRAF6-deficient Treg
cells have aberrantly more Foxp3 localized
in the cytoplasm than in the nucleus (our unpub-
lished data), which partially explains its
instability and provides a potential target for
immunotherapies.

4.6.3 RNF31

RNF31 (ring finger protein 31, aka HOIP) is an
E3 ligase of LUBAC (linear ubiquitin chain
assembly complex) that is responsible for linear
polyubiquitination (Stieglitz et al. 2012). It is
auto-inhibited before binding with the other two
proteins of LUBAC: HOIL-1 and SHARPIN
(Kirisako et al. 2006; Tokunaga et al. 2011).
While HOIL-1 is another E3 ligase that is impor-
tant for polyubiquitination and degradation of
SOCS6 (Bayle et al. 2006), SHARPIN is a
ubiquitin-binding protein that links ubiquitin and
E3 ligase RNF31 (Gerlach et al. 2011). As an
important regulator of immune responses,
LUBAC involves in multiple pathways including
TCR, BCR, NOD, TLR, and TNFR (Gerlach
et al. 2011; Zinngrebe et al. 2016; Damgaard
et al. 2012; Rodgers et al. 2014; Sasaki et al.
2013; Haas et al. 2009; Park et al. 2016).

Fig. 4.2 Ubiquitin-
dependent regulation of
Treg plasticity. The
plasticity of regulatory T
cells can be regulated by
multiple mechanisms. Here,
we summarize some of the
mechanisms that we listed
in the review. In brief,
ubiquitination can affect
T-cell activation pathways,
favoring the development
of regulatory T cells in
thymus. Additionally, it can
also render critical
cytokines and transcription
factors, regulating the
balance between Th17 and
Treg cells

4 Ubiquitin-Dependent Regulation of Treg Function and Plasticity 69



In Treg cells, components of LUBAC are crit-
ical for both its development and its suppressive
function. For example, SHARPIN deficiency
mice have diminished a number of Treg cells
and reduced Treg suppressive function (Park
et al. 2016; Redecke et al. 2016). The mechanism
is that SHARPIN is K63-type polyubiquitinated
and binds to CD3ζ upon TCR activation. It
regulates the negative selection of nTreg cells by
inhibiting the interaction between CD3ζ and
Zap70 (Park et al. 2016) (Fig. 4.2). In addition,
it skews the homeostasis between Treg and Th17
cells as SHARPIN-deficient mice have more
IL-17-producing Treg cells (Park et al. 2016).
Despite this reduced Treg population,
SHARPIN-deficient mice are still able to form
SP (single positive) cells during thymic develop-
ment (Teh et al. 2016).

On the contrary, mice with HOIL-1 or RNF31
knockout suffers from impaired late-stage thymo-
cyte differentiation and could not form matured
SP cells (Teh et al. 2016). Mice with RNF31
knockout in Foxp3+ cells have very few Treg
cells and would develop Foxp3-deficient scurfy
phenotype (Teh et al. 2016). A more recent study
indicates that not only does RNF31 regulate TCR
signaling but also it regulates multi-
monoubiquitination to Foxp3 protein directly
through atypical ubiquitin chains (Zhu et al.
2018). Using shRNA to knockdown human
Treg cells, researchers observed reduced Foxp3
protein levels and increased Th1-like phenotypes
(Zhu et al. 2018). Besides this, they found that
intratumoral Treg cells tend to have upregulated
RNF31, which suggests that RNF31 is also
involved in Treg function (Zhu et al. 2018).

4.6.4 A20

A20, aka TNFAIP3 (TNF-α-induced protein 3), is
an anti-inflammatory zinc finger protein that
regulates TNF, TLR, NOD, and NFκB singling
pathways (Lin et al. 2008; Wertz et al. 2004). It is
considered as a ubiquitin-modification protein
because it has both E3 ligase and DUB
(deubiquitinase) functions (Evans et al. 2004).
The N-terminal domain of A20 is an OTU

(ovarian tumor) family DUB that cleaves
K63-type polyubiquitinated substrate, and the
C-terminal domain is a seven-C2/C2-zinc finger
structure that serves as an E3 ligase that
polyubiquitinates the same substrate at its K48
site (Wertz et al. 2004; Lu et al. 2013). Interest-
ingly, it is a highly specific enzyme, and the two
known targets are TRAF6 and RIP1 (Lin et al.
2008; Evans et al. 2004).

A20 influences Treg plasticity from two differ-
ent perspectives. On the one hand, A20 inhibits
nTreg development by rendering NFκB signaling
and upregulating GITR (Fischer et al. 2017). It
has been shown that A20 knockout mice have
upregulated NFκB activation and c-Rel nuclear
translocation in nTreg cells (Fischer et al. 2017).
Despite this, these nTreg cells hold normal sup-
pressive functions (Fischer et al. 2017) (Fig. 4.2).

On the other hand, A20 protects Treg plasticity
from external mechanisms (Catrysse et al. 2014;
Luo et al. 2020). Studies from autoimmune
diseases like RA (rheumatoid arthritis) and colitis
have shown that A20 from nonimmune cells can
influence the plasticity of Treg cells (Feng et al.
2018; Hu et al. 2019). In the RA study,
researchers have shown that A20 inhibits IL-6
secretion from BM-MSCs (bone marrow mesen-
chymal stem cells) (Fig. 4.2). By restoring A20
expression in these cells, their IL-6 secretion will
reduce, which will promote Treg skewing from
Th17 lineage (Feng et al. 2018). In the colitis
study, researchers have shown similar conclusion
by feeding nanoparticle-coated A20 recombinant
vector to DSS-colitis mice, which reduces colonic
tissue damage and promotes Treg cells (Hu et al.
2019).

4.7 Deubiquitinases: The Janus
of Ubiquitin-Dependent
Regulation

There is no doubt that E3 ligases regulate both the
function and the plasticity of Treg cells by
regulating Foxp3 directly or its related cofactors.
Given the mechanism of E3 ligase, it is not
surprising that ubiquitination process can be
reversible. By removing the ubiquitin tags from
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ubiquitinated proteins, their function and fates
can be modified as well (Nijman et al. 2005). In
reality, such enzymes are named deubiquitinases
(DUBs), and several of them play important roles
regulating Treg cells. Here, we will review some
of the most recent discoveries and briefly recap
some of the known ones that we reviewed before
(Pan and Barbi 2014; Barbi et al. 2015).

4.7.1 USP7

As described earlier, Foxp3 level can be regulated
through polyubiquitination (van Loosdregt et al.
2011). Because of this, it stands to reason that
deubiquitination would be a mechanism to pre-
serve the Foxp3 level at a homeostatic level. One
of DUB under this principle is known as USP7
(ubiquitin-specific processing protease 7).
Recently, it is reported that USP7 is important
for Treg function by preserving Foxp3 expression
level (van Loosdregt et al. 2013) (Fig. 4.3). Using
a pan-DUB inhibitor, these authors used mouse
adoptive transfer colitis model to confirm that
DUBs modulate Treg suppression function
in vivo. In addition, in vitro studies show that
USP7 deubiquitinates Foxp3, which increases its
protein expression. Furthermore, using shRNA to
knockdown USP7, they confirmed that USP7
improves Treg suppression (van Loosdregt et al.
2013). These results confirmed the importance of
DUBs in Treg regulation and suggests the poten-
tial of other DUBs in Treg regulation.

4.7.2 USP21

Another deubiquitinase that was recently
characterized is USP21. It is first identified as a
dispensable positive regulator of GATA3 that
prevents its ubiquitination and degradation in
Treg cells (Zhang et al. 2013b; Pannu et al.
2015). Later studies have shown a feedback regu-
lation of USP21 that functions on Foxp3 (Li et al.
2016). On the one hand, Foxp3 can bind to the
promoter region of USP21 gene to upregulate its
expression (Li et al. 2016). On the other hand,
USP21 promotes Treg stability and function by

deubiquitinating K48-type polyubiquitination
(Li et al. 2016) (Fig. 4.3). Treg cells with
USP21 deficiency are prone to lose Foxp3 protein
and acquire Th1-like phenotype upon stress
signals (Li et al. 2016).

4.7.3 USP44

Recently, we and our collaborators found an addi-
tional DUB that plays important roles in Treg
cells—USP44. USP44 is originally known to
play important roles in cell cycle regulation
(Stegmeier et al. 2007; Visconti et al. 2012),
stem cell differentiation (Fuchs et al. 2012), and
centrosome positioning (Zhang et al. 2012). Here,
we identified that USP44 is upregulated in Treg
cell in response to TGF-β signaling (our unpub-
lished data). Interestingly, USP44 acts coopera-
tively with USP7 but targets specifically to
K48-type polyubiquitinated Foxp3 (Fig. 4.3).
Treg cells with USP44 knockdown have
decreased Foxp3 expression and disrupted sup-
pression capability (our unpublished data). Above
all, these findings provide additional approaches
to regulate ubiquitin-regulated Treg function and
plasticity, which improved our knowledge
understating the signaling network of Treg cells.
Additionally, they provide more clinical insights
as USP7 and USP44 can be potential drug targets
to treat autoimmune disease and cancer.

4.8 Concluding Remarks

With persistent endeavor, our knowledge on
regulations on Treg is growing every day.
Among these, ubiquitin-mediated posttransla-
tional modification on Treg cells is rising. In
this chapter, we only covered some of the
most recent discoveries on ubiquitin-mediated
regulations with an emphasis on Foxp3 and
its cofactors. Clearly, the homeostasis of
Foxp3 is regulated by factors that stabilizes
Foxp3 (like TRAF6, USP7, and USP44) and
factors that degrades Foxp3 (like Stub1). This
reflects a complex network of ubiquitination on
different residues and in different formats
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(ubiquitination vs. deubiquitination;
monoubiquitination vs. polyubiquitination;
K48-type vs. K63-type).

Indeed, besides TGFβ and NFκB signaling,
there are many other pathways that contribute to
Treg function and plasticity, including cytokines,
metabolites, and environmental stress. Due to the
limitation of our knowledge, we did not cover
much in this chapter. However, they are equally
interesting as they provide additional information
on mechanisms that regulate Treg cells. Here, we
would like to include two additional molecules/
pathways that may involve ubiquitin-mediated
regulation with some knowns and unknowns.

4.8.1 HIF-1

HIF-1 (hypoxia-inducible factor-1) is a transcrip-
tion factor that is known as the oxygen sensor and

the mediator of hypoxic responses (Semenza
2007). It plays an important role in deciding the
crossroad of Th17-iTreg differentiation. During
cell development, TGFβ is required by both
proinflammatory Th17 cells and immunosuppres-
sive iTreg cells (Zhou et al. 2008). When naïve
CD4+ T cells are treated with ample amount of
TGFβ, cells will reach a crossroad where they
express both Foxp3 and RORγt (Zhou et al.
2008; Dang et al. 2011). At this time, they require
additional factors to be skewed into either one of
the lineages. Upon these factors, HIF-1 promotes
Th17 commitment (Dang et al. 2011).

Studies have shown that this is mediated in a
posttranslational mechanism where Foxp3 pro-
tein is degraded in a HIF-1-dependent manner
(Shi et al. 2011). In addition, HIF-1 has been
examined to display physical interaction with
Foxp3 (Dang et al. 2011). Furthermore,
experiments have been shown to confirm that

Fig. 4.3 Deubiquitinases:
the Janus of ubiquitin-
dependent regulation.
Deubiquitinase plays
important roles in both the
function and plasticity of
Treg cells, mostly by
preventing Foxp3 from
ubiquitin-dependent
degradation. Specifically,
USP21 and USP44 favor
K48 polyubiquitination
while USP7 favors multiple
polyubiquitination
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both knocking out critical factors of HIF-1 turn-
over (DTX1) and chemically inhibiting the
proteasome can stabilize Foxp3 levels (Dang
et al. 2011; Hsiao et al. 2015), confirming that
HIF-1 mediates Foxp3 degradation using a
ubiquitin-mediated degradation mechanism.

So far, the exact mechanism behind this
ubiquitin-mediated Foxp3 degradation is unclear,
and the E3 ligase that involves is unknown. One
of the hypotheses is that it is regulated by HIF-1α,
which includes a PHD domain that serves as a
binding site for VHL-box protein to recruit
Elongin-B/Elongin-C/Cullin-2/RBX1 E3
ubiquitin complex for K48-type polyubiqui-
tination (Lecker et al. 2006; Semenza 2007).
When HIF-1 binds to Foxp3, this may lead to
co-degradation by proteasome (Dang et al.
2011). Further investigations are needed to eluci-
date the exact mechanism.

4.8.2 YAP/Mst1/Mst2 from Hippo
Signaling Pathway

Yap is a transcriptional regulator in Hippo signal-
ing pathway that mediates cell proliferation and
organ development (Dong et al. 2007; Yu et al.
2015). It is often upregulated in cancers and plays
an important role in tumor progression (Pan
2010). Surprisingly, among all CD4+ T cell
subsets, YAP is only upregulated in Treg cells
(Ni et al. 2018). Recent studies have shown that it
plays a critical role in Treg function. Ni et al.
show that YAP enhances the TGFβ/Smad signal-
ing through activins (Ni et al. 2018). In addition,
knocking out YAP in Treg cells will dampen their
suppression function but not impair their survival
(Ni et al. 2018). This work clearly demonstrates
the importance of Yap as an amplifier in Treg
function.

Besides YAP, Mst1, and Mst2, two Hippo
kinases are reported to be important for Treg
plasticity (Creasy et al. 1996; Creasy and
Chernoff 1995). Shi et al. show that Mst1 and
Mst2 sense and amplify IL-2-STAT5 signaling in
Treg cells through the small GTPase Rac, which
is critical for their plasticity and survival (Shi
et al. 2018). Mice with Mst1/Mst2 deficiency

will lose their Treg population and develop sys-
temic Th1-dominant autoimmunity (Shi et al.
2018). Thus, these two studies demonstrate the
importance of non-canonical Hippo pathway as a
mediator of Treg function and plasticity.

Despite that no E3 ligase has been reported to
regulate Yap or Mst1/2 in Treg cells, several E3
ligases have been reported to regulate the Hippo
pathway in general. For example, ITCH (an E3
ligase) has been reported to regulate Lats1 (Salah
and Aqeilan 2011), which phosphorylates Yap for
SCFβ-TRCP (an E3 ligase) mediated, K48-type
polyubiquitinated degradation (Zhao et al.
2010). Additionally, in neurons, Stub1 (an E3
ligase) has been reported to mediate the degrada-
tion of Mst1, which prevents Mst1 from been
phosphorylated by c-Abl that leads to oxidative
stress-induced apoptosis (Paul and Ghosh 2014;
Xiao et al. 2011). Above all, future studies are
needed to decipher the role of Hippo pathway-
related E3 ligases in Treg cells.

4.8.3 Clinical Implication

Treg cells play important roles in autoimmunity
and cancer. In autoimmune diseases, Treg cells
typically failed to suppress self-reactive effector
cells, leading to the death of healthy somatic cells
and even tissue damage. On the other hand, in
cancer settings, Tregs tend to be enriched within
the tumor microenvironment and suppress effec-
tor cells from removing tumor cells. In these two
cases, Treg cells play opposing roles: patients
need more suppressive Treg cells in autoimmune
diseases and less in cancer settings. However, a
careful balance must be made to restore immune
homeostasis because enhancing excessive
amount of suppressive Treg cells to autoimmune
patients can induce cancer and removing too
many Treg cells in cancer patients can induce
autoimmunity (Kim et al. 2006). Due to this rea-
son, we need a safer and controllable approach to
manipulate the number and the function of Treg
cells.

As we discussed previously, ubiquitination is a
reversible process that mediates cell signaling.
Because of this, it becomes a great target for
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drug discovery. In Treg settings, it offers a unique
approach to manipulate the function and quantity
of Treg cells temporarily and reversibly. When
treating cancer, for example, a temporal disrup-
tion of Treg function may be sufficient for
immune system to eliminate the tumor cells with-
out inducing autoimmunity. After the treatment is
done, immune homeostasis can be quickly
restored by removing the drugs. In this way,
doctors can not only save patients but also restore
their immune balance in the long run.

So far, our knowledge of ubiquitin-dependent
pathways and the molecules within these
pathways is still limited. As a rising field, more
efforts and supports are needed to reveal more
therapeutic potentials in the future.
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Metabolic Choice Tunes Foxp3+
Regulatory T Cell Function 5
Xiaoxia Wang, Hao Cheng, Yige Shen, and Bin Li

Abstract

Metabolic programs and dynamic nutrient sig-
naling can direct cell biological function. Cellular
metabolism and biological function are coordi-
nated to cell activity. Regulatory T cells (Foxp3+
Tregs) expressing the key transcription factor
FOXP3 play critical roles in the maintenance of
immune tolerance and in the control of immune
homeostasis. A bundle of data demonstrated that
Foxp3+ Tregs were influenced and regulated by
Toll-cell receptor (TCR) and costimulatory
signals, cytokine conditions and metabolic
changes, including metabolites, etc. In this con-
text, Foxp3+ Tregs are impacted by different
environmental conditions and metabolic
differences associated with diverse transcrip-
tional patterns, which, in turn, display a high
degree of plasticity and tissue specificity. During

the past decades, significant progresses have
been made in understanding the correlation
between metabolic changes and manipulation
of Foxp3+ Treg function. Taken together, this
chapter aims to summarize the important
advances in the fields, decipher what metabolic
ways are involved in Foxp3+ Tregs, and how
metabolism modulates Foxp3 expression, stabil-
ity, and suppressive functions, which may pro-
vide a potential pace on lightening up Foxp3+
Treg-mediated immune functions.
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OXPHOS Oxidative phosphorylation
PARP1 Poly (ADP-ribose) polymerase 1
PIM1 Proto-oncogene serine/threonine-

protein kinase
TCR Toll-cell receptor

5.1 Introduction

Regulatory T cells (Foxp3+ Tregs), widely
known as Foxp3-expressing T cells, are a special
subset of CD4+ T cells, which are critically
involved in the maintenance of immune tolerance
to self-antigen and in the control of autoimmunity
(Wing and Sakaguchi 2010; Josefowicz et al.
2012). Foxp3+ Tregs are classified into at least
two subsets: one derived from thymus is called
thymus or natural Tregs and the other subsets
arose from peripheral conversion of CD4
+CD25� T cells (Horwitz et al. 2008; Zheng
et al. 2002). Both of them respond to inflamma-
tory signals to exert the immunomodulatory role
in sustaining immune homeostasis. Metabolic fit-
ness is intimately linked to Foxp3+ Treg fate and
function. The metabolic state and the functional
capability are dynamically adapted and balanced
upon different environment cues in Foxp3+
Tregs.

5.2 Treg Cell Metabolism State
and Function

Experimental evidence has indicated that Treg
activation and differentiation rely on multiple
signaling pathways. The integration of multiple
cell signals can directly affect Treg cell transcrip-
tional programs, which were involved in Foxp3+
Tregs proliferation, cytokines production, and
energy metabolism. However, how Treg cells
finely integrate functional capability with cellular
metabolism under certain environment milieu
remains elusive (Chen et al. 2019) (Fig. 5.1). In
this context, it must be noted that metabolic states
in Tregs are totally different compared with effec-
tor T cells. Previous studies have also reported
that Tregs and effector T cells have different

tendencies in using glycolysis and fatty acid oxi-
dation (FAO) (Procaccini et al. 2016).

However, which metabolic energy do Treg
cells prefer to utilize is still controversial due to
different conditions and species difference in
recent years. Most studies supported that glycol-
ysis has detrimental effects on Treg functions;
however, under certain conditions, aerobic gly-
colysis has been reported to favor Foxp3 expres-
sion. In vitro, human regulatory T cells (iTreg)
induced from naïve CD4+ T cells are highly
proliferative, and the FOXP3 splicing variants
containing exon 2 controlled suppressive capabil-
ity of human iTreg is tightly relied on glycolysis
through the glycolytic enzyme enolase-1
(De Rosa et al. 2015). Human activated Tregs
uniquely accelerate glucose consumption for
their suppression compared with effector T cells.
TLR8 signaling inhibits glycolytic enzyme
expression and suppresses glycolysis metabolism
through the downregulation of mTORC1-HIF1α
pathway, resulting in the reversal of human Treg
cell suppressive function. Furthermore, findings
also suggested that human Treg cells could trig-
ger senescence in responder T cells through DNA
damage induction under shortage of glucose in
the tumor suppressive environment (Li et al.
2019). Ex vivo, highly proliferative human
iTreg showed active mTOR activity and
expressed more Glut1 (Michalek et al. 2011).
The metabolic profiles of human Treg cells are
distinct from murine Treg cells shown to use lipid
oxidation as a primary metabolic pathway
(Michalek et al. 2011; Buck Michael et al. 2016;
Pearce et al. 2009; Shi et al. 2011). Mouse-
induced iTreg showed less Glut1 expression and
slower glycolytic rate compared with Th2 and
Th17 induced in vitro, and the results revealed
that glycolysis inhibition by 2-DG treatment
could promote mouse iTreg differentiation but
prohibit Teff proliferation. In contrast, selective
inhibition mitochondrial oxidation by rotenone
sharply reduced Treg differentiation. Metabolite
level analysis also indicates that Tregs are
inclined to pyruvate oxidation and Th17 cells
prefer glutamine oxidation though TCA cycle
intermediates in Tregs are equivalent to those in
Th17 cells (Gerriets et al. 2015). Further, TLR

82 X. Wang et al.



signaling that increased glycolysis through PI3K-
AKT-mTORC1 axis would promote Treg cell
proliferation but impair Treg cell suppressive
capability. Reciprocally, forced Treg cells key
transcription factor Foxp3 diminished glycolysis
and anabolic metabolism while promoted fatty
acid oxidation (FAO). Glut1 overexpression
would rescue Treg numbers while restrain their
immunosuppressive function. These demonstrate
that there exists a dynamic regulation that TLR
signal and Foxp3 expression couple glucose
metabolism to modulate the rapid switch of Treg
cell proliferative capability and suppressive func-
tion in order to adapt to the local environment
perturbs. Thus, we could understand that why in
chronic autoimmune diseases, inflammatory sig-
naling triggers Treg cell accumulation but fails to
suppress inflammation effectively (Kong et al.
2012a, b; Zhou et al. 2010; Lu et al. 2014).
While in tumor microenvironment, though low
glucose condition, high lactate level might
enhance the suppressive function of Treg cells
(Gerriets et al. 2016). Another reason is that
Foxp3 expression suppressed Myc expression
and made the Treg cells adapt from glycolysis to
oxidative phosphorylation state, which enables
Treg cells survive well than effector T cells,
meanwhile high lactate impairs effector T cell

function through LDH-mediated NAD depletion
in low glucose, lactate-rich cancer milieu
(Angelin et al. 2017)

Glycolysis is primarily activated in Treg cells
through mTOR and tends to suppress Foxp3
expression and Treg lineage stability. mTORC1
activity is high in human and murine Tregs
(Procaccini et al. 2010; Zeng et al. 2013), which
restrains TCR or IL-2 stimulation-induced prolif-
eration in vitro (Procaccini et al. 2010). The acti-
vation of mTOR is tightly linked to diverse
cellular processes including glycolysis metabo-
lism. Treg cells are also activated by upstream
signals that drive mTOR activation (Sauer et al.
2008), and activation of the PI3K/AKT/mTOR
signaling axis inhibits Foxo transcription levels
and promotes Hif1α, which destabilizes the mas-
ter Treg cell transcription factor Foxp3 (Shi et al.
2011; Ouyang et al. 2012; Dang et al. 2011). One
major downstream effect of PI3K signaling is
induction of aerobic glycolysis, which is increas-
ingly emerging as a key control mechanism of
Treg function. Excessive PI3K activity is detri-
mental to Tregs since loss of PTEN diminishes
Treg functions in mice (Huynh et al. 2015;
Shrestha et al. 2015). HIF1α is responsible for
the glycolytic response downstream of mTOR
(Shi et al. 2011). As rapamycin treatment was

Fig. 5.1 In proliferative state, Treg cells are prone to use
glycolysis metabolism, although glycolysis ways have
been reported to inhibit FOXP3 expression. By contrast,

FOXP3 expression itself could suppress glycolysis ability
and enhance Treg cell function by triggering OXPHOS
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similar to HIF1α deficiency at altering Th17 and
Treg cell differentiation (Delgoffe et al. 2009;
Powell and Delgoffe 2010). HIF1α-dependent
glycolytic pathway is an integral component
downstream of mTOR to mediate Th17 and
Treg cell differentiation. HIF1α-deficient and
2-DG-treated T cells have clearly established a
negative role for HIF1α-induced metabolic
reprogramming in Treg cell development (Shi
et al. 2011),which influence the nutrient availabil-
ity inducing effector T cell responses. In addition,
the mTOR activation in effector T cells also
affects Treg cell differentiation and functions.
Several groups have found that rapamycin treat-
ment for short time could induce de novo expres-
sion of Foxp3 from naïve T cells and acute
treatment could drive functional Treg cell expan-
sion in vitro. While chronic rapamycin stimula-
tion does not induce Treg proliferation in the
absence of exogenous IL-2. Indeed, IL-2 is cru-
cial for the differentiation of Tregs (Zheng et al.
2007; Davidson et al. 2007). However, rapamycin
treatment does not fully block mTORC1
functions, and there are some limitations to assess
the true role of mTORC1 in functions. Recent
papers have utilized genetic modes to ascertain
the function of mTORC1 in Tregs. The first
finding demonstrated that mTOR�/� T cells
spontaneously develop into iTregs in the absence
of IL-2 and TGF-β (Delgoffe et al. 2009). Genetic
deletion mTORC1, but not mTORC2, ablated
Treg cell suppressive functions and mice that
bearing Raptor-deficient Tregs drove fatal auto-
immune disease in vivo (Park et al. 2013). Con-
sistent with this observation, Tsc1 deficiency in T
cells leads to a loss of Foxp3+ T cells in the
periphery, and Tsc1-deficient Tregs lose suppres-
sive function in vivo. These studies supported the
notion that mTORC1 is a positive regulator of
Treg functions. A bunch of studies indicate that
mTORC1 inhibition in Tregs may disrupt
immune homeostasis and induce autoimmunity
or hyperinflammation. However, clinical
targeting mTORC1 by inhibitor in some solid
tumor environment may enhance antitumor
immune responses by suppressing Treg function.
A study demonstrated by Kishore et al. (2017)
provides new evidence that Treg cells could use

glycolytic machineries to migrate into the
inflamed sites mediated by the enzyme glucoki-
nase induced via PI3K-mTORC2 pathway,
although these Treg cells arrived at inflammatory
location continue to use oxidative phosphoryla-
tion to proliferate and maintain their suppressive
function. Moreover, Tregs from relapsing-
remitting multiple sclerosis patients have altered
IL-2 signaling, which drives excessive mTOR
signaling in these cells (Carbone et al. 2013).
This defect is correlated with reduced Treg pro-
liferation and Foxp3 expression (Carbone et al.
2013), further supporting the contrary notion that
excessive mTOR signaling dampens Treg
responses. Nonetheless, as Tregs express IL-2
receptor, it is likely that low dose of IL-2 also
directly targets Treg cells to improve their fre-
quency and functional capacity in the disease
setting (Koreth et al. 2011; Saadoun et al. 2011;
Ye et al. 2018).

Rictor deletion in Tregs alone results in no
gross abnormalities, unlike those observed in
mice bearing Raptor-deficient Tregs (Zeng et al.
2013). Thus, mTORC2 does not appear to have a
dominant role in maintaining Treg functions
in vivo or in promoting iTreg generation. More-
over, mTORC1 was found to be essential for
mouse Treg cell homeostasis and suppressive
function via promotion of lipid and cholesterol
biosynthesis (Zeng et al. 2013). Furthermore,
mitochondrial respiratory and oxidative phosphor
ylation are also critical for mouse Treg cell
proliferation and suppressive function. ALL link
hyperactivation of mTOR to dysregulated T cell
responses in autoimmunity (Carbone et al. 2013;
Daley et al. 2013), underscoring the importance
of addressing the role mTOR signaling serves in
Treg biology. Metabolic programs used by vari-
ous types of Treg cells for survival and function
are far more flexible than what was originally
anticipated (He et al. 2017). It would be interest-
ing to further characterize how metabolism
regulates Foxp3+ Treg development or functions
in different disease conditions.

Emerging studies have demonstrated that Treg
cells exhibit a unique metabolic profile
characterized by an increase in mitochondrial
metabolism relative to other CD4+ effector
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subsets (Michalek et al. 2011; Gerriets et al.
2015). Tregs, like memory CD8+ T cells, rely
on FAO for their basal metabolism but utilize
some degree of aerobic glycolysis to properly
execute their suppressive functions. High
OXPHOS (oxidative phosphorylation) activity
facilitates Treg function in low-glucose and
high-lactate environments in peripheral organs,
such as the large intestine (Grzes et al. 2017).
Deletion of the metabolic sensor Stk11 in Tregs
disrupts mitochondrial fitness and metabolites
(Fu et al. 2019). Recent studies have
demonstrated that the better survival and prolifer-
ation ability than effector T cells in the glucose
restricted tumor environment are ascribed to the
utilization of both glycolysis and fatty acid oxi-
dation. Targeting metabolism for cancer therapy
has been investigated for several decades
(Luengo et al. 2017). It is noted that awareness
of the metabolic dynamics of Tregs in tumor may
provide a strategy for cancer immunotherapy. The
gut microbiota-derived metabolites and short
chain fatty acids could maintain the colonic Treg
pools and protect against colitis through
downregulation of histone deacetylase
6 (HDAC6) and histone deacetylase (HDAC9)
(Smith et al. 2013). A study reported that Treg
cell-specific deletion of mitochondrial respiratory
chain complex III impaired Treg suppressive
functions and resulted in the development of
fatty inflammatory disease early on the stage.
Furthermore, loss of complex III in Treg cells
increased DNA methylation, which suggests that
mitochondrial complex III is essential for Treg
cell-mediated immunomodulatory function
(Weinberg et al. 2019). And genetic ablation of
Tfam in Tregs, which is vital for mitochondrial
respiration and controls mitochondrial DNA rep-
lication, transcription and packaging, reduced
Treg cell proliferation under glucose deprivation
condition in vitro. Tfam deletion enhanced meth-
ylation in the TSDR of Foxp3 locus, which could
promote Foxp3 expression and stability. Further-
more, they demonstrated that loss of Tfam in
Tregs affects Treg cell homing and stability,
resulting in tissue inflammation in colitis, but
enhances tumor rejection (Chai et al. 2019).

T cells upon activation would quickly modu-
late their metabolic programs to match the

demands for mediating immune response. Previ-
ous data demonstrated that activated T cells
increase cellular amino acid uptake to meet the
requirements of protein synthesis for prolifera-
tion, the demands of nucleotide synthesis, energy
metabolism, and redox control for immune func-
tion. Importantly, more and more researchers
have revealed that amino acids not only serve as
building blocks for protein biosynthesis but also
participate in coupling environment signals and
metabolic homeostasis (see summary in Box 5.1).

Glutamine is the most abundant amino acids in
serum, making it more easily available and poten-
tial resource for cells, also lymphocyte T cells.
Glutamine donates an amine group, and its first
product glutamate also serve as glutathione syn-
thesis. Glutamate can be converted into
a-ketoglutarate, which is an important intermedi-
ate in the classical TCA cycle. Previous studies
have referred that mitogen-induced T cell prolif-
eration and cytokine production require high
levels of glutamine, and T cells are highly sensi-
tive to glutamine (Carr et al. 2010). T-cell activa-
tion needs selective glutamine import,
accompanied with increased expression of gluta-
mine transporter genes. Neutral amino acid trans-
porter ASCT2 is Na+-dependent transporter,
whose expression regulated downstream of TCR
and CD28 signaling by the CARMA1-BCL10-
MALT1 (CBM) complex. Glutamine uptake
relies on ASCT2 and ASCT2 deficiency in T
cells led to decreased mTORC1 activity and
decreased Th1 and Th17 responses (Nakaya
et al. 2014). Another study demonstrated that
glutaminolysis integrates with glycolysis to facil-
itate T cell function. Targeting glutaminase
(GLS) would restrain Th17 response yet enhance
Th1 response (Johnson et al. 2018). In T cells,
reduced branching induced by aerobic glycolysis
and glutaminolysis promotes Th17 differentiation
over Treg differentiation and the salvage of N-
acetylglucosamine (GlcNAc) would promote
Treg differentiation while blocking Th17
skewing, which was further validated in experi-
mental autoimmune encephalomyelitis, a mouse
model of multiple sclerosis (MS), as well as auto-
immune diabetes in the non-obese diabetic mouse
model (Araujo et al. 2017). Moreover, lack of
glutamine affects the differentiation of naïve T
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cells into distinct subsets. In the skewing condi-
tion, glutamine deprivation results in more Th1
cell generation instead of Foxp3+ Treg cells
(Klysz et al. 2015).

Except glutamine, L-arginine is a common
amino acid for protein synthesis and also as a
precursor for multiple metabolites, including
polyamines and nitric oxide (NO) that have
strong immunomodulatory properties (Grohmann
and Bronte 2010). T cell intracellular L-arginine is
rapidly metabolized upon antigen activation.
Elevating L-arginine levels in activated T cells
skewed the metabolism shifting from glycolysis
to oxidative phosphorylation, mediating the
reprogramming of T cells toward high survival
(Geiger et al. 2016).

A single system L transporter, Slc7a5, coupled
large neutral amino acids (LNAA) uptake in
activated T cells. Evidence showed that pharma-
cological blockade of system L transport function
hindered T cell proliferation (Schulte et al. 2018).
Pathogen infection and TCR stimulation induced
more LNAAs into effector T cells via system
transporters, including leucine (Sinclair et al.
2013). Loss of Slc7a5 in T cells prevented naïve
CD4+ T cells skewing into Th1 and Th17 cells
but showed unimpaired Treg cell differentiation
and showed obvious defect in glucose transport
and glutamine uptake in response to immunolog-
ical activation (Sinclair et al. 2013)

Kynurenine, the tryptophan metabolite, has
critical immunomodulatory properties, which is
also a ligand for aryl hydrocarbon receptor
(AHR). Slc7a5 also facilitates kynurenine
transporting across T cells triggered by TCR or
proinflammatory cytokines (Sinclair et al. 2018)

Tryptophan, catabolized by an enzyme
indoleamine 2,3-dioxygenase (IDO), was
reported to play roles in modulating T cells func-
tion in vitro (Ramalingam et al. 2012; Huang
et al. 2017). In the absence of tryptophan in the
culture medium, activated T cells would arrest at
mid-G1 phase and become more susceptible to
apoptosis partially via Fas signaling (Lee et al.
2002). Thus, mature antigen-presenting cells
expressing IDO could induce activated T cells to
cell death prior to cell cycle progression in spe-
cific condition. And IDO-deficient mice

developed severe EAE symptom with reduced
regulatory T-cell response (Yan et al. 2010).
Tryptophan catabolite 3-hydroxyanthranilic acid
(3-HAA) promoted Treg cell differentiation while
inhibited Th1 and Th17 percentage (Krause et al.
2011)

Branched-chain amino acids (BCAAs) includ-
ing leucine, isoleucine, and valine are among the
most hydrophobic of amino acids. BCAAs play
an important role in protein turnover and glucose
metabolism. Reduced BCAAs induced defective
Foxp3+ Treg proliferation and decreased Foxp3+
Treg number in vivo. Meanwhile, Treg cell-
specific Slc3a2-deficient mice impaired Treg per-
centage due to reduced isoleucine content. Also,
significantly decreased isoleucine in Slc3a2-
deficient Treg cells displayed impaired suppres-
sive function. All data demonstrated BCAAs
could maintain Treg cell property via mTORC1-
mediated immune signals (Ikeda et al. 2017).
mTOR signals are propagated and tuned to impart
Treg cell programs and functions in vivo (Gerriets
et al. 2016; Zeng et al. 2013). Amino acids,
especially arginine and leucine, are reported to
be crucial to license and maintain
TCR-dependent mTORC1 activity. Hao Shi
et al. (2019) demonstrated that amino acids com-
bined with TCR signals act as a costimulatory-
like signal to activate mTORC1 activity via
RagA/B or Rheb1/2, which can affect effector
Treg accumulation and function. Thus, amino
acid abundance and concentration may be suffi-
cient nutrients available for mTORC1 activation
underlined Treg cell-mediated immune tolerance.

Box 5.1: Amino acids not only supply
for protein synthesis but also can meet
the other requirements for cellular immune
function

Glutamine
• Glutamine is the most abundant amino

acid in serum and can be uptake via
ASCT2 (Nakaya et al. 2014).

• Glutamine deprivation inhibited Treg
cell differentiation (Klysz et al. 2015).

(continued)
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Box 5.1 (continued)

L-Arginine
• L-Arginine can be precursors for multi-

ple metabolites, including polyamines
and nitric oxide (NO) that have strong
immunomodulatory properties
(Grohmann and Bronte 2010).

• Loss of Slc7a5, a single system L trans-
porter for L-arginine, prevented Th1 and
Th17 skewing, but not Treg cell genera-
tion (Schulte et al. 2018).

Tryptophan
• Tryptophan, catabolized by an enzyme

indoleamine 2,3-dioxygenase (IDO);
IDO-deficient mice showed reduced reg-
ulatory T cell response (Yan et al. 2010).

• Tryptophan catabolite
3-hydroxyanthranilic acid (3-HAA) pro-
moted Treg cell differentiation (Krause
et al. 2011).

Branched chain amino acids (BCAAs)
• Branched chain amino acids including

valine, leucine, and isoleucine could
activate mTOR pathway (Shi et al.
2019).

• Treg cell-specific Slc3a2-deficient mice
impaired Treg percentage and
suppressed Treg cell immunomodula-
tory functions (Ikeda et al. 2017).

5.3 Cellular Metabolism,
Epigenetic Regulation,
and Treg Cells Function

Metabolites have been previously investigated to
regulate Treg cell development and function. Lac-
tate promotes NF-κB activity that, in turn,
enhances Foxp3 expression and induces Treg
polarization from naive T cells (Comito et al.
2019), although NF-κB signal is complicated for
Tregs development and function (Yang et al.
2018, 2019). Genetic knockdown of citrate

synthase, elevated nuclear acetyl-CoA levels,
increased histone acetylation at the FOXP3
promotor and induction of FOXP3 transcription
(Hawse et al. 2019). Vitamin A metabolite all
trans-retinoic acid induces histone acetylation at
the Foxp3 gene promoter and expression of the
Foxp3 protein in CD4 T cells (Kang et al. 2007;
Lu et al. 2011). In addition, all trans-retinoic
acids also displayed potent activities on sustain-
ing nTreg stability and function under inflamma-
tory condition (Lu et al. 2011; Lu et al. 2014).
SCFAs, namely acetate and propionate, were
recently shown to promote accumulation of Treg
cells in the colon through activating GPR43 pro-
tein (Smith et al. 2013). Microbial fermentation
product, butyrate, could also induce the differen-
tiation of colonic Treg cells in naive mice and
increase systemic Tregs in mice suffering from
autoimmuneuveitis (Furusawa et al. 2013; Chen
et al. 2017). The epigenetic regulation of Foxp3
gene transcriptions, interactions, and
modifications between components of the
FOXP3 complex together regulate Treg cell activ-
ity. The transcription factor FOXP3 is essential
for Treg cell development and differentiation.
The function of FOXP3 is regulated at multiply
levels accurately and complicatedly, including
transcriptional (Li and Greene 2008), transla-
tional, and posttranslational modification
(Li et al. 2007). All these regulations determine
the stability, plasticity, and functional activity of
Treg cells, which manipulate the suppressive
functions of Foxp3+ Treg cells. Plenty of signal-
ing and pathways have been reported to partici-
pate into the regulation of transcriptional and
translational levels, such as TCR signaling,
IL2-STAT5 pathway, PI3K-AKT signaling, and
even microRNAs. Most importantly, FOXP3
could crosstalk with many proteins or enzymes
to be modified through posttranslational (Li and
Greene 2008; Samanta et al. 2008). Modification
ways of FOXP3 have been well studied, includ-
ing phosphorylation, acetylation, ubiquitination,
etc. PIM1 (proto-oncogene serine/threonine-pro-
tein kinase Pim-1) phosphorylates FOXP3 at
Ser422, directly reducing Treg cell suppressive
capability (Li et al. 2014), otherwise inhibition
of PIM1 activity by Kaempferol could promote
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Foxp3 transcriptional activity (Lin et al. 2015).
Another paper has also reported cyclin-dependent
kinase 2 could interact and phosphorylate
FOXP3 at the repressor domain and negatively
regulate the stability and activity of FOXP3
(Chunder et al. 2012). Two acetyltransferases,
Tip60 and p300, have been reported as enzymes
that are responsible for FOXP3 acetylation (Jorg
et al. 2010). Tip60 interacted with FOXP3 and
regulated its inhibition on IL2 expression; p300
could be recruited to acetylate FOXP3 (Liu et al.
2013). On the contrary, two lysine deacetylases,
HDAC9 and SIRT1, can associate with FOXP3,
downregulate FOXP3 acetylation level, and pro-
hibit Treg cell activity (Beier et al. 2011; de
Zoeten et al. 2010). On the other aspect,
lipopolysaccharide-induced increases in E3
ubiquitin ligase STUB1 expression could pro-
mote FOXP3 polyubiquitination and degradation,
decreasing Foxp3+ Treg cell suppressive ability
to Teff proliferation (Chen et al. 2013). E3
deubiquitinase USP21 stabilizes FOXP3 protein
by mediating its deubiquitination and maintains
the expression of Treg signature genes (Li et al.
2016). Meanwhile, PARP-1 (poly(ADP-ribose)
polymerase 1) could interact with FOXP3 and
induce poly(ADP-ribose) polymerase modifica-
tion of FOXP3, further promoting FOXP3
polyubiquitination mediated by STUB1 (Luo
et al. 2015). Loosdregt and colleagues
demonstrated that ectopic expression of the
deubiquitinase USP7 oppositely decreased
FOXP3 polyubiquitination and increased its sta-
bility (van Loosdregt et al. 2013). Now more and
more researchers have paid attention to the inner
metabolic switch and metabolite changes on Treg
cell epigenetic regulations and vice visa. It was
reported that butyrate, a short-chain fatty acid,
boosted generation of Treg cells dependent on
intronic enhancer CNS1 of FOXP3, and another
SCFA, propionate could induce Treg cell genera-
tion from the periphery through histone
deacetylase (HDAC) inhibition (Arpaia et al.
2013). Also a report has shown that acetate
increased acetylation at the Foxp3 promoter
through HDAC9 inhibition, finally promoting
Treg cell numbers and suppressing allergic
airways disease after high-fiber or acetate feeding

(Thorburn et al. 2015). Collectively, metabolic
changes, epigenetic regulation, and Foxp3+ Treg
cell function, the three are coordinated, interde-
pendent, and mutually conditional, that is meta-
bolic changes modulate epigenetic modification
of FOXP3 and affect Treg cell function; in turn,
Treg cell functional switch would reach to meta-
bolic adaption, further impacting epigenetic
perturbs, like DNA methylation and chromatin
confirmation (Fig. 5.2).

5.4 Conclusion

The metabolic state of Treg cells is determined by
different conditions and external signals. Meta-
bolic fitness is intimately linked to T cell fate and
function. Although elevated glycolysis is com-
monly associated with Treg activation and
thought to be detrimental to Treg lineage stability,
fatty acid oxidation preferred by activated Tregs
is supposed to be helpful for their suppressive
capability. And tTreg tendency for cholesterol
synthesis may be an interesting area of discovery.
Research on amino acid metabolism and related
metabolic enzymes has also been revealing the
moonlighting roles in Treg biology. Metabolic
interventions have been investigated for cancer
therapy for several years and targeting metabo-
lism may offer a promising new approach by
modulating Treg function to break the tolerance
in certain tumor therapy.
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Abstract

The discovery of the epigenetic regulation of
Treg cells, a cell population with fundamental
immunoregulatory properties, has shed con-
siderable insights into an understanding of
the role of these cells in health and disease.
Research over the past several years has shown
that the interaction of Treg cells with the gut
microbiota are critical not only for the devel-
opment of Treg function in health but also for
abnormalities of Treg function that play a crit-
ical role in the pathogenesis of human diseases
such as the allergic diseases, the autoimmune
disorders, and cancer. The equilibrium
between phenotypic plasticity and stability of
Treg cells is defined by the fine-tuned tran-
scriptional and epigenetic events required to

ensure stable expression of Foxp3 in Treg
cells. In this chapter, we discuss the molecular
events that control Foxp3 gene expression and
address the importance of DNAmethylation as
an important molecular switch that regulates
the genetic expression of Treg induction and
the possible implications of these findings for
the treatment of human diseases characterized
by abnormalities of Treg cell function.

Keywords

T reg cells ¼ T regulatory cells · Epigenetics ·
DNA methylation · Gut ¼ gastrointestinal
tract · Microbiome · Microbiota

6.1 Introduction

The book title T Regulatory Cells in Human
Health and Diseases, chosen by the editor-in-
chief, strikes at the heart of major global efforts
that are being directed to the translation of
principles and mechanisms of basic immunology
to clinical application using techniques and tools
that address current critical needs of medicine.
This chapter reviews fundamental concepts of
the epigenetic regulation of the immune response
by Treg cells that control and shape the immune
response by interaction with the microbiota
together with a discussion of abnormalities of
Treg cell function which play a major role in
human disease. In keeping with this mandate,
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the topic of epigenetic regulation of Treg cells has
seen a supernova of research contributions that
offer a unique potential for disease prevention by
modalities that affect gene expression through
epigenetic intervention.

6.2 Treg Cell Differentiation
and Epigenetics

6.2.1 Definition of Epigenetics

Epigenetics plays an important role in the control
of gene expression (Rodenhiser and Mann 2006).
The term “epigenetics”was introduced by Conrad
Hal Waddington, a leading embryologist and
geneticist (Slack 2002) in the late 1950s.
According to this new epigenetic concept, gene
function is controlled by mechanisms which do
not change the basic nucleotide sequence of the
DNA molecule (Waddington 1957; Rodenhiser
and Mann 2006). With the advent of gene
sequencing technologies and other tools for the
study of genetics, investigative efforts have
shifted the focus of investigation from the struc-
ture of the DNA molecule to mechanisms
“beyond” the DNA molecule in our understand-
ing of complex diseases. The goal of epigenetic
studies is to provide the long sought-after link
between genetics and environmental factors that
can trigger clinical disorders arising from inap-
propriate immune responses.

Applications of this discovery have already
been made, and these extend throughout the
entire lifespan of the human from embryonic
and fetal development issues, as well as to the
management and treatment of a vast number of
immunologically mediated diseases occurring in
later life that include allergic diseases, autoim-
mune disorders, and cancer (Waddington 1957;
Rodenhiser and Mann 2006; Bellanti 2019). As a
framework for this presentation and for ease of
discussion, epigenetics exerts its effects through
the interaction of environment, various suscepti-
bility genes, and immunologic development, e.g.,
age (Bellanti 2012) (Fig. 6.1).

6.2.2 Three Mechanisms
of Epigenetics

In eukaryotes, DNA molecules are packed in
nucleosomes that are assembled in a linear
arrangement to form chromatin. Structurally,
each nucleosome contains two loops of DNA
that encircle a histone protein (Fig. 6.2) (Bellanti
2019) and exists in two forms: (1) euchromatin
(active form) in which the nucleosomes are
spaced apart and (2) heterochromatin (inactive
form) in which the nucleosomes are closely
packed, that affect metabolic activity. For gene
transcription in euchromatin to be active, there
must be sufficient space between nucleosomes
to allow insertion of transcription factors into
the DNA molecule. Conversely, closely packed
nucleosomes in heterochromatin limit access to
the transcription factors for gene transcription and
do not permit gene expression to proceed.

Epigenetic modifications not only alter chro-
matin into a transcriptionally repressive or per-
missive configuration but also serve as signals to
other chromatin-modifying complexes. At least
three epigenetic mechanisms have been
described: DNA methylation, histone modifica-
tion, and non-coding RNA-mediated gene silenc-
ing. In DNA methylation, a methyl group can be
added directly to a cytosine residue by a DNA
methyltransferase (DNMTs). This DNA modifi-
cation occurs at regions rich in CpG residues—
known as CpG islands—which are often found in
regulatory regions of the DNA molecule, as
described below for the Treg-specific
demethylated region (TSDR) in the CpG-rich
promoter region of Foxp3. Gene expression is
largely influenced by the methylation status of
these islands. Posttranslational modifications of
histone proteins through acetylation and methyla-
tion often take place in the tail of histone proteins,
which regulate gene transcription, chromosome
packaging, and DNA repair. Finally, the short
non-coding RNAs, especially microRNAs
(miRNAs), are shown to silence the gene expres-
sion by their involvement in heterochromatin for-
mation, histone modification, and DNA
methylation.
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Fig. 6.1 Schematic representation of how epigenetics
exerts its effects through the interaction of environment,
susceptibility genes, and immunologic development, e.g.,
age. (Reproduced with permission from Bellanti, JA (Ed).

Immunology IV: Clinical Applications in Health and Dis-
ease. I Care Press, Washington, DC, 2012 (Bellanti
2012))

Fig. 6.2 Schematic representation of multiple levels of
DNA packaging. (a) Nucleosomes consist of histone
proteins (shown in blue) surrounded by two loops of
DNA and, when assembled as beads on a string, form
chromatin. (b) Chromatin exists in two forms: (1) a meta-
bolically active form called euchromatin with the
nucleosomes spatially separated (required for insertion of
transcription factors for access to DNA to permit

transcription) and (2) a metabolically inert form of chro-
matin called heterochromatin with the nucleosomes
closely packed. CH3 ¼ methyl groups attached to a DNA
strand after DNA methylation; Ac acetyl groups attached
to histone proteins after histone acetylation. (Reproduced
with permission from Bellanti JA. Genetics/epigenetics/
allergy: The gun is loaded . . . but what pulls the trigger?
Allergy Asthma Proc. 2019; 40:76–83 (Bellanti 2019))
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6.2.3 Immunologic Balance: The
Balance of Pro-versus
Anti-inflammatory Cytokines

The immune system is anatomically composed of
collection of lymphoid organs, cells, and cell
products designed to recognize and remove for-
eignness. As with all physiologic systems, the
immune system may be considered as an adaptive
response in which the body attempts to maintain
homeostasis between the internal and external
environments. For ease of discussion, the total
composite functionality of the total immune capa-
bility of the host to all foreign matter may be
viewed in three phases: (1) the innate immune
responses, (2) the adaptive immune responses,
and (3) the tissue-damaging responses (Fig. 6.3)
(Bellanti 2012).

This model is based on the following
assumptions concerning immune responsiveness:
(1) the foreign substance (e.g., immunogen)
drives the immune response, which remains
active only as long as the foreign substance
persists and will cease after its removal; and
(2) the extent of the progression through these
three phases is determined by the efficiency of
elimination of the foreign substance, which is
controlled by genetic and epigenetic factors. The
immune system in health is achieved by the effi-
cient removal of the foreign agent by the innate
system alone or together with the adaptive
immune system; inefficient removal of the foreign
agent, with persistence into the third phase
represents the immune system in disease (Bellanti
2012). It is now clear that cytokines are the
important immune system signaling molecules
par excellence that maintain the immunologic
balance between the external and internal
environments and accomplish this function by
either promoting or inhibiting inflammatory
responses (Fig. 6.4) (Bellanti 2012). A balanced
production of pro- and anti-inflammatory
cytokines in response to a foreign configuration
results in immunologic equilibrium and defines
the immune system in health in contrast to the
immunologic imbalance seen when an overpro-
duction of pro-inflammatory cytokines and/or an

inadequate production of anti-inflammatory
cytokines create the disequilibrium, which
represents the immune system in disease, e.g.,
allergic diseases and autoimmune disorders
(Fig. 6.4) (Bellanti 2012). Thus, cytokines are
reactive molecules that can both promote and
counteract inflammation; this dual set of seem-
ingly opposing functions is accomplished
because the same molecules are able to react
with receptors that share homologies and that
can be activated or turned off, depending on the
nature of the foreign insult and the resulting
inflammatory response. The development of
highly effective biologic agents in recent years
directed at cytokines are revolutionizing the man-
agement of the allergic and other immunologi-
cally mediated diseases refractory to other
therapeutic regimens (Bellanti 2020).

6.2.4 The Two Major Pathways
of T-Cell Differentiation: The
CD4+ T Helper
(Th) and the CD8+ T Cytotoxic
(Tc) Populations

There are two major pathways of T-cell differen-
tiation: the CD4+ T helper (Th) and the CD8+ T
cytotoxic (Tc) populations. Figure 6.5 shows a
schematic representation of the two major arms of
the T-cell system that include the CD4+ T helper
(Th) and the CD8+ T cytotoxic (Tc) populations.
The CD4+ Th cell population is made up of sev-
eral effector subsets that include the Th1, Th2,
Th17, and Treg populations. The CD4+ Th cells
and their subsets are the key choreographers of
adaptive immune responses in mammalian hosts,
and each of their effector subsets facilitate a dis-
tinct form of antimicrobial immunity. While Th1
cells eliminate intracellular microbial pathogens
such as viruses, Th2 and Th17 subsets promote
resistance to intestinal helminths and extracellular
bacteria and fungi. The Treg cells, on the other
hand, suppress an overreactive immune and
inflammatory reaction arising from Th1, Th2,
and Th17 hyperreactions. Treg cells can also be
differentiated further into distinct subsets
according to integrin αEβ7 expression. The
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αE-positive subsets (CD25+ and CD25�) have
been found to be the most potent suppressors of
inflammatory processes in disease models such as
antigen-induced arthritis, where they act by
expressing high levels of E/P-selectin-binding
ligands and multiple adhesion molecules as well
as inducing the formation of receptors for inflam-
matory chemokines (Huehn et al. 2004).

The CD8+ T-cell population is similarly
comprised of subpopulations that include Tc1
and Tc2 subsets. Tc1 cells are active in the
destruction of virally infected or malignant cells.
During their ontogeny in the thymus and their
subsequent differentiation in secondary lymphoid
tissues, CD4+ T cells and CD8+ T cells undergo a
sequence of complex and mechanistically distinct
processes that result in the acquisition of helper or

regulatory repertoire as well as cytotoxic activity,
respectively.

6.2.5 Cytokines Produced Following
CD4+ T-Cell Differentiation

One of the major hallmark properties of Th dif-
ferentiation is the amazing capacity of subset
flexibility and plasticity rendered by the capacity
of these cells to produce cytokines. At present,
lineage commitment is defined by the signature
cytokines that differentiated cells secrete (i.e.,
IFN-γ, IL-4, and IL-17, for Th1, Th2, and Th17
cells, respectively). Figure 6.6 shows the reper-
toire of cytokines produced following CD4+

T-cell differentiation using autoimmunity as a
model (Schrezenmeier and Dörner 2020). During

Fig. 6.3 Schematic representation of the total immune
capability of the host based on efficiency of elimination
of foreign matter. (Reproduced with permission from

Bellanti, JA (Ed). Immunology IV: Clinical Applications
in Health and Disease. I Care Press, Washington, DC,
2012 (Bellanti 2012))
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autoimmunity cellular debris is released from
dying cells which can activate Toll-like receptor
7 (TLR7) and TLR7 signaling pathways in
plasmacytoid dendritic cells (pDCs) and other
immune antigen-presenting cells (APCs), includ-
ing monocytes, macrophages, and B cells,
resulting in the activation of multiple cell types
and secretion of various pro-inflammatory
cytokines. Following binding of ligand with
TLR7 and TLR9, activation of TLR signaling in
plasmacytoid dendritic cells (pDCs) leads to the
production of cytokines IL-1, IFN-α, and IL-6.
Following subsequent antigen processing and
MHC class II presentation of processed antigenic

peptides (by pDCs and B cells) to T cells, the
activation and differentiation of CD4+ Th1 cells
produce TNF-α, IL-1, IFN-γ, and IL-6, and B
cells release BAFF (B-cell activating factor).

6.2.6 Molecular Mechanisms of Treg
Cells in Immune Regulation

Of the multitude of cell–cell interactions that con-
trol T-cell reactivity of particular importance are
those that comprise a subset of T cells, termed
regulatory T, or Treg, cells, that co-express CD4
and CD25, i.e., the IL-2 receptor α chain. These

Fig. 6.4 Schematic representation of the opposing pro-
and anti-inflammatory functions of cytokines in
maintaining immunologic equilibrium. A balanced pro-
duction of pro- and anti-inflammatory cytokines in
response to a foreign configuration results in immunologic
equilibrium and the immune system in health (upper
panel) in contrast to the immunologic imbalance seen

when an overproduction of pro-inflammatory cytokines
and/or an inadequate production of anti-inflammatory
cytokines creates the disequilibrium, representing the
immune system in disease (lower panel). (Reproduced
with permission from Bellanti, JA (Ed). Immunology IV:
Clinical Applications in Health and Disease. I Care Press,
Washington, DC, 2012 (Bellanti 2012))
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naturally occurring Treg cells inhibit responses of
other T cells and are produced in the thymus,
probably during a stage of negative selection
and not only display anergic properties in vitro
but also can suppress CD4+CD25+ T cells in vivo,
probably through a cytokine-independent direct
cell–cell interaction. Table 6.1 shows several
subsets of Treg cells capable of controlling effec-
tor T-cell responses. These include both naturally
occurring Tregs (labeled nTreg) and induced Treg
(iTreg) cells (Table 6.1). The nTreg cells origi-
nate directly from thymic precursors and iTreg
cells—which include Tr1 cells and Th3 regu-
latory T-cell subsets, differentiated from periph-
eral T helper (Th) cell precursors through the
actions of different cytokines.

The discovery of the transcription factor
Forkhead box-p3 (Foxp3) has shed some light
into an understanding of the molecular
mechanisms of Treg cells, which form a key cell
population with immunoregulatory functions
(Fig. 6.5). The maintenance of stable expression
of Foxp3 in Treg cells requires the involvement of
finely tuned transcriptional and epigenetic events,
the alterations of which are associated with
human diseases (Sekiya et al. 2016). Epigenetic
mechanisms are largely externally induced and
are particularly critical for the maintenance of
Treg cell function. The mechanism(s) by which
Treg cells carry out their immunoregulatory func-
tion are twofold: (1) either through direct cell–cell
interaction or (2) through the secretion of
cytokines, e.g., transforming growth factor

Fig. 6.5 Schematic representation of the two major
pathways of T-cell differentiation: the CD4+ T helper
(Th) and the CD8+ T cytotoxic (Tc) populations and
their subsets. Following uptake and processing of an anti-
gen by an APC shown in the figure as a dendritic cell,
peptide is presented either to the CD8+ population in the
context of MHC-I or to the CD4+ subpopulation in the

context of MHC-II following which a cascading set of
cellular lymphoproliferative and differentiative steps are
initiated under the inductive influence of cytokines that
ultimately determine their effector functions. (Reproduced
with permission from Bellanti, JA (Ed). Immunology IV:
Clinical Applications in Health and Disease. I Care Press,
Washington, DC, 2012 (Bellanti 2012))
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(TGF)-β and IL-10 as shown in Fig. 6.7. The
critical role of TGF-β in Treg function was
described in several seminal studies (Zheng
et al. 2002, 2004, 2006, 2007; Gu et al. 2014;
Xu et al. 2016).

The molecular mechanisms involved in the
development and maintenance of Tregs require
the participation of essential regulators such as
transcription factors—NR4a and Smad2/3
(Sekiya et al. 2016), and the transcription factor
Ets-1 (Polansky et al. 2010). In addition to these,

Fig. 6.6 Schematic representation of the repertoire of
cytokines produced following CD4+ T-cell differentiation
using autoimmunity as a model. During autoimmunity
cellular debris released from dying cells can activate
Toll-like receptor 7 (TLR7) and TLR7 signaling pathways
in plasmacytoid dendritic cells (pDCs) and other immune
antigen-presenting cells (APCs), including monocytes,

macrophages and B cells, resulting in the activation of
multiple cell types and secretion of various
pro-inflammatory cytokines by pDCs, Th1 cells, and B
cells. (Modified and reproduced with permission from
Schrezenmeier E, Dörner T Schrezenmeier and Dörner
2020))

Table 6.1 CD4+ T cells with regulatory activity

Regulatory T
cell Characteristic

nTreg CD25+ FOXP3+ thymus-derived
Not dependent on IL-10 for biologic activity
Mediates self-tolerance/prevents autoimmune disease

iTreg Peripheral-derived Treg cells
Dependent on CTLA-4 for suppressive activity
FOXP3+ CD25+

TGF-β responsible for their induction
Th3 Peripheral-derived regulatory T cells

FOXP3�

Characterized by TGF-β production
Mediates mucosal tolerance/antigen-specific IgA production

Tr1 Peripheral-derived Treg cells
FOXP3� or FOXP3+ at times
Characterized by IL-10 production
Possibly derived from Th1-like/Th2-like lymphocytes or naïve T cells� CD25 expression (reflecting
their effector function-activation)
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epigenetic modification in the CpG-rich Treg-
specific demethylated region (TSDR) in the
Foxp3 locus offers more critical molecular mech-
anism for activation of Treg cells via Foxp3
expression. The unique FOXP3 promoter
demethylation profile in nTregs is partially
methylated in iTreg, suggesting that a
demethylated pattern is a prerequisite for stable
FOXP3 expression and a suppressive phenotype
(Janson et al. 2008; Floess et al. 2007). In this
case, epigenetic regulation operates by the meth-
ylation status of CpG motifs within the TSDR
region, which provide binding sites for essential
transcription factors, such as CREB/ATF and
NF-κB (Polansky et al. 2010). In CD4+ T cells,
the DNA methyltransferases DNMT1 and
DNMT3b reside within the Foxp3 locus and func-
tion to methylate CpG residues, thereby
repressing Foxp3 expression in CD4+ cells, even

though complete demethylation of this site is
required for stable Foxp3 expression (Lal and
Bromberg 2009). The binding of Ets-1 to the
demethylated form of TSDR in ex vivo isolated
Tregs contributes to the stabilization of Foxp3
expression in the Treg lineage (Sekiya et al.
2016), but the methylated TSDR in conventional
CD4+ T cells remains undifferentiated. Finally,
the expression of IL-10 from Treg requires epige-
netic regulation via demethylation of the intronic
enhancer of STAT5 (I-SRE-4) in the IL-2-STAT5
signaling axis (Tsuji-Takayama et al. 2008). An
example of another pathway for exploration of
Treg function deals with the maintenance of the
suppressive function of regulatory T cells by a
cAMP-adenosine feedback loop (Su et al. 2019)
and its application to mast cell activity and aller-
gic disease (Su et al. 2012).

Fig. 6.7 Schematic representation of two mechanisms of
immune regulation by Treg cells. Panel a: Self-antigen
specific CD4+CD25+ T cells can directly suppress the
activation of self-reactive T cells through cell–cell

interaction. Panel b: Anti-inflammatory cytokines such as
IL-10 and TGF-β that are secreted by other immunoregu-
latory T cells can also suppress the immune response
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6.3 The Role of Commensal
Bacteria in Shaping
the Immune Response Through
Epigenetic Mechanisms

Over the past several years, a growing body of
evidence has demonstrated the importance of
metabolically active commensal bacteria on
local immune responses. However, most of
these studies are still virtually at the starting gate
and are concerned primarily with identifying
responsible organisms by comparing microbial
populations in healthy and diseased individuals.
Dysbiosis, the condition resulting from a reduc-
tion in the diversity and variations in the quantity
of some particular commensals, contributes to
pathogenesis of a wide range of diseases includ-
ing many immune and metabolic disorders in
humans. These abnormal immune conditions are
frequently accompanied by overreactive chronic
inflammatory responses that have been shown to
be etiologic triggers for colon cancer and autoim-
mune disease. These conditions are now known
to be associated with a deficiency of Treg cells
located at local anatomic sites, e.g., the GI tract.

A major investigative effort of several
laboratories is being directed to the study of the
Treg-suppressive effects of probiotic candidates
and the specific mechanisms by which these
microbes exert their immune suppressive effects.
The continued study of how these microbes affect
innate or adaptive immune responses mediating
these effects is expected to yield a harvest of
improved therapeutic regimens directed to either
promoting or inhibiting inflammation through the
immune suppressive effects of Treg cells.

6.3.1 Local Gut Immune Responses

The local immune responses in the gut represent
approximately 70% of those of the entire immune
system (Vighi et al. 2008). These include
hundreds of species of symbiotic microbes
inhabiting the mammalian gastrointestinal tract,
which comprise five major phyla (the two major
phyla Firmicutes and Bacteroidetes as well as the

significantly less abundant Proteobacteria,
Actinobacteria, and Fusobacteria). The diversity
of microbes in the gut serves as a highly impor-
tant epigenetic network that profoundly shapes
the host immune system (Kamada et al. 2013).
While some microbes coexist peacefully with the
host, others invade and penetrate the inherent
barriers to cause acute and chronic inflammatory
conditions or initiate an allergic reaction or initi-
ate an autoimmune response. Immune equilib-
rium in the gut involves both the innate and
adaptive immune systems as well as
non-immunologic factors such as antimicrobial
peptides (AMPs) and the mucus barrier (Hooper
et al. 2012).

The local immune response in the gut varies
with the commensal species, and their specific
type of immune stimulatory responses—i.e.,
stimulatory or inhibitory—that can paradoxically
often be manifested by the same species under
different disease conditions. A typically useful
model for study of this diversity is the study of
immune responses of each organism in a germfree
mice model system with monocolonization
(Geva-Zatorsky et al. 2017). However, a major
limitation of this model is its inability to express
possible interactive effects between commensal
species in vivo. Nevertheless, given two facts—
that germ-free mice show a vastly undeveloped
immune system such that effector T cells are
skewed toward a Th2 phenotype (Surana and
Kasper 2014) and that the number of lymphocytes
and the aggressiveness of cytokine expression are
repressed in antibiotic-treated animals (Hill et al.
2010)—the molecular effects of commensal bac-
teria on immunomodulation have been extremely
useful for the study of disease pathogenesis and
have been a source of inspiration for researchers
hoping to unearth the root causes of many
diseases. For example, segmented filamentous
bacteria (SFB) elicit a robust Th17 response
(Ivanov et al. 2009); next, a glycosphingolipid
from Bacteroides fragilis inhibits invariant natu-
ral killer T-cell differentiation (An et al. 2014);
and finally, specific subsets of CD4+Foxp3+ reg-
ulatory T cells are induced by the presence of
specific individual microbes or groups of
microbes (Sefik et al. 2015; Atarashi et al.
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2013). The importance of the immunomodulating
roles of probiotics in health and disease has been
addressed in many well-done reviews (Lazar et al.
2018; Gareau et al. 2010; Sanders et al. 2019).

6.3.2 Classification and Function
of Microbe-Induced CD4+ Treg
in the Gut

CD4+Foxp3+ regulatory T cells play pivotal roles
in balancing immune response. CD4+ Treg cells
identified by producing IL-10 in the gut are a
heterogeneous group that consists of thymus-
derived natural tTreg cells as well as peripheral
pTreg cells. The tTreg cell population traces its
origin to the thymus and a development that
utilizes a thymic selection process. The remainder
of the Treg subsets are developed from circulated
naive CD4+ T cells that encounter harmless
antigens in the gut and include the Foxp3�CD4+

Tr1 cell subset and two subsets of specialized
Foxp3+CD4+ pTreg—the colonic Foxp3+RORγt+

Treg cells specific to microbiota populations and
small intestinal Foxp3+RORγt� Treg cells for
food antigens (Luu et al. 2017).

The function of Treg cells has wide application
ranging from the prevention of dysregulated
mucosal immune responses in healthy hosts, to
the treatment of chronic immunological disorders
such as celiac disease, food allergies, and inflam-
matory bowel seen in patients with autoimmune
disorders. Functional studies have also suggested
that Treg cells are also involved in several other
processes such as the control of microbial diver-
sity in the gut by immunoglobulin A and the
support of tissue repair in response to intestinal
tissue damage (Luu et al. 2017). Remarkably,
Treg induction is one of the few adaptive immune
responses that can be directly induced by symbi-
otic microbes in the gut.

6.3.3 Mechanism(s) of Induction
of Gut CD4+ Treg Cells by
Commensal Microbiota

The microbial involvement with Treg induction
in the gastrointestinal tract are best demonstrated

in patients with abnormal states of immune over-
reaction (Wong et al. 2014). Both anaerobic and
facultative aerobic gut organisms are well known
to serve as probiotics for Treg induction. Colonic
regulatory T cells (pTreg) induced by colonic
residential bacteria (especially anaerobic
organisms) are key effectors in colon disease.
However, the potential for Treg induction varies
with species, and even within strains of the same
species. The mechanism of Treg induction is also
very different for each given beneficial organism.

Currently, only a limited number of microbes
such as facultative anaerobic Clostridium
perfringens (Sefik et al. 2015) and lactic acid-
producing Lactobacillus spp. and a few anaerobic
microbes have been confirmed to have Treg-
inducing effects in the colon as well as in associ-
ation with breast feeding (Melnik et al. 2016).
The maturation Treg cells in the colon have best
been demonstrated by a studies with Bacteroides
fragilis and several commensal Clostridium
strains (Atarashi et al. 2011). In these studies,
polysaccharide A (PSA), an immunomodulatory
molecule produced by B. fragilis, was shown to
mediate the conversion of CD4+ T cells into
Foxp3+ Treg cells that produce IL-10 during com-
mensal colonization (Round and Mazmanian
2010).

While the general influence of microbiota on
intestinal homeostasis mediated by Treg cells is
well appreciated, it remains unclear whether these
effects are mediated by microorganisms them-
selves or by metabolic products produced by
them (Arpaia et al. 2013; Bollrath and Powrie
2013). Recently, soluble microbial metabolites
such as short chain fatty acids (SCFAs) and
PSAs have been generally acknowledged to play
crucial roles in controlling differentiation and
functional activity of colonic pTreg cells
(Furusawa et al. 2013; Smith et al. 2013).

In a Citrobacter rodentium-induced mouse
diarrhea model, Lactobacillus acidophilus was
shown to counteract diarrheal symptoms by
completely blocking the induction of IL-1β,
IFN-γ, and CXCL1 and inhibiting STAT3 phos-
phorylation (Kumar et al. 2016). A recent report
by Hrdý et al. found that Lactobacillus reuteri
5454 and Bifidobacterium animalis ssp. lactis
5764 improved colitis while differentially
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impacting dendritic cell maturation and antimi-
crobial responses (Hrdý et al. 2020). They found
that induction of Treg cells by L. reuteri 5454 in
an in vitro DC/CD4 T-cell co-culture decreased
the levels of inflammatory markers such as
lipocalin-2, IL-1β, IL-6, and TNF-α (Hrdý et al.
2020) and thereby protected against colitis.
Another example of microbial-induced Treg
effects is provided by a study of coeliac disease
(CD), a gluten-derived autoimmune enteropathy,
in which a FoxP3 isoform mechanism was found
to be initiated by microbial metabolites produced
by butyrate-producing bacterial flora (Serena
et al. 2017). In patients with active CD disease,
intestinal biopsies showed increased expression
of a FoxP3Δ2 isoform over a full-length FoxP3
isomeric segment. Such alternatively spliced
FoxP3Δ2 isoforms, in contrast, were not capable
of downregulating Th17-driven immune
responses in the small intestine.

However, Treg effects from other studies are
not always in agreement. While some studies
demonstrate a favorable immune response with
lactobacilli, others fail to show significant
improvement in disease progression using the
American College of Rheumatology (ACR)
response criteria for RA (Vaghef-Mehrabany
et al. 2014; Bedaiwi and Inman 2014; Nenonen
et al. 1998). Therefore, the therapeutic potential
of Lactobacillus spp., as a probiotic treatment for
rheumatoid arthritis (RA) is still inconclusive.

6.3.4 Role of Anaerobic Microbes
in Shaping Gut Immune
Responses

A number of symbiotic organisms found in the
colon, such as the rod-shaped nonmotile obligate
anaerobes, are important microbes for bile metab-
olism, lipid metabolism, and vitamin synthesis in
the host. Therefore, any alterations in the quantity
of these microbes can lead to increased suscepti-
bility to the occurrence of metabolic disorders
(e.g., type 2 diabetes) and have also been linked
to the development of chronic inflammatory
disorders such as irritable bowel syndrome
(IBS). Patients with rheumatoid arthritis

(RA) also exhibit decreased gut microbial diver-
sity, a finding which correlates with disease
manifestations and autoantibody levels (Chen
et al. 2016). In the colon, nearly one-quarter of
the bacteria, encompassing a diversity of species,
has been shown to induce RORɤ+Helios� Tregs
in a monocolonized model (Geva-Zatorsky et al.
2017). The species of the phylum Actinobacteria
with the most pronounced capacity for Treg
induction is Bifidobacterium longum, a
well-known probiotic found in both the small
intestine and colon that displays strong Treg
induction via the PSA-DC mechanism.
Bifidobacterium longum also has differential
effects on innate and adaptive immune responses
by promoting a colonic Th1 (IFNγ+) reaction
together with strong simultaneous stimulation of
IL-22 production by innate lymphoid cells (Geva-
Zatorsky et al. 2017). Enhanced IL-22 and
IL-17A production in colon tissue was also
shown by B. animalis ssp. lactis 5764 in a
mouse model study where the protective roles of
probiotics were assessed in chemically and bio-
logically induced acute colitis where this microbe
had a minor impact on Treg induction (Hrdý et al.
2020).

A decreased quantity of Faecalibacterium
prausnitzii was documented in patients with RA
(Chen et al. 2016), Crohn’s disease (Sokol et al.
2008), obesity (Newton et al. 2015), asthma, and
major depressive disorders (Jiang et al. 2015).
However, the frequency of this microbe was
found to be increased in patients with psoriasis
(Odoñer et al. 2018). Faecalibacterium is part of
the Clostridium cluster (phylum Firmicutes),
gram-positive obligate anaerobe genus.
F. prausnitzii is the sole known member in the
genus, accounting for greater than 5% of the
bacteria in the intestine. The production of buty-
rate and other SCFAs through the fermentation of
dietary fiber is the signature feature of this
microbe which has been frequently recommended
for probiotic therapy for human IBD and IBS
(Miquel et al. 2013). F. prausnitzii exhibits anti-
inflammatory effects on cellular and TNBS colitis
models. A report evaluating the molecular anti-
inflammatory mechanism(s) of F. prausnitzii
showed that the supernatant of cell cultures

106 J. A. Bellanti and D. Li



co-cultured with PMBC abolished NF-κB activity
and was associated with significantly lower levels
of IL-12 and IFN-γ and elevated IL-10 secretion
(Sokol et al. 2008). These results indicate that the
secreted metabolites are the effectors to block
NF-κB activation. The human colonic mucosa
also contains regulatory type 1-like (Tr1-like,
Foxp3� IL-10 secreting) T cells, which specifi-
cally respond to Faecalibacterium prausnitzii but
not to the related Clostridia. Following TLR4
stimulation, human dendritic cells (DC) produce
a unique array of potent Tr1/Treg polarizing
molecules including an elevated expression of
IL-10, IL-27, CD39, IDO-1, and PDL-1
(Alameddine et al. 2019). The same bacterium,
in contrast, was shown to inhibit TLR2/6 trigger-
ing IL-12 (p35 and p40) and TNFα.

Treg effects by other bacterial species have not
been well-characterized. For example, a taxon-
level analysis carried out on patients with arthritis
demonstrated an expansion of Actinobacteria,
including Collinsella and Eggerthella (Chen
et al. 2016). An important finding of this study
was a strong correlation of Collinsella with high
levels of alpha-aminoadipic acid, the
proinflammatory cytokine IL-17A, and the
chemokines CXCL1 and CXCL5, which may
result in the recruitment of neutrophils and acti-
vation of NFkB in patients with RA. Collinsella
aerofaciens, belonging to the phylum
Actinobacteria, is the major utilizer of lactose in
the human colon. The fermentation of
carbohydrates leads to the production of hydro-
gen, ethanol, short-chain fatty acids, and lactate in
the human colon (Kageyama et al. 1999). Similar
to Fusobacteria spp. and Bifidobacterium,
Collinsella can change host plasma cholesterol
levels and modify the host bile acids to modulate
the virulence and pathogenicity of enteric
pathogens (Rajilić-Stojanović and de Vos 2014).
Eggerthella lenta is another organism that was
detected with more abundance in RA patients
than in healthy people (Chen et al. 2016).
Although the impact of Eggerthella on the
immune response in the gut has not been fully
determined, metabolically, it participates in the
ornithine–urea cycle in the gut by using ornithine
as a substrate to generate energy. It has been

proposed that the increased levels of citrullination
in the gut may interfere with the process under
which antibodies might be produced (Chen et al.
2016).

The phylum Fusobacteria, a gram-negative
obligate anaerobe, has been shown to have signif-
icant immunologic effects in clinical observation
and animal model studies. Fusobacterium
nucleatum, for example, is prevalent in patients
with colorectal carcinoma and among some
patients with inflammatory bowel disease (Kostic
et al. 2013; Strauss et al. 2011), periodontal dis-
ease (Bolstad et al. 1996; Signat et al. 2011), and
skin ulcers (Dryden 2010). The immune effects of
F. varium include reducing both T4 (CD4+) and
T8 (CD8+) populations, increasing colonic DN
(CD4�CD8�TCRβ+) cells more than any other
microbe, suppressing C-type lectins of the Reg3
antimicrobial family (a natural peptide of epithe-
lial cells), and inhibiting P450 gene family and
trans-retinoid acid metabolism in the hosts
(Geva-Zatorsky et al. 2017).

6.4 Studies from Our Own
Laboratory

6.4.1 In Vitro Induction of T
Regulatory Cells by
a Methylated CpG DNA
Sequence in Humans: Potential
Therapeutic Applications
in Allergic and Autoimmune
Diseases

Allergic and autoimmune diseases comprise a
group of immunologically mediated disorders
caused by aberrant immune responses in which
CD25+ Forkhead box P3-positive (FOXP3+) T
regulatory (Treg) cells that normally suppress
inflammatory events are often poorly functioning.
This has stimulated an intense investigative effort
to find ways of increasing Tregs as a method of
therapy for these conditions.

In a pilot study carried out in our laboratory,
we investigated the epigenetic effects of
methylated DNA on lymphoproliferative and
Treg responses (Lawless et al. 2018). In this
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study, we evaluated the capacity of synthetic
methylated DNA CpG ODN and unmethylated
DNA CpG ODN sequences to induce FoxP3+

Treg cells in human PMBC CD4+ cells.
We showed that CT-DNA and a synthetic

methylated DNA 8-mer sequence could suppress
antigen-, mitogen-, and alloantigen-induced
lymphoproliferation in vitro when measured by
[3H]-thymidine. The synthetic methylated DNA
CpG ODN but not the unmethylated CpG ODN
sequence is seen to promote FoxP3 expression in
human CD4+ T cells in the presence of TGF-β
and IL-2 (Fig. 6.8). The induction of FoxP3 sup-
pressor cells is dose dependent and offers a poten-
tial clinical therapeutic application in allergic and
autoimmune and inflammatory diseases.

These preliminary studies demonstrate that the
use of this methylated CpG ODN offers a broad
clinical application as a novel therapeutic method
for Treg induction. Further, because of its low
cost and small size, the CpG ODN should easy
to deliver via nasal, respiratory, gastrointestinal
routes, and/or by injection, all of which are routes
of administration that are important for vaccine

delivery to target sites responsible for respiratory,
gastrointestinal, and systemic forms of allergic
and autoimmune diseases.

6.4.2 Studies of the Treg-Inducing
Capacity of DNA from
Bifidobacterium longum subsp.
infantis and Lactobacillus
rhamnosus: Implications
for Microbial DNA
Immunotherapy and Treg
Induction

Based upon our preliminary findings that
(1) DNA methylation may be an important deter-
minant of immune reactivity and (2) immunosti-
mulatory CpGs of microbial DNA have been
found to be largely unmethylated and
proinflammatory in contrast to normal mamma-
lian DNA that has methylated CpG moieties that
are both noninflammatory and lack immunoge-
nicity, we hypothesized that microbiota with a
greater degree of DNA methylation would have
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Fig. 6.8 Comparative studies of FoxP3 expression by
methylated Sequence 1 (DNA-1) and unmethylated
Sequence 4 (DNA-4). Sequence 1 shows greater Forkhead
box P3 (FOXP3) expression in CD4+ T cells than
sequence 4 in 5-day cultures, and it also increases FoxP3

in a dose-dependent responsive manner. NS
nonsignificance. *p < 0.05; **p < 0.01. (Reproduced
with permission from Lawless OJ, Bellanti JA, Brown
ML, et al, (Lawless et al. 2018))
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a greater potential for Treg induction in the gut
than those with a lower degree of methylation. As
described previously, commensal gut microbiota
within the gastrointestinal microbiome can favor-
ably affect host health by directly regulating the
induction of regulatory T cells (Tregs). Among
the commensal microbiota known to have benefi-
cial health benefits related to induction of Treg
cells are the lactic acid-producing bacteria
Bifidobacterium longum subsp. infantis and Lac-
tobacillus rhamnosus. In a separate set of
experiments, we tested this hypothesis by study-
ing the Treg-inducing capacity of purified geno-
mic DNA (gDNA) preparations from B. longum
subsp. infantis and L. rhamnosus, compared to
that of a gDNA preparation from a pathogenic
E. coli strain B ( Li et al. 2020).

We showed that gDNA from B. longum is a
potent Treg-inducer that operates in a dose-
dependent response with a dose-threshold of
20 μg gDNA. No similar correlation was found
in gDNA from L. rhamnosus or E. coli. More-
over, the gDNA from Bifidobacterium longum
was associated with a unique bacterial motif not
found in L. rhamnosus or E. coli strain B. We
found 62 m5C hits in B. longum genome; all of
which were m5C motifs sharing the same m5C
motif (RGCpGGCGCC) in this species at an
average 144 modQV level as shown in
Table 6.2. By contrast, a total of 174 m5C
contexts were detected in L. rhamnosus,
consisting of five types of motifs with CpG,
CpT, and CpN modification, corresponding to a
weak Treg-inducing phenotype.

Our findings add an additional layer in our
understanding of the complex host–microbiota
interactions responsible for Treg induction and
offer an alternative approach to Treg induction.
The anti-inflammatory capacity of methylated
bacterial DNA may be harnessed by its endoge-
nous content of suppressive methylated motifs
that may provide a novel therapeutic approach
to the treatment of immunologic diseases in
which Treg populations are diminished—such as
the allergic and autoimmune diseases.

6.5 Prospective Clinical
Applications of Treg Cells
and Epigenetic Regulation

It is now becoming clear that microbiota and their
metabolites in the host gut can regulate immune
cells and cytokines and the expression level of
Treg cells via epigenetic modifications. The
Th17/Treg (T helper 17/regulatory T cell) ratio
as a biomarker, for example, has been linked to
the development and progression of inflammatory
diseases, insulin resistance, and systemic lupus
erythematosus (SLE) (Rahbar Saadat et al.
2019), which is potentially mediated by epige-
netic mechanisms. For example, SCFAs pro-
duced by gut microbiota promote the
differentiation of naïve T cell into Treg by
suppressing histone deacetylases (HDACs)
(Chen et al. 2017). Targeting epigenetic changes
via HDAC inhibitors (Cantley et al. 2015) and
miRNA-based therapies has been applied in both
human and animal models of inflammatory or
autoimmune diseases. However, the effectiveness
of HDAC inhibitors as anti-inflammatory agents
depends on cell type and dosage, and the data are
at times contradictory (Hull et al. 2016).

The fact that methylated CpG-rich islands of
the Foxp3 in conventional CD4+ is bounded by
DNMT1, DNMT3b, MeCP2, and MBD2
provides a therapeutic idea to enhance Treg sub-
set through the methyltransferase inhibitor. The
fact that DNA 5-aza-20-deoxycytidine (Aza), a
DNMT inhibitor, together with TGF-β, resulted
in a strong and stable induction of Foxp3 in
human and in mouse CD4+ cells, indicates that
the epigenetic regulation of Foxp3 can be predict-
ably controlled (Lal et al. 2009; Polansky et al.
2008). In addition, tolerogenic vaccination by
DEC-205-mediated targeting of peptide-agonist
ligands to DC in vivo converts naive T cells into
Treg cells that display both stable Foxp3 expres-
sion and demethylated TSDR (Polansky et al.
2008). DEC-205, a multilectin receptor expressed
by a variety of cells including DC, has been
identified as a receptor for CpG ODN (Lahoud
et al. 2012). The impact of this receptor on a
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synthetic CpG ODN vaccine could be significant
when used as an adjuvant.

Recently identified participation of gut
microbiota in the remodeling of the epigenome
of immune cells has opened new paths toward
operative therapeutic strategies. These data are
mostly collected from animal models, in which
the most promising dietary interventions include
the use of prebiotics and probiotics (Luo et al.
2017). Prebiotics are defined as fermented
ingredients such as non-digestible saccharides.
Supplementation with PSA can increase the pop-
ulation of butyrogenic strains in the gut that pro-
duce SCFAs such as butyrate. Increased levels of
SCFAs eventually remodel the T-cell epigenome
to favor Treg differentiation (Smith et al. 2013).
Probiotics, a common ingredient in yogurt, are
live organisms which, when consumed by the
host, provide beneficial health effects as
described in Sect. 6.3.

In summary, studies of the epigenetic roles of
microbial communities, and the effects of
metabolites and components on T-cell induction
and subsequently on immune homeostasis and
immune-mediated diseases are a promising area
for future research. Table 6.3 shows the results of
studies that continue to uncover the role of an
altered microbiome in human disorders and
diseases, as well as in preclinical models, and to
uncover microbial metabolites that have been
implicated in their pathogenesis. In addition to
the role of extracellular metabolites produced by
these microbiota, our recent findings suggest that
molecular composition and degree of methylation
of the genetic DNA of these microbes also play a
role in the induction of Treg cells that may pro-
vide a novel therapeutic modality to increase
these important immunomodulatory cells through
the use of vaccines.

Table 6.3 Microbial metabolites or components that are implicated in disease (Modified and reproduced with
permission from Rooks MG, Garrett WS. Gut microbiota, metabolites and host immunity. Nat Rev Immunol. 2016;
16:341–52)

Human disease and preclinical models Microbial metabolites or components

Allergic and immune disorders

• Asthma SCFAs
• Inflammatory bowel disease SCFAs

B vitamins
Cancer

• Colorectal cancer SCFAs
B vitamins
N1,N12-diacetylspermine

Gynecological and reproductive disorders

• Bacterial vaginosis and other sexually transmitted infections Polyamines
HBP

• Preterm labor SCFAs
Metabolic disorders

• Cardiovascular disease TMAO
• Kidney disease SCFAs

p-Cresol
• Obesity and metabolic syndrome TMAO
• Type 2 diabetes TMAO

Neurological disorders

• Autism spectrum disorder 4-EPS
• Central nervous system dysfunction SCFAs

Other gastrointestinal disorders

• Infectious colitis (Clostridium difficile) Bile acids

EPS 4-ethyl phenol sulfate, HBP D-glycero-β-D-manno-heptose-1,7-biphosphate, SCFAs short-chain fatty acids, TMAO
trimethylamine N-oxide
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TCR/ITK Signaling in Type 1 Regulatory T
cells 7
Michael C. McGee, Avery August, and Weishan Huang

Abstract

Type 1 regulatory T (Tr1) cells can modulate
inflammation through multiple direct and indi-
rect molecular and cellular mechanisms and
have demonstrated potential for anti-inflam-
matory therapies. Tr1 cells do not express the
master transcription factor of conventional
regulatory T cells, Foxp3, but express high
levels of the immunomodulatory cytokine,
IL-10. IL-2-inducible T-cell kinase (ITK) is
conserved between mouse and human and is
highly expressed in T cells. ITK signaling
downstream of the T-cell receptor (TCR) is
critical for T-cell subset differentiation and
function. Upon activation by TCR, ITK is
critical for Ras activation, leading to down-
stream activation of MAPKs and upregulation

of IRF4, which further enable Tr1 cell differ-
entiation and suppressive function. We sum-
marize here the structure, signaling pathway,
and function of ITK in T-cell lineage designa-
tion, with an emphasis on Tr1 cell develop-
ment and function.

Keywords

ITK · TCR · Tr1 cells · Ras · IRF4

7.1 Introduction

Regulatory T cells are critical in promoting self-
tolerance and preventing immunopathology from
excessive inflammation. Transcription factor
Foxp3 is a well-recognized lineage specification
factor of conventional T regulatory (Treg) cells.
Foxp3+ conventional Treg cells express Foxp3
and CD25 as identifying markers and are impor-
tant immune regulators that promote self-
tolerance and immune homeostasis in human
and mouse (Bennett et al. 2001; Brunkow et al.
2001; Chatila et al. 2000; Fontenot et al. 2003;
Gambineri et al. 2003; Hori et al. 2003; Khattri
et al. 2003; Sakaguchi et al. 1995; Shevach et al.
2001; Wildin et al. 2001). Type 1 regulatory T
(Tr1) cells, on the other hand, lack the expression
of Foxp3 and CD25, but express high levels of the
immunomodulatory cytokine IL-10, which can
suppress inflammatory responses associated with
type 2 cytokines (IL-4/5/13) and IL-17 responses
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(Gagliani et al. 2013; Gol-Ara et al. 2012; Huber
et al. 2011; Okamura et al. 2012). Tr1 cells
directly suppress the effector cell response
through the secretion of IL-10, granzyme-depen-
dent killing of antigen-presenting cells, and
expression of coinhibitory receptors such as
CTLA-4 and PD-1 (Akdis 2008; Haringer et al.
2009; Huber et al. 2011; Magnani et al. 2011).
Indirect immune suppression by Tr1 cells has
been shown as well, such as depletion of
proinflammatory extracellular ATP by CD39
expressed on Tr1 cells (Mascanfroni et al. 2015).

Tr1 cells have been shown to suppress the
development of diseases such as allergic asthma,
colitis, and atopic dermatitis in animal models
(Ahangarani et al. 2009; Groux et al. 1997; Volz
et al. 2014). Antigen-specific tolerance correlates
positively with Tr1 numbers during
hematopoietic stem cell transplant and immuno-
therapy (Bohm et al. 2015; Serafini et al. 2009).
Their ability to regulate inflammation and induce
tolerance makes Tr1 cells a promising candidate
for immunotherapies (Bohm et al. 1998; Gol-Ara
et al. 2012; Mobs et al. 2010; Roncarolo et al.
2014; Volz et al. 2014; Zeng et al. 2015). How-
ever, this potent regulatory activity has the poten-
tial to “cut both ways” by hindering the protective
response toward pathogens or tumors. Patients
with chronic hepatitis C possess higher numbers
of virus-specific Tr1 cells than patients who spon-
taneously clear the infection (Brady et al. 2003;
MacDonald et al. 2002). In a mouse model of
Bordetella pertussis, pathogen-specific Tr1 cells
have been shown to suppress the protective Th1
response (McGuirk et al. 2002). Tr1 cells isolated
from tumors display immunosuppressive
functions ex vivo (Bergmann et al. 2008;
Pedroza-Gonzalez et al. 2015). Thus, understand-
ing the signaling pathways that drive Tr1 differ-
entiation and function is of great interest. While
much is known about signaling pathways
involved in Treg cell development and function
(Sakaguchi et al. 2008; Vignali et al. 2008), sig-
nificantly less is known about the molecular
mechanisms regulating Tr1 cell development
and how they function against inflammation.

Members of the Tec family of nonreceptor
tyrosine kinases are critical in signaling pathways

of the immune system (August and Ragin 2012;
Berg et al. 2005; Gilfillan and Rivera 2009). IL-2-
inducible T-cell kinase (ITK) is the predominant
Tec family kinase expressed in T cells and is a
signaling mediator downstream of the T-cell
receptor (TCR) (August et al. 2002). ITK plays
major roles in modulating T-cell development,
activation, differentiation, and function (Gomez-
Rodriguez et al. 2014, 2016; Huang et al. 2014;
Kannan et al. 2015; Schaeffer et al. 2000, 2001).
The role of ITK in the differentiation and function
of several T helper (Th) lineages is well studied
(August and Ragin 2012; Gomez-Rodriguez et al.
2014; Huang et al. 2014; Kannan et al. 2013;
Miller et al. 2004). However, it has only been
recently explored in Tr1 cells (Huang et al.
2017). This chapter summarizes the role of ITK
in TCR signaling and Th cell differentiation, with
an emphasis on the role of ITK in Tr1 cell differ-
entiation and function.

7.2 Structure of ITK

ITK is a member of the Tec family kinases and is
expressed by mast cells and T cells, with a pre-
dominant preference in T cells (Andreotti et al.
2010; August et al. 2002). Tec family includes
ITK, BTK, TEC, BMX, and TXK and is the
second largest non-receptor protein-tyrosine
kinase family (second to Src family) (Takesono
et al. 2002). These kinases are classified based on
the unique Tec-Homology (TH) domain, which is
composed of a zinc-binding Btk-homology
(BH) motif and/or proline-rich regions (PRR).
ITK and its family members share a high homol-
ogy in structure consisting of, from protein N
terminal to C terminal, pleckstrin homology
(PH), TH (BH + PRR), Src-homology (SH) 3,
SH2, and kinase domains (Fig. 7.1a) (Felices
et al. 2007). At the steady state in resting T
cells, ITK normally resides in the cytosolic com-
partment, and the PH domain is critical in
recruiting ITK to the plasma membrane upon
TCR activation (August et al. 1997). The SH3
and SH2 domains are important for mediating
protein–protein interactions between ITK and
other components of the TCR signaling complex,
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most notably SLP-76 (Berg et al. 2005; Bunnell
et al. 2000; Su et al. 1999). In addition, these SH2
and SH3 protein–protein interactions are critical
for kinase-independent functions in regulating
actin cytoskeleton rearrangement (Dombroski
et al. 2005; Grasis et al. 2003).

The C-terminal kinase domain has high levels
of structural similarity between ITK and other
Tec family members, making it challenging to
identify small molecule inhibitors that would be
specific for ITK over the other Tec kinases. The
presence of unique gatekeeper residues in the
kinase domain may enable the development of
an allele-sensitive kinase domain that allows tem-
poral inhibition of the kinase activity using small
molecule inhibitors (Bishop et al. 1998). A bulky
gatekeeper residue, F435, has been identified in
ITK, and substitution of this residue with the
short chain glycine (F435G) allows for bulkier
ATP analogs to efficiently compete for the ATP
binding and prevent activation of this allele
sensitive mutant of ITK (ITKas) (Fig. 7.1b)
(Shokat and Velleca 2002). These bulkier ATP
analogs include modified derivatives of the
Src-kinase inhibitor PP1 (1-(1,1-dimethylethyl)-
3- (4-methylphenyl) -1H -pyrazolo[3,4-d]
pyrimidin-4-amine) such as 3MB-PP1

(1-(1,1-dimethylethyl)-3-[(3-methylphenyl)
methyl]-1H-pyrazolo[3,4-d]pyrimidin-4-amine),
1NM-PP1 (1-(1,1-dimethylethyl)-3-(1-naphthale-
nylmethyl)-1H-pyrazolo[3,4-d]pyrimidin-4-
amine), and 1-NA-PP1 (1-(1,1-dimethylethyl)-3-
(1-naphthalenyl)-1H-pyrazolo[3,4-d]pyrimidin-
4-amine), that have unique selectivity for kinases
that are modified by substitution of similarly
located gatekeeper residues in other kinases
(Bishop et al. 2000).

7.3 TCR/ITK Signaling Pathway

The TCR is stimulated upon interaction with the
peptide/MHC complex on antigen-presenting
cells. This interaction results in the phosphoryla-
tion of Lck. Lck phosphorylates the ITAMs on
the cytoplasmic CD3ζ chain which allows for
recruitment and phosphorylation of ZAP-70.
Activated ZAP-70 phosphorylates the adaptor
proteins LAT and SLP-76 which forms a crucial
scaffold for the TCR signaling complex or
signalosome (Werlen and Palmer 2002). Lck
also phosphorylates phosphatidylinositol
3-kinase (PI3K) which generates phosphatidy-
linositol (3,4,5)-trisphosphate (PIP3) lipids in

Fig. 7.1 Structure of ITK. (a) Schematic of structure of
ITK: from N to C terminus, there are PH, TH, SH3, SH3,
and kinase domains. (b) Structures of kinase domain of
WT and allele sensitive (as) mutant of ITK (upper panel).
ITKas harbors an F435G mutant (black and green arrows)

in the ATP binding pocket (lower panel) of ITK kinase
domain along with a ΔA429 (red arrows) to preserve the
ITK kinase activity of ITKas. (Modified from the authors’
previous publication (Kannan et al. 2015))
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the plasma membrane. ITK is recruited to the
plasma membrane by PIP3 via the PH domain
(August et al. 1997) where it is phosphorylated
by Lck. This event allows ITK to interact with the
TCR signalosome via phosphorylated tyrosine
145 on SLP-76 via its SH2 domain (Su et al.
1999). Once associated with the signalosome,
ITK activates PLCγ-1 via phosphorylation.
Activated PLCγ-1 converts membrane phosphati-
dylinositol 4,5-bisphosphate (PIP2) into the sec-
ond messengers inositol trisphosphate (IP3) and
diacylglycerol (DAG) (Schaeffer et al. 1999). IP3
stimulates IP3R on the endoplasmic reticulum
(ER), resulting in release of STIM1-mediated
ER calcium (Ca2+) stores into the cytoplasm.
Depletion of ER Ca2+ stores results in an influx
of extracellular Ca2+ through calcium release-
activated channels such as Orai1 on the plasma
membrane (Smith-Garvin et al. 2009). Increased
intracellular Ca2+ levels activate calcineurin
which dephosphorylates and promotes nuclear
translocation of NFAT (Smith-Garvin et al.
2009). Production of DAG leads to the activation
of Ras/Raf1/MAPK pathway (Smith-Garvin et al.
2009), which can further lead to activation and
upregulation of transcription factor AP-1 and IRF
family members (Huang et al. 2017; Schaeffer
et al. 2001). DAG also recruits PKCθ to the
plasma membrane where it regulates NF-κB acti-
vation and nuclear translocation (Smith-Garvin
et al. 2009). This TCR/ITK signaling pathway is
detailed in Fig. 7.2.

TCR signaling still occurs in the absence of
ITK, but with attenuated strength (August and
Ragin 2012; Schaeffer et al. 2001), which makes
ITK more a signal amplifier rather than a signal
switch during T-cell activation (August and
Ragin 2012). In the absence of ITK, activation
of the MAPK pathway and downstream AP-1 and
IRF4 transcription factors is reduced, as well as
the calcium flux and NFAT activity (Huang et al.
2017; Schaeffer et al. 2001); NF-κB activation is
also impaired, but to a lesser extent than MAPK
and NFAT pathways (Fowell et al. 1999;
Schaeffer et al. 2001). The attenuation of these
signaling pathways has consequences for T-cell
subset differentiation and function.

7.4 Kinase-Independent ITK
Function

ITK also has kinase-independent functions during
TCR activation. Upon T-cell activation, ITK
directly interacts with Vav, a regulator of actin
polymerization, via the SH2 domain (Dombroski
et al. 2005). In mouse models of Itk deficiency, T-
cell-specific expression of ITK with mutations in
the SH2 and SH3 domain display impaired actin
polymerization along with reduced recruitment of
Vav to the signaling complex during T-cell acti-
vation (Dombroski et al. 2005; Grasis et al. 2003).
However, ITK kinase dead mutants do not show
this deficiency, suggesting that ITK acts as part of
a scaffold important for cytoskeleton reorganiza-
tion independently of its kinase activity (Fig. 7.2)
(Dombroski et al. 2005; Grasis et al. 2003; Hao
et al. 2006; Qi et al. 2011; Sahu et al. 2008).

7.5 Function of ITK in T Helper Cell
Designation

The role of ITK in T-cell subset differentiation
and function has been well studied over the past
two decades (Fig. 7.3). Naïve CD4 cells preferen-
tially differentiate into IFN-γ-producing Th1 cells
in the absence of ITK, partly due to its negative
regulation of Tbet expression (Kannan et al.
2013; Miller et al. 2004). Itk-deficient mice have
defects in Th2 differentiation and function and
were reported to be resistant to developing aller-
gic airway inflammation (Au-Yeung et al. 2006;
Fowell et al. 1999; Kannan et al. 2013). ITK plays
a crucial role in regulating the balance between
Th17 and Treg cell differentiation in part via
regulating sensitivity to IL-2 (Gomez-Rodriguez
et al. 2014). Under Th17-polarizing conditions,
ITK signals suppress Treg cell differentiation
while promoting Th17 differentiation (Gomez-
Rodriguez et al. 2014; Huang et al. 2014). Impor-
tantly, impaired calcium/NFAT signaling in
Itk�/� CD4+ cells results in decreased cytokine
production by both Th17 and Th2 cells (Fowell
et al. 1999; Gomez-Rodriguez et al. 2009). ITK
has also been shown to be critical in Th9
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Fig. 7.2 Scheme of TCR signaling through ITK. (Modified from the authors’ previous publication (Kannan et al. 2012))

Fig. 7.3 ITK function in Th and regulatory T-cell differentiation and function. Note that ITK signals through
Ras/MAPK/IRF4 are critical for Tr1 cell development and suppressive function
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differentiation by regulating induction of IL-2/
STAT5 signaling leading to upregulation of
IRF4 (Gomez-Rodriguez et al. 2016). The roles
of ITK in regulating cytokine production in Th1,
Th2, and Th17 cells are dependent on the kinase
activity of ITK (Kannan et al. 2015).

7.6 TCR/ITK → Ras/MAPK/IRF4
Pathway in Tr1 Cells

Naïve CD4+ cells can differentiate into Tr1 cells
upon TCR stimulation in the presence of IL-27
(Fitzgerald et al. 2007). Th17 cells are also capa-
ble of transdifferentiating into Tr1 cells upon
resolution of inflammation (Gagliani et al.
2015). IL-27 signals through STAT1 and
STAT3 to induce a network of transcription
factors, including IRF4, Blimp-1, Ahr, and
c-Maf, that controls Tr1 differentiation (Apetoh
et al. 2010; Cretney et al. 2011; Pot et al. 2011;
Stumhofer et al. 2007). The absence of ITK or
ITK kinase activity results in severely impaired
upregulation of IL-10, Tr1 cell associated surface
markers, and transcription factors under Tr1 cell-
inducing conditions both in vivo and in vitro.
Indeed, anti-CD3 antibody treatment induces sig-
nificantly less Tr1 cells in Itk�/� compared to WT
mice. The absence of ITK also reduced the devel-
opment of Tr1 cells in models of parasitic and
viral infections. Inhibition of ITK kinase activity
significantly reduced Th17 to Tr1 cell trans dif-
ferentiation in vitro. Furthermore, ITK kinase
activity is critical for upregulating the expression
of transcription factors IRF4, Ahr, and Blimp-1,
all of which are involved in regulating Tr1 cell
development, in both mouse and human, although
there are some nuances between mouse and
human (e.g., Maf appears to be downstream of
ITK in mice, but not human Tr1 cell differentia-
tion). Downstream of TCR/ITK, Ras/MAPK
pathway is upregulated, further leading to
upregulation of IRF4 expression. Using ITKas-
expressing Tr1 cells co-cultured with
TCR-activated WT responder T cells, ITKas
kinase activity was shown to be critical in the
suppressive function of Tr1 cells against
responder T-cell expansion. This reduction in

suppression coincided with a decrease in IL-10
production. Importantly, Itk�/� Tr1 cell differen-
tiation could be rescued when IRF4 was
reintroduced via retroviral transduction, and the
resultant IRF4-expressing Itk�/� Tr1 cells were
functionally suppressive. Taken together, these
data show that the TCR/ITK ! Ras/MAPK/
IRF4 signaling pathway is critical in both Tr1
differentiation and suppressive function
(Fig. 7.3) (Huang et al. 2017).

7.7 Conclusions

Regulatory T cells serve to protect against auto-
immunity and restrict immunopathology but may
also prevent eradication of pathogens or tumors.
While the TCR/ITK ! Ras/MAPK/IRF4 path-
way is crucial for Tr1 cell differentiation and
function, the exact mechanism of Ras activation
and signaling leading to upregulation of IRF4
has not yet been determined. Proof-of-concept
clinical trials with Tr1 cells have demonstrated
the safety and feasibility of this approach and
indicated some preclinical benefits in graft-
versus-host disease during hematopoietic stem
cell transplantation (Bacchetta et al. 2014).
In mouse models, IL-10-producing T cells
exhibited anti-inflammatory effects in host
immune rejection to organ transplants (Mfarrej
et al. 2017), inflammatory bowel diseases
(Clemente-Casares et al. 2016; Desreumaux
et al. 2012), allergic asthma (Tousa et al. 2017),
food allergy (Pellerin et al. 2018), dermatitis
(Volz et al. 2014), type 1 diabetes (Clemente-
Casares et al. 2016), autoimmune encephalitis
(Clemente-Casares et al. 2016), arthritis
(Clemente-Casares et al. 2016), acute immuno-
pathology due to infection (Huang et al. 2017),
and other related inflammatory conditions, as
well as in shaping vaccine-induced immune
responses (Ndure and Flanagan 2014). A more
complete understanding of the signaling
pathways that promote Tr1 cell differentiation
and function may allow for the development of
improved strategies to modulate the immune
responses under different disease conditions.
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Adipose Tissue T Regulatory Cells:
Implications for Health and Disease 8
David Bradley, Dharti Shantaram, Alan Smith,
and Willa A. Hsueh

Abstract

Obesity dramatically increases the risk of
numerous conditions, including type 2 diabetes
mellitus and other components of the meta-
bolic syndrome. Pro-inflammatory changes
that occur in adipose tissue are critical to the
pathogenesis of these obesity-induced
complications. Adipose tissue is one of the
body’s largest endocrine organs, and the cells
that comprise the adipose tissue immunoen-
vironment secrete multiple factors (including
adipokines and cytokines) that impact sys-
temic metabolism. In particular, immunosup-
pressive regulatory T cells (Tregs) decline in
obesity, partly in response to its complex inter-
action with adipocytes, and this decline
contributes to disruption of the typical homeo-
stasis observed in lean adipose tissue.
Although the regulation of Treg differentia-
tion, function, and enrichment is incompletely
understood, factors including various cell-
surface co-stimulatory molecules, certain
lipid species, and cytokines such as PPARγ,
adiponectin, and leptin are important
mediators. It is also clear that there may be
depot-specific differences in Tregs, rendering

adipose tissue Tregs distinct from lymphoid or
circulating Tregs, with implications on main-
tenance and functionality. While most of these
findings are derived from studies in murine
models, comparatively little is known about
the human adipose tissue Treg signature,
which requires further investigation.

Keywords

Obesity · Adipose tissue · Adaptive immunity ·
Regulatory T cells · Insulin resistance

8.1 Introduction

More than two thirds of the US population is
overweight or obese (Ogden et al. 2014), which
increases the risk for type 2 diabetes (T2D) and
other components of the metabolic syndrome
including elevated plasma triglycerides, low
levels of high-density lipoprotein cholesterol,
and hypertension, all predisposing to cardiovas-
cular disease (Osborn and Olefsky 2012). Obesity
is a principal cause of both insulin resistance
(IR) and diminished beta (β)-cell function, the
two major factors involved in the pathogenesis
of T2D (DeFronzo 2004). Accordingly, the rate
of T2D has substantially increased (Khan et al.
2009) in parallel with the rates of obesity. In
addition to T2D, obesity predisposes to multiple
other abnormalities including atherosclerosis and
myocardial infarction, heart failure, stroke and
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dementia, obstructive sleep apnea, nonalcoholic
steatohepatitis and liver cirrhosis, certain cancers
(including breast, colon, prostate, hepatocellular
carcinoma, and others), peripheral arterial dis-
ease, and more; all of which increase morbidity
and mortality, and substantially escalate
healthcare costs. Inflammation stemming from
adipose tissue (AT) changes that occur in obesity
is an important underlying driver of these
obesity-induced complications; yet, there are no
anti-inflammatory-based therapies for obesity.
Therefore, this chapter is focused on mechanisms
of AT inflammation in obesity, particularly early
changes following high fat feeding, which
involve adipocyte/T-cell interactions, leading to
loss of immunosuppressive regulatory T cells
(Tregs), and disruption of systemic metabolism.

8.2 Adipocytes at the Crossroads
of Immunity and Metabolism

In mammals, there are three distinct types of AT:
white AT (WAT), whose classical function is
energy storage of fat (i.e., triglyceride); brown
AT (BAT), which plays a major role in energy
dissipation through thermogenesis; and beige adi-
pose tissue, which are largely depots of subcuta-
neous fat that can burn energy similar to BAT, but
has different developmental origins than BAT
(Gesta et al. 2007). WAT is distributed in differ-
ent parts of the body, with subcutaneous AT
(SAT) located predominantly in the abdomen,
legs, and buttocks, and visceral AT (VAT)
located in intra-abdominal depots including
within the omentum, mesenterium, and perirenal
areas (Gesta et al. 2007; Tchkonia et al. 2013).

Adipose tissue, one of the body’s largest endo-
crine organs, secretes a multitude of metaboli-
cally active adipokines (from WAT adipocytes),
batokines (from BAT adipocytes), cytokines, and
chemokines (MacDougald and Burant 2007).
Over 1000 unique proteins/peptides have been
identified to be expressed in mouse adipocytes
with 100 differentially expressed in
WAT vs. BAT adipocytes (Hotamisligil et al.
1995, 1993). Cytokines derived from WAT,
such as tumor necrosis factor alpha (TNF-α) and

interleukin (IL)-6, influence obesity-induced
insulin resistance in both humans and mice. A
critical link between WAT and immune function
was first demonstrated by Hotamisligil et al., who
showed that pro-inflammatory factors (cytokines)
were higher in the VAT of obese mice and that
these factors had a direct role in decreasing insu-
lin sensitivity (Rotter et al. 2003; Sabio et al.
2008). These cytokines substantially enhance
AT lipolysis, with resultant free fatty acid (FFA)
release into the circulation (Boden 2006; Holland
et al. 2011; Shulman 2000). These cytokines sub-
stantially enhance AT lipolysis, with resultant
free fatty acid (FFA) release into the circulation
(Boden 2006; Holland et al. 2011; Shulman 2000)
that is subsequently taken up by skeletal muscle
and liver impairing the ability of insulin to stimu-
late muscle glucose uptake (Kelley et al. 1993)
and suppress hepatic endogenous glucose produc-
tion (EGP) (Ferrannini et al. 1983). Skeletal mus-
cle accounts for ~70–80% of postprandial glucose
uptake (DeFronzo et al. 1981), and the liver is the
major site of endogenous glucose production
(EGP). Therefore, the AT microenvironment is
now recognized as a major determinant of sys-
temic insulin action, leading to tissue uptake of
lipids which can impair the ability of insulin to
stimulate muscle glucose uptake (Kelley et al.
1993) and suppress hepatic endogenous glucose
production (EGP) (Ferrannini et al. 1983). Skele-
tal muscle accounts for ~70–80% of postprandial
glucose uptake (DeFronzo et al. 1981), and the
liver is the major site of endogenous glucose
production (EGP). Therefore, the AT microenvi-
ronment is now recognized as a major determi-
nant of systemic insulin action (Boden 2006;
Heilbronn and Campbell 2008). Early in obesity,
inflammatory gene expression is selectively
induced in WAT, not liver or muscle (Isomaa
et al. 2001). Early in obesity, inflammatory gene
expression is selectively induced in WAT, not
liver or muscle (Isomaa et al. 2001).

Adipokines and batokines can act in an endo-
crine, paracrine, and autocrine manner and affect
diverse processes including glucose homeostasis
and insulin sensitivity, inflammation, energy
expenditure, appetite control, tissue repair, and
other processes (Scheja and Heeren 2019). More
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recently, AT has been shown to employ another
means of communication with other tissues by
emitting exosomes, secretory vesicles, containing
adipokines, microRNAs, lipids, and other
substances. Exosomes can act locally or be
transported via blood to enter cells via non-
receptor-mediated mechanisms and regulate
their function (Crewe et al. 2018; Flaherty et al.
2019; Pan et al. 2019; Thomou et al. 2017).
Adipocytes are considered an important source
of exosomes (Kita et al. 2019).

Adipocytes not only regulate energy balance,
but are increasingly recognized as critical
immune cells, standing at the crossroads of
metabolism and immunity (Fig. 8.1). This cross-
road is important in evolution, since energy
derived from metabolic processes is required for
survival and the critical need to combat infection.
Adiponectin and leptin are hormones specifically
produced by adipocytes that mediate their
immunometabolic effects, linking body weight
and immune cell regulation. Adiponectin
circulates at higher plasma concentrations than
any of the other adipokines and is produced by
adipocytes of any color. Children and young
adults, compared to older adults, have relatively
higher levels of adiponectin, which has anti-
inflammatory effects, enhances insulin sensitiv-
ity, decreases liver fat and inflammation,
increases beta-oxidation, and lowers gluconeo-
genesis (Stern et al. 2016). The anti-inflammatory
effect has primarily been described in
macrophages in which adiponectin suppresses
the proinflammatory M1 phenotype, as well as
proinflammatory cytokine production, and
enhances the phagocytic M2 phenotype and
IL-10 production (Luo and Liu 2016; Wolf et al.
2004; Xuan et al. 2016). However, there is also
evidence that adiponectin has proinflammatory
effects on macrophages, which may depend on
the circulating isoform (Choi et al. 2020). Little is
known about adiponectin’s effects on T cells. In
obesity, adiponectin secretion and blood levels
are attenuated, while leptin secretion is enhanced.

Leptin suppresses appetite, but there is resis-
tance to this action in obesity leading to elevated
circulating levels in obese individuals (Moon
et al. 2013). Leptin is also pro-inflammatory

impacting nearly all immune cells, but these
actions are not suppressed in obesity (La Cava
2017). The structure of leptin and its receptor
suggests that it belongs to the class I cytokine
superfamily, which includes cytokines such as
IL-1, IL-6, IL-12, and G-CSF (Perez-Perez et al.
2017). Adipocytes are a significant source of lep-
tin within AT, yet other cells including
lymphocytes have been shown to produce and
secrete leptin (Alwarawrah et al. 2018; De Rosa
et al. 2007; El Karim et al. 2009). The leptin
receptor is ubiquitously expressed within tissue
with individual cell types expressing differing
isoforms of the receptor (Myers 2004). Receptor
stimulation has been shown to activate the Janus
Kinase/Signal Transducer and Activator of Tran-
scription (JAK-STAT), phosphoinositide
3-kinase (PI3K), and mitogen-activated protein
kinase (MAPK) signaling pathways, generally
producing a proinflammatory response across all
immune cell types (Perez-Perez et al. 2017). The
monocyte response to leptin includes increased
phagocytosis, proliferation, and increased expres-
sion of activation markers and pro-inflammatory
cytokines such as TNF-α, IL-6, and IL-12
(Gainsford et al. 1996; Loffreda et al. 1998;
Mancuso et al. 2001; Zarkesh-Esfahani et al.
2001). Dendritic cells increase expression of
major histocompatibility complex (MHC) class
II and co-stimulatory receptors and increased
expression of inflammatory cytokines (Lam
et al. 2006). Leptin promotes migration of
granulocytes as well as increased phagocytosis
in neutrophils (Ottonello et al. 2004). It also
promotes differentiation, maturation, and cyto-
toxicity of natural killer (NK) cells (Loffreda
et al. 1998). The effects of leptin on T-cell
populations can vary depending on which specific
T-cell subsets are involved. Leptin increases dif-
ferentiation toward inflammatory type 1 helper T
cells (Th1) and has been shown to be required for
Th17 differentiation (Naylor and Petri 2016). It
can act as a negative regulator of type 2 helper T
cells (Th2) and Treg differentiation as mice with
genetic deficiency in leptin have reduced Th1
cells and increased percentages of Tregs and
Th2 cells (De Rosa et al. 2007; Naylor and Petri
2016). In VAT, leptin-deficient mice have
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reduced loss of Tregs, despite obesity, and less
inflammation (Deng et al. 2013). These inflam-
matory effects of leptin are opposed by IL-4 and
IL-10 from Th2 cells and Tregs (Biswas and
Mantovani 2010). The inflammatory profile
generated by leptin is further evidenced by stud-
ies finding increased leptin in an array of autoim-
mune and inflammatory conditions such as
metabolic disorders, rheumatoid arthritis, sys-
temic lupus erythematosus, multiple sclerosis,
allergic disease, and bacterial infections (Perez-
Perez et al. 2017).

Brown AT (BAT) is recruited in response to
multiple stimuli, including cold acclimation and
sympathetic stimulation, among others (Scheele
and Wolfrum 2020). Up to 30% of BAT is
comprised of brown adipocytes (Muller et al.
2016), which secrete factors termed batokines
that modulate local adipogenesis and angiogene-
sis and stimulate afferent signaling to the central
nervous system (Scheele and Wolfrum 2020).
Batokines are also increasingly recognized to
impact systemic metabolism, partly by increasing
energy uptake of glucose and lipids. In adults,
metabolically active BAT content negatively
associates with higher body mass index (Saito
et al. 2009). Dysfunctional WAT in states of
obesity (Large et al. 1999) and obesity-associated
insulin resistance (Reynisdottir et al. 1994) is
accompanied by a reduction in lipolysis and
higher lipid accumulation. A similar process
may also occur in BAT (Saito et al. 2009; van
Marken Lichtenbelt et al. 2009). However, the
secretome appears to be distinct from WAT,
with over 100 proteins exclusively quantified in
brown adipocytes, including ependymin-related
protein 1 (EPDR1), which plays a key role in
thermogenic determination during adipogenesis
(Deshmukh et al. 2019). The batokine 12,13-
diHOME has also been shown to reduce the met-
abolic dysfunction that occurs with both aging
and exercise, via increasing skeletal muscle fatty
acid uptake and oxidation, without an appreciable
effect on glucose uptake (Stanford et al. 2018).

The complex immune cell interactions within
BAT may also be affected by batokines with
potential ramifications on metabolism. In obese
mice fed HFD, several inflammatory markers are
upregulated (TNF-α, IL-1β, IL-6) in the absence

of significant macrophage infiltration. This occurs
despite an increase in monocyte chemoattractant
protein-1 (MCP-1) expression (Alcala et al. 2017;
Fitzgibbons et al. 2011). Although data is lacking,
these findings suggest that other immune cells
within BAT, including T cells, could potentially
play a role in the pro-inflammatory state of BAT
in obesity. Batokines are involved in the crosstalk
between BAT and other critical organs involved
in systemic metabolism. Neuregulin 4 (NRG4)
has been shown to limit diet-induced insulin
resistance not only by increasing fatty acid oxida-
tion in BAT but by reducing hepatic de novo
lipogenesis (Wang et al. 2019). Although data in
human subjects is lacking, in murine models, loss
of the transcription factor interferon regulatory
factor 4 (IRF4) from BAT results in decreased
transcription of skeletal muscle myostatin,
reduced mitochondrial function, diminished exer-
cise capacity (Kong et al. 2018), and a reduction
in insulin-stimulated glucose uptake (Steculorum
et al. 2016). In mice, fibroblast growth factor
21 (FGF21) derived from BAT (Quesada-Lopez
et al. 2016) has effects on weight loss and
glycemic control (Samms et al. 2015; Veniant
et al. 2015), indicating that it may be integral to
a potential liver-BAT crosstalk.

8.3 Tregs Help Maintain Adipose
Tissue Homeostasis

Lean AT in mice is composed of a highly bal-
anced system of diverse immune cells and anti-
inflammatory mediators (IL-4 and IL-13) that
maintain normal adipose storage, endocrine func-
tion, and ultimately, systemic insulin action
(Fig. 8.1). Studies in mice suggest that
eosinophils, innate lymphoid type 2 cells
(ILC2s), and type II natural killer T cells
(NKTs) work in concert with Th2 cells, Tregs,
and alternatively activated macrophages (M2) to
maintain a distinct anti-inflammatory milieu in
AT (Baker et al. 2017; Cheng et al. 2009; Hams
et al. 2013; Huang et al. 2015; Ricardo-Gonzalez
et al. 2010; Sano et al. 2003). Several studies have
shown that Tregs are enriched in VAT from lean
mice (Feuerer et al. 2009). Notably, Tregs com-
prise 50% of CD4+ adipose resident T cells
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(ARTs) in VAT of lean mice, compared to 5–15%
of the CD4+ cells in spleen and lymphoid tissue
(Feuerer et al. 2009). This VAT accumulation
results from enhanced proliferation and survival
and not recruitment from the circulation (Kolodin
et al. 2015). Recent studies suggest that Foxp3+
Tregs migrate from the thymus early in life, then
pass through the spleen where they begin to
assume some of the transcriptomic features of
VAT Tregs. Finally, they migrate to the VAT
where they assume a VAT-specific signature
(Li et al. 2018). Depletion of VAT Tregs in lean
mice induces pro-inflammatory gene expression
of inflammatory mediators (TNF-a, IL-6, and
CCL5, among others) and impairs insulin signal-
ing in VAT and liver, indicating a role for VAT
Tregs in maintenance of AT and metabolic
homeostasis (Feuerer et al. 2009).

ILC2 cells, which possess lymphocyte mor-
phology, but lack expression of surface markers
(“lineage negative”) (Yu et al. 2018), are found in
all AT depots and also importantly contribute to
AT homeostasis (Benezech and Jackson-Jones
2019). They promote Treg accumulation in AT
by expression of the Inducible T-Cell
Costimulator (ICOS) ligand which binds to
ICOS, a co-regulatory receptor expressed in
Tregs (Molofsky et al. 2015). ILC2 secretion of
IL-5 is also critical for eosinophil recruitment into
AT, and secretion of IL-13 is important for the
development and maintenance of alternatively
activated macrophages (Molofsky et al. 2013;
Nussbaum et al. 2013). ILC2 additionally
promotes adipocyte beiging by the secretion of a
methionine-enkephalin peptide that enhances
UCP-1 in adipocytes (Brestoff and Artis 2015)
and by the stimulation of adipocyte proliferation
and differentiation into beige adipocytes (Lee
et al. 2015).

8.4 Adipocytes and Macrophages
Contribute to the Loss of at
Tregs in Obesity: Implications
for Systemic Metabolism

The homeostatic milieu of AT dramatically
changes in the setting of obesity. These changes
have major implications for systemic metabolism

and other obesity-related comorbidities and are
largely determined by the AT immune cell micro-
environment. Obesity dramatically decreases the
VAT Treg percentage to ~20% of CD4+ ARTs
(Deng et al. 2013). This loss is one mechanism to
explain how obesity induces insulin resistance,
since adoptive transfer of Tregs to obese,
insulin-resistant mice improves insulin action,
underscoring the role of AT Tregs in insulin sen-
sitivity (Freigang et al. 2013). As such, AT Treg
cell abundance and function have emerged as a
key determinant of both AT inflammation and
systemic metabolism, and there is a strong inter-
est in understanding mechanisms that regulate
Tregs in AT. The drop in AT Tregs is
accompanied by a greater abundance of
pro-inflammatory interferon gamma (IFNγ)-
secreting CD4+ Th1 and CD8+ T cells (Deng
et al. 2017; Maeda et al. 2014).

IFNγ impairs Treg differentiation from naïve T
cells, but not Treg immunosuppressive function
(Deng et al. 2017). Mice with genetic loss of the
IFNγ receptor do not display a drop in AT Tregs
and do not become insulin resistant despite obe-
sity. In addition to its role in innate immunity, the
adipocyte also plays a critical role in adaptive
immunity. Adipocyte expression and activity of
the class II major histocompatibility complex
(MHCII) pathway increase early, within
2 weeks, after high fat feeding to promote differ-
entiation of adipose resident CD4+ Th1 cells,
which are a major source of IFNγ (Deng et al.
2013). IFNγ is a primary cytokine that stimulates
the MHCII pathway in adipocytes. This novel
adipocyte/T-cell dialog promotes an escalating
cycle of inflammation as obesity progresses.
Genetic ablation of the antigen presenting capa-
bility of the adipocyte impairs the rise in VAT
CD4+ Th1 and prevents the loss of VAT Tregs in
obese mice (Deng et al. 2017). Moreover, loss of
VAT Tregs in these mice negated the improve-
ment in insulin sensitivity, highlighting the rela-
tionship of Th1/Tregs and the importance on
VAT Tregs to systemic metabolism. A similar
process may occur in humans, in that adipocyte
MHCII upregulation occurs in obesity (Deng
et al. 2013), and expression of AT Th1 markers
and IFNу also increases, while expression of
FOXP3 decreases (Dastych et al. 2008; Feuerer
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et al. 2009; Freigang et al. 2013; Schwartz et al.
1995). Only three studies have performed T-cell
flow analyses of human AT (Gyllenhammer et al.
2016; McLaughlin et al. 2014; Winer et al. 2009).
McLaughlin et al. identified Th1, Th2, Th17, and
CD8 T cells by flow analyses in VAT and SAT of
ten overweight/obese subjects but did not assess
Tregs. Gyllenhammer et al. measured Tregs in
SAT and VAT of 44 obese subjects and found a
negative association with fasting glucose and a
positive association with islet cell function
measured as HOMA-β; however, lean subjects
were not studied (Gyllenhammer et al. 2016).
Recently, Vijay et al. (2020) performed single-
cell analyses of human AT and identified a popu-
lation of CD8+ T cells that express
metallothionines and adipocyte progenitor cells
unique to VAT, but did not report potential
effects of Tregs. Thus, further studies of human
AT are necessary to define the adipocyte/Treg
relationship in humans. As mentioned above, lep-
tin secretion by adipocytes increases soon after
exposure to nutrient excess and also mediates the
adipocyte/T-cell exchange; leptin levels are
chronically elevated in obesity, initiating and
contributing to the proinflammatory microenvi-
ronment in VAT.

AT macrophages can also present antigen to
enhance differentiation of CD4+ Th1 cells in AT
(Lumeng et al. 2007b). Specific knockout of AT
macrophage antigen-presenting capability in
obese mice using FITC+ glucan-coated particles
that are exclusively taken up by AT and not
systemic macrophages prevents the increase in
AT CD4+ Th1 cells and the development of glu-
cose intolerance (Blaszczak et al. 2019b). Thus,
both adipocytes and macrophages contribute to
the increase in AT CD4+ Th1 cells and mediate
the resulting loss of AT Tregs in obesity.
Although macrophages were the first cell type
reported to produce pro-inflammatory cytokines
in AT, taking on a classically activated M1-like
phenotype in obese animals and humans
(Lumeng et al. 2007a; Weisberg et al. 2003; Xu
and Geczy 2000), their increase in AT occurs later
than the adipocyte and T cell changes during
HFD. In mice, adipocyte and T-cell changes
occur early, with a week of 2 after HFD, and

prior to detectable macrophage changes, which
occur after 6–12 weeks of HFD (Deng et al.
2013, 2017; Liu and Nikolajczyk 2019). Simi-
larly, human subjects become insulin resistant
after a 2.7 kg weight gain induced by 4 weeks
of overfeeding, but there were no major SAT
macrophage changes, suggesting AT macrophage
changes occur later in the development of obesity
(Tam et al. 2010). MCP-1 is elevated in obesity,
largely produced by enlarging adipocytes, and
leads to the infiltration of macrophages into
obese WAT in mice and humans (Kanda et al.
2006; Weisberg et al. 2006). Genetic loss of
inflammatory factors, including PPARγ, or the
M1 phenotype in macrophages (Hevener et al.
2007; Lumeng et al. 2007a; Weisberg et al.
2003; Xu and Geczy 2000) attenuates insulin
resistance in obese mice, suggesting an important
role of macrophages. However, all of these
maneuvers modify both AT and systemic
macrophages, so the exact role of AT
macrophages is unclear. Moreover, although M1
and M2 phenotypes are well delineated in AT
macrophages in mice, this distinction of pro-
and anti-inflammatory macrophages is not clear
in humans (Blaszczak et al. 2019a).

In mice, AT ILC2 cells decrease in obesity,
contributing to a critical loss of Treg support and
contributing to the drop in AT Tregs (Hams et al.
2013). IFNγ antagonizes ILC2s and may contrib-
ute to the ILC2 loss (Molofsky et al. 2015). In
humans, we did not see a drop in AT ILC2s in
obesity (unpublished observations).

8.5 Regulation of Treg
Differentiation and Function:
Key Factors in VAT

Although the precise mechanisms for enrichment
of Tregs are incompletely understood, several
factors are known to be important. In mice,
Onodera et al. identified that VAT Tregs had the
highest degree of proliferation compared to other
VAT immune cells, suggesting that local differ-
entiation and proliferation is a major mechanism
to expand VAT Tregs (Onodera et al. 2015).
Antigen presentation plays a key role in Treg
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differentiation. Antigen-presenting cells tightly
regulate Treg differentiation by presenting
MHCII-bound antigen to the T-cell receptor of a
naïve T cell (Ramalingam et al. 2012). The
co-activators B7 (Cluster of differentiation (CD)
80/B7-1 and CD86/B7-2) on the adipocyte then
associate with MHCII to engage CD28 and cyto-
toxic T-lymphocyte-associated protein 4 (CTLA-
4) on the T-cell surface. Treg differentiation is
enhanced by low levels of antigen and increased
by B7/CTLA-4 binding (Zheng et al. 2006), but
inhibited by high antigen concentrations that
increase B7/CD28 binding (Benson et al. 2007).
This intricate competition between CTLA-4 and
CD28 for B7 binding determines normal Treg
differentiation (Yamaguchi et al. 2013). Accord-
ingly, B7 deficiency markedly decreases Tregs,
leading to increased inflammation in blood and
spleen (Bar-On et al. 2011; Salomon et al. 2000)
and in VAT, which is associated with insulin
resistance (Zhong et al. 2014). Loss of antigen
presentation in both adipocytes and macrophages
simultaneously leads to a marked reduction in
VAT Tregs, further emphasizing the importance
of antigen presentation, while loss in only one of
these compartments is associated with increased
VAT Tregs (Blaszczak et al. 2019b).

The cytokines IL-10 and transforming growth
factor beta (TGFβ), as well as all-trans retinoic
acid (atRA), are potent enhancers of Treg differ-
entiation and FOXP3 stability, while IFNγ, IL-1β,
and IL-6 are negative regulators (Murai et al.
2009; Priceman et al. 2013; Wei et al. 2007)
(Lu et al. 2011; Zheng et al. 2002, 2004). In the
lean state, the stability of Tregs is enhanced by
IL-10 (Fujisaka et al. 2009), a potent anti-
inflammatory cytokine derived from adipocytes,
macrophages, and Tregs. atRA may also play an
important role in maintaining an anti-
inflammatory environment by co-stimulating
Treg differentiation, specifically, through its
action on retinoic acid receptor alpha (RAR-a),
and preventing conversion to Th1/Th17 cells
(Lu et al. 2014). After storage in the liver,
adipocytes are the second major site of RA stor-
age, which could impact VAT Treg levels (Brun
et al. 2013).

Peroxisome proliferator-activated receptor
gamma (PPARγ), working in concert with
FOXP3, is a requirement for the accumulation
and function of VAT Tregs in lean mice, whereas
this signature is abrogated by serine 273 phos-
phorylation of PPARγ, which commonly occurs
in the presence of inflammatory factors, like
TNFα (Cipolletta 2014; Cipolletta et al. 2012a).
T-cell receptor activation is necessary to induce
PPARγ expression in Tregs and induces IRF4 and
basic leucine zipper transcription factor, ATF-like
(BATF) to transcriptionally upregulate PPARγ to
promote VAT Treg accumulation (Kolodin et al.
2015). Administration of a PPARγ ligand
increases VAT Tregs, which is implicated as a
mechanism contributing to the insulin-sensitizing
effects of PPARγ activation (Cipolletta et al.
2012a).

IL-33, working through its receptor, ST2,
which is highly expressed on VAT Tregs in
both humans and mice, is important in the ampli-
fication of VAT Tregs (Vasanthakumar et al.
2015). Injection of IL-33 into obese mice
increases VAT Tregs and improves insulin resis-
tance with little effect on lymphoid Tregs (Han
et al. 2015; Miller 2010). In contrast, blocking
this effect with an ST2 antibody decreases VAT
Treg abundance and worsens insulin sensitivity
with little change in splenic Tregs (Deng et al.
2017), and mice deficient in IL-33 or ST2 have
decreased VAT Tregs and are insulin resistant,
even on a normal diet (Vasanthakumar et al.
2015). Local sources of IL-33 include endothelial
cells, VAT mesenchymal stem cells, types 1, 2,
and 3, and NK cells (Chang et al. 2017;
Kohlgruber et al. 2018; Molofsky et al. 2015;
Spallanzani et al. 2019). IL-33 also enriches
ILC2s, which support Tregs (Molofsky et al.
2015).

Co-stimulatory and co-inhibitory receptors are
a class of proteins that have been shown to either
enhance or inhibit Treg function (Lucca and
Dominguez-Villar 2020), and particular interest
has been promoted by the success of checkpoint
inhibitor blockade in the treatment of cancer.
While no mechanistic studies have been
completed with AT Tregs, involvement of
co-receptors in AT Treg function is supported
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by gene expression profiles showing differential
expression of such co-receptors as lymphocyte-
activation gene 3 (LAG3), programmed cell death
1 (PD-1), CD137, OX40, and glucocorticoid-
induced TNFR family-related gene (GITR)
(Cipolletta et al. 2015a; Feuerer et al. 2009; Wu
et al. 2019).

Lipid species are in high abundance in AT and
have been shown to modulate immune responses,
with some studies showing a direct effect on
Tregs. Mice deficient in acid sphingomyelinase
(ASM), an enzyme involved in conversion of
sphingomyelin to ceramide, are reported to have
increased percentages of Tregs. Additionally,
exogenous addition of ceramide C6 to cultures
resulted in reduced induction and proliferation
of Tregs in both ASM-deficient and wild-type
mice (Zhou et al. 2016). Short-chain fatty acids,
lipid species produced by commensal bacteria,
have been shown to enhance Treg generation
(Lu et al. 2014). It is likely that additional lipid
species are capable of modulating Treg responses
as shown by their general effect on metabolic
disorders. Retinoic acid, a vitamin A metabolite,
promotes the differentiation and stabilization of
Tregs, and AT is a significant depot for retinoic
acid (Brun et al. 2013; Lu et al. 2014). Other lipid
species which associate with insulin resistance
include ceramides (Sokolowska and Blachnio-
Zabielska 2019) and hydroxy fatty acids (Yore
et al. 2014). Each of these lipid species have been
identified from isolated AT (Sokolowska and
Blachnio-Zabielska 2019; Yore et al. 2014)
(unpublished data). In addition, lipids, such as
short-chain fatty acids, are capable of entering
into the PPARγ pocket (Al-Lahham et al. 2010;
Varga et al. 2011), potentially leading to expan-
sion of VAT Tregs.

8.6 A Distinct Phenotype
of AT Tregs

VAT resident Tregs are distinct from lymphoid
organ Tregs. They acquire a unique phenotype in
a multi-step, multi-site manner owing to T-cell
receptor (TCR) specificity (Li et al. 2018).
Although they share some classic signature

genes with lymphoid organ Tregs that code for
CD25, GITR, CTLA-4, and FOXP3, the VAT
Treg-specific phenotype is associated with the
upregulation of genes that likely are an adaptation
to the environment. In mice, these genes include
cytokines and chemokines along with their
receptors (CCR2, CCR3, IL-10, IL-9R, IL-33R,
or ST2) (Feuerer et al. 2009; Han et al. 2015;
Kolodin et al. 2015; Vasanthakumar et al.
2015), and transcription factors (PPARγ, BATF,
IRF4, BLIMP1, ID2) (Cipolletta et al. 2012b;
Frias et al. 2019; Kolodin et al. 2015;
Vasanthakumar et al. 2015). Of note factors
involved in lipid metabolism (low-density lipo-
protein receptor [LDLR], diglyceride
acyltransferase [DGAT], CD36) and circadian
clock regulators (Nuclear Receptor Subfamily
1 Group D Member 1 [NR1D1], RAR-related
orphan receptor alpha [RORα]) (Cipolletta et al.
2012b; DiSpirito et al. 2018) are also associated
with this phenotype. In contrast, some genes
involved in lymphoid organ processing (CCR7,
Sphingosine-1-Phosphate Receptor 1 [S1PR1],
CD62L) and a few other transcription factors
(T-cell factor 1 [TCF1], lymphoid enhancer-
binding factor-1 [LEF1], ID3) (Sullivan et al.
2019; Yang et al. 2019) are downregulated in
VAT Tregs. There is some degree of overlap
between the transcriptional profile of a VAT
Treg and an activated Treg, except for the genes
involved in lipid metabolism (Li et al. 2018). This
AT Treg phenotype is well described in mice, but
very little is known about human AT Tregs.

A recent study by Wu et al. assessed the
immune landscape of human omental AT and its
changes in obesity and T2D (Wu et al. 2019). In
agreement with previous studies (Wentworth
et al. 2010; Zeyda et al. 2007), they reported a
rise in pro-inflammatory M1 macrophage
(CD14+CD11c+CD206+) frequencies in omental
AT of aging subjects and T2D patients. They also
found a decrease in anti-inflammatory M2
macrophages with age in contrast to studies in
mice that showed accumulation of M2
macrophages in spleen, lymph node, and bone
marrow of older mice (Jackaman et al. 2013;
Kelly et al. 2007). In addition, they found that
proinflammatory cytokines like CCL2, CXCL8,
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IL-1B, and IL-6 positively correlated with
increasing BMI. Using nanostring to compare
candidate gene expression in human omental AT
Tregs vs. thymic Tregs from two different
cohorts, Wu et al. found comparable expression
in important transcription factors like FOXP3,
GATA Binding Protein 3 (GATA3), TBET, and
RAR-related orphan receptor C (RORC) with
both sources of Tregs expressing high levels of
IKZF2, CD25, and a few markers of suppressive
potential, CTLA4, GITR, and ICOS. Distinct
from thymic Tregs, omental Tregs expressed
higher levels of CD39 and lower levels of TGFβ
transcripts. Human AT Tregs also revealed
upregulation of genes that comprise the unique
signature of mouse AT Tregs: PPARγ, PRDM1
(BLIMP1), and CXCL2 (Cipolletta et al. 2015b;
Han et al. 2015; Vasanthakumar et al. 2015). ST2
plays a critical role in maintenance and function-
ality of AT Tregs in mice (Vasanthakumar et al.
2015), but surprisingly, in this study ST2 was
undetectable in omental AT Tregs. Furthermore,
some of the highly expressed genes in mouse
visceral AT Tregs, amphiregulin (AREG),
annexin A1 (ANXA1), CXCR6, killer cell
lectin-like receptor subfamily G member
1 (KLRG1), perilipin 2 (PLIN2), and DGAT
(Cipolletta et al. 2015b) were found to be either
reduced or similar to thymic/Tconv Tregs. Thus
far, very little is known about the human VAT
Treg signature, which requires further extensive
studies.
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Intestinal Regulatory T Cells 9
Vanessa R. Figliuolo da Paz, Deepa R. Jamwal,
and Pawel R. Kiela

Abstract

Mucosal surfaces are distinctive sites exposed
to environmental, dietary, and microbial
antigens. Particularly in the gut, the host con-
tinuously actively adapts via complex
interactions between the microbiota and die-
tary compounds and immune and other tissue
cells. Regulatory T cells (Tregs) are critical for
tuning the intestinal immune response to self-
and non-self-antigens in the intestine. Its
importance in intestinal homeostasis is
illustrated by the onset of overt inflammation
caused by deficiency in Treg generation, func-
tion, or stability in the gut. A substantial
imbalance in Tregs has been observed in intes-
tinal tissue during pathogenic conditions,
when a tightly regulated and equilibrated sys-
tem becomes dysregulated and leads to unim-
peded and chronic immune responses. In this
chapter, we compile and critically discuss the
current knowledge on the key factors that

promote Treg-mediated tolerance in the gut,
such as those involved in intestinal Treg dif-
ferentiation, specificity and suppressive func-
tion, and their immunophenotype during
health and disease. We also discuss the current
state of knowledge on Treg dysregulation in
human intestine during pathological states
such as inflammatory bowel disease (IBD),
necrotizing enterocolitis (NEC), graft-versus-
host disease (GVHD), and colorectal cancer
(CRC), and how that knowledge is guiding
development of Treg-targeted therapies to
treat or prevent intestinal disorders.

Keywords

Treg · Immune tolerance · Inflammation ·
Microbiota · Immunotherapy

9.1 Introduction to Intestinal Tregs

Intestine is a unique site that is constantly
exposed to wide array of luminal microbial and
dietary antigens. Consequently, while
safeguarding the host against the harmful
pathogens, the intestinal mucosal immune system
has to remain resilient and tolerant to the innocu-
ous food antigens and commensal microbes to be
able to endure the immunological insults without
getting unduly provoked. The intestine employs
many defense mechanisms to maintain its
immunosuppressive tone, such as physical barrier
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(mucus and epithelial layers) or the production of
secretory IgA. Tregs are another instrumental
players in keeping a check on the activation of
local T cells in the intestine (Powrie and Mason
1990; Powrie et al. 1993; Gambineri et al. 2003;
Josefowicz et al. 2012).

To better understand the roles of Tregs in the
gut, it is important to place it in the context of the
intestinal tissue architecture. Histologically, along
its entire length, intestine is made up of four layers:
mucosa (further consists of the epithelial layer,
lamina propria, and muscularis mucosae), submu-
cosa, muscularis propria, and serosa. Lamina
propria (LP) compartment consists of a variety of
immune cells such as plasma cells, macrophages,
dendritic cells, mast cells, and B and T
lymphocytes, including Tregs, the subject of this
overview. Small intestine (SI) comprises of duode-
num, jejunum, and ileum and is characterized by
the highly absorptive surface created by finger-like
projections called the villi, further enlarged by
cellular microvilli located at the apical, lumen-
facing membrane of the enterocytes. The small
intestinal epithelium consists of invagination
forming the crypts of Lieberkuhn. At the base of
the crypts reside the intestinal stem cells, which
give rise to transient proliferative cells that differ-
entiate and mature into Paneth cells, goblet cells,
enteroendocrine cells, and tuft cells as they travel
up through the transition zone, to ultimately shed
into the lumen at the apex of the villi. Peyer’s
patches are organized lymphoid structures unique
to the small intestine. They harbor immune cells
and are separated from the lumen by a follicle-
associated epithelium which contains specialized
cells called microfold cells (M cells) capable of
sampling the antigens directly from the lumen and
delivering it to antigen-presenting cells
juxtapositioned at their basolateral side
(Fig. 9.1a). The large intestine consists of cecum,
colon, and rectum and harbors the bulk of the
commensals. Its major function is to absorb water
and vitamins while converting undigested food
into feces. The most notable histological
differences are lack of villi, Paneth cells (except
for their metaplastic occurrence in chronic inflam-
matory bowel diseases), and Peyer’s patches
(Fig. 9.1b).

Most of the information available regarding
the development of intestinal Tregs is based on
research on mice. In other organs, Tregs comprise
approximately 10% of total CD4+ T-cell popula-
tion However, in the gut, they represent a much
higher fraction with >30% of CD4+ T cells in the
colonic lamina propria (cLP) and about 20% in
the small intestinal lamina propria (siLP) (Weiss
et al. 2012; Round and Mazmanian 2010;
Atarashi et al. 2011; Geuking et al. 2011; Stefka
et al. 2014). The presence of higher proportion of
Tregs in the colon, the site of the highest micro-
bial biomass, intuitively suggests that develop-
ment and maturation of intestinal Tregs is
strongly influenced by microbial antigens.
Indeed, germ-free (GF) mice and long-term
broad spectrum antibiotic-treated specific
pathogen-free (SPF) mice have a dramatic reduc-
tion in their colonic Tregs compared to their
respective controls (Atarashi et al. 2011; Geuking
et al. 2011; Weiss et al. 2012). However, the
comparable numbers of Tregs present in the
siLP of GF and SPF mice indicate that in this
intestinal segment, bacterial antigens contribute
to the Treg population to a lesser degree (Kim
et al. 2016). The same study showed that once the
weaned GF mice were switched to antigen-free
diet, siLP (but not cLP) Tregs declined, thus
revealing a significant role of dietary antigens in
regulation of small intestinal Treg population
(Kim et al. 2016).

Human CD4+ Tregs are characterized by
expression of the transcription factor forkhead
box P3 protein (FOXP3, scurfin), high surface
expression of CD25, and low or no expression
of CD127. Tregs express high levels of CD25 (the
IL-2 receptor α-chain) due to their high depen-
dence on interleukin 2 (IL-2) for their develop-
ment (Zheng et al. 2007; Davidson et al. 2007)
and maintenance and peripheral homeostasis
(D’Cruz and Klein 2005; Fontenot et al. 2005).
The groundbreaking study led by Sagakuchi
demonstrated that depletion of CD25+ subpopu-
lation of CD4+ T cells resulted in the manifesta-
tion of multiorgan autoimmunity, including
intestinal inflammation (Sakaguchi et al. 1995).
A few years later, Fiona Powrie and colleagues
successfully developed the CD4+CD45RBhi
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Fig. 9.1 Features of the small intestinal and colonic
mucosa. (a) Small intestinal epithelium. Enterocyte-derived
antimicrobial peptides: RegIIIγ, β-defensins, cathelicidin.
Paneth cell-derived antimicrobial peptides [lysozyme,
α-defensins, secretory phospholipase 2 (sPLA2)]. M cells
and goblet cells facilitate luminal antigen transfer to the
underlying dendritic cells. (b) Colonic epithelium. Goblet
cells produce two-layered mucus layer through Muc2

mucin secretion along with other proteins contributing to
the colonic epithelial barrier such as anterior gradient pro-
tein 2 homolog (Agr2), small lectin-like protein ZG16
(zymogen granulae protein 16), secreted goblet cell-derived
protein Clca1 (chloride channel regulator, calcium-
activated-1), or Other abbreviations: DC dendritic cell,
IEL intraepithelial lymphocyte. (Figure adapted from
Allaire et al. with permission) (Allaire et al. 2018)
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T-cell transfer model of IBD. The consequent
discovery that the symptoms of this model could
be suppressed via the co-transfer of CD4+CD25+

T cells, was a huge leap in the field (Mottet et al.
2003). Later, FoxP3 was discovered to be a vital
transcription factor for the induction and mainte-
nance of CD4+CD25+ Tregs. In “scurfy”mice, an
X-linked recessive mutation led to scaly skin,
lymphoproliferation, hypergammaglobulinemia,
lymphadenomegaly, anemia, runting, and early
death (Godfrey et al. 1991). In 2001, seminal
genetic studies in the “scurfy” mice led to the
discovery of Foxp3 gene (Brunkow et al. 2001).
Other contemporary studies revealed that human
patients with IPEX syndrome (immunodysre-
gulation polyendocrinopathy enteropathy X-
linked syndrome) harbored mutations in Foxp3
gene and its 30UTR region (Bennett et al. 2001;
Wildin et al. 2001). Conspicuously, the FoxP3-
deficient mice and patients with IPEX syndrome
present with gastrointestinal manifestations in the
form of autoimmune enteropathy (Powrie et al.
1993; Gambineri et al. 2003), thus highlighting
the role of Tregs in the maintenance of intestinal
homeostasis.

While CD4+ Tregs are most widely studied in
health and disease, CD8+ Tregs were identified in
1970 by Gershon and Kondo, long before the
characterization of CD4+ Tregs (Gershon and
Kondo 1970). CD8+ Tregs are a heterogenous
population that are not very well characterized
and their role in the maintenance of intestinal
homeostasis is poorly understood. In this chapter,
we will primarily focus on CD4+ Tregs, while the
reader is directed to published review articles on
CD8+ Tregs and original articles therein (Flippe
et al. 2019; Yu et al. 2018; Tsai et al. 2011; Liu
et al. 2014; Zhang et al. 2019).

9.2 Intestinal Tregs Subsets

Perhaps as an adaptation to the highly specialized
and dynamic intestinal environment, Treg popu-
lation is characterized by a significant heteroge-
neity. The current knowledge about the different
Treg subsets is mostly based on mice as just like
any other biomedical research, studying Treg

biology in humans is very challenging. While
Foxp3 is considered to be the signature marker
associated with murine Tregs, it is not so straight-
forward in human Tregs. Moreover, unlike in
mice, where a FoxP3 reporter mouse lines are
available, it is a technical challenge to isolate
human Tregs based on FoxP3 which is expressed
intracellularly, which precludes isolation of live
cells for further functional studies. Even though
the presence of Foxp3 is indispensable for the
development and function of human Tregs, it is
not necessarily synonymous with immunosup-
pressive functions. There have been many
instances when expression of FoxP3 was shown
in activated human T cells that lacked the regu-
latory activity (Allan et al. 2007; Morgan et al.
2005; Wang et al. 2007; Gavin et al. 2006; Tran
et al. 2007). Human Tregs are also known to
express cytotoxic T lymphocyte-associated anti-
gen 4 (CTLA4) and glucocorticoid-induced TNF
receptor (GITR), but just like CD25, they are not
very specific to Tregs and can be expressed by
effector T cells (Teff) (Read et al. 2000; Takahashi
et al. 2000; McHugh et al. 2002). The CD127 and
CD27 markers have been proposed to increase the
specificity of Treg identification. CD127 expres-
sion is much lower in CD25+Foxp3+ Tregs than
in Teff (Seddiki et al. 2006), and this marker is
useful to identify Tregs in non-inflammatory
conditions. Therefore, most of the human studies
are conducted on CD4+CD25brightCD127lo cells
isolated from peripheral blood.

In the murine gut, based on transcription factor
and surface molecule expression, CD4+ Tregs can
be subdivided into the following subsets:
GATA3+Helios+(Nrp1+), retinoic acid receptor-
related orphan receptor γt (RORγt)-expressing
RORγt+Helios� cells, and RORγt�

Nrp1�(Helios�) Tregs.

9.2.1 Thymic vs. Peripheral Tregs

Based on their origin, Tregs are classified into
thymic Tregs (tTregs) which develop in the thy-
mus and into peripheral Treg which are induced
from naïve T cells in the periphery (pTreg).
Murine tTreg differentiation into Foxp3+ Treg is
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a two-step process: First, future Tregs recognize
MHCII-presented self-antigen on thymic epithe-
lial cells via a high-affinity T-cell receptor (TCR)
(Stritesky et al. 2012; Xing and Hogquist 2012).
In the second step, γc cytokines (mainly IL2) and
CD28 co-stimulation lead to an induction of
FoxP3 expression (Xing and Hogquist 2012;
Fontenot et al. 2005; Salomon et al. 2000; Hori
et al. 2003; Tai et al. 2005). In contrast, future
pTregs exit the thymus as naive CD4+ T cells and
differentiate into Foxp3+ Treg cells in the periph-
ery, upon subsequent recognition of their cognate
non self-antigen (Shevach and Thornton 2014;
Chen et al. 2003; Yadav et al. 2013) and in the
presence of a permissive cytokine microenviron-
ment (Zheng et al. 2002, 2004). The role of
cytokines and other factors in the development
of Tregs is discussed in Sect. 9.4 of this chapter.
One of the big challenges that remains in the Treg
field is the paucity of markers (especially cell
surface proteins) to distinguish the pTregs from
the tTregs. So far, Helios and Neuropilin 1 (Nrp1)
have shown to be the two most promising
markers expressed by tTregs (Thornton et al.
2010; Yadav et al. 2012; Weiss et al. 2012).
However, both of these markers are not exclusive
to tTregs. The finding that inflammatory milieu
upregulates the expression of both Helios and
Nrp1, further complicates their utilization as
markers (Gottschalk et al. 2012). While Helios
is present in 70% of Tregs in peripheral lymphoid
tissues (Thornton et al. 2010), the presence of
Nrp1 in humans is still questionable. In humans,
both of these markers have not proven to be very
reliable. A fraction of human tTregs does not
express Helios (Himmel et al. 2013), and Nrp1
expression can be induced in activated humans
Teff (Milpied et al. 2009). Intestinal Tregs are
thought to have a dual origin as they could either
arise in thymus or develop in the periphery, in
response to local microbiota and food antigens.
However, a vast majority of Tregs present in the
small intestine and colon are Helios�Nrp1�

(Ohnmacht et al. 2015). In fact, it is the frequency
of FoxP3+Helios�Nrp1� Tregs which is reduced
in the colon of GF and antibiotic-treated SPF
mice (Atarashi et al. 2011; Geuking et al. 2011;
Weiss et al. 2012).

Development of FoxP3+ pTregs and tTregs is
also regulated by Foxp3 intronic enhancers,
termed conserved noncoding sequence 1, 2, and
3(CNS1-3). While CNS3 is instrumental in the
initial induction of FoxP3 in tTregs, CNS1
harbors a TGFβ-NFAT response element and a
binding site for retinoic acid receptor (RAR) and
retinoic X receptor (RXR) heterodimer, which is
activated by retinoic acid (Zheng et al. 2010; Xu
et al. 2010; Tone et al. 2008). CNS1-deficient
mice lack pTregs, while their tTregs differentia-
tion remains unaffected (Zheng et al. 2010).
Another study reported that CNS1 deficiency in
colonic TCR-transgenic T cells only affected ini-
tial, but not late, pTreg cell selection (Nutsch
et al. 2016). Nonetheless, CNS1-deficient mice
display a dysbiotic microbiota with exacerbated
Th2 type pathologies in the lung and colon
(Josefowicz et al. 2012; Campbell et al. 2018).
pTregs have also been shown to suppress
Th1-type responses to food antigens in the gut
(Kim et al. 2016). Cumulatively, these studies
highlight the key role of pTregs in maintaining
tolerance toward luminal antigens.

While pTregs remain the predominating Treg
population in colon, it has been suggested that
tTregs and pTregs supplement the function of
each other, partly by expanding their TCR diver-
sity (Haribhai et al. 2011). Moreover, in the
absence of pTregs, tTregs can migrate to intesti-
nal LP and expand locally in response to the
cross-reactive microbial antigens (Cebula et al.
2013). Using single-cell and high-throughput
sequencing on TCRmini mice with “limited but
diversified TCR,” this study demonstrated that
TCR repertoires of colonic tTregs and pTregs
have significant overlap (Cebula et al. 2013). A
study with mice with MHCII expression
restricted to the cortical thymic epithelial cells
and thus cannot provide peripheral MHCII-TCR
interaction necessary for the induction of pTregs
demonstrated that majority of intestinal Tregs
were of thymic origin (Korn et al. 2014). The
study revealed that there exists a unique “Treg
niche” in the intestine, where tTregs migrate dur-
ing early life and are maintained without the need
for TCR stimulation. However, broad spectrum
antibiotic treatment abrogated LP tTregs,
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suggesting that continuous microbial stimuli
might be vital for the maintenance of Tregs in
the intestinal compartment (Korn et al. 2014). In
summary, both pTregs and tTregs are likely to
contribute to the maintenance of intestinal
homeostasis, although it is challenging to deter-
mine which of the two populations plays a
major role.

9.2.2 GATA3+Helios+(Nrp1+) Tregs

GATA-binding protein 3 (GATA3), the canonical
Th2-specific transcription factor, is expressed by
up to 65% of intestinal Tregs and can be induced
in CD4+Foxp3+ Tregs by TCR engagement
(Wohlfert et al. 2011). In the same report,
human Tregs (CD4+CD25brightCD127lo) isolated
from peripheral blood of healthy donors were also
able to dramatically upregulate GATA3 expres-
sion upon TCR engagement (Wohlfert et al.
2011). However, this subset has not yet been
demonstrated in the human gut. GATA3 has
been shown to be important for immunosuppres-
sive function and accumulation of Tregs to the
extent that GATA3-deficient Tregs were unable
to suppress naïve T-cell transfer-induced colitis in
mice (Wang et al. 2011). In the mouse gut,
GATA3+Helios+ tTregs have been also found to
express IL33 receptor ST2 and amphiregulin
(Schiering et al. 2014). IL33 is produced by intes-
tinal epithelial cells under inflammatory
conditions. In fact, high levels of IL33 have
been reported in inflamed lesions of inflammatory
bowel disease patients (Kobori et al. 2010;
Pastorelli et al. 2010; Seidelin et al. 2010). In
the same line of thought, in steady state, ST2+

FoxP3+Tregs showed increased production of
IL10 and TGFβ and displayed preferential accu-
mulation in the intestinal LP due to high expres-
sion of gut-homing receptors CCR9 and α4β7
(Siede et al. 2016). Furthermore, ST2+ Tregs dis-
play an activated phenotype and express high
levels of OX40 (Schiering et al. 2014), a second-
ary co-stimulatory immune checkpoint molecule
which is also important for the accumulation of
Tregs in colon and for Treg-mediated suppression
of naïve T-cell transfer-induced colitis (Griseri

et al. 2010). It is thus plausible that GATA3+

tTregs might be home to the sites of damage in
the gut to curb excessive inflammation and medi-
ate tissue repair. However, this hypothesis still
needs to be verified.

9.2.3 RORgt+Helios2 pTregs

Another Treg subset that is abundantly located in
the gut expresses the Th17 master transcription
factor, retinoic acid receptor-related orphan
receptor γt (RORγt). The absence of Helios
(Sefik et al. 2015; Ohnmacht et al. 2015) and
Nrp1 (Yang et al. 2016) on most of the RORγt+

Tregs suggests their peripheral origin. Owing to
their similar expression of RORγt, the
RORγt+Foxp3+ Tregs were once considered to
be precursors for unstable Tregs that could differ-
entiate into Th17 cells (Zhou et al. 2008; Lochner
et al. 2008). However, it was later revealed that, in
steady state, RORγt+Helios� FoxP3+ Tregs com-
prise about 65% and ~35% of total Treg popula-
tion in the colon and small intestine, respectively
(Sefik et al. 2015; Ohnmacht et al. 2015; Yang
et al. 2016). Comparable frequencies of Rorγt+

Tregs were detected by staining cells from
healthy or inflamed (Crohn’s) colon biopsies
(Sefik et al. 2015) and among healthy human
PBMCs (Duhen et al. 2012), confirming the pres-
ence of this subset in humans. Interestingly, there
were higher number of circulating IL-17-produc-
ing RORγt+Foxp3+CD4+ lymphocytes in IBD
patients, and the suppressive ability of these
Tregs were reduced by approximately 60% in
patients with IBD compared with healthy controls
(Ueno et al. 2013).

The plasticity between Th17 cells and RORγt+

Tregs is not very well understood. Development
of Th17 cells is dependent on IL6, IL1β, and
IL23. However, while IL6 and downstream
STAT3 signaling are important for the develop-
ment of intestinal RORγt+ Tregs, IL1β and IL23
have not been shown to play a role under homeo-
static conditions (Sefik et al. 2015; Xu et al. 2010;
Yang et al. 2016). Making use of the
transcriptomic and epigenetic profiling, Yang
et al. (2016) revealed that RORγt+ Foxp3+T
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cells display higher similarity to Tregs than to
Th17 cells and that they represent a lineage-stable
population with potent suppressive activity.
Using fixed TCRβ transgenic mice, it was
shown that TCR repertoire of RORγt+ Foxp3+

Tregs is largely unique compared with other
colonic T-cell subsets (Solomon and Hsieh
2016). However, they also observed a subset of
Foxp3+RORγt+ TCRs that are shared with Th17
cells. The same study suggested that the develop-
ment of mucosal RORγt+ Foxp3+T cells is depen-
dent on CX3CR1+ antigen-presenting cells and
can be derived from naïve CD4+ T cells in the
periphery via a RORγt� Treg intermediate before
co-expressing RORγt. Furthermore, RORγt+

Foxp3+Treg subset is readily lost in GF mice or
upon antibiotic treatment, signifying the indis-
pensable role of microbiota in their maintenance
(Ohnmacht et al. 2015; Sefik et al. 2015). Inter-
estingly, the differentiation of RORγt+ Tregs is
also dependent upon constant antigen exposure,
as mice deficient in MHCII have decreased fre-
quency of this subset (Ohnmacht et al. 2015). The
role of microbiota in the development of RORγt+

Tregs would be further discussed later in this
chapter. Additionally, c-Maf, a transcription fac-
tor which has already been known to be a positive
regulator of Th17 cells, has also been found to be
highly expressed by RORγt+ Foxp3+Tregs
(Xu et al. 2018). Not only has c-Maf been found
to be required for the development of RORγt+

Tregs, but is also important for their suppressive
ability, as ablation of c-Maf in Tregs leads to
spontaneous inflammation in mice that is not
observed in mice with RORγt-deficient Tregs
(Sefik et al. 2015; Xu et al. 2018; Yang et al.
2016).

9.2.4 RORgt2 Nrp12(Helios2) pTregs

Another subset of intestinal Tregs are the
CD4+Foxp3+RORγt� T cells. They are believed
to be of peripheral origin due to absence of Helios
or Nrp1. These cells represent about 50% of SI LP
Tregs and 15% of colonic Tregs (Kim et al.
2016). Since these Tregs are more frequently
present in SI, they are induced by dietary

antigens, so much, so that they are not affected
by the absence of microbiota but disappear in
mice fed “antigen-free” diet (Kim et al. 2016).
In fact, the absence of this Treg subset leads to
increased susceptibility to food allergy in mice
(Kim et al. 2016).

9.2.5 Effector Tregs and IL10+ Tregs

In humans, based on the expression levels of
Foxp3 and protein tyrosine phosphatase isoform
A (CD45RA), human peripheral blood Foxp3
+CD4+ T cells can be classified into
Foxp3loCD45RA+ naive Tregs which after anti-
genic stimulation differentiate into
Foxp3hiCD45RA� Tregs that represent activated,
antigen primed, terminally differentiated and
highly suppressive effector Tregs or eTregs. In
contrast, Foxp3loCD45RA� cells do not possess
suppressive activity and can even secrete
pro-inflammatory cytokines (Miyara et al.
2009). To understand these cells better, some
studies have been carried out with mouse
CD44hiCD62LlowKLRG1+FOXP3+ cells,
thought to represent the murine counterpart of
the human eTregs (Liston and Gray 2014). The
CD44hi effector Tregs are most abundant in the
colonic LP and depend on constant TCR engage-
ment and subsequent IRF4 expression for their
maintenance (Levine et al. 2014). On the other
hand, TCR and IRF4 are dispensable for the
development of CD44loCD62Lhi naive Tregs as
tamoxifen-induced Treg-specific deletion of
TCRα or IRF4 does not adversely affect their
numbers (Levine et al. 2014). Transcription
factors, IRF4 and Blimp-1, jointly regulate the
differentiation, function, and homeostasis of
eTregs (Levine et al. 2014; Cretney et al. 2011).

Another important Treg subset described in
humans is the FOXP3� type 1 (Tr1) cells that
develop exclusively in periphery and secrete
copious amounts of IL10 and TGFβ1, intermedi-
ate levels of IFNγ and no IL4 (Levings and
Roncarolo 2005; Roncarolo et al. 2018). In fact,
IL10-producing Tr1 cells were originally
identified and isolated from patients who have
severe combined immunodeficiency (SCID) and
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had undergone successful HLA-mismatched bone
marrow transplantation. In these studies, antigen-
specific Tr1 cells were generated in vitro from
both mice and human naïve CD4+ T cells
(Bacchetta et al. 1994; Groux et al. 1997). The
in vitro generated murine Tr1 cells were able to
prevent establishment of colitis in SCID mice
after CD4+CD45RBhi adoptive T-cell transfer in
IL10- and TGFβ-mediated fashion (Groux et al.
1997). Hence, Tr1 cells appear to significantly
contribute to maintaining the intestinal tolerance.

9.3 Antigen Specificity of Intestinal
Tregs

One of major challenges in the field has been to
understand the antigen specificity of intestinal
Tregs. For example, are pTregs generated against
self-antigens or antigens derived from commensal
bacteria? Although some earlier studies have
shown that commensal bacteria are not necessary
for colonic Treg generation (Min et al. 2007;
Round and Mazmanian 2010), generation of
Tregs in response to foreign antigens has been
established with TCR transgenic models of oral
tolerance (Curotto de Lafaille et al. 2008; Sun
et al. 2007). Earlier in this chapter, we have
described studies with germ-free and antibiotic-
treated mice that clearly showed the importance
of the gut commensals in driving colonic Treg
numbers. Some human gut commensals such as
Clostridium clusters IV and XIVa (Atarashi et al.
2011) and Bacteroides fragilis (Round and
Mazmanian 2010) have been found to increase
the frequency or function of colonic Tregs via
protease-resistant capsular polysaccharide (PSA)
and a TLR2-dependent mechanism (Round et al.
2011). PSA also induced expression of Foxp3
along with CD39 in naïve human CD4 T cells
in vitro while promoting IL-10 secretion
(Telesford et al. 2015).

To address TCR specificity, labs developed
TCR transgenic mouse lines that respond to
antigens derived from commensal bacteria, e.g.,
flagellin (Cong et al. 2009). However, this
approach does not allow for the comparison of
the normal in vivo frequency of those TCRs in the

Tregs with the effector T cells. The study by
Lathrop et al. (2011) analyzed the colonic TCR
repertoire and concluded that TCR usage in the
colon is very different from that in any other
organ and that there was very little overlap in
TCRs in Tregs and the effector/memory T cells.
This study confirmed that the colonic Treg popu-
lation is strongly shaped and fine-tuned by the
local antigenic milieu and that the effector T
cells and Tregs are not necessarily activated by
the same antigens. Furthermore, it could be safely
inferred that colonic Tregs recognize and sup-
press the immune response evoked against the
antigens from commensal bacteria. In fact, “Lim-
ited mice,” which express only a limited TCR
repertoire, display shrunken Helios� Tregs and
eventually develop loss of tolerance to the gut
microbiota and spontaneous development of
Th17-driven colitis (Nishio et al. 2015).

9.4 Key Factors Required
for the Development
and Maintenance of Tregs
in the Gut

The intestinal Tregs are very unique and highly
specialized due to their role in preventing inflam-
matory responses to commensal flora, diet, and
other innocuous antigens. There are many differ-
ent mechanisms that are engaged in the induction
and maintenance of Tregs in the intestine. While
most of these intricate pathways have been
elucidated in mice, some attempts have been
made to validate them in humans.

9.4.1 Host Factors: Cytokines

As already described in the Introduction to Intes-
tinal Tregs, development of Treg precursors in the
thymus requires not only the strong TCR stimula-
tion but also co-stimulation through CD28 and a
presence of common-γ-chain cytokines such as
IL2 and IL15 (Chinen et al. 2016; Setoguchi et al.
2005). The transcription factor STAT5, which is
activated downstream of the IL2 receptor α
(CD25), binds to CNS2 in the Foxp3 gene and
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thus stimulates its expression. In fact, many
mouse models mimicking IL2 deficiency have
demonstrated IL2 to be a key cytokine for the
development and the maintenance of tTregs in
the periphery (Papiernik et al. 1998; Almeida
et al. 2002; Malek et al. 2002; Setoguchi et al.
2005). Accordingly, CNS2-deficient Tregs are
sensitive to low levels of IL2 and eventually
lose FoxP3 expression in response to strong
TCR activation or pro-inflammatory cytokines, a
typical intestinal milieu (Feng et al. 2014; Li et al.
2014). On the other hand, Treg pool can be
increased following treatment with agonistic
complexes of IL2 or antibody to IL2 (Oldenhove
et al. 2009; Wohlfert et al. 2011).

The role of IL2 is central to the development of
Tregs as IL2-deficient mice have been known to
develop colitis (Sadlack et al. 1993). In general,
IL2 potently stimulates T-cell growth and popula-
tion expansion. However, the function of IL2 sig-
naling for Treg differentiation and maintenance of
immune system homeostasis appears to overcome
its effects on the effector T cells, since mice defi-
cient in IL-2 or components of the IL-2 receptor,
IL-2Ra (CD25) or IL-2Rb (CD122), suffer from an
aggressive lymphoproliferative, autoimmune syn-
drome. Similarly, patients with IL-2Ra deficiency
develop immunodeficiency and early onset IBD
live-disease (Sharfe et al. 1997). It has been
reported that while CD25 activation by IL2 is
required for FoxP3+ pTreg cell differentiation, sur-
vival, and expansion, it remains dispensable for the
induction and differentiation of FoxP3+ tTreg cells
(D’Cruz and Klein 2005; Fontenot et al. 2005).
However, a later report showed that IL2 seems to
be critical for the maintenance of intestinal
GATA3+ tTregs, as this subset is severely reduced
in the small intestine of IL2�/� mice (Wohlfert
et al. 2011). Furthermore, blocking IL2 in a
mouse model of oral tolerance to ovalbumin
impaired the conversion of adoptively transferred
naive OT-II CD4+ T cells into pTreg cells in the
mesenteric lymph nodes (MLNs) and Peyer’s
Patches (PP) (Edwards et al. 2016). However, the
role of IL2 in the induction of RORγt+ and
RORγt� pTregs has not been evaluated.

TGFβ gives an initial survival advantage to the
Treg precursors in the thymus, though it fails to

promote Foxp3 expression and is therefore not
important for the induction of tTregs (Li et al.
2006; Marie et al. 2005, 2006; Ouyang et al.
2010; Tone et al. 2008; Konkel and Chen 2011).
On the other hand, TGFβ has an unambiguously
essential role in the differentiation of pTregs in
the intestine, where it is present in copious
amounts (Chen et al. 2003; Konkel and Chen
2011). TGFβ1-deficient mice develop lethal
multi-organ lymphoproliferative disease, which
mainly affects the gut. Notably, this pathology
has considerable similarity with the one observed
in the Foxp3-deficient mice (Kulkarni et al. 1993;
Shull et al. 1992). TGFβ1-activated Smad3 binds
to Foxp3 intronic enhancer CNS1 (Josefowicz
et al. 2012; Tone et al. 2008; Xu et al. 2010).
However, mice with an ablation of the Smad3-
binding site in CNS1 did not result in reduction in
the frequency of intestinal Tregs (Schlenner et al.
2012). Similarly, the frequency of colonic Tregs
is not compromised in mice with the deletion of
the cytokine receptor TGFβR1 specifically in
Tregs (Konkel and Chen 2011). However, spe-
cific Treg subsets were not investigated in that
study, and it is possible that while pTregs
contracted in the absence of TGFβ signaling, the
tTregs expanded to compensate. On the other
hand, colitis in mice with TGF-βRII-deficient
DCs is accompanied by reduced frequencies of
mucosal and MLN Foxp3+ Tregs (Jamwal et al.
2020; Ramalingam et al. 2012).

TGFβ1 is secreted as an inactive precursor
molecule combined with latency-associated pep-
tide (LAP) and needs to be modified by integrins,
such as αvβ8 and αvβ6 (Travis et al. 2007).
Importantly, the expression of integrin β8 is
highly upregulated in intestinal CD103+ DCs
(Paidassi et al. 2011), and consequently CD103+

DCs deficient in αvβ8 have a compromised
capacity for Treg induction in the MLNs
(Worthington et al. 2011). Additionally, LAP
could be cleaved by pro-protein convertase
enzymes, such as Furin. Notably, Furin-deficient
Tregs exhibit defective regulatory function in the
naïve T-cell transfer-induced colitis (Pesu et al.
2008). Furthermore, in a mouse model of oral
tolerance, a complex of GARP (glycoprotein A
repetitions predominant) and latent TGFβ1 on
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Tregs has been found to be a major source of
TGFβ1 needed for the induction of pTreg cells
in the MLNs and PPs (Edwards et al. 2016).
Overall, IL2 and TGFβ1 seem to be central in
Treg homeostasis, so much, so that naïve T cells
after in vitro stimulation in the presence of TGFβ
and IL2 are induced to differentiate into inducible
Tregs (iTregs) (Zheng et al. 2002, 2004).

Although the plasticity of Tregs under inflam-
matory pressure is well recognized, there are lin-
gering controversies, mainly stemming from
varying definitions, protocols, and starting cell
populations. One aspect of Treg plasticity is
related to reversible FoxP3 expression. The
in vitro generated iTregs are generally recognized
to have unstable expression of Foxp3 via a mech-
anism involving histone demethylation at the
CNS2 element, resulting in quick reversion to
Foxp3� effector T cells (Kanamori et al. 2016).
Another aspect of Treg plasticity is the described
gain in IL17 production. IL6 is thought to con-
tribute to the latter, although different Treg
lineages seem to respond differently. nTregs can
be induced to become Th17-like when exposed to
IL6 in a TGFβ-dependent manner, but iTregs
were resistant to this conversion under the same
protocol (Zheng et al. 2008). Xu et al. also
showed that CD4+CD25+FoxP3+ mouse
splenocytes (constituting primarily nTregs)
stimulated with IL6 turned into Th17 cells, even
without the presence of exogenous TGFβ
(Xu et al. 2007). Similarly, nTregs sorted from
mouse thymus or spleens were converted to Th17
cells with CD3/IL6 stimulation, a conversion
inhibited by atRA (Zhou et al. 2010). Human
peripheral blood CD4+CD25hiCD127loFoxp3+

Tregs stimulated with high-salt medium lose
their immunosuppressive function via gaining
IFNγ expression, though only a very minor
increase of IL17 expression was observed in this
cell population. In a more recent mouse study,
Luo et al. showed that high-salt diet in vivo and
elevated NaCl concentration in vitro did not neg-
atively affected pTregs or iTregs, respectively,
but impaired the immunosuppressive function of
tTregs and reduced FoxP3 expression (Luo et al.
2019). Thus, none of the Treg population should

be considered as entirely stable or terminally
differentiated. Their function and phenotype can
be affected differently by various stimuli depen-
dent on their lineage, tissue, and/or pathophysio-
logical milieu.

Recently, IL33 has also been deemed instru-
mental in the induction of Tregs in the gut. IL33 is
passively released by stromal or epithelial cells
during cell necrosis or tissue damage, defining its
role as an alarmin that alerts the immune system
during trauma (Pichery et al. 2012). As men-
tioned earlier, intestinal GATA3+ tTregs, but not
RORγt+ pTregs, have high expression of the IL33
receptor ST2. Likewise, in vivo administration of
IL33 increases the number of both splenic Tregs
and colonic RORγt– Tregs, but not RORγt+

pTregs (Schiering et al. 2014; Sefik et al. 2015).
Overall, IL33 seems to positively regulate tTregs
but not pTregs in vivo. However, IL33 in combi-
nation with TGFβ1 has also been successfully
able to induce the differentiation of iTregs
(Schiering et al. 2014).

9.4.2 Host Factors: TNFRSF–
NF-kB Axis

Survival at a barrier site such as intestine requires
adaptation to the changing environmental milieu.
Due to continuous exposure to microorganisms,
Treg cells display an activated phenotype
characterized by the core tumor necrosis factor
receptor superfamily (TNFRSF) signature includ-
ing expression of GITR, OX40, and TNFR2
(Miragaia et al. 2019; Vasanthakumar et al.
2017). The stimulation of TNFRSF members fur-
ther activates the NF-κB signaling pathway and
provides vital survival signals for Tregs (Miragaia
et al. 2019; Salomon et al. 2018; Vasanthakumar
et al. 2017). OX40 is important for survival,
accumulation, and function of Treg cells in the
colon (Griseri et al. 2010). Activation of RelA, a
NFκB transcription factor, is associated with the
adaptation of both tTregs and pTregs in the colon
(Vasanthakumar et al. 2017). Overall, the
TNFRSF–NF-κB axis may be a central signaling
component in Treg maintenance in the gut.
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9.4.3 Environmental Factors:
Commensal Microbiota

The intestine, especially the colon, harbors abun-
dant bacteria reaching 1012 cells per gram of
intestinal content. Bacteria remain in a complex
relationship with the host immune system, and
among their many functions, they profoundly
affect mucosal T cells, including their differentia-
tion into different subsets of effector or regulatory
cells (Larmonier et al. 2015). As mentioned in the
previous sections, the pTregs are induced,
maintained, and “fine-tuned” directly by the com-
mensal bacteria or by the metabolites produced
by bacteria. While both RORγt+ and RORγt�

pTregs are affected by general presence or
absence of microbiota, apparently, only the
RORγt+ subset seems to be affected by qualitative
changes in the colonic microbiome (Kim et al.
2016; Ohnmacht et al. 2015; Sefik et al. 2015; Ye
et al. 2017). Some bacterial genera including
Clostridium, Bacteroides, Bifidobacterium, Lac-
tobacillus, and Helicobacter have been shown to
promote pTregs in colon (Geuking et al. 2011;
Atarashi et al. 2011, 2013; Chai et al. 2017;
Kullberg et al. 2002; Sefik et al. 2015). Most of
clostridia are gut commensals, with a few
exceptions, such as Clostridium perfringens,
Clostridium difficile, and Clostridium tetani,
which are pathogenic and toxigenic. Oral admin-
istration of GF mice with 46 strains of commensal
Clostridia showed strong promotion of differen-
tiation, proliferation, and recruitment of
Helios�RORγt+ Tregs in the colon (Atarashi
et al. 2011). Similar experiments executed with
17 strains of Clostridia isolated from a healthy
human adult also demonstrated a strong capacity
to induce RORγt+Helios� pTreg cells rather than
GATA3+ tTregs in the colon of mice and rats
(Atarashi et al. 2013). Clostridia-induced
increase in frequency of colonic Tregs is also
accompanied by an increase in the expression of
IL10, CTLA4, and ICOS on pTregs (Atarashi
et al. 2011, 2013) and increased intestinal produc-
tion of sIgA which coats commensals and reduces
T-cell activation by microbial antigens, such as
flagellin (Cong et al. 2009). Faecalibacterium

prausnitzii (cluster IV) is another member of the
class of Clostridia and one of the most abundant
residents in healthy humans (Godefroy et al.
2018; Sarrabayrouse et al. 2014). F. prausnitzii
promotes the accumulation of Tr1 cells (IL10-
producing CD4+CD8αα+ T cells) in the colon
and the blood of healthy humans (Sarrabayrouse
et al. 2014). Interestingly, relative abundance of
F. prausnitzii is decreased in IBD patients
(Machiels et al. 2014; Sokol et al. 2008, 2009).
F. prausnitzii is capable of inducing IL10 secre-
tion by healthy human DCs (Alameddine et al.
2019) which may also assist with reducing the
overall inflammatory tone in the gut.

Apart from the Clostridia, another resident
member of the human gut microbiome capable
of impacting Treg homeostasis is Bacteroides
fragilis. B. fragilis enhances the accumulation of
IL10-producing Foxp3+ Tregs in the colon
(Round et al. 2011). Monoassociations of mice
with other Bacteroides spp., e.g. B. caccae,
B. thetaiotaomicron, B. uniformis, B. finegoldii,
or B. ovatus, have been shown to induce the
accumulation of FOXP3+ cells, particularly
Nrp1�RORγt+ pTreg cells in the mouse colon
(Faith et al. 2014; Sefik et al. 2015). De novo
generation of Tregs, with the capacity to suppress
intestinal inflammation, was also observed in GF
mice colonized with Bifidobacterium bifidum
(Verma et al. 2018). Clostridia, B. fragilis, and
B. bifidum have also been shown to increase the
expression of CTLA4 on Tregs (Atarashi et al.
2011, 2013; Round et al. 2011; Verma et al.
2018). While it is not yet established if Clostrid-
ium and Bacteroides species function in a
TCR-dependent manner, a pathobiont
Helicobacter hepaticus has been shown to induce
antigen-specific RORγt+ Tregs in the colon (Chai
et al. 2017; Xu et al. 2018).

Microbes also stimulate the regulatory arm of
the mucosal immune system via their
components. For example, B. fragilis releases
outer membrane vesicles (OMVs) containing
polysaccharide A (PSA), the most abundant cap-
sular polysaccharide expressed by B. fragilis.
OMVs are taken up by cLP DCs and further elicit
the conversion of CD4+ T cells into IL10-
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producing Foxp3+ Tregs via TLR2 (Round et al.
2011). Similarly, cell surface β-glucan/galactan
(CSGG) polysaccharides from B. bifidum are
important effector components able to induce
Tregs via a DC-dependent and partially TLR2-
dependent mechanism (Verma et al. 2018).

9.4.4 Environmental Factors: Dietary
and Microbial Metabolites

The specific mechanism by which symbionts
stimulate the accumulation of Tregs is not fully
understood. It is believed that Clostridia spp. can
function synergistically to stimulate IECs leading
to Treg induction (Atarashi et al. 2013). One
proposed mechanism of action is the cooperative
production of short-chain fatty acids (SCFAs),
such as butyrate, propionate, and acetate, through
fermentation of dietary fiber by the commensals
including Clostridium and Bacteroides spp. in the
colon (Arpaia et al. 2013; Atarashi et al. 2013;
Furusawa et al. 2013; Smith et al. 2013). Colonic
SCFAs are absorbed by passive diffusion and by
active H+-coupled transport via MCT1
(SLC16A1) and MCT4 (SLC16A3), two
electroneutral monocarboxylate transporters, or
by electrogenic Na+-coupled monocarboxylate
transporters SMCT1 (SLC5A8) and SMCT2
(SLC5A12). Oral administration of butyrate, pro-
pionate, and acetate either individually or in com-
bination led to an increase in the number of
colonic Treg cells in SPF mice (Smith et al.
2013). Although in monoassociation studies,
Sefik et al. could not find a correlation between
luminal SCFA concentrations and the frequencies
of RORγt+ pTregs (Sefik et al. 2015), this study
did not take the combinatorial effects of SCFA
producers into account. Upon reaching the
colonic LP, SCFAs affect DCs and T cells
directly using two mechanisms: via inhibition of
histone deacetylases (HDAC) and via signaling
through certain G protein–coupled receptors.
Butyrate is known to participate in Treg differen-
tiation by facilitating histone H3 acetylation in the
promoter region and CNS1 and 3 of Foxp3 gene
(Furusawa et al. 2013). Recognition of butyrate
by G protein–coupled receptors such as

GPR43and GPR15 expressed by colonic Treg
cells and by GPR109A expressed by DCs and
macrophages (Arpaia et al. 2013; Atarashi et al.
2013; Furusawa et al. 2013; Singh et al. 2014;
Smith et al. 2013) also promotes Treg differentia-
tion. Interestingly, SCFA treatment increased
Helios+ Treg numbers in GF mice, indicating
that SCFAs also promote the expansion of the
tTregs present in the colonic LP (Smith et al.
2013).

Aryl hydrocarbon receptor (AhR) is a nuclear
sensor expressed by Tregs that helps them sense
and react to compounds that act as AhR ligands.
Intestinal pTregs have higher expression of AhR
than Tregs in any other tissue (Ye et al. 2017).
Dietary tryptophan, an essential amino acid, is
metabolized by IDO (indoleamine
2,3-dioxygenase) and TDO (tryptophan
2,3-dioxygenase) expressed in IECs and DCs,
into several AhR ligands including kynurenine.
Kynurenine enhances Foxp3+ Treg generation
in vitro in the presence of TGFβ1 (Mezrich et al.
2010). Gut microbes like Lactobacillus spp. can
also metabolize tryptophan into many AhR
ligands (Gao et al. 2018). AhR is not only impor-
tant for the induction of Tregs, but it also
contributes to their regulatory function.
Ahr-expressing Tregs showed enhanced in vivo
suppressive activity compared with Ahr-deficient
Tregs in a T-cell transfer model of colitis
(Ye et al. 2017).

Another dietary metabolite that drives the Treg
development in intestine is the all-trans retinoic
acid (atRA), a bioactive form of vitamin
A. Dietary vitamin A, specifically retinol, is
absorbed by the intestinal epithelial cells via pas-
sive diffusion. Although epithelial cells are capa-
ble of synthesizing atRA from dietary vitamin A
(D’Ambrosio et al. 2011), a process regulated by
commensal bacteria (Grizotte-Lake et al. 2018),
the vast majority of studies to date focused on
dendritic cells, macrophages, and eosinophils as
sources of atRA for iTreg induction. Aldehyde
dehydrogenases ALDH1A1, ALDH1A2, and
ALDH1A3 are the rate limiting enzymes in the
synthesis of atRA (Bazewicz et al. 2019). Of
those three, CD103+DCs express primarily the
ALDH1A2 isoform (Coombes et al. 2007).
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CD103+ DCs are chiefly equipped to promote
Tregs in the gut by the activation of latent
TGFβ1 via integrin αVβ8. Thus, CD103+

DC-derived RA, along with TGFβ, converts
naive FoxP3�CD4+ T cells into FoxP3+ Tregs in
both human and mouse (Coombes et al. 2007;
Kang et al. 2007; Mucida et al. 2007; Sun et al.
2007). These Tregs also display an enhanced
upregulation of the mucosal tissue-homing
receptors C-C chemokine receptor type
9 (CCR9) and integrin β7 along with being potent
suppressors of effector T cells in a colitis model
(Coombes et al. 2007; Kang et al. 2007; Mucida
et al. 2007; Sun et al. 2007). These RA-induced
human FoxP3+ cells were also chemotactically
responsive to CCR9 ligand CCL25, a chemokine
specifically expressed by intestinal epithelial cells
(Kang et al. 2007). Furthermore, CNS1
non-coding element in the FoxP3 gene, which is
required for the generation of pTregs, contains
binding sites for the heterodimer of retinoic acid
receptor (RAR) and retinoid X receptor (RXR).
Upon binding of RA to RAR and RXR, CNS1
undergoes histone acetylation leading to the
prolonged and stable expression of FoxP3 in
Tregs (Xu et al. 2010). atRA was also shown to
promote iTreg development and maintenance via
an ERK1/2-dependent mechanism and increased
histone methylation and acetylation within the
CNS2 element of Foxp3 gene locus (Lu et al.
2011).

Additionally, it is also reported that RA is
able to suppress the IL6-induced conversion of
Foxp3+ Tregs into inflammatory Th17 cells, a
mechanism likely mediated by the retinoic acid
receptor α (Elias et al. 2008). Based on
experiments with mice fed with a vitamin A–
deficient diet or treated with an inhibitor of the
RA receptor, vitamin A seems to affect the
development of RORγt+ pTregs cells and not
Helios+ tTreg cells in the gut (Ohnmacht et al.
2015). While RORγt+ Tregs were restored upon
feeding RA, it did not “rescue” the defective
generation of RORγt� Tregs (Kim et al. 2016).
Notably, an RA-reactive human Treg cell subset
expressing natural killer cell receptor CD161
and RORγt has been described recently
(Povoleri et al. 2018).

While vitamin A plays the most prominent role
in the development of Tregs, there are other
vitamins that have been reported to affect this
lymphocyte population. Dietary vitamin D3 is
metabolized to 1,25-dihyroxyvitamin D3 which
binds to the nuclear vitamin D receptor element
(VDRE) within the +1714 to +2554 nt
non-coding CNS region of the human Foxp
gene (Kang et al. 2012). FR4, the receptor for
vitamin B9 (folic acid), is highly expressed by
Tregs (Yamaguchi et al. 2007) and is known to
promote survival of colonic Tregs by
upregulating the anti-apoptotic factor BCL2
(Kinoshita et al. 2012). Consistent with this
observation, mice fed with a vitamin B9–deficient
diet displayed a marked reduction in colonic
pTregs and a higher susceptibility to intestinal
inflammation (Kinoshita et al. 2012).

9.5 Suppressive Function Mediated
by Treg in the Gut

Tregs can exert suppressive function towards a
variety of immune cells, such as NK, CD8+, and
CD4+ T lymphocytes and antigen-presenting cells
(APC). Inhibition of T conventional cells can
occur indirectly, i.e., when inhibition involves
influencing the activation status of APC, or
directly, i.e., in absence of APC. Tregs can sup-
press intestinal immune responses to maintain
homeostasis and exert their functions through
various mechanisms, mostly determined on the
basis of in vitro assays. The best-known suppres-
sive mechanisms to be discussed here are (1) cyto-
kine-mediated inhibition, (2) expression of
inhibitory surface molecules, and (3) cytolysis
of target cells. Species-specific mechanisms may
complicate data interpretation, and findings
identified in murine models may not correspond
to those found in human Tregs.

9.5.1 Secretion of Inhibitory
Cytokines

FoxP3+ Tregs and Tr1 cells produce high levels
of IL10, which can target several cell types in the
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gut, among them the effector immune cells, to
inhibit their expansion and to promote immuno-
suppression. IL10 also acts in an autocrine man-
ner as a proliferative factor for Tregs, although its
requirement for FoxP3+ Tregs and Tr1 mainte-
nance in vivo is unlikely, since both Treg subsets
develop normally in the absence of IL10 or
IL10R (Maynard et al. 2007; Chaudhry et al.
2011). Even though IL10 can be secreted by
many cells of the innate and adaptive immune
systems, the importance of IL10 originating in
Tregs for the gut homeostasis is illustrated by
the development of exacerbated intestinal inflam-
mation when FoxP3+ Tregs lacked the ability to
produce IL10, likely due to their inability to sup-
press pathogenic Th17 cell responses (Asseman
et al. 1999; Chaudhry et al. 2011). The high
concentration of IL10 produced by mucosal Tr1
enables the suppression of IL1β and TNFα
released from human myeloid cells (Cook et al.
2019). In the gut homeostasis, IL10 gene has been
identified as susceptibility locus in ulcerative coli-
tis (UC) (Franke et al. 2008) and mutations on
IL10RA and IL10RB receptors result in severe
and early onset IBD (Glocker et al. 2009; Moran
et al. 2013). In the murine colon, RORγ+ FoxP3+

Tregs have been reported to be the main
producers of IL10 (Ohnmacht et al. 2015).

The involvement of Treg-derived TGFβ in
immune tolerance, inhibition of acute inflamma-
tion, and promotion of wound-healing process
renders it a pivotal cytokine in the immune regu-
lation in the gut. Soluble and membrane bound
TGFβ are produced in high amounts by Tr1 and
FoxP3+ Tregs in the gut (Powrie et al. 1996;
Levings et al. 2002). TGFβ also contributes to
the differentiation of Tregs, converting naïve
CD4+ T cells into FoxP3+ Tregs (Chen et al.
2003; Zheng et al. 2002), but other mediators
are required for Tregs to fully differentiate since
the induction of FoxP3 expression by TGFβ alone
does not necessarily confer immunosuppressive
abilities to Tregs (Tran et al. 2007). Production of
TGFβ by Treg is, however, necessary to prevent
intestinal inflammation (Powrie et al. 1996) as
much as expression of TGFbRII by the T conven-
tional cells (Gorelik and Flavell 2000), indicating
the essential role of Treg-derived TGFβ in

controlling pathogenic T-cell response intestinal
inflammation.

Tr1 expanded in vitro, but not FoxP3+ Tregs,
can also secrete IL22 to promote intestinal barrier
function (Cook et al. 2019). Even though IL35
has been described as an important immunoregu-
latory cytokine secreted by murine Tregs
(Collison et al. 2007), human FoxP3+ Tregs in
resting or activated state appear not to express
IL35 (Bardel et al. 2008).

9.5.2 Expression of Cell Surface
Inhibitors of Inflammation

Human Tregs express cell surface molecules that
enable the suppression of immune function in
target cells via a contact-dependent (e.g.,
CTLA4, LAG3, and PD1) or contact-independent
manner (e.g., IL2R and CD39). The contact-
dependent suppression involves binding of the
inhibitory receptors expressed on the Treg surface
to stimulatory and co-stimulatory receptors
expressed on the surface of target cells, ultimately
suppressing immunostimulatory intracellular
cascades in target cells. The successful antigen
presentation by APC requires the antigen–TCR
binding in the context of major histocompatibility
complex II (MHCII), in coordination with the
triggering of CD28 receptors on T cell by
co-stimulatory receptors from the B7 family on
APC. B7.1 (CD80) and B7.2 (CD86) can bind to
a variety of molecule members of the CD28 fam-
ily: CD28 and ICOS act as positive regulators of
T-cell function while CTLA4 and PD1 act as
inhibitors. B7.1 and B7.2 are also expressed on
Teff cells and can be targeted for inhibition
through contact-dependent mechanisms.

9.5.2.1 Contact-Dependent Inhibition
Cytotoxic T-lymphocyte-associated protein
4 (CTLA4, CD152) is highly expressed on
FoxP3+ Treg and Tr1 cells relative to the conven-
tional CD4+ T cells. It is a key regulatory mole-
cule, since null or Treg-specific knockout of
CTLA4 result in autoimmune disease (Takahashi
et al. 2000; Wing et al. 2008). In vitro suppression
of Teff cell proliferation by Tregs (in presence of

154 V. R. Figliuolo da Paz et al.



APC) was shown to be dependent on CTLA4 in
murine and human cells (Tang et al. 2004;
Birebent et al. 2004) and was mediated by
CD80/CD86 downregulation on APC (Cederbom
et al. 2000). However, production of inflamma-
tory cytokines does not seem to be affected by
Tregs’ CTLA4. Expression of lymphocyte activa-
tion gene 3 (LAG3) in human Tregs also
contributes to their suppressive function (Wang
et al. 2018). LAG3 is a CD4 homolog expressed
on FoxP3+ and Tr1 T cells and interacts directly
with MHCII complex acting as a decoy receptor
to inhibit its interaction with the TCR,
downregulate cell proliferation and secretion of
inflammatory cytokines IFNγ, IL2, and TNFα by
APC and B cells (Hannier et al. 1998). Deficiency
in LAG3 renders Tregs inefficient to inhibit T-cell
proliferation and unable to prevent chronic intes-
tinal inflammation (Huang et al. 2004). PD1
(CD279) is also expressed on both Treg subsets
and binds to PD-L1 (B7-H1), PD-L2 (B7-DC),
and B7.1. PD1 signaling inhibits TCR-signaling-
induced cell cycle progression and TCR expres-
sion on CD8+ T cells (Karwacz et al. 2011), and
blockade of the PD1/PD-L1 pathway can abro-
gate Treg-mediated immunoregulation (Kitazawa
et al. 2007).

9.5.2.2 Contact-Independent Inhibition
In humans, suppressive Tregs express high levels
of CD25. CD25 is a subunit of the high-affinity
heterotrimeric IL2 receptor and is also transiently
expressed on activated T cells. CD25 expression
is a part of the suppressive mechanism of Tregs,
supposedly through the scavenging of IL2 and
reduction of its effects on T cells (Barthlott et al.
2005). Though the proximity between cells is
necessary for inhibition mediated by CD25, con-
tact is not required. Exogenous IL2 abrogates
Treg-mediated suppression of Teff in human and
mice (Oberle et al. 2007; Pandiyan et al. 2007).
Recent reports link the IL2 scavenging by Tregs
to induction of apoptosis on Teff cells (Pandiyan
et al. 2007), but further studies are required to
prove the existence of such regulatory mechanism
in humans.

Expression of CD39 on the surface of FoxP3+

Tregs also provides an important

immunoregulatory mechanism. Catalysis of ATP
to AMP by CD39 (ecto-nucleoside triphosphate
diphosphohydrolase 1, E-NTPDase1), and its
subsequent hydrolysis into adenosine by CD73
(ecto-50-nucleotidase, NT5E) regulates the extra-
cellular levels of ATP and adenosine and their
effects on immune cells (Su et al. 2019). Since
human Tregs do not express high levels of CD73
(in contrast to their murine counterparts), the
AMP conversion to adenosine in humans is
thought to result from the expression of CD73
on neighboring cells (Dwyer et al. 2010). ATP
binding to purinergic receptors such as P2X7 and
P2Y2 expressed on the surface of immune cells
induces the secretion of inflammatory cytokines
and a DC-mediated priming of intestinal Teff cells
toward the Th17 phenotype (Pandolfi et al. 2016;
Atarashi et al. 2008). On the other hand, activa-
tion of A2A receptors by adenosine induces
immune anergy and promotes intestinal homeo-
stasis (Ye and Rajendran 2009). Fifty percent of
the human Tregs express CD39 (Borsellino et al.
2007), and this population is highly suppressive
through the generation of adenosine
(Mandapathil et al. 2010). CD39 polymorphisms
in humans are associated with IBD susceptibility
(Friedman et al. 2009). ATP/adenosine balance
by CD39+ Tregs is of relevance to the intestinal
inflammation, where high concentrations of ATP
produced by the microbiota reach the LP immune
cells as a consequence of intestinal epithelial bar-
rier injury (Atarashi et al. 2008).

Inducible co-stimulator (ICOS) has a dual and
balancing role to sustain T-cell activation and
effector functions and to promote Treg differenti-
ation and suppression. ICOS expression on
human Tregs is potentially involved in contact-
dependent and -independent immunosuppression
in peripheral tissues. High expression of ICOS on
natural FoxP3+ Tregs present in thymus, PBMC,
and peripheral tissues endows Tregs with the
capacity to produce high levels of IL10 and
TGFβ to suppress DC and T-cell function, respec-
tively, whereas ICOS�FoxP3+ Tregs play a sup-
pressive function mainly through the secretion of
TGFβ1 (Ito et al. 2008). ICOS contact-dependent
CD4+ T suppression is mediated by the
upregulation of CTLA4 expression on human
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Tregs (Zheng et al. 2013). Some of the findings in
the literature support the role of the microenvi-
ronment in the differentiation of ICOS+ Tregs.
These cells are the main suppressive subset in
human melanoma (Strauss et al. 2008). In the
murine gut, colonic LP ICOS+ Tregs have a
strong immunosuppressive profile (Nakanishi
et al. 2018) and are stimulated locally by human
microbiota (Atarashi et al. 2013).

9.5.3 Cytolysis

A less studied mechanism of Treg-mediated
immune suppression in human is the secretion
of cytolytic enzymes and killing of target cells.
Human CD25+ Tregs generated in vitro from
CD4+ T cells stimulated with antibodies to
CD3/CD46 and with IL2, express granzyme B
and induce cell death in autologous cells in a
perforin/granzyme-dependent manner (Grossman

et al. 2004a). Although CD25high Tregs from
human peripheral blood activated in vitro did
not express granzyme B, they expressed
granzyme A and presented a cytolytic activity
toward various autologous immune cells in a
perforin-dependent but FasL-independent fashion
(Grossman et al. 2004b). The target cells tested
included activated CD4+ and CD8+ T cells,
CD14+ monocytes, and dendritic cells. However,
iTreg-mediated suppression of B cells seems to be
independent of cytolysis (Xu et al. 2016). Two
studies reported the presence of FoxP3+ Tregs
expressing granzyme B in the colon of patients
with colorectal cancer (Sun et al. 2020) and in the
lungs of RSV-infected mice (Loebbermann et al.
2012). Very few to none of these cells could be
found in lymphoid organs or circulating Tregs,
suggesting that granzyme B expression is
acquired locally by Tregs. These findings,
summarized in Fig. 9.2, indicate the participation
of perforin/granzyme-dependent cytotoxicity in

Fig. 9.2 Mechanisms of immunosuppression in human
regulatory T cells. Tregs suppress inflammatory cells
through secretion of anti-inflammatory cytokines, expres-
sion of inhibitory surface molecules and cytolysis of target
cells. Secretion of IL22, IL10 and TGFβ, as well as cyto-
lytic Granzyme A/B and Perforin leads to suppression of
effector functions of a variety of immune cells. ATP
hydrolysis by CD39 also limits the level of such

inflammatory signaling molecule in extracellular medium.
Expression of LAG3 and CTLA4 constitute negative
regulators of APC activation, through MHC competition
and inhibition of CD80/86 signaling respectively. High
expression of IL2Rα scavenges the extracellular IL2 avail-
able for Teff cells, while PD-1 expression inhibits TCR
expression and signaling in effector T cells. ICOS induces
secretion of TGFβ1 and CTLA4 expression

156 V. R. Figliuolo da Paz et al.



Treg-mediated suppression in the mucosal
surfaces.

9.6 Treg During Intestinal Diseases

Tregs are central regulators of the intestinal
immune response and inflammation in the gut.
Through the described mechanisms, Tregs sup-
press immune activation and control the intensity
of inflammatory responses in the gut. A break-
down of these tolerogenic mechanisms is usually
observed under pathological conditions involving
exacerbated inflammation in the intestinal
mucosa, e.g., in inflammatory bowel disease,
celiac disease, or necrotizing enterocolitis
(NEC). On the other hand, the function of Tregs
can be detrimental under certain circumstances in
which the immune response is necessary to elimi-
nate infectious agents or oncogenically
transformed cells. In this topic, we will focus on
intestinal diseases where a dysfunction of regu-
latory T cells has been implicated.

9.6.1 Inflammatory Bowel Disease

IBD is a group of chronic inflammatory diseases
resulting from exacerbated immune response in
the gut mucosa. There is a consensus that the
inappropriate immune response driven against
commensal intestinal microbes is the key to IBD
etiology and is affected by both the environmen-
tal factors and genetic susceptibility of the host.
Ulcerative colitis (UC) and Crohn’s disease
(CD) are the two major types of IBD, distin-
guished on the basis of histological and endo-
scopic findings, distribution, and clinical
complications (Molodecky et al. 2012). Several
lines of evidence support the role of T cells in
IBD; however, the adaptive immune profile dur-
ing CD and UC differs. CD is noted for the
involvement of Th1-related cytokines TNFα,
IFNγ, and IL12, whereas UC is driven by Th2
and Th9 cytokines such as IL5, IL13, and IL9
(Muzes et al. 2012). Th17-related cytokines,
IL17A, and IL23 are increased in intestinal tissue
in both UC and CD (Nemeth et al. 2017) and

contribute to the disease pathogenesis in these
patients.

Multiple human genome-wide association
studies (GWAS) have identified a remarkable
proportion of single-nucleotide polymorphisms
(SNPs) in genes that affect T-cell function in
patients with IBD. Among them, polymorphisms
in genes linked to the IL10 signaling pathway are
associated with severe early onset of IBD (Farh
et al. 2015; Glocker et al. 2009). IL10 signaling is
essential to maintain homeostasis and mucosal
barrier function and to the control of effector
and suppressor cells. As described earlier in this
chapter, Tr1 and FoxP3+ Tregs are the two major
producers of IL10 in the gut. The pivotal role of
FoxP3+ Tregs in maintaining intestinal homeosta-
sis is exemplified by the presence of severe intes-
tinal inflammation in patients with FoxP3
mutations, who suffer with global failure in Treg
development (Bennett et al. 2001). Interestingly,
patients with IBD do not have a quantitative
deficiency in frequency of FoxP3+ Tregs in the
gut. On the contrary, an increase in this popula-
tion has been observed in the mucosa and
regional lymph nodes of CD and UC patients
(Reikvam et al. 2011; Yu et al. 2007). Ex vivo,
CD4+CD25+ cells isolated from UC patients
showed suppressive activity, and the authors
suggested that this activity may either be insuffi-
cient or impaired in vivo, in the face of over-
whelming mucosal inflammation (Yu et al. 2007).

Helios+ and Helios� FoxP3+ cells in the
mucosa of IBD patients were found to express
similar levels of immunoinhibitory receptors
CD25, CD39, CTLA4, TIGIT, and PD-1 com-
pared to control patients (Lord et al. 2015).
Analyses of circulating Tregs in IBD can be con-
troversial, and the frequency of FoxP3+ Tregs and
Tr1 cells has been found either increased (Vitale
et al. 2019) or decreased (Khalili et al. 2018). In
murine adoptive naïve T-cell transfer model of
colitis, a reliable and representative model of
IBD (te Velde et al. 2007), the administration of
a T-cell population containing IL10-producing
Tregs, protected from intestinal inflammation
(Asseman et al. 1999). CTLA4 was found to be
mutated in mucosal immune cells in early onset
CD (Zeissig et al. 2015). Impaired dimerization
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and binding of the mutated CTLA4 to CD80
could explain the loss of Treg regulatory
mechanisms in IBD. Chao et al. (2018) showed
that lack of CTLA4 in CD4+ T cells in mice
impairs differentiation of follicular Tregs and
triggers the accumulation of autoantibodies in
intestinal epithelial cells. This defect exacerbated
the immune response to MCMV (mouse cyto-
megalovirus), resulting in acute intestinal injury
and death.

Another mechanism driving impaired immu-
nosuppression in IBD may be related to FoxP3+

Treg survival in the inflamed intestine as a conse-
quence of the hyperinflammatory environment. It
has been reported that Tregs from the inflamed
tissue of IBD patients show evidence of enhanced
apoptosis, which can be reversed by anti-TFNα
treatment (Veltkamp et al. 2011). In line with the
evidence of altered Treg survival during IBD,
polymorphisms in genes encoding the IL2RA
and IL2RB subunits, indispensable for Treg sur-
vival in peripheral tissues, were identified in
patients with CD and UC (Bouzid et al. 2013).
ST2/IL33 axis has also been shown to enhance
Treg stability and/or survival. Under homeostasis,
IL33 binds to suppressor of tumorigenicity
2 (ST2) highly expressed on colonic Tregs,
stimulates FoxP3 and GATA3 expression, and
promotes Treg function through enhancing
TGFβ1-mediated differentiation, also an inducer
of survival pathway in T cells (Schiering et al.
2014). IL33 signaling in DCs may indirectly con-
tribute to this process, by stimulating DC produc-
tion of IL2 (Matta et al. 2014). Increased levels of
sST2, an extracellular ST2 decoy receptor for
IL33, in the mucosa and serum of IBD patients
is positively associated with the disease severity,
suggesting that this axis maybe be disrupted dur-
ing chronic inflammation in patients with IBD
(Boga et al. 2016). In sepsis-surviving patient,
IL33 contributes to long-term immunosuppres-
sion by expanding the Tregs (Nascimento et al.
2017). However, in UC patients, increased IL33
mRNA expression was reversed in remission
induced with infliximab, a TNFα inhibitor,
which could be interpreted that IL33 may have a
dual role in IBD patients (Gundersen et al. 2016;
Chen et al. 2020; Pastorelli et al. 2013).

In addition to a reduced survival observed in
Tregs from patients with IBD, alterations in Treg
function and phenotype have been reported. Zhou
et al. showed that FoxP3+ Tregs have reduced
FoxP3 expression and acquire inflammatory phe-
notype when exposed to an inflammatory milieu
(Zhou et al. 2009). Loss of FoxP3 interaction with
the epigenetic enzyme Enhancer of Zeste Homo-
log 2 (EZH2) observed in mucosal Tregs of IBD
patients may result from Treg exposure to IL6
(Bamidele et al. 2019) and may lead to an
impaired repression of inflammatory genes, nor-
mally targeted by FoxP3/EZH2 complex in CD4+

T cells (Sarmento et al. 2017). Sanctuary et al.
(2019) described a mechanism for TNFα-induced
loss of Treg immunosuppressive function.
According to the authors, TNFα induces
miR-106a microRNA in both humans and mice,
which through NFκB promoter binding
suppresses post-transcriptional regulation of
IL10 release by Tregs.

In homeostatic conditions, intestinal FoxP3+

Tregs express RORγT. While this population is
highly immunosuppressive, it may also display
considerable plasticity and gain the ability to pro-
duce IL17A in inflammation associated with CD
and UC. IL17A producing Tregs from IBD
patients showed defective suppressive function,
and differences in cytokine requirements for that
transition were observed in patient peripheral
blood cells from CD and UC (Ueno et al. 2013).
In CD patients, IL1β/TGFβ/IL23 are more effec-
tive in inducing IL17A+ FoxP3+ Tregs, while
cells from UC patients required IL21 and TGFβ
(Ueno et al. 2013). Patients with IBD also
demonstrated increased Treg/Th1 crossover
populations in T-bet+FoxP3+ Treg (Li et al.
2017), but the pathways involved in acquisition
of T-bet in human intestinal FoxP3+ Tregs and
their role during IBD have not been investigated.
To complicate matters, another study showed that
despite producing IL17, IL17+CD161+ Tregs
enriched in the CD mucosa remained highly sup-
pressive and were enriched for wound healing
genes (e.g., PDGFA and CFS2), including solu-
ble mediators (e.g., IL17A and IL22) known for
accelerating epithelial barrier healing (Povoleri
et al. 2018).
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The mucosal inflammatory milieu of IBD may
also impair the responsiveness of the effector
cells to Treg-mediated suppression. Inflammatory
cytokines and inducers of NFκb in T
lymphocytes, such as TNFα, have anti-apoptotic
effects in these cells (Dudley et al. 1999) and
could lead to pathogenic T-cell resistance to
mechanisms of cell death induced by Tregs dur-
ing IBD. Such resistance could promote the per-
sistence and perpetuation of pathogenic CD4+ T
cells in the gut tissue. Mechanisms of resistance
to TGFβ have also been identified in the LP
effector cells during IBD. High levels of Smad7
produced by mucosal T lymphocytes in patients
with IBD, likely as a consequence of increased
TNFα, IL1β, and IFNγ expression (Ulloa et al.
1999), turn pathogenic Teff cells insensitive to
regulation by TGFβ (Laudisi et al. 2016), despite
the increased levels of TGFβ in IBD tissues
(Babyatsky et al. 1996).

Most of the knowledge on Treg dysfunction in
IBD comes from studies on FoxP3+ Treg subset,
and the characteristics and function of Tr1 in
patients with IBD have yet to be further
investigated. A recent report has identified
IFNγ+ IL10-producing Tr1 as CCR5+PD-1+

cells in the human intestine but did not indicate
altered frequencies of these population in CD or
UC. However, Tr1 showed reduced IL10 expres-
sion when isolated from the IBD mucosa, a
decrease that could be reproduced by treatment
with of IL-23 and IL1β (Alfen et al. 2018).

9.6.2 Celiac Disease

Celiac disease is a T-cell-mediated disease trig-
gered by ingestion of gliadin, the main compo-
nent of the gluten, in genetically predisposed
individuals. Gliadin-derived peptides activate T
helper (Th) cells to produce Th1 and Th17 signa-
ture cytokines IFNγ (Nilsen et al. 1998) and
IL17A (Fernandez et al. 2011) that contribute to
the expansion and maintenance of the inflamma-
tory response in the gut of individuals with celiac
disease. A break of tolerance to dietary gliadin,
and the known role of Tregs in immune tolerance
to dietary components, prompted several groups

to investigate the Treg population patients with
celiac disease. The findings offered some
parallels and similarities with IBD. Like in IBD,
the numbers of FoxP3+ Tregs are increased in the
intestinal mucosa of celiac patients with active
disease (Cianci et al. 2012), and its local expan-
sion after gliadin stimulation (Zanzi et al. 2011)
suggested that it is an insufficient attempt at
reigning in the Teff cells during this disease.
Celiac intestinal mucosa also harbors Tr1 cells,
able to produce IL10 and TGFβ and to suppress
proliferation of pathogenic T cells in vitro
(Gianfrani et al. 2006). In fact, upregulation of
these two immunosuppressive cytokines by Tregs
was observed along with the exacerbated
proinflammatory immune response found in
celiac disease (Lahat et al. 1999). In vitro studies
support the regulatory role of IL10 in the mucosal
T cells from celiac patients by inhibiting IFNγ
production by gliadin-specific Teff cells (Salvati
et al. 2005).

The negative regulation of the immune
response exerted by Tregs is not enough to con-
trol the ongoing immune response in celiac
patients. Circulating FoxP3+ Tregs from children
with celiac disease show high expression of
CD101 and CD129 (Akesson et al. 2015) and
80% of the circulating FoxP3+ Tregs from celiac
patients express high levels of CD39 (Cook et al.
2017), all indicators of their suppressor activity.
FoxP3+ Tregs from the intestine of celiac patients
showed no impaired function in vitro (Zanzi et al.
2011), but Cook et al. showed that circulating
gluten-specific FoxP3+CD39+ Tregs from celiac
disease patients can have reduced suppressive
function in response to a polyclonal stimulus
(Cook et al. 2017). These results suggest that the
intestinal and the inflammatory environment
established during the course of the disease may
locally impair crucial regulatory mechanisms
afforded by Tregs. The overexpression of intesti-
nal IL15 in celiac disease could contribute to this
phenomenon. IL15 impairs TGFβ signaling in
biopsies from active celiac disease (Benahmed
et al. 2007), dampens Treg suppressive activity
(Zanzi et al. 2011), and makes T effector cells
refractory to the regulatory effects of Tregs
through the activation of phosphatidylinositol
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3-kinase (PI3K) pathway (Ben Ahmed et al.
2009). Additionally, microbiome-derived
metabolites have shown to modulate alternative
splicing and the expression of FoxP3 isoforms in
intestinal biopsies from patients with active celiac
disease, where increased expression of FoxP3
shorter D2 isoform over full length has been
observed (Serena et al. 2017). The alternatively
spliced isoform FoxP3 D2, thought to be induced
by butyrate produced by bacteria expanding dur-
ing the active celiac disease in presence of IFNγ,
is less effective in downregulating the Th17 dif-
ferentiation. In this scenario, the switch to FoxP3
isoform D2 in patients with celiac disease could
promote local Th17 immune response (Serena
et al. 2017). Therefore, the microenvironment in
the intestinal tissue of patients with celiac disease
might orchestrate the differentiation and/or func-
tionality of Tregs, thus restricting their activity.

9.6.3 Necrotizing Enterocolitis

Necrotizing enterocolitis (NEC) is an immunopa-
thology that most commonly affects infants born
prematurely. The disease is characterized by
dysregulated inflammatory host responses to
luminal bacteria with increased levels of inflam-
matory mediators, such as TNFα and platelet-
activating factor (PAF) in the small intestinal
tissue and serum (Caplan et al. 1990). The inflam-
matory injury in NEC causes a variable spectrum
of damage to the intestinal tract, from mucosal
injury to full-thickness necrosis. Multiple factors
are involved in the precipitation of NEC, includ-
ing formula feeding, ischemic/hypoxic injury,
and abnormal bacterial colonization.

The population of FoxP3+ Tregs develop early
during gestation. They are detected as early as
23 weeks of gestational age in large and small
bowel. Treg numbers are stable during the later
phases of development and do not change with
increasing intrauterine development or postnatal
age (Weitkamp et al. 2009). The immaturity of
the immune system in preterm babies is thought
to be a critical pathogenic factor in NEC. Several
studies have found important correlations
between preterm birth and growth restriction

with Treg function in the intestinal tissue. The
FoxP3+ Treg frequency in the circulating blood
of preterm infants inversely correlated with gesta-
tional age at birth, indicating a contraction in this
population after birth in preterm children (Qazi
et al. 2020). Treg suppressive index, which
reflects the expression level of FoxP3, is also
decreased in preterm infants (Mukhopadhyay
et al. 2014). Their homing markers may also be
affected in preterm children (Qazi et al. 2020) and
children with NEC (Weitkamp et al. 2013). In
infants with growth restrictions, Mukhopadhyay
et al. found a markedly reduced proportion of
circulating Tregs in the cord blood
(Mukhopadhyay et al. 2014). In this vulnerable
group of infants, circulating FoxP3+ Tregs also
showed a reduced expression of the gut homing
integrin α4β7, which could also be an indicator of
reduced capacity of Tregs to reach the intestinal
mucosa (Qazi et al. 2020). Therefore, lower fre-
quency, impaired homing, and/or impaired func-
tion of Tregs observed in preterm children may be
implicated, or at least contribute to the pathogen-
esis of NEC.

In NEC, the inflammatory microenvironment
may contribute to the impairment of Treg differ-
entiation and expansion, which could perpetuate
the inflammation. Flow cytometry analysis has
shown lower frequency of FoxP3+ Treg cells in
ileum (Weitkamp et al. 2013) and peripheral
blood mononuclear cells of infants with NEC
(Pang et al. 2018a). The frequency of intestinal
FoxP3+ Tregs was recovered in tissue from
healed postoperative NEC (Weitkamp et al.
2013), suggesting that Tregs from children with
NEC have no intrinsic failure in expansion and
accumulation in intestinal tissue. Studies of Tregs
in infants with NEC need to be interpreted with
caution due the diversity of markers used to iden-
tify these cells in different investigations.
Detecting FoxP3 expression in Tregs is a useful
tool to characterize the frequency of Tregs in the
inflamed tissue, but it requires cell fixation and
does not permit downstream functional analysis.
Because of that, isolation of human Tregs for
in vitro assays is usually based on high expression
of IL2Rα (CD25). Human CD4+CD25+/hi Tregs
from NEC infants showed reduced expression of
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CTLA4, LAG3, and Helios, reduced capability to
suppress CD4 Teff proliferation in vitro, and
remarkably failed to suppress IL17A expression
in these cells (Pang et al. 2018a). An imbalance
caused by an increased ratio of Th17/Treg cells in
the LP was shown to contribute to excessive
inflammatory response in NEC (Egan et al.
2016), and the restoration of this balance after
Treg induction by retinoic acid administration
decreased NEC severity (Nino et al. 2017). IL6,
which inhibits TGFβ-induced Treg differentiation
and favors Th17 lineage, was found to be
increased in the small intestine affected by NEC
and could participate in the contraction of Tregs
and in perpetuating the disease (Weitkamp et al.
2013). Indeed, IL6 neutralization restored FoxP3+

Tregs and ameliorated experimental NEC in mice
(Ma et al. 2019). Monocytes in NEC patients
were suggested to play a role in Th17/Treg imbal-
ance by promoting the differentiation of RORγt-
expressing Th17 cells via production of IL6
(Pang et al. 2018b). The plasticity of Treg pheno-
type in hyperinflammatory environment, as we
discussed earlier in the chapter, could also con-
tribute to Treg dysfunction in NEC patients.
IL17+ Tregs were increased in peripheral blood
of NEC patients, and this population could be
promoted by in vitro Treg exposure to IL6
(Ma et al. 2019).

9.6.4 Graft-Versus-Host Disease
(GVHD)

GVHD is a syndrome commonly associated with
allogeneic hematopoietic stem cell transplanta-
tion (HCT), caused by the recognition of the
host as foreign by the immune cells that remain
in the donated tissue (graft). The naïve donor T
cells migrate to target organs such as the colon,
small bowel, liver, and skin where they cause
tissue damage (Wysocki et al. 2005). These
tissues are potentially attractive sites for the
donor T cells due the release of danger-associated
molecular patterns (DAMPs), the presence and
epithelial translocation of pathogen-associated
molecular patterns (PAMPs), and inflammatory
cytokines induced during irradiation and/or

chemotherapy. Host’s activated APC activate
donor T cells, leading to their proliferation and
differentiation toward Th1 and Th17 cells, which
cause inflammation and damage at mucosal
tissues, including the gut. In human allogeneic
transplant, localization of Foxp3+ Tregs in the
gut has shown negative correlation with the
severity of intestinal inflammation in GVHD
(Rieger et al. 2006). Increased frequencies of
Tregs with gut-homing phenotype (α4β7+) is
associated with reduced gut GVHD in patients
subjected to neutrophil engraftment (Engelhardt
et al. 2011, 2012), indicating that Tregs inhibit
immune responses at mucosal sites during
GVHD. However, the involvement of Tregs in
homeostasis during this syndrome may differ at
different sites of the gastrointestinal tract, since
no correlation between Treg frequency and the
histological or clinical severity of gastrointestinal
GVHD was observed in gastric antral biopsies in
allogeneic hematopoietic stem cell transplanta-
tion (allo-HCT)recipients (Lord et al. 2011).
Both tTreg and pTreg cells are important to medi-
ate immunosuppression in the intestine during
GVHD, and their transfer prior or along with the
donor T cells has shown to diminish the incidence
of GVHD and improved survival (Edinger et al.
2003). The literature about the use of Treg induc-
tion or infusion as means of GVHD prevention
will be discussed in the next section of this
chapter.

9.6.5 Tregs in Colorectal Cancer

Cancers are not just masses of transformed cells,
but are complex aggregates with non-transformed
cells, cytokines, chemokines, growth factors, and
inflammatory and matrix remodeling enzymes.
Colorectal cancer (CRC) remains one of the lead-
ing causes of death worldwide. Besides genetic
predisposition and environmental factors,
IBD-associated inflammation has been linked to
CRC in an “inflammation-dysplasia-carcinoma
sequence” (Zisman and Rubin 2008). The tumor
microenvironment is thus a result of complex
host–tumor interactions on multiple molecular
and cellular levels. Immune cells contribute to
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this microenvironment with the primary goal to
efficiently recognize and destroy neoplastic cells
in a process known as tumor-immunosurveillance
(Dunn et al. 2004). Tumor infiltrating
lymphocytes (TILs) like CD8+ cytotoxic T
lymphocytes (CTLs) are the major key players
in tumor-immunosurveillance. Infiltration of
CD8+ cells in solid tumors including colorectal
carcinoma has been correlated with favorable
prognosis (Ohtani 2007). In the inflamed colon,
Tregs accumulate locally in an effort to limit the
inflammation and mitigate the related tissue dam-
age (Holmen et al. 2006). Furthermore, it has
been demonstrated that CRC could secrete
CCL5 which recruits Tregs to tumors through
CCL5/CCR5 signaling (Chang et al. 2012). In
fact, CCR5hiFoxp3+ Tregs are more suppressive
than CCR5loFoxP3+ Tregs in human CRC (Ward
et al. 2015). Tumors can also secrete angiogenic
factors such as vascular endothelial growth factor
(VEGF) that help recruit Tregs to tumors.
Blocking VEGF pathways inhibited the recruit-
ment of FoxP3+ Tregs in a mouse model of CRC
and impeded the proliferation of human Tregs
in vitro (Terme et al. 2013). The high frequency
of Tregs might be important for controlling
cancer-driving inflammation, but at the same
time, they may promote tumor progression by
obstructing specific immune responses and
contributing to escape of tumor cells from the
immune surveillance.

As of now, the state of the field seems to be
divided regarding the role of Tregs in the outcome
of CRC. Most of the TILs in CRC patients are
CD3+ and using CD3+/FoxP3+ T-cell ratio as an
appropriate prognostic marker in CRC, a low
intraepithelial CD3+/FOXP3+ T-cell ratio has
been associated with shorter patient survival
(Sinicrope et al. 2009). Another study used
intra-tumoral CD8+ T-cell/FoxP3+ cell ratio as a
predictive marker for overall survival and found
FoxP3+ Tregs to be associated with lymph node
metastases (Suzuki et al. 2010). Similarly, a pre-
liminary study showed that peripheral blood
derived CD4+CD25+ T-cell lines derived from
CRC patient and inhibited the proliferation of
autologous HLA-A1 restricted CTLs via TGFβ,
thus allowing for tumor cells to escape the

immunosurveillance (Somasundaram et al.
2002). Moreover, patients with less abundant
Foxp3 Tregs displayed improved T-cell
responses (Galon et al. 2006).

There have been reports of antigen-specific
CD3+ T-cell responses in CRC, but spontaneous
tumor clearance is a very rare occurrence (Campi
et al. 2003; Nagorsen et al. 2005; Sinicrope et al.
2009). Apparently, Treg suppression in CRC is
tumor-associated antigen (TAA) specific and not
systemic (Betts et al. 2012; Clarke et al. 2006).
Another detailed analysis using various
CRC-specific TAAs such as carcinoembryonic
antigen (CEA) peptides, telomerase, Her-2/neu,
and MUC-1 showed that they can lead to Treg
activation (Bonertz et al. 2009), which may
explain the ineffective immune response against
the tumor. Moreover, depleting Tregs in PBMCs
from CRC patients markedly enhanced the IFNγ
and TNFα production in T cells, which were
stimulated with a CEA peptide (Yaqub et al.
2008). TAA-specific Tr1 cells have also been
identified using a p53 peptide (Bueter et al.
2006). Highly suppressive TIM3-expressing
FoxP3+Helios+ Tregs have also been
demonstrated at different stages of CRC (Toor
et al. 2019). Tumor-infiltrating highly suppressive
Tregs that express interleukin-1 receptor
2 (IL1R2), PD-1 Ligand 1, PD-1 Ligand
2, TNFRSF9, CCR1and CCR8 have also been
reported (De Simone et al. 2016; Fujimoto et al.
2018). Interestingly, high expression in Treg cell
signature genes within whole tumor
transcriptome, such as LAYN (a transmembrane
protein with homology to c-type lectin), and of
MAGEH1 (a member of the melanoma antigen
gene family) or CCR8, correlated with poor prog-
nosis (De Simone et al. 2016). Another study with
CRC patients showed increased levels of Tr1
markers LAG3 and CD49b, as well as IL17
which were inversely associated with patient sur-
vival (Chen and Chen 2014). TAA-specific Tregs
suppress APC and T-cell function via IL-10 and
NK cell function by producing TGFβ, thus
incapacitating both adaptive and innate immunity
against cancer (Zou 2006). Additionally, tumor-
associated Tregs have been shown to express very
high levels of CD39 and inhibit the in vitro T-cell
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transendothelial migration via adenosine synthe-
sis (Sundstrom et al. 2016).

The field is not universally in agreement about
the role of Tregs in CRC progression, as the
picture becomes more nuanced. Some studies
showed favorable outcomes associated with high
infiltration with FoxP3+ Tregs at different stages
of CRC (Frey et al. 2010; Lee et al. 2018; Salama
et al. 2009). It is also worth noting that effector
Tregs (eTregs) are very frequently found in CRC
patients. In an interesting study, Saito and
colleagues revealed the heterogeneity of FoxP3
expression in tumor infiltrating Tregs (Saito et al.
2016). The authors showed that CRC tumors with
favorable outcomes were actually more infiltrated
with Foxp3loCD45RA+ non-Tregs and
upregulated inflammatory genes like Il12a,
Il12b, Tgfb1, and Tnf. On the other hand, CRC
with higher infiltration of FOXP3hiCD45RA�

eTregs resulted in poor prognosis and lower
disease-free survival (Saito et al. 2016).
Complementing this study, Lin et al.
demonstrated that eTregs, but not
Foxp3loCD45RA+ non-Tregs, were associated
with late-stage CRC (Lin et al. 2013). Another
study showed that FoxP3+ eTregs that express
Blimp1, a critical regulator of CD4 T cell exhaus-
tion, have been identified in human CRC and
were associated with long-term disease-free sur-
vival (Ward-Hartstonge et al. 2017). FoxP3+

Tregs might also be involved in regulating the
immune response directed against high-level
microsatellite instability (MSI) CRC at the pri-
mary tumor site. Significantly elevated FoxP3+

Tregs were associated with CRC patients with
known MSI status (Michel et al. 2008).

The discrepancies in the role of Tregs may
partly be explained by Treg plasticity. Inflamma-
tion in the gut and tumor microenvironment drive
certain Tregs to display plasticity and an acquisi-
tion of a pro-inflammatory phenotype.
RORγt+FOXP3+ Tregs with pathogenic
properties have been identified in CRC patients
and were enriched in patients with late-stage can-
cer (Blatner et al. 2012). Interestingly,
RORγt+FOXP3+ Tregs in CRC patients produced

both IL10 and IL17 (Blatner et al. 2012),
indicating that the balance between protective
and pathogenic Tregs could potentially influence
the disease outcome. Murine Tregs have also
been shown to lose FoxP3 expression and gain
the ability to produce IL17, in response to an
inflammatory bacterial insult in the gut
(Yurchenko et al. 2012). Populations of IL17-
producing Tregs have been identified in mouse
polyps and human CRC (Blatner et al. 2010).
Interestingly, this Treg reprogramming does not
represent a classical Th17 conversion as these
IL17-producing Tregs did not lose their suppres-
sive function (Blatner et al. 2010). It has been
suggested that these Tregs might be transitional
and have reserved the ability to differentiate into
FoxP3+ Tregs or TH17 cells depending on the
local milieu of tumor microenvironment
(Du et al. 2014). In a mouse model of CRC,
TGFβ and prostaglandin E2 mediated the differ-
entiation of Th17 cells into suppressive IL17+ and
IL17�FoxP3+ Tregs (Downs-Canner et al. 2017).
Indeed, IL17-producing FoxP3+ Tregs have been
identified in human CRC (Girardin et al. 2013;
Kryczek et al. 2011) with the ability to suppress
the proliferation of CD8+ TILs stimulated with
CRC antigens (Ma and Dong 2011).

Besides CD4+Foxp3+ Tregs, there have been
some unconventional Tregs that have been
identified in the context of CRC. Populations of
FoxP3+ and FoxP3� T cells that express latency-
associated protein (LAP) have been identified in
CRC (Mahalingam et al. 2014; Scurr et al. 2014;
Zhong et al. 2017). The tumor-infiltrating
LAP+FOXP3� cells had much greater suppres-
sive capacity than LAP�FoxP3+ Tregs isolated
from the peripheral blood (Scurr et al. 2014) and
were associated with poor prognosis.
CD8+FoxP3+ Tregs have also been identified in
CRC tissues (Taylor et al. 2016). Another study
demonstrated tumor infiltrating
CD8+CD25+FoxP3+ cells to be able to express
CTLA4 and GITR and suppress CD4+ T-cell
proliferation and IFNγ production ex vivo
(Chaput et al. 2009).
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9.7 Treg-Related Therapeutic
Approaches

Based on the observed impairment of Treg
immunosuppressive abilities in patients with
inflammatory disorders of the gut, therapeutic
approaches aiming to correct such deficiencies
may have the potential to protect the gut tissue
from excessive inflammation and successfully
restore intestinal homeostasis. Studies on Treg
immunotherapy with infusion of autologous
Treg or mesenchymal stem cells (MSCs), or
enhancement of Treg numbers and function via
administration of antibodies, cytokines, or dietary
interventions, have shown preliminary efficacy.
In this section, we discuss the available evidence
for Treg-targeted therapies to modulate intestinal
disorders.

9.7.1 Treg Infusion

Purity, homing ability, antigen-specificity, and
survival of Treg cells all need to be carefully
considered during the design of therapies involv-
ing Treg infusion. Varying in vitro protocols are
used to obtain sufficient numbers of Tregs to be
used in immunotherapy. The expansion of poly-
clonal FoxP3+ Treg isolated from peripheral
blood and the differentiation of Tr1 from human
CD4+ T in the presence of IL10 and allogenic
monocytes are the most common methods
employed to obtain Tregs. The use of specific
markers to properly identify and isolate Treg is
critical to prevent contamination with other cells.
Also, to appropriately reach the desired site of
action, infused Tregs should express homing
receptor(s) that guide their migration to the gut
where the cells can act directly at the inflamed site
or to the draining lymph nodes to modulate T-cell
priming. Engineering or selecting the right anti-
gen specificity of the infused Tregs can influence
the expansion of these cells in the gut, where TCR
engagement by microbial and/or dietary antigens
would promote Treg expansion, retention, and
function after transfer.

T cells expanded from the population of blood
CD25+CD127lowCD45RA+ (natural) Tregs may
represent a promising T-cell transfer therapy
approach in CD, as they do not convert to Th17,
home to the small intestine and suppress the acti-
vation of immune cells in the intestinal tissue of
CD patients (Canavan et al. 2016). Phase I and II
clinical trials to test the safety and efficacy of
Treg immunotherapy using cells obtained with
this protocol are ongoing (NCT03185000). The
upregulation of α4β7 and CCR9, gut homing
molecules, and the induction of a transcriptional
profile consistent with gut-homing can be
enhanced by addition of atRA, usually produced
by CD103+ cells in the gut, during in vitro expan-
sion of human pediatric thymic and adult blood
Tregs (Hoeppli et al. 2019). Additionally, the
expansion of Tregs from patients with CD in the
presence of RAR568, specific agonist for RA
receptor A was even more efficient than atRA in
inducing α4β7 (Goldberg et al. 2019). New
approaches aim to generate antigen-specific
Tregs, which would decrease the risk of a non-
specific inhibition, allow the use of lower num-
bers of Tregs and increase the chance of Treg
expansion in the gut. As proof of principle, in a
phase I/IIa clinical study in 20 patients with
refractory CD, a reduction of 40% in Crohn’s
Disease Activity Index (CDAI) was observed
after treatment with single-injection of Tr1
ovalbumin-specific Tregs in response to ovalbu-
min ingestion (Desreumaux et al. 2012).

In patients with GVHD, tTreg infusion was
shown to be well tolerated with no toxicities
reported and improved clinical outcomes if
injected alone or in conjunction with other anti-
GVHD therapies (Duggleby et al. 2018). More
recently, a study in mice showed that treatment
with selective inhibitor of bromodomain and
extra-terminal (BET) proteins, which reduce
pro-inflammatory cytokine production, can be
successfully combined with Treg expansion ther-
apy for the treatment of GVHD (Copsel et al.
2018).

The field of NEC is perhaps less advanced
both in the available knowledge of Treg function
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and their potential use as preventative therapy.
One study has reported that administration of
Tregs in a mouse model of NEC has attenuated
the severity of NEC by limiting the immune
response, also indicating the potential of Tregs
in controlling human NEC (Dingle et al. 2013).
Additionally, in very low birth weight (VLBW)
neonates fed with lactoferrin (LF), the major pro-
tein in mammalian milk, prevention of NEC has
correlated with increased levels of circulating
FoxP3+ Tregs (Akin et al. 2014).

9.7.2 Promoting the Number
and Function of Endogenous
Tregs

Indirect interventions to affect the gut Treg popu-
lation represent viable approaches aimed to max-
imize Treg immunosuppression in vivo. While
majority of the available data comes from preclin-
ical models, some therapies have found their way
into ongoing clinical trials and are discussed in
this section.

9.7.2.1 Targeting Cytokines
and Inflammatory Pathways

Treatments to improve Treg population based on
the administration of cytokines known to promote
their survival and expansion or inhibition of
pro-inflammatory cytokines known to promote
Treg dysfunction/cell death have been explored
in several studies.

Administration of low doses of IL2 preferen-
tially activates Treg cells due to their abundant
expression of CD25, avoiding its unspecific
action on other immune cells expressing lower
levels of CD25. Low dose of IL2 promotes pro-
liferation, thymic export, and resistance to apo-
ptosis among FoxP3+ Tregs (Matsuoka et al.
2013). In a phase I study, patients with active
chronic GVHD (cGVHD) refractory to glucocor-
ticoid treatment treated daily with low-dose IL2,
augmented Tregs and demonstrated clinical
improvement (Koreth et al. 2011). In a phase II
trial, 61% of the patients had a clinical response at
multiple cGVHD sites, including gastrointestinal
tract. During 2 years of extended IL2 therapy,

both the clinical response and Treg cell immune
response persisted (Koreth et al. 2016). Currently,
a clinical trial phase II is recruiting patients to
study the induction of Tregs by low-dose IL2 in
CD and UC (NCT01988506). Other soluble fac-
tor beside IL2 can be used in therapies aimed at
Treg expansion. In a mouse model of cGVHD,
granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF) therapy increased the number
CD4+CD8� DCs, expanded Tregs, and protected
against the development of skin GVHD (Hotta
et al. 2019). The potential of GM-CSF therapy
for the recovery of intestinal homeostasis is yet to
be addressed in future studies.

AMG714, a neutralizing anti-IL15 monoclo-
nal antibody, in a clinical phase IIa study in
patients with refractory coeliac disease was safe,
and improved the clinical symptoms even though
it did not prevent mucosal injury after gluten
challenge, particularly diarrhea in patients who
underwent gluten challenge (Lahdeaho et al.
2019; Cellier et al. 2019). Although not directly
studied in clinical trials, IL15 blockade would be
expected to restore TGFβ signaling in the LP
immune cells and promote the local Treg
population.

Restoring TGFβ sensitivity has also been an
active area of research and pharmacologic
developments. The oral administration of
SMAD7 antisense oligonucleotide, GED-0301
(Morgensen; Celgene), was shown safe and effec-
tive in double-blind, placebo-controlled trials
(Monteleone et al. 2015, 2016; Feagan et al.
2018), although a more recent clinical trial with
CD patients failed to show a benefit over placebo
(Sands et al. 2019).

Several studies in mice had shown that therapy
that promotes IL33 signaling in FoxP3+ Tregs
with either rIL33 or sST2-blocking antibody
showed the potential to be effective in models of
exacerbated intestinal inflammation. The
response to such treatments may be contextual,
as the intestinal inflammation could be
ameliorated if rIL33 was administered during
chronic phases of intestinal inflammation
(Grobeta et al. 2012), but was exacerbated in
acute settings (Oboki et al. 2010). The latter
may be attributed to the role of IL33 as alarmin,
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instigating a pro-inflammatory response in the
gut. On the other hand, in chronic stages of the
intestinal inflammation, rIL33 could promote tis-
sue homeostasis and healing. In a model of CD,
the protection promoted by rIL-33 was mediated
by the induction of FoxP3+ Treg expansion and
CD103+ DCs in the gut (Duan et al. 2012). The
same way, ST2+ Treg expansion during rIL33
pre-conditioning therapy or blocking sST2 during
peri-transplant period, decreased GVHD severity
and mortality (Matta et al. 2016) (Zhang et al.
2015). One study in patients with celiac disease
showed even higher levels of IL33 and sST2 in
serum and mucosal samples of celiac patients
than in patients with Crohn’s disease, which
suggests that the blocking sST2 therapy approach
could also have a favorable outcome in celiac
disease patients (Lopez-Casado et al. 2017).

Inhibition of inflammatory pathways may also
improve Treg survival in the gut. For example,
the anti-TNFα therapy has shown to reverse
FoxP3+ Treg apoptosis in IBD patients (Li et al.
2015). Blocking antibody against OX40L-OX40,
promoted Treg responses, such as increased IL10-
producing CD4+ T cells and the frequency of
CD25+Foxp3+CD127loCTLA4+CCR4+ Tregs,
reduced T-cell infiltration in various sites of
inflammation including the gut, and reduced the
severity of the GVHD in immunodeficient mice
transplanted with human peripheral blood mono-
nuclear cells (Tripathi et al. 2019).

9.7.2.2 Mesenchymal Stem Cell (MSC)
Infusion

Mesenchymal Stem Cells (MSC) are multipotent
non-hematopoietic cells present in different
tissues, which due to their immunomodulatory
characteristics are considered as new therapeutic
agents in the cell-based therapy of IBD, NEC, and
GVHD. Different tissues were used as the source
of MSCs in research studies, including bone mar-
row, amniotic fluid, umbilical cord, and placenta,
where these cells are typically identified based on
the expression of markers CD73, CD90, and
CD105, and lack of CD34, CD45, CD11b,
CD14, CD19, or CD79a (Drucker et al. 2018;
Chen et al. 2013). Recently published studies
emphasized the crucial importance of MSC for

the attenuation of colonic inflammation mainly
through the promotion of M2 macrophage lineage
(Giri et al. 2020), induction of intestinal epithelial
repair (Gong et al. 2016), and the expansion of
colonic Treg population (Vicente-Suarez et al.
2015). The effects of MSCs on macrophage-
mediated mucosal repair involves polarization of
IL10+ tissue macrophages via CCL2 and
CXCL12 (Giri et al. 2020). In Treg generation,
MSCs can either act directly by delivering sphin-
gosine 1-phosphate (S1P) to CD4+ T cells and
promoting FoxP3-expressing and IL10-
producing Tregs (Li et al. 2019). Indirectly,
MSCs can promote a regulatory phenotype in
DCs, associated with high production of IDO1
(Zhang et al. 2018), suppression of expansion of
inflammatory Th1 and Th17 cells, and favoring of
conversion to CD4+CD25+FoxP3+ Tregs (Harrell
et al. 2018; Zhang et al. 2017).

Cell-free MSC-based therapy have also been
postulated as potentially safer. Conditioned
medium containing regulatory soluble mediators
and exosomes secreted by MSCs mimicked the
ability of the MSCs to increase total number of
IL10- and TGFβ-producing Tregs in injured
tissues and peripheral lymph organs of mice
with autoimmune and chronic inflammatory
diseases, including IBD (Heidari et al. 2018).

Thus far, MSC infusion in humans has been
reported to be safe over long-term use. The effi-
cacy and diversity of the MSC-based therapy
protocols being tested in human intestinal
disorders have been extensively revised else-
where (Gregoire et al. 2017; Moheb-Alian et al.
2016; Gao et al. 2016). The improvement in the
intestinal disease outcome after MSC therapy is
related to improvement in mucosal frequency of
FoxP3+ Tregs. Allogeneic bone marrow-derived
mesenchymal stromal cell (bmMSC) therapy in
perianal Crohn’s disease fistulas resulted in clo-
sure at week 24 and remained closed after 4 years
(Barnhoorn et al. 2020). Ciccocioppo et al.
showed an increased percentage of circulating
and mucosal Tregs in CD patients after MSC
therapy (Ciccocioppo et al. 2011). The use of
MSC as adjuvant therapy combined with conven-
tional pharmacological approaches has also been
considered. The combination of MSC with anti-
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cytokine therapy to treat CD patients with
perianal lesions showed significant improvement
in comparison to the control group receiving cell
therapy only (Knyazev et al. 2018). Neutralizing
TNFα and IFNγ during MSC-based therapy may
increase their efficacy by removing the ability of
these two cytokines to impair the pro-repair
effects of MSCs (Hu et al. 2019) and increase
Treg generation/viability in the inflamed intestine
(Visperas et al. 2014) (Veltkamp et al. 2011).

Several trials in safety and efficacy of MSC
therapy are ongoing in both IBD and GHVD
(clinicaltrial.gov). The results of this novel thera-
peutic approach and in-depth information of how
its findings relate to Treg improvement in the
intestinal lamina propria are awaited by the scien-
tific community.

9.7.2.3 Induction of Tregs by
Microbiota

In humans and mice, deviation in gut microbial
composition from homeostatic condition, referred
to as dysbiosis, is associated with intestinal
immune disorders, including NEC (Denning and
Prince 2018), celiac disease (Girbovan et al.
2017), and IBD (Ni et al. 2017). In patients with
GVHD, the conditioning regimen and
medications given to patients undergoing allo-
HCT reduce the microbial diversity and disturb
the homeostatic crosstalk between the
microbiome and the host immune system (Hidaka
et al. 2018). However, the direct causal relation-
ship between dysbiosis and human intestinal
disorders is not straightforward. While it may be
possible that dysbiosis arises as a consequence of
the inflammatory milieu in the gut, it is also well
established that transfer of dysbiosis community
can increase susceptibility to and severity of
experimental colitis (Harrison et al. 2018;
Gerassy-Vainberg et al. 2018; Garrett et al.
2007). Despite that, research into fecal
microbiome transplant (FMT) or next-generation
probiotics and preclinical studies with mouse
models of intestinal inflammation show promise.

In humans, FMT from healthy individuals to
subjects with active CD have successfully
increased intestinal microbial diversity and muco-
sal CD4+CD25+CD127low Tregs (Vaughn et al.

2016). However, clinical studies of FMT in active
IBD, especially CD, brought mixed results, with
notable cases of disease exacerbation attributed to
the introduction of novel antigens to an already
overreactive immune system and/or increasing
bacterial load (Sarrabayrouse et al. 2020; Browne
and Kelly 2017).

Administration of selected bacterial species or
micro-communities derived from the human gut
microbiota offers a promising therapeutic alterna-
tive to FMT for the prevention and/or treatment of
dysregulated intestinal immune responses. Bacte-
rial species from strains clusters IV, XIVa, and
XVIII of Clostridia (Narushima et al. 2014),
Bacteroides fragilis (Round and Mazmanian
2010) and Akkermansia muciniphila (Zhai et al.
2019) have been reported to promote Tregs in
murine colon, as was described in more detail in
Sect. 9.4.3. Short-chain fatty acids (SCFAs) such
as butyrate and propionate produced by Clostridia
through fermentation of mainly undigested die-
tary carbohydrates are the main mediators of Treg
induction by this bacterial population. This aspect
of Treg regulation was also discussed in more
detail in Sect. 9.4.3. With the notable exception
of NEC, where the relative abundance of
Clostridia clusters IV, XIVa is increased as com-
pared to healthy infants (Brower-Sinning et al.
2014), these bacterial groups are generally
decreased in the intestine under inflammatory
conditions such as IBD and celiac disease
(Narushima et al. 2014; Sanchez et al. 2010).
Their reduction may contribute to intestinal
immune dysregulation, and replenishment may
offer a therapeutic strategy.

Clostridium F. prausnitzii can induce an
immunoregulatory phenotype in human dendritic
cells, characterized by the expression of IL10,
IL27, CD39, IDO1, and PDL-1 and inhibition of
inflammatory mediator production in response to
TLR4 stimulation, and ultimately promotes
colonic Treg development (Alameddine et al.
2019).

B. fragilis colonization in mice was found to
reduce colitis and inflammation-associated colon
cancer in mice in a mechanism dependent on the
production on PSA and TLR2 signaling (Lee
et al. 2018), and promoted circulating Tregs,
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alleviating intestinal inflammation (Tan et al.
2019). PSA produced by B. fragilis-derived PSA
(but no other TRL2 ligands) stimulated FoxP3+

Tregs while suppressing intestinal Th17 genera-
tion. IL17 suppression by PSA is a critical mech-
anism by which B. fragilis associates with its host
and promotes mucosal colonic niche and immune
tolerance (Round et al. 2011). The first study in
B. fragilis PSA induction of human Tregs showed
that PSA presentation by total APC induced
human peripheral CD4+ T differentiation into
IL10-producing Tr1 cells (Kreisman and Cobb
2011). Later, Telesford et al. showed that PSA
promoted frequency and function in human IL10-
producing CD39+Foxp3+ Tregs in the presence of
DCs through HLA-DR, CD86, CD40, and PD-L1
and enhanced Treg suppressive function
(Telesford et al. 2015). Therefore, the presence
and specific phenotype of the APC is required to
prime CD4+ T cells with PSA to promote differ-
entiation into one of the two Treg subtypes. IBD
patients have a significantly lower relative abun-
dance of B. fragilis actively producing PSA, thus
not just overall decrease of B. fragilis but also a
reduction in PSA production by this species may
contribute to the breakdown of the intestinal
homeostasis in IBD patients (Blandford et al.
2019).

Akkermansia muciniphila, a mucin-degrading
and abundant member of a healthy microbiota, is
reduced in IBD (Lopez-Siles et al. 2018; Earley
et al. 2019). It is primarily localized in the trans-
verse and descending colon, where its abundance
depends on the mucus thickness and is affected
by the immune status of the host (Van den
Abbeele et al. 2010). A. muciniphila administra-
tion in mice modulated the intestinal inflamma-
tion and ameliorated acute colitis (Bian et al.
2019). Its beneficial effect in chronic colitis was
associated with an induction of Treg differentia-
tion (Zhai et al. 2019). The role of A. muciniphila
in preventing intestinal disorders has to be
addressed with caution because in contrast to the
findings in colitis, expansion of A. muciniphila in
mice with GVHD was associated with loss of the
colonic mucus layer and compromised intestinal
barrier function (Shono et al. 2016).

There is an accumulating evidence that resto-
ration of intestinal flora by classical probiotic
bacteria also generates FoxP3 Tregs in the gut,
making the probiotic consumption an interesting
approach to induce this cell population in patients
with intestinal disorders. Commonly probiotic
mixture contains Bifidobacterium spp., Lactoba-
cillus spp., and Streptococcus thermophilus. The
beneficial impact of probiotics on intestinal
homeostasis has been shown in many studies
(Abraham and Quigley 2017; Cristofori et al.
2018) (Patel and Underwood 2018; Andermann
et al. 2016). For instance, L. fermentum,
L. acidophilus, and L. casei Lbs2 protect from
experimental colitis, through the induction of
Treg responses (Jang et al. 2019; Park et al.
2018; Thakur et al. 2016). Treg promotion by
Lactobacilli is usually mediated by induction of
a regulatory phenotype in the intestinal DCs
(Mikulic et al. 2017). Furthermore, Bifidobacteria
and S. thermophilus stimulated significant
concentrations of TGFβ in human PBMC
(Donkor et al. 2012). Oral consumption of
Bifidobacterium infantis induces FoxP3 expres-
sion and enhances IL10 and TGFβ production in
the mouse colon (Zhou et al. 2019). Although
limited clinical trials suggest a promising efficacy
of classical probiotic strains and their
combinations in ulcerative colitis, there remains
a lot of skepticism in the IBD field regarding the
efficacy of such approaches in Crohn’s disease
(Guandalini and Sansotta 2019).

9.7.2.4 Dietary Vitamins
Vitamins are organic dietary compounds with
significant impact on the gut mucosal immune
function. As we described in more detail in Sect.
9.4.4., vitamins A and D provide important sig-
naling cues for the generation and survival of
intestinal Foxp3+ Tregs (Huang et al. 2018;
Fakhoury et al. 2020). Retinoic acid (RA), prod-
uct of vit A degradation by RALDH2 expressed
by CD103+ DCs in the intestine, has a large
spectrum of modulatory effects on Tregs. Such
pivotal role of vitamin A metabolites on intestinal
Foxp3+ Tregs and homeostasis is illustrated by
the findings that vitamin A deficiency exacerbates
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experimental colitis (Reifen et al. 2002) and sup-
plementation of vitamin A results in decreased
inflammatory markers in NEC patients (Xiao
et al. 2018). Therefore, administration of vitamin
A/retinoic acid in clinical patients with outcomes
related to intestinal inflammation may stimulate
FoxP3+ Tregs. A clinical trial on the efficacy of
high doses of vitamin A to prevent gastrointesti-
nal GVHD out of the Ohio State University Com-
prehensive Cancer Center is in early stages
(NCT03719092), and the outcome of this thera-
peutic approach may inform other intestinal
disorders going forward.

Along with vitamin A, vitamin D is another
potent immunomodulator that affects T cells
directly and indirectly (Cantorna et al. 2015,
2019). We have already discussed the effects of
vitamin D on Treg biology earlier in this chapter.
In IBD patients, VDR polymorphisms have been
associated with higher disease risk and increased
morbidity (Eloranta et al. 2011). Vitamin D defi-
ciency is commonly observed in IBD patients,
and association between vitamin D status and
the extent of inflammation has been reported by
several studies (Jorgensen et al. 2013; Gubatan
et al. 2019; Fletcher et al. 2019; Burrelli Scotti
et al. 2019; Law et al. 2019). In a double-blind
randomized controlled trial, where 90 mild-to-
moderate UC patients were administered one sin-
gle muscular injection of vitamin D (7.5 mg) and
reduced serum concentrations of TNFα, IFNγ,
and IL12p70 levels, but it did not affect serum
IL4 and IL10 levels. However, no other clinical
parameters were evaluated or included in the
report (Sharifi et al. 2019). In a murine model of
GVHD, vitamin D promoted FoxP3+ Treg gener-
ation and slowed the disease progression (Ni et al.
2019). A severe vitamin D deficiency has also
been documented in patients with celiac disease
(Sulimani 2019) and maternal vitamin D defi-
ciency has been proposed to be a new risk factor
for NEC in preterm infants (Cetinkaya et al.
2017). Importantly, vitamin D has pleiotropic
effects on the cells of the innate and adaptive
immune system and affects intestinal barrier func-
tion and gut microbial ecology, thus any benefi-
cial effects of this vitamin/hormone cannot be

solely attributed to promotion of Tregs and their
immunosuppressive functions.

Finally, dietary plant sterols capable of reduc-
ing intestinal inflammation in mice also promote
Treg numbers. These compounds are consumed
in habitual diets derived from vegetable oils,
grain products, nuts, seeds, fruits, and vegetables
(te Velde et al. 2015). Fiber-enriched diets were
associated with a higher colonic in situ produc-
tion of total SCFA including butyrate, which
promotes the gut Tregs (Rodriguez-Cabezas
et al. 2002). Dietary interventions and application
of prebiotics that enhance butyrate production,
such as 20-fucosyllactose, may help induce remis-
sion in UC without involving additional immune
suppression (phase IV clinical trial
NCT02345733) or may contribute to the mainte-
nance of remission in pediatric and young adult
IBD patients undergoing anti-cytokine therapy
(NCT03847467). Collectively, the available
data suggests somewhat instinctively that the sup-
plementation with vitamins (or correction of
deficiencies) and intake of a balanced diet rich
in fruits, grains, and vegetables should be a part of
the comprehensive therapy of intestinal inflam-
matory disorders, and a part of the associated
mechanism may be through promotion of intesti-
nal Tregs and immunoregulatory environment in
the gut.

9.8 Conclusions

Intestinal Tregs is a complex and heterogenous
population of immunosuppressive cells whose
development and function are affected (positively
and negatively) by an array of factors, both host-
intrinsic and extrinsic. They play crucial roles in
maintaining the low mucosal inflammatory tone
in the gut under continuous antigenic challenge,
contribute to the maintenance of intestinal barrier
function, keep the immune response to pathogens
in check, and promote the resolution of inflam-
mation and mucosal restitution. As such, they
represent attractive target of research and thera-
peutic developments. Although much is known
already about their phenotypic and functional
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features in mice, translating these results to
humans has been challenging. A better under-
standing of human Tregs at mucosal sites, espe-
cially in the gut, will help guide better therapeutic
options, primary or adjuvant, to treat chronic
inflammatory conditions of the gut.
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Abstract

Autoimmune conditions affect 23 million
Americans or 7% of the US population.
There are more than 100 autoimmune
disorders, affecting every major organ system
in humans. This chapter aims to further
explain Treg dysfunction autoimmune
disorders, including monogenic primary
immune deficiency such as immune
dysregulation polyendocrinopathy, enteropa-
thy, X-linked inheritance (IPEX) syndrome,
and polygenic autoimmune diseases with
Treg dysfunction such as multiple sclerosis
(MS), inflammatory bowel disease (IBD), and
food allergy. These conditions are associated
with an abnormal small intestinal and colonic
microbiome. Some disorders clearly improve
with therapies aimed at microbial modifica-
tion, including probiotics and fecal microbiota
transplantation (FMT). Approaches to prevent
and treat these disorders will need to focus on
the acquisition and maintenance of a healthy
colonic microbiota, in addition to more

focused approaches at immune suppression
during acute disease exacerbations.

Keywords

Probiotic · Dysbiosis · Immunodeficiency ·
Multiple sclerosis · Inflammatory bowel
disease

10.1 Tregs Are Shaped by the Gut
Microbiota

The gut microbiota is essential for the develop-
ment and maturation of the immune system;
reciprocally, the microbial community is also pro-
foundly affected by the complex host immune
system. The gut epithelium spatially segregates
the lamina propria (LP), rich in lymphocytes,
plasma cells, dendritic cells (DCs), macrophages,
neutrophils, and scaffolding myofibroblasts,
from the luminal contents, particularly the gut
microbiome (bacteria, fungi, viruses, archaea,
and phage) and a variety of food antigens. One
of the most fascinating observations is that the
subepithelial immune network can exert pressure
against selective microbes by elaborating
cytokines, antimicrobial peptides, nutrients, and
mucus (Zhou and Sonnenberg 2018). Likewise,
immune cells can “welcome” certain organisms.
T cells in the LP are the crucial source of anti-
inflammatory cytokine IL-10. To exemplify
microbial induction of immune tolerance, luminal
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Bacillus fragilis produces polysaccharide antigen
A (PSA), which acts on DCs, resulting in TGF-β
and IL-10 production, which supports the devel-
opment of gut anti-inflammatory cells, especially
regulatory T cells (Tregs). Consequently, Tregs
produce IL-10 that induces in macrophages a
tolerogenic phenotype. However, even in the
absence of IL-10 or in hosts with IL-10 receptor
mutations, an unusual condition in humans with
very early onset of inflammatory bowel disease
(IBD), different Lactobacillus species can effec-
tively prevent or attenuate the colitis that
develops (Madsen et al. 1999).

A seminal observation related to luminal
microbial impact on the immune system was
that LP CD4+ (helper) T cells were shifted toward
an inflammatory TH17 phenotype when mice
were colonized with segmented filamentous bac-
teria (SFB). SFB are interesting coiled microbes
which penetrate the mucus gel in the ileum and
directly attach like leeches to the epithelial cells
(Ivanov et al. 2009). However, Clostridia species
and other microbes produced short-chain fatty
acids (SCFAs) via the metabolism of dietary
fiber, resulting in colonic Tregs development
and reduced inflammation in this model, via a
mechanism involving G-protein-coupled receptor
GPCR43 (Smith et al. 2013). In humans with IBD
(to be discussed below), certain colonic microbes
have been clearly associated with active diseases,
such as Ruminococcus gnavus (Schirmer et al.
2019) and oral cavity inhabitants (Veillonella
dispar, Aggregatibacter, Lachnospiraceae, and
Haemophilus parainfluenzae) (Schirmer et al.
2018a), whereas other organisms such as
Faecalibacterium prausnitzii, which produces
the SCFA butyrate, are clearly associated with
disease remission (Schirmer et al. 2018b).

10.2 Gut Dysbiosis-Related
Autoimmune Disorders
Involve Tregs

Autoimmune disorders prevalent in humans
include disorders of monogenic primary immune
deficiency and polygenic autoimmune diseases
including diseases of the central nervous system

(CNS) (multiple sclerosis, transverse myelitis,
and Guillain Barre syndrome); the gastrointesti-
nal tract (inflammatory bowel disease, autoim-
mune hepatitis, and celiac disease); and
autoimmune conditions of the skin (including
psoriasis, eczema, and scleroderma).

10.2.1 Monogenic Primary
Autoimmune Disorders Related
to Tregs Are Associated
with Gut Microbial Dysbiosis

Monogenic autoimmune disorders are due to a
single-gene defect and are generally quite rare.
These mutations cause impairment in one of the
principal mechanisms controlling adaptive immu-
nity, such as loss of control of inflammatory
effector T cells (TH1/TH2) caused by deficiency
of Foxp3+Tregs. Foxp3+Treg deficiency can be
due to a Foxp3 gene mutation or deletion,
resulting clinically in a condition characterized
by immune dysregulation polyendocrinopathy,
enteropathy, and X-linked inheritance, called
IPEX syndrome and in mice the scurfy
(SF) phenotype. A recent review (Chervonsky
2013) stated that monogenic diseases including
IPEX (Chinen et al. 2010) and autoimmune
polyendocrinopathy-candidiasis-ectodermal dys-
trophy (APECED, due to mutations in the tran-
scription factor autoimmune regulator (AIRE))
(Gray et al. 2007) are insensitive to commensal
microbial regulation, because these diseases
occur in germ-free (GF) animals. The authors
suggested that autoimmune T cells are activated
in the absence of the innate-adaptive connection.
A critical role for Treg-mediated control of
inflammation was studied using GF mice com-
pared with specific pathogen-free (SPF) mice and
demonstrated that Treg development and suppres-
sive function were not dependent on gut
microbiota. However, in a Treg-depleted model
(Foxp3-DTR), inflammation in the small intestine
of SPF mice was more severe than in GF mice, as
shown by significantly increased gut lymphocyte
infiltration, decreased body weight, and increased
percentage of IFN-γ-producing T helper cells,
indicating that Treg deficiency-induced intestinal
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inflammation is indeed influenced by the compo-
sition of the gut microbiota (Chinen et al. 2010).

Additional experiments provide evidence
that a single-gene immune-related mutation is
linked to intestinal dysbiosis. Dysbiosis is
defined as atypical microbial populations, which
carry proinflammatory characteristics. It is not
surprising that the feces of individuals with auto-
immune disorders harbor skewed populations of
microbes that differ from those of healthy
controls. We observed in Foxp3-deficient scurfy
mice that development of autoimmunity was
accompanied by a progressive gut microbial
dysbiosis over the first 22 days of life (He et al.
2017b). We demonstrated reduced bacterial
diversity and altered bacterial composition.
Altered gut microbiota has also been shown in
immunodeficient mice lacking B cells (Ighm�/�),
T cells (Cd3e�/�), or both B and T cells (Rag1�/�),
whereas administration of Foxp3+Tregs to T-cell-
deficient mice restored bacterial diversity
(Kawamoto et al. 2014). A detailed study com-
pared Rag1+/+ and Rag1�/� mice of the same
genetic background and eliminated cage effects.
Investigators sought to determine the effect of
Rag1 and the adaptive immune system on gut
microbiota. They demonstrated that Rag1 status
is a source of variation in community structure of
gut microbiota (Zhang et al. 2015). A recent study
of individuals with APECED also indicated that
their microbiota composition is altered. These
patients developed early and sustained responses
to gut microbial antigens, and abnormal immune
recognition of gut commensals was linked to
enteropathy, the development of defensin-specific
T cells and anti-defensin antibodies, and produc-
tion of anti-Saccharomyces cerevisiae antibodies
(ASCA). ASCA level was highly correlated with
the depletion of gut-associated Tregs (r ¼ 0.7,
P< 0.01); and it is worthy to note that ASCA has
been linked to Crohn’s disease in humans,
indicating that transcription factor AIRE is an
important regulator of intestinal homeostasis
(Dobes et al. 2015; Hetemaki et al. 2016). Thus,
overall evidence leads us to conclude that host
adaptive immunity in diseases with single-gene
mutations alters gut microbiota.

Our team has studied the previously men-
tioned Foxp3-deficient mouse SF mouse. We

observed dynamic changes of autoimmunity and
gut microbial dysbiosis in this disease. We
noticed that microbial beta-diversity in SF mice
was successfully shifted by orally administering a
probiotic or health-promoting bacteria (Lactoba-
cillus reuteri DSM 17938, LR 17938) to produce
a distinct microbial signature and a concomitant
reduction in disease severity (He et al. 2017b).

Metabolites produced by bacteria may be
major mediators of immune tolerance. We dis-
covered that the adenosine metabolite inosine is
reduced in plasma of SF mice and is restored by
LR 17938 treatment. Orally gavaging this nucle-
oside to SF mice, similar to gavaging the probi-
otic LR itself, prolonged the survival of SF mice
and reduced inflammation in multiple organs such
as liver and lung. Inosine and LR 17938 each
controlled inflammation by acting as a ligand to
the adenosine receptor 2A (A2A), as evidenced by
the lack of inhibition of naïve CD4+ T-cell differ-
entiation in mice with genetically deleted adeno-
sine receptor A2A (A2A

�/� mice). Inosine and LR
17938 were ineffective in mice with mutations of
three other adenosine receptors (A1, A2B, and A3)
(He et al. 2017b). We concluded that A2A is
required for the protection by this probiotic
(He et al. 2017a).

10.2.2 Polygenic Autoimmune
Diseases with Treg Dysfunction
Are Associated with Gut
Microbial Dysbiosis

Polygenic autoimmune diseases generally
develop gradually, with incomplete penetration
of the disease, meaning that many individuals
expected to develop symptoms do not become
sick. The conditions eventually occur because
there is a “perfect storm” of environmental
insults, even in some cases emotional trauma,
coupled with aberrant microbial population in
the gut which predisposes to systemic
inflammation.

The intestine harbors ~1014 microbes (more
than our own cell population) and approximately
1000 different taxa, accounting for 3% of our
total body mass. In almost every autoimmune
disorder, an abnormal population of enteric
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microbes has been identified, called dysbiosis.
However, it is remarkable that the microbial
populations segregate differentially with respect
to each other, as well as segregating differently
from controls when analyzed by principal
components analysis. Investigators recently
showed that when looking at stool 16S rDNA

sequences of patients with different autoimmune
disorders, the microbial beta diversity was dis-
tinct for Sjogren syndrome, compared with sys-
temic lupus erythematosus (SLE) and primary
phospholipid syndrome (PPLS), and these were
distinct from controls not having autoimmune
disease (Fig. 10.1).

Fig. 10.1 Each specific disorder has microbial signature
which segregated the disease via its own microbial signa-
ture. Clustering of selected microbiome genera. Graphical
representation is optimized to maximize the compactness
and separation of clusters. Red ¼ healthy controls, pur-
ple ¼ systemic lupus erythematosus, green ¼ Sjogren’s
syndrome, blue ¼ primary antiphospholipid syndrome,

and yellow ¼ undifferentiated connective tissue disease.
Reproduced with permission from Bellocchi et al. (2019).
The association between autoimmunity and gut microbiota
would be discussed in three polygenic autoimmune
diseases as examples, multiple sclerosis, inflammatory
bowel diseases, and food allergy
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10.2.3 Autoimmune Diseases
in the Central Nervous System
(CNS)

Multiple sclerosis (MS). A polygenic autoim-
mune disorder associated with microbial
dysbiosis is multiple sclerosis (MS). This disease
affects>1 million Americans and is characterized
by autoimmune cells invading the CNS, produc-
ing impaired vision, weakness, loss of sensation,
chronic pain, and declining cognition (Wallin
et al. 2019). Although there is no cure, the
major thrust of treatment is immunosuppression.
T cells play a major role in the pathogenesis of
MS, with TH1- and TH17-associated cytokines
being elevated, along with reported major
abnormalities in the function of Tregs
(Danikowski et al. 2017). Gut bacteria have an
important influence on the development of this
disease. In MS and its mouse model called exper-
imental autoimmune encephalomyelitis (EAE),
antibodies are produced that react to myelin. In
the laboratory, to induce EAE, myelin oligoden-
drocyte (MOG) peptides with Freund’s adjuvant
are injected in the presence of pertussis toxin to
produce the gradual onset of varying degrees of
paralysis. MOG peptides presented by antigen-
presenting cells subsequently activate T cells,
which migrate to the CNS. Unlike conventional
mice, germ-free mice are protected from
paralysis, whereas those inoculated with a single
organism SFB (as discussed above) develop the
symptoms (Lee et al. 2011). In these studies,
SFBs were shown to induce IL-17A-producing
CD4+ T cells (TH17) in the CNS.

When peripheral blood leukocytes are exam-
ined from individuals with MS, many have been
found to reduce Foxp3 expression, as well as
reduced numbers of Foxp3-negative regulatory
T cells or Tr1 cells. About 30% of the brain
lesions in MS patients have no Foxp3 expression.
Not surprisingly, many but not all treatments for
MS are associated with the ability to increase
Tregs. Notably, indoleamine 2,3-dioxygenase
(IDO), a product of the metabolism of tryptophan
(now well characterized as a product of gut
microbes), when administered parenterally

ameliorates experimental EAE (Yan et al. 2010).
Specific chemokines, such as CCR4 and dendritic
cell-derived CCL17 are required for Treg recruit-
ment to the CSF, whereas CXCR3 is important
for the transmigration of Tregs and Tr1 cells
across the blood–brain barrier to combat the
neuroinflammation (Danikowski et al. 2017).

We discovered that the probiotic LR 17938
when given enterally to mice with EAE was
able to reduce the severity of clinical disease,
measured by the extent of paralysis, as well as
inflammation in the spinal cord, as measured by
hematoxylin and eosin staining and CD3+ T-cell
staining. LR 17938 also reduced the number of
circulating TH1/TH17 cells and their associated
cytokines IFN-γ/IL-17. We also showed that the
loss of diversity of gut microbiota induced by
EAE was largely reversed by LR 17938 treatment
(He et al. 2019). Taxonomy-based analysis of gut
microbiota showed that three “beneficial” genera
Bifidobacterium, Prevotella, and Lactobacillus
were negatively correlated with EAE clinical
severity. Notably Prevotella was previously
shown to be reduced in humans with MS
(Schepici et al. 2019). Conversely, genera
Anaeroplasma, Rikenellaceae, and Clostridium
were positively correlated with disease severity.
Remarkably, LR 17938 treatment coordinately
altered the relative abundance of these
EAE-associated genera. These studies suggested
that LR 17938 might represent a novel adjunctive
treatment in future studies to modify the severity
of MS.

10.2.4 Gastrointestinal Autoimmune
Disorders

Inflammatory bowel disease (IBD). IBD is the
most common chronic gastrointestinal illness of
children and young adults, affecting 100–200
children per 100,000 in the US (or ~70,000 chil-
dren) (Rosen et al. 2015). The two most prevalent
conditions are Crohn’s disease (CD), which can
cause ulceration in any part of the gastrointestinal
tract, especially the ileum and proximal colon,
and ulcerative colitis (UC), which involves
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circumferential ulceration of the colon only.
Symptoms include diarrhea, abdominal pain,
fever, weight loss, arthritis, mucositis, perianal
disease, bowel obstruction, and fistula develop-
ment. The most accepted working hypothesis for
the pathogenesis of IBD is that a dysfunctional
immune system interacts with an abnormal
microbiota, with exacerbating environmental
influences to induce disease. Contributing factors,
such as antibiotics, high animal protein intake,
cigarette smoke, and high linoleic acid intake,
all may result in an imbalance between pro- and
anti-inflammatory cells in the gastrointestinal
mucosa (Bernstein 2017).

There are >250 different mutations that have
now been linked to CD. Some mutations affect T
cells, but others involve defective phagocytic bac-
terial killing (such as the NOD1 mutation) or may
impair more global cellular protective processes
such as autophagy (e.g., the ATG16L1 mutation)
(Bianco et al. 2015). When one begins to look at
genetic mutations in IBD, it becomes evident that
IBD represents a common “denominator” of
many different abnormalities in immune cell
function and microbial homeostasis.

Reproducible findings of T-cell functional
abnormalities seen in individuals with IBD have
led to the hypothesis that unregulated inflamma-
tion must be related to an imbalance between
helper T-cell subsets, specifically the balance
between Tregs and TH1 and TH17 cells (Packey
and Sartor 2008). The important roles of both TH1
and TH2 cells in UC and TH1 and TH17 cells in
CD have been described, but the role of Tregs is
complex. For example, in pediatric IBD, two
types of Tregs are actually elevated. Tr1 cells
are more abundant than normal in the peripheral
circulation of children with ulcerative colitis and
Crohn’s disease, whereas in UC, circulating
Foxp3 + Treg cells are increased at the time of
diagnosis but dwindle during remission (Vitale
et al. 2020).

Animal models uncover a complex and some-
what paradoxical role of Tregs in IBD. For exam-
ple, Tbet (the transcription factor associated with
TH1 cells) can also be expressed on Tregs (which
are characterized by Foxp3 expression) in the

initial stages of colitis in humans. Knockout of
Tbet on Foxp3-positive Tregs reduces colitis
severity, implicating a pro-inflammatory role not
previously recognized for this group of Treg cells.
In a mouse model of colitis induced by dextran
sodium sulfate (DSS), there was an influx into the
gut epithelium of cells positive for Tbet,
interferon-gamma, and Foxp3 occurring prior to
the accumulation of classic TH1 cells into the
mucosa of the colon that was preventable by a
conditional knockout of Tbet on Tregs (Di et al.
2019).

Clearly, T cells and microbes play a central
role in the regulation of IBD. Biologic therapies
that are widely used include immunosuppression
by the anti-tumor necrosis factor (TNF)
antibodies infliximab and adalimumab and
administration of anti-integrin alpha7beta4
(α7β4) antibodies such as vedolizumab, which
prevents homing of leukocytes to the gastrointes-
tinal (GI) tract (Jeong et al. 2019).

In taking an “outside the box” approach to
severe IBD, Treg infusion therapy was found to
have only limited success in humans with CD. In
2012, investigators participated in an 8-week
open-label dose-ranging trial of human Tregs for
20 adults with CD. Tregs were isolated from
patients’ peripheral blood mononuclear cells,
exposed to chicken ovalbumin, and administered
intravenously (ova-Tregs); subsequently, a
meringue cake diet (rich in ovalbumin) stimulated
Treg proliferation in the GI tract. There was an
improvement in Crohn’s disease activity (CDA)
in 40% of patients, but only minimal improve-
ment in circulating inflammatory markers (CRP
and fecal calprotectin), without an increase in
Treg numbers in the blood; and of the four
doses tested, only the lowest dose appeared to
be effective (Desreumaux et al. 2012). No signifi-
cant human trials of Treg isolation, in vitro expan-
sion, and administration have been subsequently
published for patients with IBD.

A review pointed out that the persistence of
inflammation in patients with IBD in the face of
high levels of Foxp3+ Tregs in the affected tissues
suggests that the condition is resistant to Tregs,
perhaps due to other effector cell activation
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resistant to Tregs or tissue/extracellular matrix
factors unsupportive of their inhibitory action
(Lord 2015).

Recently, interest in Tr1 cells which do not
express Foxp3 has arisen as a potential therapeu-
tic target (Huang et al. 2017). These cells secrete
IL-10 and IL-22, both with anti-inflammatory
properties, and Tr1 cells were shown to reduce
the proliferation of effector T cells and the secre-
tion of cytokines by myeloid cells. These cells
also protected barrier function of cultured T84
cells in vitro (Cook et al. 2019). Extensive
research has also shown that commensal
microbes produce SCFAs that interact with cell
surface G-protein-coupled receptors GPR43 and
GPR41 on myeloid cells to subsequently induce
regulatory phenotype and IL-10 secretion by Tr1
cells (Sun et al. 2018). Commensals can also act
on monocytes (Ly6Chi cells) via their SCFA,
resulting in prostaglandin E2 production that
reduces the activation level of neutrophils
(Grainger et al. 2013).

Food allergy. Given the importance of Tregs
in maintaining tolerance to endogenous and exog-
enous stimuli, it is not surprising that Tregs are
localized predominantly in the intestines and skin,
two tissues with the largest surface area exposing
to the external environment (Harrison and Powrie
2013). It is know that the skin is more sensitizing,
while the gut is more tolerizing. In murine model
of allergy, the skin is used to create an allergic
immune development. If the mice are fed with the
allergen, for example, ovalbumin, prior to the
skin sensitization, inducing the allergy is more
difficult. This observation indicates that the intes-
tinal microenvironment is designed to be more
immune tolerant. Previously, the American Acad-
emy of Pediatrics (AAP) had recommended
avoiding early introduction of highly allergenic
foods to infants until after 1 year of age. Ironi-
cally, over 10 years later, the incidence of food
allergy continues to rise. After a pivotal clinical
trial of early introduction of peanuts in infants had
demonstrated a significant reduction in the devel-
opment of peanut allergy, the new AAP
guidelines now recommend introduction of
highly allergenic foods to infants as early as 4–-
6 months of age (Du et al. 2015).

These epidemiologic and clinical studies have
demonstrated the importance of the intestines in
regulating food allergy development. However,
the mechanisms involved in tolerance induction
are quite complex. Tregs clearly play a critical
role in controlling food allergy development,
since patients with IPEX syndrome have a higher
incidence of severe food allergy (Torgerson et al.
2007). Clinical studies using oral immunotherapy
(OIT) for the prevention or treatment of food
allergy have shown an increase in Tregs, particu-
larly allergen-induced Tregs, throughout the ther-
apy (Hardy et al. 2019). Interestingly, food
allergy is a problem in developed countries,
supporting the hygiene hypothesis (Platts-Mills
2015). The western diet, sedentary lifestyle,
cleanliness, and indoor living have altered the
microbiomes on the skin, mucosa, and intestines
as well as reduction in vitamin D level (Du et al.
2016). In atopic infants living in this modernized
environment, skin exposure to allergenic food
proteins might induce a more sensitizing immune
response, since the immune system might be
regulated differently. In contrast, those in devel-
oping or underdeveloped countries, the immune
system might be more tolerant since its focus
would be on controlling the various microbes on
the skin, mucosa, and intestines. An analogy
would be in the time of war, people concentrate
more attention on survival.

It is important to note that there are two major
subsets of Tregs: thymic Tregs (tTregs) and
peripheral induced Tregs (pTregs) (Horwitz
et al. 2008; Zhang et al. 2020). tTregs are devel-
oped in the thymus with a stable expression of
Foxp3 due to high demethylation of the Foxp3
promoter region called Treg-specific
demethylated region (TSDR). pTregs are
generated in the peripheral tissues through the
induction of Foxp3 expression in CD4+ T cells.
These pTregs have greater plasticity and signifi-
cantly lower demethylation in the TSDR. Current
data support that tTregs are important in
controlling intrinsic autoimmunity, while pTregs
help to regulate extrinsic immune response
(Shevach and Thornton 2014). pTregs are essen-
tial for maternal–fetal tolerance. In the absence of
pTregs, using a specific murine model deficient in
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conserved noncoding sequence 1 (CNS1) of the
Foxp3 enhancer region, there is increased
fetal resorption, resulting in a significant reduc-
tion in live birth (Samstein et al. 2012). Another
important insight using this pTreg-deficient
murine model is the importance of pTregs in
maintaining intestinal microbial communities by
modulating immune defense mechanisms that can
lead to dysbiosis (Campbell et al. 2018). The
microbiome is vital in contributing to immune
homeostasis through its interaction with Tregs.
Perturbation in the microbiome can lead to
dysbiosis, resulting in aberrant immune responses
such as food allergy (Bunyavanich and Berin
2019). Technologies continue to advance rapidly;
and so it would be challenging to change people’s
lifestyle to living that is more rural. Therefore, the
focus would be on developing natural therapies
and diet that would promote Treg homeostasis
and prevent dysbiosis.

10.3 Resetting Microbiota and Tregs
in Diseases

Probiotics. Probiotics (as mentioned above) are
“live organisms that when administered in ade-
quate doses confer a health benefit to the host”.
They are provided as fermentable foods, pills,
powders, beverages, and liquid drops. Common
probiotics are available in pharmacies, groceries,
and online. They include but are not limited to
Lactobacilli, Bacillus species, several strains of
Bifidobacteria, Streptococcus thermophilus,
Escherichia coli strain Nissle 1917, and yeasts,
including Saccharomyces boulardii and Saccha-
romyces cerevisiae. Many commercially avail-
able probiotics contain mixtures of two or more
individual species.

Although not discussed earlier in this review, a
major medical condition for which probiotics are
being studied is neonatal necrotizing enterocolitis
(NEC), the leading cause of intestinal failure in
premature babies. We have found in mouse and
rat models of NEC that probiotic administration
in the setting of experimental neonatal gut hyp-
oxia reset the balance between inflammatory
effector T cells and their Treg counterparts,

reducing both the incidence and severity of NEC
(Liu et al. 2013, 2014). Our results revealed that
there were low numbers of Tregs in the terminal
ileum of newborn rats with NEC. Adoptive trans-
fer of Tregs significantly improved weight loss,
improved survival and reduced the incidence of
NEC (Dingle et al. 2013). Our findings suggested
that while Tregs are present in the newborn intes-
tine, their numbers might be insufficient to
dampen the excessive inflammatory state in NEC.

We have not directly tested the impact of
probiotics on the microbiota on fecal community
composition in the NEC model, but in subsequent
investigations in healthy newborn mice, we
showed that LR 17938 increased the proportion
of Foxp3+ Tregs and also increased bacterial
diversity (Liu et al. 2019). LR 17938 was
associated with increased relative abundance of
phylum Firmicutes, families Lachnospiraceae
and Ruminococcaceae, and genera Clostridium
and Candidatus arthromitus. LR 17938 concom-
itantly decreased the relative abundance of phy-
lum Bacteroidetes, families Bacteroidaceae and
Verrucomicrobiaceae, and genera Bacteroides,
Ruminococcus, Akkermansia, and Sutterella.
Finally, LR 17938 also exerted a major impact
on the plasma metabolome, upregulating amino
acid metabolites formed via the urea, tricarbox-
ylic acid, and methionine cycles, and simulta-
neously increasing tryptophan metabolism. Of
significance, LR 17938 feeding increased the
levels of key tryptophan metabolites indole-
propionate and indoleacrylate and purine
nucleosides (adenosine and inosine), each of
which is known to enhance tolerance to inflam-
matory stimuli (Liu et al. 2019).

The mechanisms by which probiotics induce
Tregs in different diseases have been
demonstrated to be variable and strain specific,
as summarized in a review article by Dwivedi
et al. (2016) and Fig. 10.2. Probiotics and
probiotic-modulated beneficial gut microbiota
induce intestinal Tregs through direct microbial–
immune cell or microbial-intestinal epithelial cell
interactions, for example, via stimulation of Toll-
like receptors (TLRs 2, 3, 4, or 9) to activate
mucosal tolerogenic DCs to produce IL10
and/or Treg-interacting molecules (IL10 or
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TGFβ) (Dwivedi et al. 2016). In addition, several
studies have revealed a complex relationship
between Tregs and microbial metabolism, for
example, bacterial production of different
metabolites (SCFA, tryptophan derivatives, and
adenosine/inosine). Probiotics or probiotic-
modulated beneficial gut bacteria produce
SCFAs (acetate, propionate, and butyrate)
through fermentation of dietary fibers, which
maintain immune homeostasis. Studies have
indicated the significant alteration in the number
of butyrate-producing bacteria in colon of
patients with inflammatory disorders (Frank
et al. 2007; Wang et al. 2012). SCFAs may induce
intestinal Treg cells by several mechanisms:
(a) by interacting with specific receptors includ-
ing G-protein-coupled receptors (GPCRs) GPR43
and GPR109A (also known as hydroxycarboxylic
acid receptor 2 or HCA2) expressed in colonic
epithelium, adipose tissue, and immune cells
(Blad et al. 2012; Ganapathy et al. 2013); (b) by
inhibiting histone deacetylases (HDACs),
resulting in increased Foxp3 gene expression
and the suppressive function of FoxP3+ Tregs
(Arpaia et al. 2013; Li et al. 2007; Tao et al.
2007); or (c) by enhancing production of prosta-
glandin E2 (PGE2), which has been shown to
promote the development of Tregs in humans
and in mice (Mahic et al. 2006; Sharma et al.
2005). Interestingly, PGE2 is also involved in
mediating the suppressive activity of Tregs via
IL-10 and reduced production of multiple
proinflammatory cytokines (Baratelli et al.
2005). Microbial tryptophan metabolites includ-
ing indoleacetic acid (IAA), indolealdehyde
(IAId), indoleacrylic acid (IA), and indolelactic
acid (ILA) act on the aryl hydrocarbon receptor
(AHR) found in intestinal immune cells, and
thereby mitigate innate and adaptive immune
responses in a ligand-specific fashion to promote
Treg function and/or produce anti-inflammatory
IL22 (Roager and Licht 2018).

A subset of iTreg, expressing
ectonucleotidases CD39 and CD73 is able to
hydrolyze ATP to 50-AMP, generate adenosine,
and thus mediate suppression of inflammatory T
cells while promoting Foxp3 expression of Tregs
via interaction with adenosine receptors. These

immune cells express predominately adenosine
receptor 2A (A2A) (Su et al. 2019). As mentioned
above, one of our previous studies showed that
probiotic LR 17938-mediated production of
adenosine metabolite inosine, as an A2A agonist,
inhibited TH1 and TH2 cells and their associated
cytokines during of Treg-deficiency-induced
autoimmunity (He et al. 2017a, b).

Fecal microbiota transplantation (FMT). The
use of processed stool cultures from highly
screened healthy donors for humans with
C. difficile infection (CDI) has been shown to be
lifesaving. These FMTs are generally given by a
series of colonoscopies with infusions into the
colon through the biopsy channel. Preclinical
work has shown that FMT is beneficial in mouse
models of autoimmune diseases, including myo-
carditis (Hu et al. 2019), myasthenia gravis
(Zheng et al. 2019), and experimental autoim-
mune uveitis (Ye et al. 2018). In humans, only
preliminary studies are available for autoimmune
diseases, but efficacy has been suggested for a
plethora of conditions, including ulcerative colitis
(Dang et al. 2020), acute graft versus host disease
(Cohen and Maharshak 2017), and a variety of
other conditions which include pouchitis, multi-
ple sclerosis, metabolic syndrome, autism, and
irritable bowel syndrome (Cohen and Maharshak
2017). In severe cases of inflammatory bowel
disease, FMT has been undertaken with partial
success (Hirten et al. 2019). In a mouse model of
colitis-associated colon cancer (CAC), FMT
improved the severity of colitis. Foxp3+ Tregs
were dramatically upregulated among splenic,
mesenteric lymph node, and lamina propia
lymphocytes of CAC mice after FMT (Wang
et al. 2019). Ongoing studies are determining
the safety of FMT and duration of response
in IBD.

FMT has many common side effects, includ-
ing bloating, discomfort, low-grade fevers, and
flatulence (Dailey et al. 2019). More severe
delayed effects may also be seen; some fatal
cases may have resulted from transmission of
antibiotic-resistant microbial sepsis, such as that
due to E. coli (DeFilipp et al. 2019). Transmission
of viruses is often seen (Chehoud et al. 2016),
leading to theoretical concerns about performing
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this procedure during the coronavirus era (Ianiro
et al. 2020). One must consider that in some of
these diseases, probiotics may be equally effec-
tive (Dang et al. 2020). New approaches that may
carry less risk included targeted-bacterial therapy
and administration of health-promoting bacterial-
derived metabolites (postbiotics). Nevertheless,
the FMT story testifies to the strong relationship
between the gut microbiome and host
autoimmunity.
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Tregs in Autoimmune Uveitis 11
Zhaohao Huang, Wenli Li, and Wenru Su

Abstract

Uveitis is a chronic disease with relapsing and
remitting ocular attack, which requires
corticosteroids and systemic immunosuppres-
sion to prevent severe vision loss. Classically,
uveitis is referred to an autoimmune disease,
mediated by pro-inflammatory Th17 cells and
immunosuppressive CD4+CD25+FoxP3+
T-regulatory cells (Tregs). More and more evi-
dence indicates that Tregs are involved in
development, resolution, and remission of
uveitis. Clinically, many researchers have
conducted quantitative and functional analyses
of peripheral blood from patients with differ-
ent subtypes of uveitis, in an attempt to find the
changing rules of Tregs. Consistently, using
the experimental autoimmune uveitis (EAU)
model, researchers have explored the develop-
ment and resolution mechanism of uveitis in
many aspects. In addition, many drug and
Tregs therapy investigations have yielded
encouraging results. In this chapter, we
introduced the current understanding of
Tregs, summarized the clinical changes in the
number and function of patients with uveitis
and the immune mechanism of Tregs involved

in EAU model, as well as discussed the prog-
ress and shortcomings of Tregs-related drug
therapy and Tregs therapy. Although the
exact mechanism of Tregs-mediated uveitis
protection remains to be elucidated, the strat-
egy of Tregs regulation may provide a specific
and meaningful way for the prevention and
treatment of uveitis.

Keywords

Tregs · Autoimmune uveitis · Experimental
autoimmune uveitis · Transforming growth
factor β (TGF-β) · Interleukin 10 (IL-10)

11.1 Introduction

Uveitis is a common disease in ophthalmology,
which refers to an autoimmune inflammatory dis-
ease that occurs in the inner eye and often leads to
poor vision. Anatomically, the uvea includes the
iris, ciliary body, and choroid. But clinically,
uveitis also includes inflammation of other intra-
ocular structure, such as retina and sclera.
Because uveitis is a chronic disease, and it often
recurs due to unknown factors. The intraocular
structure will be destroyed by inflammation grad-
ually, and the final outcome of vision is always
unsatisfied (Wildner and Diedrichs-Mohring
2019). Among all blinders, uveitis causes
10–15% of blindness in developed country and
25% in developing country (Rao 2013; Durrani
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et al. 2004). Although the cause of most uveitis is
still unclear, ophthalmologists believe that micro-
bial infection and autoimmunity are closely
related to it. In developed countries, autoimmune
uveitis is more common, while in developing
countries, infectious factors are more common
(Lee et al. 2014). According to epidemiological
survey, non-infectious uveitis accounts for
approximately 90% of the uveitis in the devel-
oped country (Thorne et al. 2016; Bertrand
et al. 2019). Common noninfectious uveitis
includes Behcet’s disease (BD), Vogt-Koyanagi-
Harada (VKH), HLA-B27-related uveitis,
spondyloarthritis, and other systemic diseases.
Study has shown that around 37% of patients
with uveitis are caused by systemic diseases,
which are often thought to be due to the body’s
autoimmune dysfunction (Bertrand et al. 2019).
Consistently, accumulating creditably evidence
suggests that immunomodulatory drugs such as
methotrexate (MTX) and mycophenolate mofetil
(MMF) are effective in the treatment of uveitis,
which greatly improves the vision outcome
(Rathinam et al. 2019).

T cells, especially CD4+ T cells, are consid-
ered to play central roles in the occurrence, devel-
opment, and remission of uveitis (Becker et al.
2000), which have been widely verified in clinical
patients and experimental autoimmune uveitis
(EAU) (Zhu et al. 2018; Gilbert et al. 2018).
Abnormal CD4+ T cells number and function
are critical in the immunopathogenesis of uveitis.
When CD4+ T cells are activated, they differenti-
ate into different subtypes, such as T helper
1 (Th1), Th2, Th17, Tfh, and regulatory T cells
(Tregs), to function as immune regulators and
protect tissues (Klein et al. 2019; Zheng et al.
2002, 2008; Lu et al. 2010a; Chen et al. 2012,
2014). These subtypes and the corresponding
secreted cytokines are vital factors of immune
response and function, and their abnormality
will damage the body (Wahren-Herlenius and
Dorner 2013). Specifically, the increase of effec-
tor T cells (Teffs) and the decrease of Tregs will
break the Tregs/Teffs balance, which will pro-
mote the disease onset and progress. At present,
it is believed that in the pathogenesis of uveitis,
Teffs play the role in promoting inflammation,

and Tregs play anti-inflammatory role (Silver
et al. 2015). Th1 and Th17 cells, by virtue of the
expression of IFN-γ and IL-17, respectively,
deploy their pro-inflammatory function (Dong
2008; Mullen et al. 2001). Investigations have
shown that Tregs display strongly immunosup-
pressive function and ideal inhibitory effect on
Teffs, which help the immune balance of the body
(Wahren-Herlenius and Dorner 2013; Su et al.
2012; Gu et al. 2014). In this regard, emerging
evidence indicates that patients with uveitis
always exhibit lower number and impaired func-
tion of Tregs (Gilbert et al. 2018). In line with this
concept, similar findings have been confirmed in
EAU, which also deepens our understanding of
uveitis occurrence, progression, and treatment.
Drugs targeting Tregs have shown an optimal
therapeutic efficacy in EAU (Matta et al. 2019).
Here, we will focus on recent discoveries and
advances of Tregs in uveitis, which we wish
could provide ideas and directions for future
research.

11.2 Foxp3 and Tregs

Tregs are subpopulation of CD4+ T cells, which
have strongly immunosuppressive function and
play an important role in maintaining the homeo-
stasis of host tissues and the pathogenesis of
autoimmune diseases, allergic diseases, and can-
cer (Sharabi et al. 2018; Horwitz et al. 2008;
Zhang et al. 2020; Liu et al. 2020). As early as
1995, Sakaguchi et al. found that CD4+ CD25+
(also known as IL-2 receptor alpha-chains) cells
performed the function of self-tolerance to pre-
vent the occurrence of autoimmune diseases
(Sakaguchi et al. 1995). It has been widely
accepted that transcription factor forkhead box
P3 (Foxp3) is constitutively expressed in the
Tregs and plays an indispensable role in immune
suppressive capability. Study has shown that
Foxp3 gene mutations in humans can lead to a
serious autoimmune disease-immune
dysregulation, polyendocrinopathy, enteropathy,
and X-linked syndrome (IPEX) (Bennett et al.
2001). Likewise, mutated foxp3 gene in scurfy
mice can break tissue homeostasis, which
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contributes to fatal consequences (Brunkow et al.
2001). By forcing Foxp3 expression, naive con-
ventional T (Tconv) cells could convert into
Tregs-cell-like phenotypes with immunosuppres-
sive capacity (Hori et al. 2003; Fontenot et al.
2003). Therefore, Foxp3 is regard as a Tregs-
specific transcription factor and a critical regula-
tor of its biological feature. On the flip side, some
studies have shown that Foxp3 expression could
not be effectively relied to identify Tregs and
maintain its immunosuppressive function. Allan
et al. found that activated Teffs could transiently
express Foxp3 with a lower level compared to
Tregs. The transient expression could not induce
the Tregs and endow the cells with inhibitory
function (Allan et al. 2007). Miyara et al.
validated that in human peripheral blood, there
was a kind of CD4+ Foxp3+ T cell subtype that
had no inhibitory function. On the contrary, it
could produce inflammatory factors after being
stimulated (Miyara et al. 2009). A pivotal study
by Lin suggested that although Foxp3� EGFP+
CD4+ T cells from Foxp3DeltaEGFP mice could
not display Tregs immunosuppressive capacity,
they can still show Tregs gene characteristics,
such as Ctla4 and Il2ra (Lin et al. 2007). Uni-
formly, Hill et al. demonstrated some Tregs
features are not completely ascribed to Foxp3
(Hill et al. 2007). In patients with rheumatoid
arthritis, Yang et al. demonstrated that Helios
seems to be better than Foxp3 to represent Tregs
(Yang et al. 2019a). In general, Foxp3+ T cells
are not all functional Tregs, and T cells without
Foxp3 expression could also deploy some signa-
ture molecules of Tregs. These research realities
indicated although Foxp3 is an important regula-
tor of Tregs, it is relatively complex to define the
Tregs. It is likely that Foxp3 may not be only
inducible transcript to determine the development
and function of Tregs.

11.3 Tregs Development
and Maintenance

According to the sites of T-cell developmental
origin, one often divides T cells into at least two
subtypes. The thymus-derived Tregs (tTregs),

also called as natural Tregs (nTregs), are consid-
ered as a mature T-cell subpopulation. tTregs
might be generated from the single positive
thymocytes, which could bind to self-antigen
peptides via high affinity T-cell receptor (TCR)
in the presence of antigen-presenting cells (APC)
with specific MHC expression (Dominguez-
Villar and Hafler 2018). Likewise, when periph-
eral Tconv cells are activated by antigens in a
specific environment, such as TGF-β and IL-2,
they will gradually differentiate into peripherally
derived Tregs (pTregs). When aforementioned
process happens in vitro, we call these cells
induced Tregs (iTregs) (Zheng et al. 2002,
2004b, a, 2006; Kanamori et al. 2016; Kong
et al. 2012a).

As we mentioned earlier, the development of
tTregs requires recognition of self-antigens by
TCR, cytokines such as TGF-β. Using transgenic
mice, Itoh et al. documented that abnormal TCR
function resulted in fewer CD4+CD8�CD25+
thymocytes, which revealed the cardinal role of
TCR in the development of tTregs (Itoh et al.
1999). In addition, Melissa et al. vindicated that
the CD4+CD25+ Tregs are sensitive to variations
in the expression of self-peptides (Lerman et al.
2004). Rafal et al. utilized high-throughput sin-
gle-cell analysis to identify that Tregs have higher
TCR diversity than naive T cells, even in the
absence of self-antigens (Pacholczyk et al.
2006). The diversity of Tregs is conducive to
better recognition of self-antigens.

In addition to diversity of Tregs, Tregs devel-
opment and Foxp3 expression also require the
presence of a variety of cytokines, such as
TGF-β, IL-2, and IL-7. At present, it is widely
believed that Tregs have high expression of
CD25, which is also known as IL-2 receptor α
chain. The experimental data show that the abnor-
mal expression of IL-2 receptor could reduce the
number of T cells and make the mice prone to a
variety of autoimmune diseases (Malek et al.
2002; Willerford et al. 1995). In addition, IL-2
is also crucial for iTregs development (Zheng
et al. 2007; Davidson et al. 2007). Moreover,
low dose of IL-2 administration has demonstrated
the therapeutic effect on several autoimmune
diseases mainly through enhancing Tregs
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(Saadoun et al. 2011; Koreth et al. 2011; Ye et al.
2018). Of note, IL-2 receptor is not indispensable.
IL-7 and IL-15 could make up for the lack of IL-2
receptor to some extent and partly restore the
function of Tregs (Vang et al. 2008). Further-
more, investigation has shown that TGF-β signal-
ing could participate in thymic negative selection,
reducing Tregs apoptosis (Ouyang et al. 2010).

In addition to the expression of Foxp3 and
cytokines mentioned above, it has been confirmed
that epigenetic regulation plays an important role
in the development and function of Tregs. The
demethylation status of a Tregs-specific demeth-
ylation region (TSDR) in the foxp3 promoter
plays an essential role in Tregs lineage mainte-
nance where the demethylation of the TSDR
correlates with stable Tregs phenotype. It has
been speculated that the thymocytes will not
express Foxp3 until they get Tregs-specific epi-
genetic changes after receiving certain TCR stim-
ulation (Ohkura et al. 2013). Other studies have
shown that CNS1 (Foxp3 conserved noncoding
sequence 1) is very important for iTregs in vivo.
Specifically, the absence of CNS1 could lead to
the decrease of iTregs, but it has no effect on
nTregs (Zheng et al. 2010). CNS2 is very impor-
tant for maintaining the expression of FOXP3,
which is helpful for the development and function
of Tregs (Ohkura et al. 2013). However, iTregs
are well functional in vitro and in vivo although
their TSDR possibly is methylated (Reynolds
et al. 2014; Lan et al. 2012; Kong et al. 2012b;
Xu et al. 2012; Yang et al. 2017). Indeed, all-trans
retinoic acid promotes Tregs stability and func-
tion (Mucida et al. 2007; Zhou et al. 2010; Lu
et al. 2010b, 2014; Ma et al. 2014), interestingly,
all-trans retinoic acid promotes TGF-β-induced
Tregs via histone modification but not DNA
demethylation on Foxp3 gene locus (Lu et al.
2011). Therefore, more in-depth studies are
needed to determine how epigenetic pattern
modulates Tregs stability and function.

In the periphery, combined TCR, TGF-β, and
IL-2 signals polarize naive CD4+ T cells into
pTregs. These pTregs possess similar suppressive
capacities as tTregs in vitro and in vivo (Park
et al. 2004). Both tTregs and pTregs express
FOXP3, CD25, CTLA-4, GITR, CD39, and

CD73, along with low levels of IL-7Rα (CD127)
(Liu et al. 2006). The current view believes that
tTregs and pTregs have different immunosup-
pressive functions and play different roles in
immune regulation. pTregs may play a more
important role in mucosal tolerance, while tTregs
may play a role in immune tolerance. Since no
specific lineage marker has been found to distin-
guish these two subtypes of Tregs, it is difficult
for us to understand the differences in biological
functions between tTregs and pTregs.
Researchers have found that Helios can be used
as a marker for tTregs (Thornton et al. 2010).
However, later studies found that there was also
a subpopulation of tTregs that did not express
Helios, which challenged Helios as a marker for
distinguishing tTregs and pTregs (Himmel et al.
2013). Also of note, Neuropilin1 (NRP1), which
was found specifically higher expression in
tTregs, also overexpressed in pTregs when exist
in pro-inflammatory microenvironment (Yadav
et al. 2012; Weiss et al. 2012). So far, there is
no specialized marker that clearly
distinguishes them.

11.4 Tregs in Clinic Patients
with Uveitis

More and more attentions have been paid to the
changes of Tregs quantity and function in patients
with uveitis. We summarize these studies in
Table 11.1. Most of the results showed that
Tregs were abnormal in number and/or function.
As early as 2008, a study on patients with VKH
syndrome found that Tregs in peripheral blood of
patients with active uveitis were significantly
reduced, and their inhibitory function was incom-
plete (Chen et al. 2008). Recent study has
indicated that Tregs did decrease in VKH patients
with active ocular attack, but there is no differ-
ence in Tregs frequency between VKH patients
who were at inactive phase and normal people
(Liang et al. 2019). Moreover, Wang et al.
documented that in patients with BD, the fre-
quency of T cells was also significantly lower
than that of healthy subjects (Liang et al. 2011).
The research of Sugita et al. also proved this point
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Table 11.1 Tregs in the patients with uveitis

Study
population
(n)

Marker of
Tregs Source Changes of Tregs

Functionality and
immune association

Clinical
association References

Da: 11
BDi: 8
BDwo: 4
HC: 4

CD4+
CD25+high

Peripheral
blood

1. BDo: Tregs
decreased before
ocular attack
2. Decreased level
in patients
3. BDi and BDwo:
normal level

NA Decreased Tregs
may be a
predictive marker
of ocular attack in
BD patients

Nanke
et al.
(2008)

Active
VKH:30
Inactive
VKH:19
HC:26

CD4+
CD25+high

Peripheral
blood

1. Decreased Tregs
frequency in active
VKH patients
compared with HC
and inactive VKH
2. No differences
between HC and
inactive VKH

Diminished inhibitory
function of Tregs in
active VKH patients

NA Chen et al.
(2008)

Active
NIU:8
Inactive
NIU:12

CD4+
Foxp3+

Peripheral
blood

Decreased Tregs
frequency in active
patients

NA NA Yeh et al.
(2009)

BD: 30
C: 30

CD4+
CD25+

Peripheral
blood

Decreased Tregs
frequency in BD
patients

Decreased IL-10 level
in BD patients

NA Liang et al.
(2011)

IP: 1
AS: 3
VKH: 1
ABD: 2
SLE: 1
SpA: 1
JIA: 3
HC: 10

CD3+
CD4+
CD25+high

Foxp3+
CD127�

Peripheral
blood

Tregs increase after
treatment

NA Clinical efficacy
may be mediated
through
upregulation of
Tregs

Calleja
et al.
(2012)

B27: 10
B51: 10
B35: 9
IU: 35
Controls:
51

CD4+
CD25+
Foxp3+

Peripheral
blood

1. Decreased Tregs
frequency in active
patients
2. No differences
between HC and
inactive patients

Tregs inhibit the cell
proliferation of CD4
+CD25� lymphocytes

Tregs correlate
with clinical
remission

Ruggieri
et al.
(2012)

B27: 22
HC:16

CD4+
CD25+
Foxp3+

Peripheral
blood

Decreased Tregs
frequency in
patients

Tregs inhibit the
activation and
proliferation of auto-
reactive T and B
cells, immunoglobulin
secretion, and the
production of
inflammatory cytokines

Tregs had a
negative
correlation with
the disease activity
score

Zou et al.
(2014)

BC: 3
IU: 1
PIC: 1
BD: 6
PP: 2
VKH: 2
SAR: 3
AS: 2
IAU: 1
HC: 18

CD3+
CD4+
Foxp3+

Peripheral
blood

No differences
between patients
and HC

NA NA Molins
et al.
(2015)

(continued)
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Table 11.1 (continued)

Study
population
(n)

Marker of
Tregs Source Changes of Tregs

Functionality and
immune association

Clinical
association References

IIU: 9
HC: 28

CD4+
Foxp3+

Peripheral
blood

No differences
between patients
and HC, Th17/
Tregs ratio
increased in
patients

NA NA Walscheid
et al.
(2016)

B27: 20
HC: 20

CD4+
CD25+
Foxp3+

Peripheral
blood

Decreased Tregs
frequency in
patients

Decreased Foxp3
mRNA level in patients

1. Tregs may
contribute to the
remission of the
disease
2. Tregs have a
negative
correlation with
the disease activity
score

Zhuang
et al.
(2017)

TIN: 14
TINU: 19

CD4+
Foxp3+

Kidney
biopsy

Decreased Tregs
frequency in TINU

Tregs suppress
pathological and
physiological immune
responses

Tregs may
contribute to the
development of
uveitis

Rytkonen
et al.
(2018)

Inactive 37
Active 13
HC: 10

CD4+
CD25+
Foxp3+

Peripheral
blood

1. Tregs and Tregs/
TH1 ratio increased
in inactive patients
2. No differences
between active
patients and HC

Tregs in clinical
remission patients
show stronger
suppressive function

The increase of
Tregs in patients
with uveitis in
remission was
apparently related
to the effect of
treatment

Gilbert
et al.
(2018)

IU:2
Pan:2
AU:10

CD4+
Foxp3+

Peripheral
blood

1. No differences
before or after
treatment
2. Th17/Tregs ratio
decreased after
therapy

NA NA Walscheid
et al.
(2019)

BD:27
HC:27

CD3+
CD4+
Foxp3+

Peripheral
blood

1. Increased Tregs
frequency in
patients
2. Decreased Tregs
frequency after
therapy

Favorable effects of
IFN-alfa-2a may be
associated with the
recovery of Tregs
function, suppression
of Th17 cells, and
reduced expression of
TLRs on CD4+ T cells
and monocytes

Treg dysfunction
may play a role in
the induction of
BD uveitis

Albayrak
et al.
(2019)

Active
VKH: 68
Inactive
VKH: 72
HC: 100

CD4+
CD25+
Foxp3+

Peripheral
blood

1. Decreased Tregs
frequency in active
patients compared
with HC
2. Decreased Tregs
frequency in active
patients compared
with inactive
patients
3. No differences
between inactive
patients and HC

Tregs perform their
anti-inflammatory
function mainly by
expressing IL-10

Tregs and IL-10
may exert a
protective role in
uveitis

Liang et al.
(2019)

(continued)
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(Sugita et al. 2011). Another study about BD has
shown that before ocular attack, the level of Tregs
in the patient was reduced, which may be used to
predict ocular attack (Nanke et al. 2008). In con-
trast to the above results, Albayrak et al. validated
that peripheral blood Tregs frequency in BD
patients was higher than those in normal people
(Albayrak et al. 2019). In addition to the research
on VKH and BD, HLA-B27-associated uveitis is
also the focus of the researchers. Similarly, stud-
ies of Zou and Zhuang et al. have demonstrated a
significant reduction of Tregs in peripheral blood.
Zhuang et al. validated the Foxp3 mRNA expres-
sion was drastically diminished. Furthermore,
they both revealed that the level of Tregs was
significantly negatively correlated with the
HLA-B27 associated uveitis activity scores (Zou
et al. 2014; Zhuang et al. 2017). Moreover, a rare
type of uveitis, tubulointerstitial nephritis (TIN)-
associated uveitis, also showed a similar Tregs
frequency in the peripheral blood of patients.
Additionally, they documented that Tregs were
present in kidney biopsy samples, and the density

of Tregs were noticeably increased in TIN
patients with uveitis, compared to TIN patients
without uveitis (Rytkonen et al. 2018). This may
suggest that the pathogenesis of these two
subtypes may be different, and Tregs may play
an important role in the pathogenesis of TIN with
uveitis (Rytkonen et al. 2018).

All of the above studies are aimed at a specific
type of uveitis. However, due to the limitations of
many types of uveitis and regions, there are also
many studies aimed at non-infectious uveitis
(NIU). In 2009, Yeh et al. reported a decrease in
the frequency of Tregs in active patients. In par-
ticular, patients with refractory uveitis showing
extremely low levels of Tregs and Foxp3 mRNA
expression (Yeh et al. 2009). But in recent years,
accumulating evidence suggests that there was no
difference in Tregs frequency between patients
with NIU and healthy controls (Molins et al.
2015; Walscheid et al. 2016; Gilbert et al. 2018;
Guedes et al. 2020). On the other hand, Sharma
et al. found that Tregs frequency in patients with
tubercular uveitis, which is infectious uveitis, was

Table 11.1 (continued)

Study
population
(n)

Marker of
Tregs Source Changes of Tregs

Functionality and
immune association

Clinical
association References

ID:3 B27:
20
BD: 3
VKH: 2
TINU: 1
HC: 15

CD3+
CD4+
CD25+high

CD127
+low

Peripheral
blood

1. Total Tregs show
no differences
between patients
and HC

Patients with higher
IL-17A levels also
showed higher of
memory and naïve
Tregs

Patients with a
lower grade of
anterior chamber
or vitreous
inflammatory
cellular reaction
showed higher
memory Tregs
counts than HC

Guedes
et al.
(2020)

Tubercular
uveitis: 17
HC: 18

CD3+
CD4+
CD25+high

Foxp3+

Peripheral
blood

1. Decreased Tregs
frequency in
patients compared
with HC

The expression of
TGF-β and IL-2Rα, but
not CTLA4, was
reduced in Tregs

Low Tregs
frequency
contribute to
proinflammatory
responses in
tubercular uveitis

Sharma
et al.
(2018)

IGP idiopathic granulomatous panuveitis, JIA juvenile idiopathic arthritis, SLE systemic lupus erythematosus, IP
idiopathic panuveitis, SpA spondyloarthropathy, BC birdshot chorioretinopathy, IU intermediate uveitis, PIC punctuate
inner choroidopathy, BD Behçet’s disease, PP pars planitis, SAR sarcoidosis, AS ankylosing spondylitis, IAU idiopathic
anterior uveitis, VKH Vogt-Koyanagi-Harada, Pan panuveitis, AU anterior uveitis, TIN tubulointerstitial nephritis, TINU
TIN with uveitis, IIU idiopathic intermediate uveitis, B27 HLA-B27-positive uveitis, B51 HLA-B51-positive uveitis,
B35 HLA-B35-associated uveitis, IU idiopathic uveitis, BDa BD patients with ocular attack, BDi BD patients with
inactive ocular complications, BDwo BD patients without ocular complications, ID idiopathic disease, HC healthy
controls
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reduced in the peripheral blood (Sharma et al.
2018). However, for these patients, the suppres-
sive capability of Tregs was not weakened, and
the frequency of Tregs was negatively correlated
with the level of intraocular IFN-γ and IL-17A
(Sharma et al. 2018).

When the study is limited to a specific type of
uveitis, one often concludes that Tregs frequency
is reduced. When the type is extended to NIU,
most studies showed that Tregs frequency does
not differ. The contradiction of these results can-
not be explained only by the marker selection of
different Tregs. We should also consider flow
cytometry, an experimental method for measur-
ing the frequency of T cells, which depends on
the subjective choice of the experimenter. Fur-
thermore, these discrepancies may be caused by
disease duration, the choice of medication, the
severity of the disease, and the choice of
detection time.

Current studies have shown that Th17 cells
also play key role in uveitis. Different from the
contradictory results of Tregs frequency, Th17/
Tregs ratio is significantly increased in patients
with uveitis, which has been confirmed by many
studies (Liang et al. 2011, 2019; Walscheid et al.
2016; Zhuang et al. 2017). In addition, Tregs-
related cytokines such as IL-10 and TGF-β
would be significantly reduced in the active
phase of the disease (Liang et al. 2011, 2019;
Molins et al. 2015). On the contrary, Albayrak
et al. vindicated that in Tregs-related cytokines,
such as TGF-β, IL-35, and IL-2, there were no
significant differences between active patients
and healthy controls (Albayrak et al. 2019).

As for the influence of drug treatment on
Tregs, some studies have been reported. Sugita
et al. showed that Tregs frequency increased sig-
nificantly in infliximab (IFX, antitumor necrosis
factor-alpha monoclonal antibody) treated
patients, but did not change in colchicine- and
cyclosporine-treated patients (Sugita et al.
2011). It could also partly explain the clinical
efficacy of IFX in the treatment of uveitis. Simi-
larly, Calleja et al. reported an increased Tregs
frequency in Adalimumab (ADA, anti–tumor
necrosis factor-alpha monoclonal antibody)-
treated patients, while corticosteroid group failed

to increase the frequency (Calleja et al. 2012).
Another study on the treatment of NIU with
ADA also proved a similar phenomenon
(Walscheid et al. 2019; Liang et al. 2019). Liang
et al. demonstrated that VKH patients after treat-
ment exhibited higher Tregs frequency and lower
TH17/Treg ratio (Liang et al. 2019). In terms of
Tregs-related cytokines, studies have shown that
patients with systemic therapy have significantly
higher levels of IL-10 and IL-35 (Albayrak et al.
2019; Molins et al. 2015). IL-10 and IL-35 are
important suppressive cytokines (Huang et al.
2017, 2018a; Collison et al. 2007). Nonetheless,
the TGF-β levels did not change before and after
treatment (Albayrak et al. 2019). Another study
has shown that the levels of TGF-β and IL-10 in
serum were positively correlated with Tregs fre-
quency, which contributed to clinical remission
(Gilbert et al. 2018).

In the above, we have described the impor-
tance of epigenetic regulation for Tregs develop-
ment and function. At present, corresponding
research results have been obtained, for example,
Gilbert et al. found that PBMC from patients in
clinical remission had significantly lower methyl-
ation levels at the Foxp3 TSDR, Foxp3 promoter,
and TIGIT loci than those with active disease.
Previous duration of oral immunosuppressive
treatment is a significant predictor of methylation
at Foxp3 TSDR (Gilbert et al. 2018). As far as the
current research results are concerned, the clinical
research on epigenetic regulation of Tregs is rela-
tively few, which is also the focus of our research
in the future. Understanding the epigenetic pat-
tern of Tregs in patients is helpful for our under-
standing of the Tregs involvement in the
pathogenesis of uveitis.

Some scholars are concerned about the rela-
tionship between Tregs subsets and the progres-
sion and remission of disease. Guedes et al.
demonstrated that total Tregs frequency was not
diminished in patients. But when they payed
close attention to memory Tregs, they found that
patients with lighter clinical symptoms had higher
levels of memory Tregs. In addition, the results
also showed that the expression of IL-10 and
TGF-β in the peripheral blood of patients was
negatively correlated memory Tregs (Guedes
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et al. 2020). There are few studies on the role of
memory Tregs in uveitis. More researches are
needed to reveal its function and role in uveitis.

11.5 The Role of Tregs in the EAU

Experimental autoimmune uveitis (EAU) model,
which usually induced by interphotoreceptor
retinoid-binding protein (IRBP) in C57BL/6J
mice, is often used to explore the pathogenesis
of non-infectious uveitis and the therapeutic
effect of drugs as its clinical manifestations are
similar to those of patients with uveitis (Zhu et al.
2018). The important role of Tregs in EAU has
been reported in many literatures. As early as
2010, Sun et al. had proved that Tregs contribute
to the remission of EAU. The results showed that
the frequency of Tregs in lymph nodes (LN) of
EAU mice increased significantly. Tregs showed
inhibition of CD4+CD25� T-cell proliferation
and IFN-γ expression. Transfer of Tregs
mitigated the EAU induction by IRBP (Sun
et al. 2010). Similarly, Ke et al. revealed that
ocular Tregs obtained from monophasic EAU
(mEAU) showed more powerful immune sup-
pressive capability than Tregs obtained from
recurrent EAU (rEAU). Transfer of ocular Tregs
from mEAU could convert rEAU into mEAU
(Ke et al. 2008). Moreover, Silver et al. found
IRBP-specific Tregs and Teffs are highly
enriched in the inflamed eyes compared with
lymph nodes. IRBP-specific Tregs showed inhi-
bition of Teff proliferation and function. Consis-
tently, IRBP-specific Tregs could contribute to
resolution and keep remission of EAU (Silver
et al. 2015). More in-depth researches showed
that the balance between TH17 and Tregs are
indeed involved in the development, resolution,
and remission of EAU (Jia et al. 2011; Zhang
et al. 2016). The level of Th17 increased gradu-
ally and decreased after reaching the peak on
13 days. However, after the peak of Tregs on
the 18th day, it is kept at a high level. As the
balance gradually shifted to Tregs, EAU tended to
have a remission (Zhang et al. 2016).

Because of the important role of Tregs in uve-
itis, increasingly researches are focused on

applying retinal pigment epithelial cells (RPE)
to induce the Tregs. In 2010, Horie et al. obtained
human RPE-induced Tregs by the pretreatment of
human RPE cells with TGF-β. In vitro
experiments testified that human RPE-induced
Tregs, possessing the suppressive capability,
could produce TGF-β1 and IL-10 but not IFN-γ.
Importantly, these cells also expressed high levels
of CTLA-4 and Foxp3, which are central
molecules for the function of Tregs (Horie et al.
2010; Li et al. 2014). Two years later, Imai et al.
verified the results hosted by Horie. Differently,
the results of Imai et al. showed that human
RPE-induced Tregs were able to produce IFN-γ.
Moreover, human RPE-induced Tregs displayed
higher expression of CD25, Foxp3, CTLA-4, and
TNFRSF18 and repressed bystander Teffs. Inter-
estingly, due to long-term culture in vitro, these
cells would gradually lose Foxp3 expression and
thus harmed immune suppressive capability.
They demonstrated that the
CD25highFoxp3highCD45RA� Tregs were the
cardinal effector Treg subtypes with remarkable
immunosuppressive property. Kawazoe et al.
indicated that retinoic acid (RA, a metabolite of
vitamin A) played a central role in RPE-induced
Tregs. Results suggested that vitamin A-deficient
RPE were unable to produce Tregs due to the lack
of TGFβ and RA (Huang et al. 2018b). However,
the symptoms of EAU in vitamin A-deficient
mice were not more serious than control group.
This indicates that there are other mechanisms to
alleviate symptoms in EAU, which is also worth
exploring in the future (Kawazoe et al. 2012).

11.6 Tregs-Related Drug Therapy
in the EAU Model

More and more Tregs-related drugs have made
some progress in the study of therapeutic effect in
EAU (as shown in Table 11.2). Commodaro et al.
reported in 2010 that fingolimod (immunomodu-
latory drug) could alleviate the clinical symptoms
of EAU by promoting the proportion of Tregs in
lymph nodes (Commodaro et al. 2010). Sampson
et al. illustrated that Tregs response in the
draining lymph nodes of EAU was markedly
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increased after Gal-8 (immunomodulatory drug)
treatment. Specifically, Treg immune suppressive
capability-related factors including CTLA-4,
IL-10, and CD103 were obviously boosted.
Indeed, CD103+ Tregs may function independent
upon Foxp3 expression (Liu et al. 2014; Zhong
et al. 2018; Zhang et al. 2019). Meanwhile, Gal-8
treatment downregulated the TH17/Tregs and
TH1/Tregs ratios, decreased the expression of
IL-17 and IFN-β, and upregulated the expression
of IL-10, which protected the retina from damage
caused by inflammation (Sampson et al. 2015).
Chen et el. documented that sodium butyrate
(NaB, immunomodulatory drug) could not only
increase the frequency of Tregs in lymph nodes
but also augment the frequency of Tregs in spleen
(Chen et al. 2017b). Some types of uveitis, such
as BD, often have leakage of fundus vessels,
which often leads to poor prognosis of vision. It
is very important to reduce the leakage of fundus
vessels as early as possible for the recovery of
diseases and the maintenance of good vision. As
such, the researchers also found that several drugs
that could protect vascular tissue and reduce leak-
age of fundus vessels. Fang et al. reveal the pro-
tective effect of vorinostat (histone deacetylase
inhibitors) on retina, blood–retinal barrier, and
retinal vasculature (Fang et al. 2016). Similarly,
Meng et al. demonstrated that chrysin (a member
of the flavonoid family with immunomodulatory
function) could improve the levels of tight junc-
tion proteins ZO-1 and occludin, which maintains
the blood–retinal barrier (Meng et al. 2017).

We have discussed the importance of TGF-β
for Tregs development and function maintenance.
It makes us wonder if TGF-β is an ideal way to
treat uveitis. Just last year, Matta et al. obtained
gratifying results during the treatment of EAU
with human recombinant TGF-β2 (rTGF-β2).
Early intravenous injection of rTGF-β2 can effec-
tively avoid the occurrence of EAU. This protec-
tive effect is mainly achieved by inhibiting CD4+
cell proliferation and promoting Tregs generation.
Moreover, administration of rTGF-β2 at late stage
of EAU would lose its protective effect (Matta
et al. 2019). This is also consistent with the clini-
cal observation. The earlier the treatment, the
better the visual outcome.

Antibody drugs also showed surprising
outcomes in the EAU. As early as 2011, Ke
et al. proved the efficacy of anti-CD3 antibody
in EAU (Ke et al. 2011). On the one hand, anti-
CD3 antibody could inhibit the activation of
IRBP-specific T cells, the differentiation of
Th1/Th17 and the expression of its cytokines.
On the other hand, the proportion of Tregs in
the spleen was greatly increased and its suppres-
sive capability was also significantly enhanced.
Neutralization of TGF-β or IL-10 would block the
effect of anti-CD3 antibody treatment on the
development of uveitis. It revealed that IL-10-
and TGF-β-dependent Tregs play an indispens-
able role in the EAU. In addition to anti-CD3
antibody, Hohki et al. found that MR16-1 (anti-
mouse IL-6 receptor monoclonal antibody) could
effectively relieve EAU symptoms by inhibiting
Th17 and promoting Tregs (Hohki et al. 2010).
However, in the meantime, results indicated that
anti-TNF mAb did not exhibit protective effect of
EAU. It is unclear whether different TNFR
signals that affect Teffs and Tregs contribute to
anti-TNF mAb inability in treating EAU (Yang
et al. 2018, 2019b; Jacob et al. 2009). On the
contrary, in clinic, the treatment of uveitis with
ADA has been widely recognized, which has
been proved by many clinical trials (Jaffe et al.
2016). The contradiction between basic
experiments and clinical reality also suggests the
limitation of EAU model.

All of the above drugs are systemic drugs,
which have a certain impact on the systemic
immune system. In clinic, local administration is
also an ubiquitously essential treatment due to the
fewer side effects. He et al. investigated the ther-
apeutic effect of topical administration of
SOCS1-KIR (JAK2/STAT1 inhibitor) on EAU.
SOCS1-KIR was able to alleviate the clinical
manifestations of EAU, reduce the damage of
intraocular tissues, and inhibit the development
of inflammatory cells in the retina. Specifically,
SOCS1-KIR promoted expansion of IL-10-pro-
ducing Tregs and inhibited the expression of Th1
and Th17 cells and related cytokines and
chemokines, such as IFN-γ, IL-17A, TNF-α,
IL-1β, IL-6, CCL20, and CXCL9. Of note,
SOCS1-KIR curbed EAU manifestations by
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preventing retinal cells from undergoing apopto-
sis. Accordingly, SOCS1-KIR did not cause dam-
age to the peripheral immune system as a result of
local administration (He et al. 2016). Kasper et al.
observed the similar results in the topical admin-
istration of EV/mPEGhexPLA (Kasper et al.
2018). Differently, the Tregs in the lymph nodes
were increased, but the frequency in the spleen
did not change (Kasper et al. 2018).

In general, the application of various drugs to
treat EAU has made some progresses. All kinds
of immunomodulators, monoclonal antibodies,
and inhibitors play encouraging roles in EAU.
Basically, on the one hand, they can inhibit the
secretion of inflammatory cells (TH1, TH17) and
cytokines (INF-γ, TNF-α, IL-6, IL-17, and so on)
in the eyes, lymphatics, and spleen. On the other
hand, they can exhibit anti-inflammatory function
by promoting the differentiation of Tregs and the
secretion of related cytokines (IL-10, TGF-β, and
so on). Many drugs can protect retinal cells from
inflammatory cell infiltration and apoptosis, thus
maintaining the integrity of blood–retinal barrier.
In particular, the emergence of some local admin-
istration drugs, which could reduce systemic side
effects, resulting in the delightful expectations.

11.7 Tregs Therapy in EAU Model

The application of Tregs in the treatment of auto-
immune diseases has been in full swing
(Dominguez-Villar and Hafler 2018). Tregs ther-
apy in the uveitis has long been in progress. As
early as 2002, Namba et al. have applied induced
Tregs to relieve the incidence and severity of
EAU (Namba et al. 2002). Specifically, they
utilized α-melanocyte-stimulating hormone
(α-MSH) and TGF-β to produce antigen-specific
Tregs. Tregs were adoptively transferred into
EAU mice, resulting in a less severity of EAU
symptoms. Further results showed that Tregs
could inhibit the production of IL-4 and IFN-γ
and promoted the expression of TGF-β (Namba
et al. 2002). Moreover, Asnagli et al. validated the
therapeutic potential of collagen II-specific Tregs
(Col-Tregs) as a targeted approach for the treat-
ment of EAU.

Mice Col-Tregs expressed CD25, Foxp3, and
low surface expression of CD127. The inhibition
of Th1 and Th17 by Col-Tregs was proved by
in vitro functional assays. Intravenous adminis-
tration of Col-Tregs could effectively ameliorate
the severity of EAU model (Asnagli et al. 2015).
We also demonstrated that Tregs could alleviate
the inflammatory response of EAU (Su et al.
2019). In vitro, Tregs curbed the proliferation of
T cells and related cytokine, such as IL-17 and
IFN-γ (Luo et al. 2019; Chen et al. 2017a). We
revealed that cAMP could partially contribute to
the inhibitory function of Tregs. Intracellular
cAMP regulated CD39 expression and CD39-
dependent adenosine production in Tregs
(Gu et al. 2017). cAMP directly participates in
Treg-derived adenosine production by a CD39
signaling-independent extracellular cAMP–aden-
osine pathway. In particular, elevating the expres-
sion of cAMP in Tregs before transfer enhanced
the immune suppressive capability in EAU model
(Su et al. 2019). All of the above-mentioned
Tregs therapies are systematic applications, and
there is also study on local application of Tregs
therapy for EAU. Gregoire et al. demonstrated in
situ injection of preactivated polyclonal Tregs
could curb the inflammation of EAU. Interest-
ingly, Tregs injection could not inhibit ocular
Teffs and decreased infiltrating immune cells or
inflammatory cytokines. However, local adminis-
tration of Tregs could improve the levels of IL-10,
which reduced the production of ROS. Mechanis-
tically, administration of Tregs could drastically
repress the production of ROS, which had been
proved to be closely related to the development
and severity of EAU (Gregoire et al. 2016).

There are also some Tregs-related cell
therapies that have shown impressive therapeutic
effects. To demonstrate, systemic administration
of mesenchymal stem cells (MSCs) could
increase the frequency of Tregs by inducing the
expression of TGF-β and then inducing
TGF-β-dependent Foxp3 (Zhang et al. 2011,
2017; Chen et al. 2013; Zhao et al. 2020; Su
et al. 2015). Imai et al. validated the MSCs and
suppressed the TH1 and TH17 cells and related
inflammatory cytokines (Tasso et al. 2012). Li
et al. vindicated the pleasant therapeutic effect
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of human amniotic epithelial cells (hAECs) in
EAU via curbing TH17 cells and promoting
Tregs (Li et al. 2018). Thus far, it is optimistic
to see that more and more therapeutic
mechanisms have been explored. For instances,
microRNAs (Shi et al. 2019) and gut microbiome
(Nakamura et al. 2016) could also play roles in
treating EAU through Tregs.

11.8 Conclusion

At present, the changes of the number and func-
tion of Tregs in patients with uveitis have been
reported in many studies. When studies focus on a
particular type of uveitis, most results showed
that Tregs are reduced in frequency and inhibitory
function. Especially for patients with active stage
or patients with refractory uveitis, this phenome-
non is even more obvious. When the subjects
were expanded to patients with NIU, one found
that the frequency variation of Tregs was intricate
and had not been able to obtain consistent and
convincing evidence. This may be due to the
patient’s phenotype, disease activity, molecular
markers of Tregs, and many other factors. As
such, the TH17/Tregs ratio seems to be a good
choice to estimate the disease status and treatment
effect on patients. After systematic drug treat-
ment, the TH17/Tregs ratio in patients would
decrease, which indicates that the balance
between TH17 and Tregs is shifting to Tregs.

Through in-depth exploration of EAU model,
the importance of Tregs in the pathogenesis of
uveitis has been basically established. The num-
ber and function of Tregs in the intraocular and
peripheral immune systems have been explored.
The number of antigen-specific Tregs would
increase gradually and remain at a high level,
which contributes to the development, resolution,
and remission of EAU. The functional test
confirms that ocular and peripheral Tregs exhibit
strong immunosuppressive ability. The increase
of Tregs number and function in EAU is of great
significance to prevent recurrence, which
accounts for the monophasic diseases.

Tregs-related therapy in the EAU is attracted a
lot of research attention. Immunomodulatory

drug, monoclonal antibody, and inhibitor allevi-
ate the symptoms of EAU by regulating the bal-
ance of TH17 and Tregs. Specifically, drug
promotes the differentiation of Tregs, the expres-
sion of TGF-β and Foxp3, and the secretion of
IL-10 and TGF-β. On the other hand, drug curbs
the generation of TH1, TH17, and related
cytokines (IFN-γ, IL-6, IL-17). Tregs therapy is
also the focus of current research. Researchers
induced Tregs in vitro and injected it into EAU
mice, which also achieved ideal therapeutic
effect. For another example, MSC is used to reg-
ulate the inflammatory response in EAU mice and
promote the anti-inflammatory response through
Tregs. Notably, topical administration of drugs or
Tregs displays inspiring results, which may sig-
nificantly reduce systemic side effects.

Nevertheless, previous studies mainly focused
on the peripheral blood of patients and the bal-
ance between Th17 and Tregs in EAU. The mech-
anism of specific regulation of Tregs in uveitis is
still uncertain. In the future, it is necessary to
strengthen the functional study of Tregs subtypes
in uveitis. Finally, because the effects of the
existing treatments in uveitis are not adequately
described, obtaining a more accurate functional
mechanism of Tregs in uveitis will certainly lead
to new approaches to the treatment for patients
with uveitis.
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Abstract

Regulatory T cells (Tregs) are critical in
maintaining immune homeostasis under vari-
ous pathophysiological conditions. A growing
body of evidence demonstrates that Tregs
play an important role in cancer progression
and that they do so by suppressing cancer-
directed immune responses. Tregs have
been targeted for destruction by exploiting
antibodies against and small-molecule
inhibitors of several molecules that are highly
expressed in Tregs—including immune check-
point molecules, chemokine receptors, and
metabolites. To date, these strategies have
had only limited antitumor efficacy, yet they
have also created significant risk of autoimmu-
nity because most of them do not differentiate
Tregs in tumors from those in normal tissues.
Currently, immune checkpoint inhibitor
(ICI)-based cancer immunotherapies have
revolutionized cancer treatment, but the resis-
tance to ICI is common and the elevation
of Tregs is one of the most important
mechanisms. Therapeutic strategies that can

selectively eliminate Tregs in the tumor (i.e.
therapies that do not run the risk of causing
autoimmunity by affecting normal tissue), are
urgently needed for the development of cancer
immunotherapies. This chapter discusses spe-
cific properties of human Tregs under the con-
text of cancer and the various ways to target
Treg for cancer immunotherapy.

Keywords

Regulatory T cells · Human cancer ·
Immunotherapy

12.1 Introduction

Regulatory T cells (Tregs) are a subset of
immunosuppressive CD4+ T cells that are critical
for peripheral immunity, immune homeostasis,
and self-tolerance. They play an important role
in many conditions and diseases by preventing
autoimmunity and overstimulation of the immune
system in response to foreign pathogens, promot-
ing resolution of inflammation, and suppressing
anti-tumor immunity (Lin et al. 2018; Sakaguchi
et al. 2010; Togashi et al. 2019). Indeed, research
over the past 20 years has shown that tumors
often have an increased density of Tregs, and
they help promote the development of the
immunosuppressive tumor microenvironment
(TME), leading to the evasion of immune system
by tumor cells and hence the consequent cancer
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progression (Chaudhary and Elkord 2016;
Togashi et al. 2019).

The existence of suppressive T cells has been
dated back as far as to the 1970s; however, the
study of these cells was limited by the lack of
markers for the identity of these suppressive T
cells (Gershon and Kondo 1970; Sakaguchi
2011). In the mid-1990s, a population of CD4+

CD25+ thymic T cells—later referred to as
Tregs—was identified to play a role in
suppressing autoimmunity (Asano et al. 1996;
Sakaguchi et al. 1995). Forkhead Box P3
(FOXP3) was found to be the main transcription
factor that drives Treg identity. In 2001,
mutations in the mouse Foxp3 gene were shown
to be the cause of lethal autoimmunity and inflam-
mation observed in the scurfy mice (Brunkow
et al. 2001). In the same year, mutations in the
human FOXP3 gene were shown to be the cause
of immune dysregulation, polyendocrinopathy,
and enteropathy X-linked (IPEX) syndrome
characterized by autoimmunity in several endo-
crine organs (Bennett et al. 2001; Wildin et al.
2001). These conditions share a similar pheno-
type that was observed in mice with depletion
of CD4+ CD25+ T cells, which led to the discov-
ery of FOXP3 expression in CD4+CD25+ T cells,
and that forced expression of FOXP3 in conven-
tional CD4+CD25� T cells converts them to
functionally suppressive T cells with the pheno-
typic expression of several characteristic Treg
genes such as CD25, cytotoxic T-lymphocyte-
associated protein 4 (CTLA4) and
glucocorticoid-induced tumor necrosis factor
receptor (GITR) (Fontenot et al. 2003; Hori
et al. 2003; Khattri et al. 2003). Stable expression
of FOXP3, which is achieved by demethylation
of an evolutionarily conserved motif in the
FOXP3 gene (referred to as the Treg-specific
demethylation region, TSDR), is required to thy-
mic Treg stability (Floess et al. 2007; Ge et al.
2019; Huehn et al. 2009). In mice, FOXP3 is
almost exclusively expressed in Tregs; however,
in humans both Tregs and conventional CD4+ T
cells express FOXP3 following T-cell receptor
(TCR) stimulation. As a result, the CD4+

FOXP3+ T-cell population may also contain
some activated conventional T cells (Morgan

et al. 2005; Roncador et al. 2005; Stockis et al.
2019). Demethylation of the FOXP3 TSDR is the
most distinguishing feature of human Tregs
(Stockis et al. 2019). For the identification and
isolation of functional human Tregs, neither
demethylation of the TSDR nor FOXP3 expres-
sion is suitable; a combination of surface markers
is required (Yang et al. 2019). In human, Tregs
are generally identified by—though not perfect—
the expression of CD4 and CD25 and low to no
expression of the α-chain of the interleukin-7
receptor (IL-7R; CD127) (Liu et al. 2006;
Romano et al. 2017).

12.2 Tregs in Cancer

The role of Tregs in suppressing anti-tumor
immunity was first shown by Onizuka et al. and
Shimizu et al. wherein they demonstrated that
depletion of CD25+ T cells in mice resulted in
increased tumor rejection and reduced tumor
growth. Similarly, adoptive transfer of Treg-
depleted (CD25+ depletion) splenocytes had the
same effect (Onizuka et al. 1999; Shimizu et al.
1999). The role of Tregs in human cancers has
been studied extensively and been reviewed
numerous times (Chaudhary and Elkord 2016;
Togashi et al. 2019). Tregs have been shown to
be increased in the peripheral blood and lymph
nodes of cancer patients and to accumulate in
many solid tumors where they account for
10–50% of the tumor-infiltrating CD4+ cells
(Badoual et al. 2006; Hiraoka et al. 2006; Ichihara
et al. 2003; Ling et al. 2007; Schaefer et al. 2005).
The role of Tregs in suppressing anti-tumor
immunity in humans is supported by several
studies. Ladoire et al. showed that the pathologic
complete response (PCR) to neoadjuvant chemo-
therapy in breast cancer patients was correlated
with decreased Tregs and increased CD8+

T cells. Depletion of Tregs using a previously
FDA-approved CD25-blocking antibody im-
proved the response to an experimental cancer
vaccine in metastatic breast cancer patients
(Rech et al. 2012). Transient depletion of Tregs
via an IL-2-diphtheria toxin conjugate reduced
metastatic lesions in melanoma patients (Rasku
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et al. 2008). The elevated abundance of FOXP3+

Tregs is generally associated with a poor progno-
sis in most non-mucosal-derived solid tumors
(Chaudhary and Elkord 2016; Shang et al.
2015). This association between tumor-
infiltrating Treg abundance and prognosis is par-
ticularly true when using the ratio between Tregs
and conventional T cells, where a higher ratio is
significantly correlated with a worse prognosis in
breast cancer, lung cancer, melanoma, pancreatic
cancer, and ovarian cancer (Curiel et al. 2004;
Jiang et al. 2014; Leffers et al. 2009; Sayour
et al. 2015; Tang et al. 2014; Tao et al. 2012;
Yang et al. 2006). While Tregs tend to be higher
in the peripheral blood in cancer patients, this is
not always associated with the abundance of
tumor-infiltrating Tregs (Adeegbe and Nishikawa
2013; Togashi et al. 2019). In contrast, a higher
number of FOXP3+ Tregs can be associated with
good prognosis as well, such as in gastric and
colorectal cancers (Haas et al. 2009; Salama
et al. 2009). This may be due to the role of
Tregs in suppressing tumor initiating and promot-
ing inflammation in the colon associated with
changes in the gut microbiome (Ladoire et al.
2011). Alternatively, recent studies have shown
that colorectal tumors have high infiltration of
FOXP3+ non-Tregs that are inflammatory and
associated with a good prognosis (Saito et al.
2016). Due to the difficulty of distinguishing
Tregs in human with just FOXP3 expression
(Morgan et al. 2005; Roncador et al. 2005),
immunohistochemistry staining for FOXP3 may
not be a viable method for determining the prog-
nostic value of Treg infiltration in colorectal can-
cer. In support of this, infiltration of actual
suppressive Tregs (defined by high expression
of FOXP3 and negative for CD45RA) is
associated with poor prognosis in colorectal can-
cer (Saito et al. 2016).

12.2.1 Cellular Source
of Tumor-Infiltrating Tregs

Tregs can develop within the thymus by positive
selection (thymic Tregs or tTregs) or arise from
peripheral conventional CD4+ FOXP3� T cells

following prolonged T-cell receptor (TCR) stim-
ulation in the presence of certain cytokines
(pTregs, also referred to as induced Tregs
(iTregs)) (Lee et al. 2011; Zheng et al. 2002,
2004). tTregs develop when the TCR of CD4
and CD8 double-positive cells in the thymus
have a high-affinity interaction with self-antigens
leading to the upregulation of CD25 as well as
other Treg-associated receptors such as GITR
(Burchill et al. 2008; Lio and Hsieh 2008). A
second step for the development of stable
CD25+ FOXP3+ Tregs involves IL-2 and
STAT5 signaling, leading to stable FOXP3
expression (Burchill et al. 2007; Lio and Hsieh
2008). This development process results in a
unique TCR repertoire relative to those from con-
ventional CD4+ T cells (Hsieh et al. 2006; Park
et al. 2020; Wong et al. 2007). Zheng SG group
first reported that iTregs arise from conventional
CD4+ FOXP3� T cells after prolonged TCR stim-
ulation under certain cytokine conditions, such as
in the presence of TGF-β and IL-2 (Davidson
et al. 2007; Zheng et al. 2002, 2007). Thus, iTregs
can share the TCR repertoire with peripheral con-
ventional CD4+ T cells. The stable expression of
FOXP3 and thus the development of long-lived
Tregs requires demethylation of the TSDR, which
only happens in tTregs (Floess et al. 2007; Ge
et al. 2019; Huehn et al. 2009).

Tumor-infiltrating Tregs can arise from several
different sources, conversion of tumor-infiltrating
CD4+ FOXP3� T cells, recruitment of tTregs, and
expansion of tissue-resident Tregs (Stockis et al.
2019). Studies have shown that several types of
leukemias and lymphomas could induce the dif-
ferentiation of conventional CD4+CD25� T cells
into Tregs (Deng 2018). For instance, malignant
B cells from follicular lymphoma and
non-Hodgkin’s lymphoma could induce the
expression of FOXP3 in CD4+CD25� T cells
(Ai et al. 2009; Mittal et al. 2008). Whether
conversion of conventional CD4 T cells into
Tregs occurs in human solid tumors is still debat-
able. In mice, adoptive transfer of conventional
CD4+CD25� T cells into tumor-bearing mice
leads to the conversion of some of these cells to
FOXP3+ Tregs (Valzasina et al. 2006); however,
whether this occurs in human and whether the
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conversion of conventional CD4+CD25� T cells
to Tregs is a major source of tumor-infiltrating
Tregs are unknown. Many tumor cells or other
cells with TME can express TGF-β, so it is con-
ceivable that the TME could induce the conver-
sion of conventional CD4+CD25� T cells to
Tregs. CD4+CD25� T cells and Tregs do not
seem to share the same TCR repertoire in
human and mouse tumors (Ahmadzadeh et al.
2019; Plitas et al. 2016), suggesting that tumor-
infiltrating Tregs may not arise from
CD4+CD25� T cells. Ahmadzadeh et al. found
that the clonality of tumor-infiltrating Tregs from
melanoma, gastric, and ovarian cancers had little
overlap with tumor-infiltrating or peripheral
blood conventional CD4+CD25� T cells, but
tumor-infiltrating Tregs did share clones with
their peripheral blood counterparts (Ahmadzadeh
et al. 2019). Most importantly, the TCRs from
tumor-infiltrating Tregs showed specificity to
tumor antigens and could be expanded in an
antigen-specific manner (Ahmadzadeh et al.
2019). This would suggest that tumor-infiltrating
Tregs may arise from both the recruitment and
clonal expansion of peripheral or tissue resident
tTregs; or a second explanation is that tumor-
infiltrating Tregs are able to extravasate from
tumors and enter circulation. The expansion of
tissue resident Tregs in tumors is supported by a
study that revealed the tumor-infiltrating Tregs
had a similar gene-expression pattern as normal
tissue Tregs (Plitas et al. 2016). It should be noted
that there is plasticity between specific subsets of
CD4+ T cells and Tregs, in particular between
Th17 cells and Tregs (Wan et al. 2020). It was
recently reported that Th17 cells could be
converted into suppressive IL-17+ FOXP3+ and
IL-17� FOXP3+ Tregs in the TME, indicating
that the conversion of Th17 cells into Tregs
could be an additional source of tumor-infiltrating
Tregs (Downs-Canner et al. 2017).

12.2.2 Chemokine Receptors
in Tumor-Infiltrating Tregs

The identification of chemokines and their
receptors that potentially mediate the recruitment

and retention of Tregs into the TME is an area of
active research (Stockis et al. 2019). Tumor-
infiltrating Tregs express a panel of chemokine
receptors such as CC chemokine receptor
4 (CCR4) (ligands CCL22/CCL17), CCR5
(ligand CCL5), CCR6 (ligand CCL20), CCR8
(ligand CCL1), and CCR10 (ligand CCL28).
Many studies have attempted to use these chemo-
kine receptors to explain the recruitment of effec-
tor Tregs to the TME; however, these Treg
chemokine receptors may have a more pro-
nounced role of retaining Tregs within TME
since all ligands are highly expressed within
TME as well. CCR4—working through its
ligands CCL22 or CCL17—is the best studied
chemokine signaling in Treg recruitment into the
TME. Several studies of ovarian, prostate, breast,
gastric, and bladder cancers have shown that
tumor-infiltrating Tregs and Tregs from malig-
nant ascites express CCR4 and that the ligand
CCL22, which is highly expressed in tumors by
tumor cells or macrophages, can act as a
chemoattractant for Tregs (Curiel et al. 2004;
Gobert et al. 2009; Maeda et al. 2019; Miller
et al. 2006; Mizukami et al. 2008). Recent studies
have shown that secretion of CCL5 by tumors or
cancer-associated fibroblasts can recruit the Tregs
though its receptor CCR5 in mouse models of
pancreatic adenocarcinoma, squamous cell carci-
noma, colorectal cancer, and breast cancer (Tan
et al. 2011; Wang et al. 2017; Ward et al. 2015)
and that CCL5 could recruit Tregs to metastatic
sites in the lung (Halvorsen et al. 2016). CCR6, a
known chemokine receptor shared by memory
Th1, Th2, Th17, and Tregs, was able to recruit
Tregs into the TME via macrophage-produced
CCL20 (Chen et al. 2013; Lee et al. 2017; Liu
et al. 2011; Zhang et al. 2015). CCL28 can be
induced via tumor-associated hypoxia within the
TME and plays a role in the recruitment of Tregs
though its receptor CCR10 (Facciabene et al.
2011). CCR8 was recently identified to be exclu-
sively elevated in human tumor-infiltrating Tregs
in breast cancer and several other cancer types
(De Simone et al. 2016; Plitas et al. 2016). CCL1,
expressed by Tregs, provides an autocrine signal-
ing to upregulate its own receptor CCR8 on Tregs
and STAT3-dependent upregulation of Foxp3,
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CD39, IL-10, and granzyme B (Barsheshet et al.
2017) and is a major chemotaxis factor for Tregs
in human breast cancer (Kuehnemuth et al. 2018).
CCR8 can be targeted by monoclonal antibodies
that have shown to reduce tumor-infiltrating
Tregs (Villarreal et al. 2018).

12.2.3 Mechanisms of Action
(Summarized in Fig. 12.1)

Tregs suppress effector T cells (Teff cells) via
many different actions, either in a contact-
dependent or -independent fashion. Many
co-stimulatory (OX-40, GITR, 4-1BB, etc.) or
co-inhibitory molecules (CTLA-4, PD-1, TIGIT,
LAG3, TIM-3, etc.) are constitutively expressed
on tumor-infiltrating Tregs. These co-inhibitory
receptor–ligand pairs either promote the expan-
sion of Tregs or suppress effector cells directly in
a contact-dependent manner. Most studies sup-
port the contact-dependent mechanism for both
human and mouse Tregs when using in vitro sup-
pression assay (Dieckmann et al. 2001; Jonuleit
et al. 2001; Piccirillo and Shevach 2001;
Takahashi et al. 1998; Thornton and Shevach
1998). Tregs can also secrete peptides (TGF-β,

IL-10, IL-35) or metabolize ATP to adenosine via
CD39 and CD73, which provides an immunosup-
pressive microenvironment (Su et al. 2019).
Many in vivo studies strongly support the role
of cytokines or metabolites in Teff cell suppres-
sion (Asseman et al. 1999; Belkaid et al. 2002;
Collison et al. 2007, 2009; Kingsley et al. 2002;
Lan et al. 2012; Li et al. 2007; Powrie et al. 1996).
We summarize the mechanisms of action for
Tregs in Fig. 12.1. Most of these mechanisms
were well-established in animal models with
strong genetic evidence, whereas not all
mechanisms are validated in human Tregs partic-
ularly relevant to human cancers. Here we briefly
discuss the various mechanisms of action for
Tregs and elaborate further in the next section
for those related to human cancers.

The best-studied mechanism is via the
co-inhibitory molecule CTLA-4. CTLA-4 is a
high-affinity inhibitory receptor for the
co-stimulatory molecules CD80 and CD86
expressed on antigen-presenting cells (APCs)
that otherwise bind to CD28 on Teff cells to
induce a co-stimulatory signal for T-cell activa-
tion, in conjunction with the primary activating
signal from MHC-antigen complexes binding to
the TCR on Teff cells (Ge et al. 2019; Togashi

Fig. 12.1 The immunosuppressive mechanisms by Tregs
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et al. 2019). Actually, CYLA-4-B7.1 signal also
drives Treg development (Zheng et al. 2006).
Tumor-infiltrating Tregs also express many
other co-inhibitory molecules including T-cell
immunoreceptor with Ig and ITIM domains
(TIGIT) (Kurtulus et al. 2015), Tim-3
(HAVCR2) (Das et al. 2017; Gao et al. 2012;
Sakuishi et al. 2013a), LAG-3 (CD223)
(Camisaschi et al. 2010), and PD-1 (Kamada
et al. 2019a; Lowther et al. 2016). TIGIT
competes for binding of CD155 with CD226,
preventing CD226-mediated co-stimulation of
Teff cells and can also induce the expression of
the suppressive cytokine IL-10 in dendritic cells
(DCs) (Levin et al. 2011; Yu et al. 2009). LAG-3
binds to MHCII on APCs with a higher affinity
than CD4, thus preventing antigen-specific stim-
ulation of CD4 T cells (Huard et al. 1994;
Sasidharan Nair and Elkord 2018). LAG-3 can
also induce the secretion of indoleamine
2,3-dioxygenase (IDO) from DCs which can
impair the function of Teff cells by producing
kynuremine (Ge et al. 2019; Munn and Mellor
2013). Studies have also shown that Tregs
express a large amount of cyclic adenosine
monophosphate (cAMP) which they can directly
transfer to Teff cells via gap junctions leading to
downregulation of IL-2 and decreased prolifera-
tion (Klein and Bopp 2016). These mechanisms
of suppression by Tregs require contact between
the Tregs and Teff cells or APCs, and until
recently, it was not known how Tregs come into
the proximity of Teff cells to mediate suppres-
sion. Patterson et al. found that Tregs secrete the
chemokines CCL3 and CCL4 which can actively
promote the migration of Teff cells to close prox-
imity with the Tregs to mediate suppression
(Patterson et al. 2016). It is unknown whether
tumor-infiltrating Tregs use the same mechanism
or not, but our unpublished results indicate a
common mechanism because tumor-infiltrating
Tregs express several Teff chemokines—includ-
ing CCL3, CCL4, and CXCL10—at much higher
levels than those expressed by splenic Tregs
(unpublished data).

Several contact-independent mechanisms of
suppression have also been identified. Tregs
highly and constitutively express CD25, which
is a high-affinity receptor for IL-2. IL-2 is primar-
ily produced by conventional T cells and is a
critical cytokine for the proliferation of T and B
cells. The high expression of CD25 on Tregs acts
to sequester IL-2 from conventional T cells
preventing their proliferation (Ge et al. 2019;
Yau et al. 2012). The role of sequestration of
IL-2 by CD25 in Treg suppression is supported
by in vitro studies, showing that an excess of IL-2
can overcome Treg-mediated suppression of con-
ventional T-cell proliferation (Takahashi et al.
1998; Yamaguchi et al. 2012). Tregs can also
secrete several immunosuppressive cytokines
including IL-10, TGF-β, and IL-35 (Chaudhary
and Elkord 2016; Ge et al. 2019). Tumor-
infiltrating Tregs from several human cancers
including colorectal cancer, hepatocellular carci-
noma, and pancreatic cancer can suppress the
activity of autologous T cells by secreting
TGF-β and IL-10 (Amedei et al. 2013; Kakita
et al. 2012; Scurr et al. 2014; Yi et al. 2013).
While IL-10 can inhibit DC activation, it can
activate Teff cells under certain conditions and
may not be a major mechanism of Treg-mediated
suppression (Ge et al. 2019; Ouyang and
O’Garra 2019). Tregs can also express the
ectonucleotidases CD39 and CD73 which com-
bine to convert extracellular adenosine triphos-
phate (ATP) into adenosine (Allard et al. 2020).
Adenosine can bind to the adenosine receptors
A2A and A2B, leading to increased intracellular
cAMP which downregulates IL-2 in effector T
cells (Blay et al. 1997; Klein and Bopp 2016;
Ohta et al. 2006). Co-expression of CD39 and
CD73 on human Tregs is rare, though studies
have shown that CD39 is highly expressed on
tumor-infiltrating Tregs in several human cancers
and that CD39+ cells can interact with CD73+

cells or exosomes in the TME to produce adeno-
sine (Jie et al. 2013; Schuler et al. 2014;
Sundström et al. 2016).
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12.3 Targeting Tregs for Cancer
Immunotherapy

12.3.1 Immune Checkpoints
as Therapeutic Targets
for Tregs

12.3.1.1 Cytotoxic
T-Lymphocyte-Associated
Protein 4 (CTLA-4)

Discovery of CTLA-4 and its mechanisms
of action. The Golstein group initially cloned
CTLA-4 from mouse-activated CD8+ T cells
and called cytotoxic T-lymphocyte-associated
protein 4 (CTLA-4) (Brunet et al. 1987) that
was later confirmed to be present within human
genome (Dariavach et al. 1988). CTLA-4 was
later defined as a negative regulator of T-cell
activation (Krummel and Allison 1995)—later
named as immune checkpoint—that completes
with CD28 to bind to CD80/CD86, with 20-fold
higher binding affinity than CD28 (Linsley et al.
1991). CTLA-4 knockout mice exhibited an alter-
ation in the T-cell development in the thymus and
resulted in highly proliferative and active T cells
in periphery (Tivol et al. 1995). James Allison’s
group established the suppressive role of CTLA-4
in cancer immunosurveillance in 1996 and found
that anti-CTLA-4 antibody induced a strong
antitumor immunity (Leach et al. 1996), the pri-
mary reason for which James Allison won the
Nobel Prize in Physiology or Medicine in 2018.
The connection between CTLA-4 and Tregs was
established by the Sakaguchi group in 2008,
where Treg-specific deletion of CTLA4 gene—
driven by a constitutively expressed FoxP3-
IRES-Cre—led to a similar phenotype as
germline deletion of CTLA-4. These data
established that the immunosuppressive function
of CTLA-4 is mainly through its expression
within tTregs (Wing et al. 2008). In contrast,
peripheral Treg-specific deletion of CTLA4 gene
in adult mice—driven by a tamoxifen-inducible
Foxp3-eGFP/Cre-ERT2—resulted in the expan-
sion of both conventional CD4+ T cells and
peripheral Tregs. Transcriptomic analysis further

confirmed that CTLA4 deletion led to a compen-
satory overexpression of immunosuppressive
molecules including LAG3, PD-1, IL-10, etc.,
which are essential to maintain the suppressive
phenotype of CTLA-4� peripheral Tregs
(Paterson et al. 2015).

At the molecular level, CTLA-4 is believed to be
important for counteracting the co-stimulatory
signal of CD28 to CD80/CD86 on antigen-
presenting cells, either by direct suppression of
antigen-presenting cells via CD80/CD86-
mediated signaling transduction (Onishi et al.
2008; Wing et al. 2008) or by removing surface
CD80/CD86 via trans-endocytosis (Qureshi et al.
2011). At the cellular level, CTLA-4 expression
on the Teff cells, either conventional CD4+ T
cells or CD8+ T cells, is important to limit the
priming stage for T-cell activation and prolifera-
tion within secondary lymphoid tissues. A similar
mechanism of CTLA-4 on Tregs is conceived to
be within the secondary lymphoid tissues where
CTLA-4 on Tregs inhibits APC function via
CD80/C86 binding (Onishi et al. 2008; Wing
et al. 2008). Nevertheless, CTLA-4 is not the
only—sometimes not even the major—mecha-
nism for the suppressive function of Tregs since
polyclonal T-cell activation using anti-CD3 and
anti-CD28 co-activation can be potently
suppressed by Tregs, but such in vitro system is
not involved in APC and the CD80/CD86
proteins.

CTLA-4 in cancer immunotherapy. The
James Allison group established the potential of
antagonizing CTLA-4 to activate antitumor
immunity in 1996 (Leach et al. 1996). The FDA
approved ipilimumab, a fully human anti-CTLA-
4 antibody, to treat metastatic melanoma in 2011.
This is a milestone of immune checkpoint
inhibitors. As another immune checkpoint, i.e.,
the PD-1/PD-L1, has gained more success than
targeting CTLA-4, lessons can still be learned
from the mechanism of action for ipilimumab.
We have pointed out above that CTLA-4 plays
an immunosuppressive role in tTregs which have
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been proven the major Treg populations in vari-
ous cancer types; hence, it is not surprising to find
that the efficacy of ipilimumab is positively
correlated with the reduced Treg abundance in
tumor microenvironment. Animal studies further
support that anti-CTLA-4 works on both Teff
activation and Treg depletion for its maximal
efficacy (Bulliard et al. 2013; Selby et al. 2013;
Simpson et al. 2013). One caveat of ipilimumab
therapy is the high rate of treatment-related
adverse events, and many patients receiving
ipilimumab experienced level 3 or 4 immune-
related adverse events. In the EORTC 18071
trial, five patients died of ipilimumab treatment-
related colitis, myocarditis, or multiorgan failure
associated with Guillain–Barre syndrome.
Ipilimumab is a human IgG1 antibody with
predicted deleting activity, it is likely that these
severe immune-related adverse events are the
cause of ipilimumab-mediated Treg depletion
via FC-gamma receptors (Arce Vargas et al.
2018). Tremelimumab, a human IgG2 isotype
without deleting activity, can also bind to
FC-gamma receptors and deplete Tregs (Arce
Vargas et al. 2018). Even though a recent study
argued against the role of ipilimumab on human
cancers, the sampling time (many weeks after
the last ipilimumab treatment) may miss the
point of Treg depletion from these clinical
samples (Sharma et al. 2019). The Sakaguchi
group re-engineered the Fc-portion of ipilimumab
to enhance its binding affinity to human
FC-gamma receptor IIIa, which leads to
antibody-mediated cytotoxicity (ADCC)-
mediated killing of Tregs as well as
exhausted CD8+ T cells (Ha et al. 2019). The
distinct difference of CTLA-4 expression on
Tregs versus Teff cells is that Tregs constitutively
express CTLA-4 on the surface, whereas Teff
cells only express CTLA-4 on the surface upon
activation and to a much lower level than that on
Tregs. This feature gives a window for Treg
depletion first, followed by CD8 T-cell activation
by other means such as vaccination or anti-PD-1
therapy that will be mentioned later (Ha et al.
2019).

12.3.1.2 Lymphocyte-Activation Gene
3 (LAG-3, CD223)

LAG-3 is a surface protein that is expressed by
activated CD4+ and CD8+ T cells, as well as by
Tregs. LAG-3 could be the third most promising
immune checkpoint in cancer immunotherapy
after CTLA-4 and PD-1/PD-L1. As an immune
checkpoint, LAG-3 binds to MHCII on antigen-
presenting cells (Liang et al. 2008) to block the
TCR and CD4-co-receptor-mediated signals for
T-cell activation at the priming phase of the
tumor-immune cycle. In addition, cancer cells
can produce another ligand, namely
fibrinogen-like protein 1 (FGL1), as the major
immune-inhibitory ligand to bind with LAG-3
independent of MHCII (Wang et al. 2019) and
inhibit T-cell activation at the effector phase
(Topalian et al. 2016). Elevated expression of
LAG-3 in tumor-infiltrating lymphocytes is sig-
nificantly associated with disease progression of
many human cancers (Chen and Chen 2014;
Gandhi et al. 2006; Hemon et al. 2011; Matsuzaki
et al. 2010; Shapiro et al. 2017). Many inhibitory
molecules/antibodies against LAG-3 have been
developed and showed some clinical benefit
either alone or in combination with other immune
checkpoint inhibitors (Table 12.1). In combina-
tion with anti-PD-1 therapy, anti-LAG-3
facilitates the eradication of established tumors
that are resistant to either single antibody treat-
ment by inducing an active anti-cancer immune
response (Matsuzaki et al. 2010; Woo et al.
2012). The expression of LAG-3 on Tregs is
induced upon the activation of Teff cells. Genetic
deletion of LAG3 or the treatment with anti-LAG-
3 antibody inhibits the proliferative and suppres-
sive capacities of Tregs, supporting that LAG-3 is
important for Treg-mediated immune suppression
under physiological conditions (Huang et al.
2004). The role of LAG-3 in Tregs, however,
can be reversed when Tregs are placed under
chronic inflammation such as in autoimmune dia-
betes (Zhang et al. 2017). Treg-specific deletion
of LAG-3 in non-obese diabetic mice (NOD,
autoimmune type 1 diabetic model) resulted in
Treg expansion in the islets but not peripheral
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Table 12.1 Summary of clinical trials related to tumor-infiltrating Tregs

NCT Cancer Compound Target Additional agents Phase Status

NCT02946671 Solid tumors Mogamulizumab CCR4 Nivolumab (PD-1) I Completed
NCT01626664 Adult T-cell leukemia-

lymphoma
Mogamulizumab CCR4 None II Completed

NCT00888927 Peripheral T-cell lymphoma Mogamulizumab CCR4 None I/II Completed
NCT00355472 Relapsed adult T-cell leukemia-

lymphoma and peripheral
T-cell lymphoma

Mogamulizumab CCR4 None I Completed

NCT01728805 Cutaneous T-cell lymphoma Mogamulizumab CCR4 None III Active, not
recruiting

NCT04185220 Adult T-cell leukemia-
lymphoma and cutaneous
T-cell lymphoma

Mogamulizumab CCR4 Recombinant
IL-15

I Recruiting

NCT04256018 Cutaneous T-cell lymphoma Mogamulizumab CCR4 Low-dose total
skin electron beam

II Not yet
recruiting

NCT01611142 Peripheral T-cell lymphoma Mogamulizumab CCR4 None II Completed
NCT02476123 Advanced solid tumors Mogamulizumab CCR4 Nivolumab (PD-1) I Completed
NCT00920790 CCR4+ Adult T-cell leukemia-

lymphoma
Mogamulizumab CCR4 None II Completed

NCT02301130 Advanced solid tumors Mogamulizumab CCR4 Durvalumab
(PD-1) and
tremelimumab
(CTLA-4)

I Completed

NCT04128072 Cutaneous T-cell lymphoma Mogamulizumab CCR4 Low-dose total
skin electron beam

II Not yet
recruiting

NCT02281409 Advanced and metastatic solid
tumors

Mogamulizumab CCR4 None I/II Completed

NCT03309878 Relapsed or refractory diffuse
large B-cell lymphoma

Mogamulizumab CCR4 Pembrolizumab
(PD-1)

I/II Recruiting

NCT02444793 Advanced solid tumors Mogamulizumab CCR4 Utomilumab
(4-1BB)

I Terminated

NCT02358473 Non–small cell lung cancer Mogamulizumab CCR4 Docetaxel I Completed
NCT02867007 Locally advanced or metastatic

solid tumors
Mogamulizumab CCR4 KHK2455 (IDO) I Active, not

recruiting
NCT03767582 Pancreatic adenocarcinoma BMS-813160 CCR2/

CCR5
GVAX I/II Recruiting

NCT03274804 Microsatellite stable metastatic
colorectal cancer

Maraviroc CCR5 Pembrolizumab
(PD-1)

I Active, not
recruiting

NCT03631407 Microsatellite stable metastatic
colorectal cancer

Vicriviroc CCR5 Pembrolizumab
(PD-1)

II Active, not
recruiting

NCT01736813 Metastatic colorectal cancer Maraviroc CCR5 None I Completed
NCT03838367 Metastatic triple-negative

breast cancer
Leronlimab CCR5 Carboplatin I/II Recruiting

NCT00128622 CEA-expressing malignancies Denileukin
diftitox

CD25 Tumor vaccine I Completed

NCT00847106 Advanced melanoma Daclizumab CD25 DC-based anti-
tumor vaccine

I/II Completed

NCT00082914 Metastatic melanoma and
kidney cancer

Denileukin
diftitox

CD25 None II Completed

NCT00278369 Metastatic renal cancer Denileukin
diftitox

CD25 None I Completed

NCT00425672 Breast cancer Denileukin
diftitox

CD25 None I/II Completed

(continued)
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Table 12.1 (continued)

NCT Cancer Compound Target Additional agents Phase Status

NCT00726037 Metastatic pancreatic cancer Denileukin
diftitox

CD25 None II Withdrawn

NCT03621982 Select advanced solid tumors ADCT-301 CD25-
ADC

None I Recruiting

NCT03884556 Lymphomas and solid tumors TTX-030 CD39 Pembrolizumab
(PD-1), docetaxel,
gemcitabine,
paclitaxel

I Recruiting

NCT02503774 Advanced solid tumors Oleclumab CD73 Durvalumab
(PD-1)

I Active, not
recruiting

NCT04262388 Pancreatic adenocarcinoma,
small cell lung cancer, and head
and neck cancer

Oleclumab CD73 Durvalumab
(PD-1)

II Not yet
recruiting

NCT04262375 Non–small cell lung cancer and
renal clear cell carcinoma

Oleclumab CD73 Durvalumab
(PD-1)

II Not yet
recruiting

NCT04148937 Advanced solid tumors LY3475070 CD73 Pembrolizumab
(PD-1)

I Recruiting

NCT03454451 Advanced malignancies CPI-006 CD73 Ciforadenant
(A2A receptor)
and
pembrolizumab
(PD-1)

I Recruiting

NCT03616886 Metastatic triple-negative
breast cancer

Oleclumab CD73 Paclitaxel,
carboplatin, and
durvalumab
(PD-1)

I/II Recruiting

NCT03875573 Luminal B breast cancer Oleclumab CD73 Radiotherapy and
durvalumab
(PD-1)

II Recruiting

NCT03835949 Advanced or metastatic cancers TJ004309 CD73 Atezolizumab
(PD-L1)

I Recruiting

NCT03267589 Relapsed ovarian cancer MEDI9447 CD73 Durvalumab
(PD-1)

II Recruiting

NCT03549000 Non–small cell lung cancer,
triple-negative breast cancer,
pancreatic adenocarcinoma,
ovarian cancer, renal clear cell
carcinoma, metastatic
castration-resistant prostate
cancer, microsatellite stable
colorectal cancer

NZV930 CD73 Spartalizumab
(PD-1) and
NIR178 (A2A
receptor)

I Recruiting

NCT04104672 Pancreatic adenocarcinoma AB680 CD73 Zimberelimab
(PD-1),
nab-paclitaxel, and
gemcitabine

I Recruiting

NCT02754141 Advanced solid tumors BMS-986179 CD73 Nivolumab (PD-1)
and rHuPH20

I/II Recruiting

NCT03954704 Advanced solid tumors GS-1423 CD73-
TGFB

None I Recruiting

NCT02740270 Advanced solid tumors and
lymphomas

GWN323 GITR Spartalizumab
(PD-1)

I Active, not
recruiting

NCT02697591 Advanced or metastatic solid
tumors

INCAGN01876 GITR None I/II Active, not
recruiting
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Table 12.1 (continued)

NCT Cancer Compound Target Additional agents Phase Status

NCT03277352 Advanced or metastatic
malignancies

INCAGN01876 GITR Epacadostat
(IDO1) and
pembrolizumab
(PD-1)

I/II Active, not
recruiting

NCT03126110 Advanced or metastatic
malignancies

INCAGN01876 GITR Ipilimumab
(CTLA-4) and
nivolumab (PD-1)

I/II Active, not
recruiting

NCT01239134 Malignant melanoma TRX518 GITR None I Completed
NCT02583165 Advanced tumors MEDI1873 GITR None I Completed
NCT04335039 Glioblastoma INCAGN01876 GITR INCAGN01876

(PD-1), SRS
II Not yet

recruiting
NCT04021043 Advanced lung, chest, and liver

cancers
BMS-986156 GITR Ipilimumab

(CTLA-4),
nivolumab (PD-1),
SRS

I/II Recruiting

NCT03799003 Advanced solid tumors ASP195 GITR Pembrolizumab
(PD-1)

I Recruiting

NCT03295942 Locally advanced or metastatic
tumors

OMP-336B11 GITR None I Terminated

NCT01216436 Metastatic melanoma GITR-L-
transfected DC

GITR Anti-CTLA-4-
transfected DC

I Terminated

NCT02553499 Advanced solid tumors MK-1248 GITR Pembrolizumab
(PD-1)

I Terminated

NCT03489369 Advanced solid tumors and
lymphomas

Sym022 Lag-3 None I Active, not
recruiting

NCT02460224 Advanced malignancies LAG525 Lag-3 Spartalizumab
(PD-1)

I/II Active, not
recruiting

NCT02614833 Metastatic breast cancer IMP321 Lag-3 Paclitaxel II Active, not
recruiting

NCT02060188 Colorectal cancer BMS-986016 Lag-3 Nivolumab (PD-1) II Active, not
recruiting

NCT00351949 Metastatic renal cancer IMP321 Lag-3 None I Completed
NCT00349934 Metastatic breast cancer IMP321 Lag-3 None I Completed
NCT03252938 Advanced solid tumors IMP321 Lag-3 Avelumab (PD-1) I Recruiting
NCT03250832 Advanced solid tumors TSR-033 Lag-3 Anti-PD-1 I Recruiting
NCT03005782 Advanced malignancies REGN3767 Lag-3 REGN2810

(PD-1)
I Recruiting

NCT01968109 Non–small cell lung cancer,
gastric cancer, hepatocellular
carcinoma, renal cell carcinoma

Relatlimab Lag-3 Nivolumab (PD-1) I/II Recruiting

NCT02817633 Advanced solid tumors SR-033 Lag-3 TSR-022 (Tim-3) I Recruiting
NCT03311412 Advanced solid tumors and

lymphomas
Sym022 Lag-3 Sym021 (PD-1) I Recruiting

NCT02658981 Recurrent GBM Urelumab Lag-3 Nivolumab (PD-1) I Recruiting
NCT03607890 Advanced mismatch repair

deficient cancers
Relatlimab Lag-3 Nivolumab (PD-1) II Recruiting

NCT03538028 Advanced malignancies INCAGN02385 Lag-3 None I Recruiting
NCT00732082 Pancreatic adenocarcinoma IMP321 Lag-3 Gemcitabine I Terminated
NCT03849469 Select solid tumors XmAb22841 Lag-3-

CTLA-
4

Pembrolizumab
(PD-1)

I Recruiting

NCT04082364 HER2+ gastric/GEJ cancer MGD013 Lag-3-
PD-1

Margetuximab
(HER2)

II/III Recruiting
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Table 12.1 (continued)

NCT Cancer Compound Target Additional agents Phase Status

NCT02274155 Advanced head and neck
cancers

MEDI6469 OX40 None I Active, not
recruiting

NCT02559024 Metastatic colorectal cancer MEDI6469 OX40 None I Active, not
recruiting

NCT02315066 Locally advanced or metastatic
tumors

PF-04518600 OX40 PF-05082566
(4-1BB)

I Active, not
recruiting

NCT02528357 Advanced solid tumors GSK3174998 OX40 Pembrolizumab
(PD-1)

I Active, not
recruiting

NCT01862900 Metastatic breast cancer MEDI6469 OX40 SBRT I Completed
NCT01303705 Metastatic prostate cancer Anti-OX40 OX40 Radiation and

cyclophosphamide
I Completed

NCT01644968 Advanced cancers Anti-OX40 OX40 None I Completed
NCT02410512 Locally advanced or metastatic

solid tumors
MOXR0916 OX40 Atezolizumab

(PD-L1)
I Completed

NCT02221960 Select advanced solid tumors MEDI6383 OX40 Durvalumab
(PD-L1)

I Completed

NCT02318394 Selected advanced solid tumors MEDI0562 OX40 None I Completed
NCT02705482 Advanced solid tumors MEDI0562 OX40 Tremelimumab

(CTLA-4) and
durvalumab
(PD-1)

I Completed

NCT03241173 Advanced or metastatic
malignancies

INCAGN01949 OX40 Nivolumab (PD-1)
and Ipilimumab
(CTLA-4)

I/II Completed

NCT04215978 Advanced solid tumors BGB-A445 OX40 Tislelizumab
(PD-1)

I Not yet
recruiting

NCT03092856 Metastatic kidney cancer PF-04518600 OX40 Axitinib II Recruiting
NCT03831295 Advanced or metastatic solid

tumors
BMS 986178 OX40 SD-101 (TLR9) I Recruiting

NCT03971409 Triple-negative breast cancer PF-04518600 OX40 Avelumab (PD-1),
binimetinib
(MEK), and
utomilumab
(4-1BB)

II Recruiting

NCT03410901 B-cell non-Hodgkin lymphoma BMS 986178 OX40 SD-101 (TLR9)
and radiation
therapy

I Recruiting

NCT04198766 Locally advanced or metastatic
solid tumors

INBRX-106 OX40 Pembrolizumab
(PD-1)

I Recruiting

NCT03336606 Head and neck squamous cell
carcinoma

MEDI6469 OX40 None I Recruiting

NCT03267589 Relapsed ovarian cancer MEDI0562 OX40 Durvalumab
(PD-1) and
tremelimumab
(CTLA-4)

II Recruiting

NCT02554812 Locally advanced or metastatic
solid tumors

PF-04518600 OX40 Avelumab (PD-1) II Recruiting

NCT03636503 Follicular lymphoma PF-04518600 OX40 Rituximab
(CD20),
utomilumab
(4-1BB), and
avelumab (PD-1)

I Recruiting
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240 H. R. Kolb et al.



Table 12.1 (continued)

NCT Cancer Compound Target Additional agents Phase Status

NCT03447314 Advanced solid tumors GSK3174998 OX40 GSK1795091
(TLR4)

I Recruiting

NCT02923349 Advanced solid tumors INCAGN01949 OX40 None I/II Recruiting
NCT03758001 Advanced solid tumors IBI101 OX40 Sintilimab (PD-1) I Recruiting
NCT03217747 Advanced malignancies PF-04518600 OX40 Utomilumab

(4-1BB),
avelumab (PD-1),
and radiation

I/II Recruiting

NCT03390296 Acute myeloid leukemia PF-04518600 OX40 Avelumab (PD-1)
and azacytidine

I/II Recruiting

NCT02205333 Aggressive B-cell lymphoma MEDI6469 OX40 Durvalumab
(PD-L1),
rituximab (CD20),
and tremelimumab
(CTLA-4)

I/II Terminated

NCT01689870 Metastatic melanoma Anti-OX40 OX40 Ipilimumab
(CTLA-4)

I/II Withdrawn

NCT01416844 Metastatic melanoma Anti-OX40 OX40 None II Withdrawn
NCT03782467 Advanced solid tumors ATOR-1015 OX40-

CTLA-
4

None I Recruiting

NCT04116710 Advanced solid tumors HS-130 OX40L-
Ag
fusion

HS-110 I Recruiting

NCT03323398 Advanced malignancies mRNA-2416 OX40L
mRNA

Durvalumab
(PD-1)

I/II Recruiting

NCT03739931 Advanced malignancies mRNA-2416 OX40L
mRNA

Durvalumab
(PD-L1)

I Recruiting

NCT03894618 Advanced solid tumors and
lymphomas

SL-279252 PD1-
Fc-
OX40L

None I Recruiting

NCT04140500 Advanced solid tumors RO7247669 PD1-
LAG3

None I Recruiting

NCT03563716 Non–small cell lung cancer MTIG7192A TIGIT Atezolizumab
(PD-L1)

II Active, not
recruiting

NCT04294810 Non–small cell lung cancer Tiragolumab Tigit Atezolizumab
(PD-L1)

III Not yet
recruiting

NCT04047862 Advanced solid tumors BGB-A1217 TIGIT Tislelizumab
(PD-1)

I Recruiting

NCT04256421 Small cell lung cancer Tiragolumab TIGIT Atezolizumab
(PD-L1),
etoposide,
carboplatin

III Recruiting

NCT04262856 Non–small cell lung cancer Zimberelimab Tigit Zimberelimab
(PD-1) and AB928
(A2b receptor)

II Recruiting

NCT03628677 Advanced malignancies AB154 TIGIT Zimberelimab
(PD-1)

I Recruiting

NCT03119428 Advanced solid tumors OMP-313M32 TIGIT Nivolumab (PD-1) I Terminated
NCT00986518 Metastatic colorectal cancer Treg-depleted autologous

cell transplant
None I/II Completed
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tissues, ultimately reducing the autoimmune dia-
betes (Zhang et al. 2017). Cancer Tregs are con-
sidered to have near maximal suppressive activity
(Delgoffe et al. 2013) with a population
expressing high levels of LAG-3. Since most
clinical trials related to anti-LAG-3 antibodies
are earlier in clinical trials, there is insufficient
information as of how anti-LAG-3 antibodies
influence cancer Tregs. LAG-3+ Tregs are signif-
icantly enriched in blood from melanoma and
colon cancer patients and exhibit an effector/
memory phenotype, along with the production
of immunosuppressive cytokines TGF-β and
IL-10 (Camisaschi et al. 2010). In colorectal can-
cer, LAG-3 and TIM-3 are co-expressed in more
than 50% of cancer Tregs, along with other
immunosuppressive molecules such as TGF-β,
IL-10, and CTLA-4 (Ma et al. 2018). In addition
to classic Foxp3-positive Tregs, co-expression of
CD49b and LAG-3 identifies human regulatory
type 1 (Tr-1) T cells (Gagliani et al. 2013) that are
highly suppressive. It is anticipated that LAG-3-
targeting interventions may result in cancer-
specific Teff activation as well as Treg inhibition.

12.3.1.3 T-Cell Immunoreceptor with Ig
and ITIM Domains (TIGIT)

TIGIT was first identified as a coinhibitory mole-
cule expressed on Teff cells that gained attention
by suppressing autoimmune responses (Joller
et al. 2011; Levin et al. 2011). TIGIT binds to
co-stimulatory ligand CD155 on DCs, which
leads to the reduced production of IL-12, but
induces IL-10 production (Yu et al. 2009).
TIGIT was later found to be expressed on
human Tregs with superior immune suppression
toward Th1 and Th17 helper cells but not Th2
cells (Joller et al. 2014). TIGIT marks highly
dysfunctional CD8 T cells in tumors as well as a
highly immune suppressive subpopulation of
TI-Tregs, but genetic evidence supports that
TIGIT expression on Tregs is dominant in
suppressing antitumor immunity (Kurtulus et al.
2015). The fact that TIGIT knockout mice are
normal in development and do not develop auto-
immune diseases, in addition to the highly
immunosuppressive nature of TIGIT+ Tregs,
makes TIGIT a great candidate for Treg-based

cancer immunotherapy. Several anti-human
TIGIT antibodies have been developed and
entered early clinical trials, most of which have
negligible effect; however, the interest remains
from the pharmaceutical industry likely due to
its synergistic effects with anti-PD-1/PD-L1
blockade (Table 12.1).

12.3.1.4 T-Cell Immunoglobulin
and Mucin-Domain
Containing-3 (TIM-3)

TIM-3 is an immunoglobulin and mucin domain
family and is originally identified on CD4 and
CD8 T cells (Monney et al. 2002) with immune
modulatory function. TIM-3 is later found to be
expressed by Tregs and innate immune cells
including dendritic cells, natural killer cells,
monocytes, macrophages, and mast cells (Wolf
et al. 2020). Four ligands have been identified—
including galectin-9 (Gal-9) (Jayaraman et al.
2010), high-mobility group protein B1
(HMGB1) (Chiba et al. 2012), Ceacam-1
(Huang et al. 2015), and phosphatidylserine
(DeKruyff et al. 2010)—that mediate different
immune-modulatory function of CD4+ or CD8+

T cells. TIM-3 is expressed on tumor-infiltrating
Tregs of many cancer types, with studies showing
that TIM-3+ Tregs are more immunosuppressive
than their TIM-3� counterparts and are
co-expressing other immune checkpoints such as
TIGIT, CTLA-4, and PD-1 (Gao et al. 2012;
Kurtulus et al. 2015; Liu et al. 2018; Ma et al.
2018; Sakuishi et al. 2013b). The genetic evi-
dence of TIM-3 in the role of Tregs is lacking,
and there is no clinical evidence that TIM-3 inhi-
bition has direct impact on Treg function.

12.3.1.5 Programmed Cell Death-1 (PD-1)
PD-1 is another immune checkpoint protein that
was initially identified on active CD8+ and CD4+

T cells. Ligation of PD-L1, mainly expressed by
cancer cells or myeloid cells, with PD-1 leads to
T-cell exhaustion and dysfunction. There are
many outstanding reviews related to the PD-1/
PD-L1 axis in the field of cancer immunotherapy
(Chamoto et al. 2020; Iwai et al. 2017;
Sanmamed and Chen 2018; Zou et al. 2016).
Briefly, anti-PD-1/PD-L1 antibodies mainly
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disrupt the PD-L1 ligation, which reverses the
exhaustion phenotype of Teff cells—a process
referred to as rejuvenation. As rejuvenation
becomes the primary explanation for the mecha-
nism of T-cell activation under anti-PD-1/PD-L1
therapies, a very recent paper provides a second-
ary opinion showing that anti-PD-1 antibodies
(pembrolizumab and cemiplimab) were able to
deplete tumor-infiltrating CD8+ T-cell clones
and replace them with novel CD8+ T-cell clones
against tumor neoantigens (Yost et al. 2019). In
relation to Tregs, PD-1 was initially identified as
an intracellular protein in resting Tregs and, upon
TCR stimulation, moved to the surface of active
Tregs (Raimondi et al. 2006). The role of PD-1/
PD-L1 axis in the induced Tregs has been
reviewed recently (Gianchecchi and Fierabracci
2018) and will not be covered here due to the
irrelevance in most solid cancers. Tumor-
infiltrating Tregs consist of a significant PD-1+

population. Interestingly, limited literature points
to a role of PD-1 in Treg suppression, including
(1) in malignant gliomas where PD-1 marks dys-
functional Tregs with IFN-γ expression (Lowther
et al. 2016); (2) The Nishikawa group identified
PD-1+ Tregs in gastric cancer that were amplified
by anti-PD-1 antibody treatment, leading to the
hyperprogression of cancers upon anti-PD-1 ther-
apy (Kamada et al. 2019b); (3) similar Treg accu-
mulation also occurs in the hyperprogressive
adult T-cell leukemia/lymphoma when treated
with anti-PD-1 therapy (Rauch et al. 2019).
These data are consistent with animal models
where Treg-specific deletion of PDCD1 (gene
encoding PD-1) led to the expansion of Tregs
that are more suppressive to Teff cells (Kamada
et al. 2019b). The PD-1 and PD-L1 axis may not
be a very good therapeutic target for Treg-based
immunotherapy.

12.3.2 Co-stimulatory Receptors
as Therapeutic Targets
for Tregs

Another field of interest in cancer immunotherapy
is the agonistic activation of co-stimulatory
receptors such as GITR, OX-40, and 4-1BB.

Interestingly, TI-Tregs from human cancers pref-
erentially express these co-stimulatory receptors
at much higher levels relative to Tregs from
peripheral blood. Several studies have shown
that agonistic activation of these receptors results
in the expansion of CD8+ T cells while at the
same time eliminating/inhibiting TI-Tregs (Arce
Vargas et al. 2017; Bulliard et al. 2013, 2014). As
these co-stimulatory agonists mainly activate
CD8+ T cells (Table 12.1), and the effects on
human TI-Tregs are largely missing, we will not
cover these receptors in detail.

12.3.3 Chemokine Receptors
as Potential Therapeutic
Targets for Tregs

We have briefly discussed the roles of chemokine
receptors in the recruitment/retention of tumor-
infiltrating Tregs. Here we choose three
candidates, CCR4, CCR5, and CCR8, for further
discussion.

12.3.3.1 CCR4
CCR4 is identified as the major chemokine recep-
tor for Th2 and Tregs (Yoshie and Matsushima
2015), two CD4+ T-cell subtypes that have
tumor-promoting functions. The Zou group first
established the function of CCR4—working
through CCL22 produced by the TME—in the
recruitment of Tregs to ovarian cancers (Curiel
et al. 2004), which is further confirmed within
several other cancer types (Curiel et al. 2004;
Gobert et al. 2009; Maeda et al. 2019; Miller
et al. 2006; Mizukami et al. 2008). The major
drive to develop anti-CCR4 agents is the elevated
expression of CCR4 in mature T-cell neoplasms
including adult T-cell leukemia/lymphoma
(ATL), cutaneous T-cell lymphomas (CTCLs),
and peripheral T-cell lymphomas (PTCLs)
(Ogura et al. 2014; Ohshima et al. 2004;
Shimauchi et al. 2005; Yoshie et al. 2002).
Mogamulizumab is a humanized anti-CCR4 anti-
body that was approved by the Japanese
Pharmaceuticals and Medical Devices Agency
(PMDA) to treat CCR4+ ATL in 2012 (Ishida
et al. 2012). Mogamulizumab is also effective in
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treating other T-cell neoplasms with CCR4
expression including relapsed CTCLs and
PTCLs (Ogura et al. 2014). FDA approved its
usage for the treatment of relapsed or refractory
mycosis fungoides and Sézary disease in 2018
(Kasamon et al. 2019). It should be noted that
the benefit of mogamulizumab comes hand-in-
hand with some severe skin-relevant adverse
effects including some fatal cases, largely
attributed to its on-target elimination of skin-
resident Tregs (Honda et al. 2015; Ishida et al.
2013; Maemoto et al. 2019). The
mogamulizumab-mediated Treg depletion, how-
ever, can be repurposed to treat cancers and the
Sakaguchi group confirmed that targeting CCR4
by anti-CCR4 monoclonal antibody selectively
depletes effector-type Tregs and evokes the
immune response to cancer (Sugiyama et al.
2013). Many following studies confirmed the
Treg-depleting effect is through antibody-
mediated cytotoxicity (ADCC) (Chang et al.
2016; Kurose et al. 2015; Maeda et al. 2019; Ni
et al. 2015; Ogura et al. 2014; Remer et al. 2014;
Winsett et al. 2017). The first reported Phase I
cancer trial using mogamulizumab showed
promising Treg depletion and limited toxicity,
with additional on-target depletion of Th2 and
Th17 cells (Kurose et al. 2015). Another Phase I
study was recently reported and showed that
mogamulizumab, in combination of nivolumab,
provides a relative safety profile—with manage-
able level 3 or 4 treatment-related adverse events
in 29% patients, showing evidence of anti-tumor
activity and on-target Treg depletion (Doi et al.
2019). There are several other on-going early
trials assessing the toxicity and anti-tumor activ-
ity in solid cancers (Table 12.1). A recent report
puts some doubt on the recovery of Tregs after
mogamulizumab treatment in a patient with
severe graft-versus-host disease (GVHD), where
the elimination of residual mogamulizumab by
plasma exchange did not result in prompt recov-
ery of donor Tregs (Sugiura et al. 2019). This
situation, if it also turns out to be true, may be
the primary reason for mogamulizumab-treatment
related adverse events in the skin (Honda et al.
2015; Ishida et al. 2013; Maemoto et al. 2019) or
in the long run may lead to chronic autoimmune

diseases as seen in cancer patients treated with
ICIs (Michot et al. 2016).

12.3.3.2 CCR5
CCR5 is expressed within and mediates the
functions of several immune cell types, including
T cells, macrophages, eosinophils, myeloid-
derived suppressor cells (MDSC), and dendritic
cells (Jiao et al. 2019). Cancer cells can have
elevated CCR5 expression that provides them
the proliferative, migratory, and/or invasive
properties (Jiao et al. 2018; Nishikawa et al.
2019; Singh et al. 2018; Tang et al. 2016; Yang
et al. 2017; You et al. 2018; Zhang et al. 2018).
The initial burst of developing CCR5 inhibitors—
either small molecules or antibodies—was due to
the definition of CCR5 as a receptor for human
immunodeficiency virus (HIV) with mutations
that can resist HIV infection (Dean et al. 1996;
Samson et al. 1996). Many CCR5 inhibitors are
re-purposed for clinical studies in cancer patients
(Table 12.1), though all these trials are not
initially designed to target Tregs. CCR5 is
expressed by tumor-infiltrating Tregs in several
cancer types (Schlecker et al. 2012; Tan et al.
2009). We have shown that CCL5—a ligand for
CCR5—from the TME can recruit Tregs to
tumors (Tan et al. 2011). Preclinical studies
using CCR5 inhibitor TAK-779 disrupts CCR5-
dependent recruitment of Tregs (Tan et al. 2009).
These results—along with strong genetic evi-
dence that CCR5 deletion reduces
tumorigenesis—indicate a potential therapeutic
effect of targeting CCR5 on certain cancer
patients. The first reported Phase I trial using
maraviroc in colon cancer liver metastasis
showed some therapeutic effects such as
decreased proliferative index and elevated
immune response to metastatic tumors (Halama
et al. 2016). The result did not include an analysis
of Tregs. While other trials are on-going, it is
expected that there will be more clinical data to
explore the impact of targeting CCR5 on Treg
depletion in human cancers. The expression pat-
tern of CCR5, however, dictates a nonspecific
nature, a potential caveat leading to complicated
clinical outcomes.
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12.3.3.3 CCR8
CCR8 was initially identified as a human mono-
cyte and thymus chemokine receptors (Tiffany
et al. 1997). Similar to CCR4, CCR8 is also
selectively expressed in Th2 cells (Zingoni et al.
1998) and recently found to be elevated in tumor-
infiltrating Tregs in many human cancer types
(Plitas et al. 2016), tissue-resident memory T
cells in human skin (McCully et al. 2018), den-
dritic cells during allergic immune response
(Sokol et al. 2018), as well as granulocytes
(Blanco-Perez et al. 2019). CCR8+ Tregs were
later identified as a major regulator of autoim-
mune onset in the experimental autoimmune
encephalomyelitis (EAE), a mouse model used
for the study of multiple sclerosis (Barsheshet
et al. 2017). Among Tregs, CCR8 expression is
very specific to tumor-infiltrating Tregs relative to
peripheral blood and normal tissue counterparts
(De Simone et al. 2016; Plitas et al. 2016). This
distinct expression of CCR8 in tumor-infiltrating
Tregs is very intriguing as targeting CCR8—via
antibody-mediated ADCC—will result in specific
deletion of tumor-infiltrating Tregs while sparing
normal tissue Tregs as shown in colon cancer

(Villarreal et al. 2018). CCR8-targeted therapy
holds great promise in Treg-based cancer immu-
notherapy; however, the clinical benefit for
targeting CCR8 is yet-to-be established.

12.3.4 Other Targets
for Tumor-Infiltrating Tregs

We have listed several other potential targets for
tumor-infiltrating Tregs (Fig. 12.2), including
anti-CD25 antibodies that block IL-2 sequestra-
tion, anti-TGF-β antibody that prevents the down-
stream immunosuppressive effect, and potential
apoptosis inducers that target the highly
proliferative but vulnerable tumor-infiltrating T
cells.

12.4 Perspectives

It has been known for decades that tumor-
infiltrating Tregs are outstanding suppressors for
the antitumor immune responses. It is perceivable
that tTregs—undergoing positive selection after

Fig. 12.2 Potential targets and therapeutics of tumor-infiltrating Tregs
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encountering MHCII with self-antigens—are the
major populations of tumor-infiltrating Tregs as
most tumor antigens are self-antigens with a
minor fraction of neoantigens. Now that we
know the critical function of tumor-infiltrating
Tregs in immune suppression, targeting or deplet-
ing tumor-infiltrating Tregs represents a viable
approach to release anti-tumor immunity. The
obstacles are (1) the efficacy of depletion/inhibi-
tion of tumor-infiltrating Tregs; (2) the specific-
ity—including to normal Tregs and other immune
cell populations; and (3) the identification of tar-
get cancer patient populations.

The first obstacle is relatively easy to conquer.
For example, many outstanding publications have
shown efficient Treg deletion using anti-CTLA-4
antibody, anti-CCR4 antibody, and others under
the context of cancer immunotherapy in human
clinical trials and mouse models of human cancer
as discussed above.

The second obstacle has been a long-standing
issue because all the current drug targets for Tregs
are not specific to tumor-infiltrating or tumor-
activated—those that are not located within
tumors but are activated by tumor antigens—
Tregs. This is the major reason that these Treg-
targeting drugs often lead to treatment-related
adverse events in cancer patients and that in
many cases, these adverse events cause major
problems to patients. The Sakaguchi group has
tried to divide the CD4+FOXP3+ cells in the
peripheral blood of healthy individuals into
three distinct populations—based on the differen-
tial expression of CD45RA, FOXP3, or CD25—
these including naïve/resting Tregs
(CD45RA+FOXP3lowCD25low), effector Tregs
which have high suppressive activity
(CD45RA�FOXP3hiCD25hi), and non-Tregs
with no suppressive activity
(CD45RA�FOXP3lowCD25low) (Miyara et al.
2009; Tanaka and Sakaguchi 2019). Numerous
studies have shown that tumor-infiltrating Tregs
tend to be effector Tregs which express immuno-
suppressive molecules, such as CTLA-4, LAG-3,
and TIGIT, at higher levels than peripheral blood
Tregs. As discussed previously, therapies
targeting these molecules may have some

selectivity in targeting tumor-infiltrating Tregs
(Tanaka and Sakaguchi 2019). The problem still
remains because effector Tregs exist at a signifi-
cant amount within normal peripheral bloods and
other tissues; hence, targeting these Tregs are
inevitably leading to immune-related adverse
responses. This leads to the ultimate demand for
the identification of markers specific for tumor-
infiltrating Tregs. Several other studies have
looked at transcriptional differences between
tumor infiltrating Tregs and peripheral blood
Tregs or normal tissue Tregs (De Simone et al.
2016; Magnuson et al. 2018; Plitas et al. 2016).
Zheng et al. used single-cell RNA sequencing of
tumor-infiltrating, peripheral blood, and normal
tissue lymphocytes from hepatocellular carci-
noma patients to characterize tumor-infiltrating
Tregs and found several differentially regulated
genes; some that were identified by other studies
including CTLA4, GITR (TNFRSF18), TIGIT,
LAYN, 4-1BB (TNFRSF9), OX40 (TNFRSF4),
and CCR8, as well as those that have not been
identified before including STAT3 and RGS1
(Zheng et al. 2017). Apart from the expression
of CCR8 in tumor-infiltrating Tregs and its poten-
tial prognostic value in breast cancer, Plitas et al.
also found that a subset of tumor-infiltrating
Tregs in breast, lung, and melanoma patients
exclusively expressed CD177, a cell surface pro-
tein previously only studied in neutrophils (Plitas
et al. 2016). Recently we identified an important
function of epithelial-cell expression of CD177 in
tumor suppression via attenuating β-catenin (Kluz
et al. 2020) and that the expression of CD177 in
tumor-infiltrating Tregs is critical in mediating
the immunosuppressive function of Tregs in
human cancers (Borcherding et al. 2018). These
types of studies may be used to identify novel
suppressive proteins and signaling pathways that
are uniquely upregulated in tumor-infiltrating
Tregs. Another potential avenue is to exploit the
unconventional targets of tumor-infiltrating Tregs
that are previously considered to be undruggable.
For example, nuclear receptor 4A family (NR4A)
has been shown to play a critical role in
maintaining the abundance of tumor-infiltrating
Tregs (Hibino et al. 2018). Our analysis indicates

246 H. R. Kolb et al.



that NR4A family genes are among the top of
the differentially expressed genes in tumor-
infiltrating Tregs in human cancers, along with
a list of genes whose protein products are
present intracellularly (Borcherding et al. 2018;
Vishwakarma et al. 2019). These nuclear
receptors and non-kinase intracellular proteins
are traditionally considered as undruggable
targets; however, the advance in bioengineering
and medicinal chemistry makes them possible to
be targeted such as using the proteolysis-
targeting chimera (PROTAC) technology as we
have recently published to better target BCL-XL

in cancer therapy (Khan et al. 2019).
The third obstacle is to choose cancer types

and patient populations within certain cancer
types. Like all currently available cancer
immunotherapies, targeting Tregs will not benefit
all cancer patients and sometimes may do more
harm than good due to the broad immunosuppres-
sive activity of Tregs including cancer-promoting
immune cells. The primary consideration should
be given for the abundance of immunosuppres-
sive populations of Tregs and the immune land-
scaping within tumors. The threshold of Treg
abundance should be the prerequisite for patients
receiving anti-Treg therapy. The immune land-
scaping is able to dictate the potential influence
of Treg depletion on shaping antitumor immu-
nity. For example, some tumors exhibit depen-
dence on other immunosuppressive cells such as
MDSCs or on both Tregs and MDSCs, where
depleting Tregs will be insufficient to invoke
antitumor immunity.

The future Treg-based cancer immunotherapy
should be able to compensate for ICI therapies
since cancer types that benefit the most from ICI
therapies show only an average of 25% response
rate. As the primary ICIs targets are exhausted T
cells, Treg-based therapy may benefit some
patient populations as the frontline choice where
ICIs are predicted to fail. Moreover, Tregs have
been accused of the culprit for certain hyperpro-
gressive cancers after nivolumab therapy
(Kamada et al. 2019b), suggesting that Treg-
based therapy could also benefit these hyperpro-
gressive patients after ICI therapy.
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TNF–TNFR2 Signal Plays a Decisive Role
in the Activation of CD4+Foxp3+

Regulatory T Cells: Implications
in the Treatment of Autoimmune
Diseases and Cancer

13

Md Sahidul Islam, Yang Yang, and Xin Chen

Abstract

The puzzling biphasic or dual roles of tumor
necrosis factor α (TNF) in the inflammatory
and immune responses are likely to be
mediated by distinct signaling pathways trans-
duced by one of its two receptors, e.g., TNF
receptor type I (TNFR1) and TNF receptor
type II (TNFR2). Unlike TNFR1 that is ubiq-
uitously expressed on almost all types of cells,
the expression of TNFR2 is rather restricted to
certain types of cells, such as T lymphocytes.
There is now compelling evidence that TNFR2
is preferentially expressed by CD4+Foxp3+

regulatory T cells (Tregs), and TNFR2 plays
a decisive role in the activation, expansion,
in vivo function, and phenotypical stability
of Tregs. In this chapter, the current under-
standing of the molecular basis and signaling
pathway of TNF–TNFRs signal is introduced.
Latest studies that have further supported and
substantiated the pivotal role of TNF–TNFR2
interaction in Tregs biology and its molecular
basis are discussed. The research progress
regarding TNFR2-targeting treatment for auto-
immune diseases and cancer is analyzed.

Future study should focus on the further
understanding of molecular mechanism under-
lying Treg-stimulatory effect of TNFR2 sig-
nal, as well as on the translation of research
findings into therapeutic benefits of human
patients with autoimmune diseases, allergy,
allograft rejection, and cancer.

Keywords

TNF · CD4+Foxp3+ regulatory T cells ·
TNFR2 · Autoimmune diseases · Cancer

13.1 Introduction

CD4+Foxp3+ regulatory T cells (Tregs) are
immunosuppressive cells that play an indispens-
able role in the maintenance of immune homeo-
stasis (Sakaguchi et al. 2008; Togashi and
Nishikawa 2017). Tregs accumulate in the tumor
environment and promote tumor immune evasion
by inhibiting anti-tumor immune responses (Zou
2006). Therefore, modulation of Tregs activity
has important therapeutic implications. For exam-
ple, upregulation of Tregs activity is helpful in
attenuation of autoimmune inflammatory
responses, while downregulation of Treg activity
can be beneficial in cancer immunotherapy
(Sakaguchi et al. 2010; Wing et al. 2019; Kong
et al. 2012; Lu et al. 2014). Biological pathways
crucial for the modulation of Tregs function can
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be leveraged to control Tregs activity for thera-
peutic purposes.

In 2007s, we (Xin Chen and Joost J
Oppenheim) for the first time reported that TNF
stimulates the activation and expansion of Tregs,
and this effect of TNF is mediated by TNFR2
(Chen et al. 2007). Furthermore, we for the first
time found and reported that TNFR2-expressing
Tregs have the maximally suppressive function,
while TNFR2� Tregs have minimal or no sup-
pressive function at all (Chen et al. 2008,
2010a, b). Further, TNF preferentially
upregulated TNFR2 expression on Tregs
(Hamano et al. 2011) and TNF–TNFR2 interac-
tion was required for the in vivo function as well
as phenotypic stability of Tregs (Chen et al.
2013). Our findings have been supported and
substantiated by our recent studies (Chen et al.
2015, 2016; Nie et al. 2018; Hamano et al. 2015;
Yan et al. 2015; Chen and Oppenheim 2016,
2017; Zaragoza et al. 2016; Chen and Plebanski
2019) and by the majority of researchers in the
field (Chen and Plebanski 2019; Fischer et al.
2019a; Tseng et al. 2019; Jacob et al. 2009).
Now there is compelling evidence that the signal
of TNFR2 plays a decisive role in the activation,
expansion, and phenotypical stability of Tregs in
response to the stimulation of TNF (reviewed by
us in (Chen and Oppenheim 2010, 2011a, b, c)).
Recent studies in the field have further advanced
the understanding of the molecular basis and sig-
naling events underlying the Treg-stimulatory
effect of TNF–TNFR2 interaction. For instance,
it was found that TNFR2 maintained the expres-
sion of Foxp3 in Tregs by limiting DNA methyl-
ation at Foxp3 promoters (Tseng et al. 2019). On
the other hand, the role of TNFR2-expressing
Tregs in the pathogenesis of autoimmune diseases
and cancer, as well as the value of TNFR2-
targeting therapy in the treatment of major
human diseases, was intensively studied. Trans-
lational studies have been focused on the devel-
opment of biologics and small molecules that can
act on TNFR1 and TNFR2 as a potential thera-
peutic agent for the treatment of autoimmune
disease, graft-versus-host disease (GVHD), and
cancer (Zou et al. 2018). In this chapter, the cur-
rent understanding of the molecular basis and

signaling pathway of TNF–TNFRs signal is sys-
temically introduced. Latest studies that have fur-
ther substantiated the pivotal role of TNF–
TNFR2 interaction in Tregs biology and its
molecular basis have been discussed as well.
The research progress regarding TNFR2-
targeting treatment for autoimmune diseases and
cancer is further analyzed.

13.2 Biology of Tumor Necrosis
Factor and Its Receptors

13.2.1 Tumor Necrosis Factor

TNF is a pleiotropic cytokine that can regulate
many cellular and biological processes such as
activation and function of immune cells, cell dif-
ferentiation, proliferation, apoptosis, and energy
metabolism (Nie et al. 2018; Aggarwal 1991;
Bach et al. 2013; Battegay et al. 1995; Chen
et al. 2009; Drabarek et al. 2012; Sade-Feldman
et al. 2013; Sethi and Hotamisligil 1999; Wang
et al. 2008; Vaughan et al. 2013; Yamashita and
Passegué 2019). Two distinct forms of TNF have
been identified: soluble TNF (sTNF) and trans-
membrane TNF (mTNF) (Horiuchi et al. 2010;
Kriegler et al. 1988). Transmembrane TNF is a
26 kDa cell surface type II polypeptide that
possesses 230 amino acids (aa) in the sequence.
It consists of cytoplasmic domains (30 aa), trans-
membrane domains (26 aa), and extracellular
domains (177 aa). In sequence, the first
76 amino acids represent a highly conserved
hydrophobic sequence that anchors the precursor
polypeptide in the membrane (Horiuchi et al.
2010). mTNF is predominately expressed as sta-
ble β-jellyroll like homotrimer on activated
macrophages and lymphocytes, but also can be
expressed by a variety of other immune cells
(Horiuchi et al. 2010). Each subunit consists of
two packed β-sheets of five antiparallel β-strands
with three additional β-strands in the N-terminal
part (Puimège et al. 2014). The homotrimer looks
like a triangular cone or bell in which the three
subunits are arranged edge to face. The receptor
binding sites of TNF are in the lower half of the
triangular cone, in the groove between two
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subunits (Idriss and Naismith 2000). The precur-
sor mTNF molecules undergo proteolytic cleav-
age to yield a 17-kDa soluble TNF (sTNF)
molecules. sTNF (157aa) is cleaved by the pro-
teolytic action of TNF-α-converting enzyme
(TACE) (aka. ADAM metallopeptidase domain
17, ADAM17) between residues Ala76 and
Val77 (Wang et al. 1985). Moreover, the further
proteolytical processing of mTNF by signal pep-
tide peptidase-like protease (SPPL2A or
SPPL2B) leads to the release of TNF intracellular
domains (ICD1 and ICD2) in the cytosol. This
event can also lead to the release of TNF
C-domain 1 and C-domain 2 secreted into the
extracellular space (Friedmann et al. 2006). In
dendritic cells, these intracellular domains induce
IL-12 production (Friedmann et al. 2006). On the
surface, the mTNF is phosphorylated on serine
residues and dephosphorylated when it binds with
soluble tumor necrosis factor receptor 1 (TNFR1)
(Watts et al. 1999). Even though the mouse and
human forms of TNF share 79% amino acid
sequence similarity, only the mice form of TNF
is N-glycosylated (Aggarwal 1991). Studies
suggested that in biological and metabolic
responses of the cell, mTNF may mediate para-
crine and autocrine signals, leaving sTNF to
mediate endocrine effects (Cawthorn and Sethi
2008).

13.2.2 Tumor Necrosis Factor
Receptors

To exert pleiotropic effects of TNF on various
cell types, both forms of TNF can bind to its
two types of receptors that belong to the TNF
receptor superfamily namely TNF receptor type
I (TNFR1 aka. TNFRSF1A, CD120a, p55/p60)
or TNF receptor type II (TNFR2 aka.
TNFRSF1B, CD120b, p75/p80) (Grell et al.
1995, 1998). In general, the binding of TNF–
TNFR1 mediates cytotoxic, pro-inflammatory,
and pro-apoptotic effects, whereas TNF–TNFR2
is involved in the activation and proliferation of
lymphocytes (Idriss and Naismith 2000; Locksley
et al. 2001). TNFR1 is ubiquitously expressed by
all types of cells. In contrast, TNFR2 is only

expressed by subpopulations of cells in the lym-
phoid system, endothelial cells, and neurons in
normal mammals (Vanamee and Faustman 2017).
On the cell surface, TNFR1 and TNFR2 are
expressed as single-spanning type I transmem-
brane proteins, but these can also be soluble
forms resulting from alternative splicing or shed-
ding (Gregory et al. 2012; Wajant and Siegmund
2019). Of note, structurally both these receptor
molecules contain four cysteine-rich domains
(CRDs) termed CRD1 through CRD4. Function-
ally, to form the TNFR self-complex on the cell
surface, the CRD1 (aka. Preligand Assembly
Domain/PLAD) domain is critical while CRD2
and CRD3 are TNF-binding domains. The func-
tion of the CRD4 remains unclear (Mukai et al.
2010). A study found that CRD1 and CRD2 were
topologically and structurally similar in both
receptors as a representative of the CRDs of con-
ventional members of the TNFR superfamily
(Mukai et al. 2010). However, they also noted
that the A2 module of CRD3 from different
TNFR1 and TNFR2 is observed in a certain type
of TNFR superfamily members, such as the
CD30, CD40, and 4-1BB proteins (Mukai et al.
2010). Because of the diversity of their modules,
the essential binding location for TNF in both
receptors varies. Interestingly, the location of
Arg77 in the CRD2 of TNFR1was compensated
by Arg113 of the TNFR2 CRD3. Besides, the
loop structure of the ligand-binding region in
TNFR1 consisted of five residues (Arg77 to
Gly81) while in TNFR2 it is composed of only
three residues (Ser79 to Asp81) (Mukai et al.
2010). However, the major difference in TNFR1
and TNFR2 structure is the presence of the death
domain (DD). TNFR1 contains a DD in its cyto-
plasmic part while TNFR2 has no DD (Wajant
and Siegmund 2019; Tartaglia et al. 1993). In
contrast, TNFR2 harbors TNF receptor-
associated factor (TRAF)-inducing domains (Xie
2013). The DD of TNFR1 is a conserved type of
protein–protein interaction domain that enables
TNFR1 to cytotoxic signaling pathways as well
as signaling pathways that activate transcription
factors of the nuclear factor of kappa B (NF-κB)
family or kinases of the MAP kinase (MAPK)
family (Wajant and Scheurich 2011).
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13.2.3 TNF–TNFRs Signal Transduction

It is well established that TNFR1 has an almost
20-fold stronger affinity for sTNF compared to
TNFR2. sTNF can transduce the TNF–TNFR1
signal even in the picomolar range. In contrast,
mTNF stimulates TNFR1 and TNFR2 equally
well (Grell et al. 1995, 1998). This high affinity
of TNFR1 for sTNF is mainly caused by the sta-
bilization of the ligand/receptor complex (Grell
et al. 1998). Interestingly, the activation of
TNFR2 is more likely to mTNF dependence due
to its high demand for ligand-mediated
crosslinking to mediate signaling cluster forma-
tion (Fischer et al. 2017; Krippner-Heidenreich
et al. 2002).

The TNF–TNFR1 forms two different signal-
ing complexes depending on the cellular context:
(1) the first complex (Complex I) to control the
expression of antiapoptotic proteins and (2) the
second complex (Complex II or DISC) to trigger
cell death processes (Micheau and Tschopp
2003). In Complex I interaction, TNF interacts
with TNFR1 through the adaptor protein TNFR
type 1-associated death domain protein
(TRADD), with receptor-interacting protein-1
(RIP1) and with TNF receptor-associated factor-
2 and factor-3 (TRAF2 and TRAF3), cellular
inhibitor of apoptosis 1 and 2 (cIAP1 and
cIAP2). This complex transduces signal via
(1) activation of the transcriptional factor AP-1
through the activation of MAP3Ks and JNK and
(2) binding with LUBAC complex for the activa-
tion of the transcriptional factor NF-κB through
the IκBα degradation (Cabal-Hierro and Lazo
2012; Haas et al. 2009; Hsu et al. 1996; Mahoney
et al. 2008). To induce apoptosis and necroptosis,
upon the internalization of the receptor, the disso-
ciation of TRADD from complex and the recruit-
ment of FADD (Fas-associated death domain
protein) and procaspase-8 happen followed by
the assembly of TRAF2/5, and cIAP1/2 (Cabal-
Hierro and Lazo 2012). Moreover, deubiqui-
tination of RIP1 by cylindromatosis (CYLD)
lysine-63 deubiquitinase recruited RIP3 kinase
in this complex (Hitomi et al. 2008). Under
conditions in which caspases activation is

inhibited, RIP1 and RIP3 could be
phosphorylated and a new signaling complex
named necroptosome is formed, which leads to
cell death through a caspase-independent process
known as necroptosis (Cho et al. 2009;
Vandenabeele et al. 2010). In this complex, the
inactivation of RIP1 and RIP3 leads to the activa-
tion of caspase 8 and thus to the triggering of the
apoptotic process as well (Micheau and Tschopp
2003).

As noted above, TNF acts as a double sword
cytokine in the cell due to the induction of a signal
through its ligands-receptors binding variabilities.
TNFR1 and TNFR2 have distinct intracellular
signaling pathways for TNF-mediating cellular
fate, although there are some overlap and
crosstalk (Faustman and Davis 2010). Like
TNFR1, TNFR2 has a similar extracellular com-
ponent though it has no cytoplasmic death
domain. It is well established that sTNF induces
no or weak signaling for TNFR2. In general,
binding of mTNF with the intracellular domains
of TNFR2 recruits existing cytoplasmic TRAF2
which, in turn, binds TRAF1, TRAF3, cIAP1,
and cIAP2 to form the complexes (Rothe et al.
1995, 1994). To transduce the cell survival signal,
these proteins activate several other signaling
proteins, which liberate NF-κB from its inhibitor
protein IκBα in the cytoplasm and translocate to
the nucleus (Gehr et al. 1992). TNF–TNFR2 sig-
naling not only activates this NF-κB pathway, but
also this interaction can activate the reciprocal
PI3K/Akt pathway (Fischer et al. 2011, 2014).
This pathway maintains survival and enhances
proliferation along with facilitation of the forma-
tion of TNFR2–Etk–VEGFR2 complex which
participates in cell adhesion, migration, survival,
and proliferation (Zhang et al. 2003; Zhou et al.
2008).

13.3 The Decisive Role of TNF–
TNFR2 Interaction
in the Activation of Tregs

Tregs are a specialized subset of CD4+ T cells
which play a central role in the regulation of
immune response and for the maintenance of
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immune homeostasis. Impaired function or
reduced number of Tregs leads to the develop-
ment of autoimmune diseases, while an increased
number of highly suppressive Tregs helps
immune evasion of the tumor (Sakaguchi et al.
2008; Panduro et al. 2016). Targeting of Tregs
has great potential in the treatment of major
human diseases (Taams et al. 2006).

Treg cells can be differentiated in the thymus
(tTreg) or induced extrathymically (peripheral,
pTreg) or ex vivo in the presence of TGF-β and
IL-2. All of them express the transcription factor
Foxp3 (forkhead box P3) (Fontenot et al. 2003;
Gavin et al. 2007; Sakaguchi et al. 1995; Zheng
et al. 2002, 2004, 2007). Foxp3 acts as a master
regulator of the suppressive phenotype in the
development and function of Tregs along with
the stabilization of the Tregs lineage (Fontenot
et al. 2003; Gavin et al. 2007; Bennett et al. 2001;
Hori et al. 2003). Differentiation of Treg cells
depend mostly on the interplay of the T-cell
receptor (TCR) with self-antigens. Furthermore,
in addition to TCR signaling, CD28, GITR,
OX40, CTLA-4, and TNFR2 make important
contributions to the differentiation of Tregs cells
(Mahmud et al. 2014; Tai et al. 2005; Zheng et al.
2006). Tregs suppressive function needs direct
cell-cell contact but is also related to immunosup-
pressive cytokines (Schmidt et al. 2012; Horwitz
et al. 2003). Over the past decades, the
suppressor’s mechanism of Tregs has been inten-
sively studied, and different mechanisms have
been reported, including the immunosuppressive
cytokines such as IL-10, IL-35, and TGF-β,
co-inhibitory receptor (CTLA-4), metabolic dis-
ruption (production of adenosine), cytotoxicity
(granzyme and perforin), IL-2 deprivation
(Schmidt et al. 2012), hydroxyprostaglandin
dehydrogenase (HPGD) (Schmidleithner et al.
2019), and others. However, these findings are
likely to just represent part of the suppressive
capacity of Tregs, and so far with no consensus
on one universal mechanism (Schmidt et al. 2012;
Shevach 2018). Further research is needed toward
a thorough understanding and identification of
the molecular basis and definitive suppressor
mechanism of Tregs.

With the success of anti-TNF therapy against
autoimmune diseases (Monaco et al. 2015), the
role of TNF on Treg cells has been studied inten-
sively (Chen and Oppenheim 2010, 2011a, b, c).
There is now compelling evidence that TNF
through TNFR2 plays an indispensable role in
the activation, expansion, phenotypical stability,
and in vivo function of human and mouse Tregs
(Chen et al. 2007, 2008, 2010a, 2013; Hamano
et al. 2011; Zaragoza et al. 2016; Chen and
Oppenheim 2011b; Okubo et al. 2013). TNFR2
signal is important not only for the generation and
functional activity of Tregs under steady state but
also for the proliferative expansion, inhibitory
activity, and phenotypical stability of these cells
in the inflammation. We have previously shown
that Treg cells deficient in TNFR2 were unable to
efficiently reconstitute in the lymphopenic Rag
1 KO mice. More importantly, unlike WT Tregs,
Tregs deficient in TNFR2 failed to inhibit colitis
in Rag 1 KO recipient mice that were
co-transferred with naïve WT CD4 T cells. This
was associated with the loss of Foxp3 expression
and the expression of pro-inflammatory IL-17A
in TNFR2-deficient Treg cells in Rag 1 KO mice
(Chen et al. 2013). Our discovery was confirmed
by a recent study in a mouse model of arthritis
(Tseng et al. 2019). Furthermore, this study fur-
ther revealed the molecular mechanism: TNFR2
signaling promotes the sustainable expression of
Foxp3 in the inflammatory environment by
restricting DNA methylation at the Foxp3 pro-
moter (Tseng et al. 2019). Urbano and colleagues
found that TNF–TNFR2 interaction suppresses
the kinome activity of antigen-activated Tregs
(CD4+Foxp3+CD45RO+RA�) and controls
IL-17 expression of the human Tregs. They also
revealed that the TCR, JAK, MAPK, and PKC
signaling pathways are associated with this sup-
pression of kinase activity (PCM et al. 2019). In
contrast, neutralizing anti-TNF antibody
increased IL-17A expression by effector Tregs
(CD4+Foxp3+CD45RO+RA�) (PCM et al.
2019). The protective role for TNF administration
via TNFR2 in systemic lupus erythematosus
(SLE)-prone (New Zealand Black �
New Zealand White) F(1) mice has also been
established (Jacob et al. 2009). Therefore, TNF–
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TNFR2 signaling is important not only for the
phenotypical stability of Tregs in mice but also
for human Tregs. Recently, Yang et al. reported
that TNF–TNFR2 interaction also played an
important role in the differentiation, proliferation,
and function of induced Tregs (iTregs) in both
in vitro and the inflammatory in vivo settings
(Yang et al. 2019, 2018). In contrast, this study
found that TNFR1 promoted the differentiation of
proinflammatory Th1 and Th17 cells (Yang et al.
2019). Thus, this study provides further support
to the idea that TNFR1 antagonists or TNFR2
antagonists may be useful in the treatment of
autoimmune diseases (Zou et al. 2018).

TNF provided by pathogenic T cells appears to
be its major source in the activation and expan-
sion of Tregs in autoimmune diseases (Grinberg-
Bleyer et al. 2010). Among in vitro differentiated
Th1, Th2, and Th17 cells, the Th17 cells pro-
duced the highest levels of TNF (Zhou et al.
2014). Furthermore, Th17 cells potently stimulate
the proliferative expansion of Tregs in both
in vitro and in vivo settings, through TNF–
TNFR2 interaction. Intriguingly, Th17 cells
were required for the maintenance of Foxp3
expression by Tregs, while Tregs were needed
for the production of IL-17A and TNF from
Th17 cells (Zhou et al. 2014). Thus,
proinflammatory Th17 cells and immunosuppres-
sive Tregs reciprocally stimulate each other.
Since cellular therapies with Tregs and Th17
cells are under investigation, this bidirectional
crosstalk and mutual stimulatory effect of these
two subsets of Th cells should be considered
(Chen and Oppenheim 2014).

The molecular basis and signaling pathway of
TNF–TNFR2 in Tregs activation remain to be
fully understood. TNFR2 signaling was recently
shown to maintain demethylation at Foxp3 pro-
moter and TNFR2 agonist antibody was proved
to favor Tregs homogeneous expansion in vitro
(Tseng et al. 2019). A recent study showed that
the epigenetic regulation played a role in an auto-
crine TNF–TNFR2 feedback loop that can pro-
mote the stability of a highly suppressive
phenotype for Tregs (TIGIThi, FOXP3hi, Helioshi,
and EZH2hi) as shown by the in vitro experiment
(Urbano et al. 2018). In addition, since the

compound SB203580 had both in vitro and
in vivo effects in the inhibition of TNF-induced
expansion of Tregs, thus p38-MAPK signaling
pathways may represent a major component of
the signaling pathway of TNFR2 in mediating
the Treg-stimulatory effect of TNF (He et al.
2018). Recently, it was reported that the TNFR
superfamily (TNFRSF, including TNFR2,
4-1BB, GITR, and DR3, but not OX40) shared
common signal transduction pathways to increase
proliferation and survival of Tregs and canonical
NF-κB played a major role (Lubrano di Ricco
et al. 2020). Our study found a key role of IKKα
in maintaining homeostasis of Tregs pool as well
as Tregs expansion in the inflammatory environ-
ment, suggesting that the activation of noncanon-
ical NF-κB attributes to Treg-boosting effect of
TNF/TNFR2 stimulation (Chen et al. 2015).
These studies shed some light on the molecular
mechanisms and signaling pathways required for
TNFR2 in the activation of Tregs (Chen and
Plebanski 2019); however, further investigation
is needed for a more thorough understanding.

13.4 Activation of Tregs Through
TNFR2 in the Treatment
of Inflammatory Diseases

To date, five anti-TNF drugs, namely infliximab,
adalimumab, certolizumab pegol, golimumab,
and etanercept, have been approved in the treat-
ment of human autoimmune disorders such as
rheumatoid arthritis (RA), psoriasis, inflamma-
tory bowel disease (IBD), and ankylosing spon-
dylitis (AS) (Monaco et al. 2015). As a mainstay
treatment, anti-TNF therapy has revolutionized
the clinical management of inflammatory diseases
(Papamichael et al. 2019; Li et al. 2017; Willrich
et al. 2015). Although effective in most patients, a
considerable fraction of patients do not respond to
the initial treatment or loss responsiveness over
time (Roda et al. 2016). Furthermore, anti-TNF
therapy can also result in some severe adverse
effects including opportunistic infection, reactiva-
tion or development of de novo autoimmune
diseases, lymphoma, and even malignancies
(Brown et al. 2002; Shakoor et al. 2002; Sicotte
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and Voskuhl 2001; Slifman et al. 2003). Our
findings regarding the Treg-boosting effect of
TNF–TNFR2 have provided a new framework
to analyze the non-responsiveness and side
effects of anti-TNF therapy (Chen and
Oppenheim 2011a). The role of TNF and its
receptors in the regulation of Tregs function in
different clinical contexts was recently
summarized and reviewed (Chen and Plebanski
2019; Yang et al. 2018). Theoretically, the block-
ade of the TNF–TNFR1 pathway without inter-
ruption of the TNF–TNFR2 pathway might
overcome, at least partially, the
non-responsiveness or adverse effects of anti-
TNF biologics used in the treatment of inflamma-
tory diseases.

Tregs can be used as a cellular therapy to
prevent or treat diverse clinical conditions in
transplantation, allergy, infectious disease,
GvHD, neurodegenerative disease, and autoim-
munity (McMurchy et al. 2011; Su et al. 2012;
Gu et al. 2014; Xu et al. 2016). However, the clin-
ical application of Treg cell-based therapy in
autoimmunity is in dilemma due to the difficulty
in obtaining and safely applying sufficient
quantities of functional Tregs, whether generated
ex vivo or stimulated in vivo. Previous strategies
to expand the Treg cells population include the
stimulation with IL-2, anti-CD3, anti-CD28,
TL1A-Ig, etc. (Faustman and Davis 2010;
Faustman 2018). Tregs are known to express
high levels of TNFR2, and TNF–TNFR2 signal-
ing axis stimulates the activation and expansion
of Tregs and increases their Foxp3 expression
(Chen et al. 2007, 2008, 2010a; Annunziato
et al. 2002). Therefore, TNFR2 agonist may be
therapeutically harnessed to induce the prolifera-
tion and suppressive function of Tregs. Okubo
and colleagues reported that “TNFR2 agonists”
(potent agonistic TNFR2 monoclonal antibodies
(mAb)) had the capacity to stimulate the expan-
sion of Foxp3+ Tregs present in cultures of CD4
cells, accompanied by the upregulation of CHUK
(conserved helix-loop-helix ubiquitous kinase),
TRAF2, TRAF3, BIRC3 (cIAP2), and Foxp3
mRNA expression (Okubo et al. 2013).

Type 1 diabetes (T1D) is an autoimmune dis-
ease in which Tregs activation is defected through

an increase in the resting Tregs (rTregs;
CD4+Foxp3+CD45RO�RA+) and a decrease in
the activated Tregs (aTregs;
CD4+Foxp3+CD45RO+RA�) (Okubo et al.
2016; Faustman et al. 1989). When rTregs are
converted to aTregs, they express higher levels
of TNFR2 (Chen et al. 2008, 2010a, b, 2013;
Okubo et al. 2013). Thus, TNFR2 agonist has
the potential to combat T1D (Faustman 2018;
Okubo et al. 2016; Ban et al. 2008). More
recently, the effect of “TNFR2 agonists” on the
activation and expansion of Tregs isolated from
patients with type 1 diabetes (T1D) was studied.
In comparison with control, TNFR2 agonist dose-
dependently expanded rTregs to potent aTregs
(Okubo et al. 2016). This suggests that the
in vivo treatment with TNFR2 agonists had the
capacity to correct the defects of Tregs.

Activation and expansion of Tregs through
the TNF–TNFR2 signaling axis could decrease
the clinical GvHD score and GvHD-related mor-
tality (Cohen and Wood 2018). It is also possible
that TNFR2 agonists can induce TNFR2+ Tregs
since one study has demonstrated that TNFR2+

Tregs had a superior capacity to inhibit immune
response in related TNFR2� Treg cells (Horwitz
et al. 2013). Chopra and colleagues constructed
a nonameric TNFR2-specific variant of mouse
TNF (STAR2), which had both in vitro and
in vivo activity to stimulate the proliferation of
Tregs via TNFR2-dependent and IL-2-indepen-
dent manner. In a mouse model of allogenic
hematopoietic stem cell transplantation, treatment
of irradiated recipient mice with STAR2 mark-
edly prolonged the survival and reduced GvHD
severity (Chopra et al. 2016). Importantly,
STAR2 had no harmful effect on the ability of
donor T cells present in the transplant to mediate
graft versus tumor effect or to eliminate
pathogens (Chopra et al. 2016).

The neuroprotective role of TNFR2 signaling
has been reported in several studies (Fischer et al.
2014; Maier et al. 2013; Patel et al. 2012). Fischer
and colleagues developed a number of TNFR2
agonistic and TNFR1 antagonistic biologics, such
as TNC-scTNFR2, EHD2-scTNFR2, and
ATROSAB, and examined their protective effect
on autoimmune neurological disorder such as
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multiple sclerosis (MS) and neuropathic pain
(Fischer et al. 2011, 2017, 2019a, b; Williams
et al. 2018). They found that TNC-scTNFR2
could selectively mimic mTNF and stimulate
TNFR2 activation, consequently protect the
death of neuronal cells from oxidative stress
(Fischer et al. 2011). EHD2-scTNFR2 (TNFR2
agonist) treatment improved memory and cell
viability, and a reduction in the loss of cholinergic
fibers and inflammation in a mouse model of
NMDA-induced acute neurodegeneration (Dong
et al. 2016). In a more recent study, they found
that the activation of TNFR2 using EHD2-
scTNFR2 in mice with chronic neuropathic pain
promoted long-lasting pain recovery via Treg-
dependent responses (Fischer et al. 2019a). More-
over, systemic EHD2-scTNFR2 treatment pro-
moted Tregs expansion and stimulated the
proliferation and differentiation of oligodendro-
cyte progenitor cells in experimental autoimmune
encephalomyelitis (EAE), a mouse model of MS
(Fischer et al. 2019b). It was shown recently that
TROS, a nanobody-based selective inhibitor of
TNFR1, was able to inhibit mouse experimental
autoimmune encephalomyelitis and this effect is
attributable to the diversion of TNF to interact
with TNFR2 (Steeland et al. 2017). Thus, a con-
siderable number of studies have shown the effi-
cacy of TNFR2 agonistic agents in the treatment
of several autoimmune and inflammatory
diseases. Hopefully, this TNFR2-targeting treat-
ment would be more effective and safer than
globally blocking TNF activity, and further inves-
tigation is warranted.

13.5 Elimination of Tregs Activity
Through Blockade of TNFR2
Signal in Cancer
Immunotherapy

Tregs play a major role in the establishment and
maintenance of immunosuppressive tumor
microenvironments (Wing et al. 2019; Togashi
et al. 2019). A large number of Tregs accumulate
in the tumor microenvironment, and they potently
dampen naturally occurring and therapeutically
induced anti-tumor immune responses

(Nishikawa and Sakaguchi 2010). Therefore,
tumor-infiltrating Tregs represent a major cellular
mechanism of tumor immune evasion. In addi-
tion, myeloid-derived suppressor cells (MDSCs)
and mesenchymal stem cells (MSCs) operate col-
laboratively with Tregs in promotion of tumor
immune evasion. Thus, the elimination of
tumor-infiltrating Tregs, MDSCs, and MSCs or
suppression of their function have become a strat-
egy to enhance anti-tumor immune responses
(Munn et al. 2018; Liu et al. 2016). We (Xin
Chen and Joost J Oppenheim) have reported that
tumor-infiltrating Tregs express high levels of
TNFR2 and are potent immunosuppressive cells
in the tumor microenvironment (Chen et al.
2008). These TNFR2-expressing Tregs are abun-
dantly present in different tumor cell types includ-
ing colon cancer, multiple myeloma, renal cell
carcinoma, Hodgkin’s lymphoma and cutaneous
non-Hodgkin’s lymphoma, and ovarian cancer
(Uhlén et al. 2005; Hamilton et al. 2011; Rauert
et al. 2011; Wang and Al-Lamki 2013;
Govindaraj et al. 2013; Nakayama et al. 2014;
Ungewickell et al. 2015; Sheng et al. 2018). A
recent study on 788 commercially available
human cancer cell lines from diverse cancer
tissues examined the expression of TNFR2 in
the tumor microenvironment. They showed that
TNFR2 was overexpressed on both human tumor
cells and human tumor-infiltrating Tregs, but neg-
ligibly expressed on beneficial Teffs. The expres-
sion pattern was widespread and variable, the
greatest expression was on hematopoietic and
lymphoid cell lines, as well as on lung and breast
tumor lines (Yang et al. 2020). Moreover, it has
been reported that the immunosuppressive func-
tion of MDSCs and MSCs are dependent on the
TNF–TNFR2 signaling axis (Zhao et al. 2012;
Kelly et al. 2010). MSCs treated with TNF
in vitro also enhanced the suppressive function
(Su et al. 2015). Consequently, therapeutically
targeting TNFR2 with antagonistic agents
represents a strategy to eliminate or suppress the
functional activities of these immunosuppressive
cells in tumor environment (Vanamee and
Faustman 2017; Yang et al. 2020; He et al.
2019; Al-Hatamleh et al. 2019a, b).
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Faustman and her colleagues developed
TNFR2 antagonistic antibodies which can inhibit
Tregs proliferation, reduced sTNFR2 secretion
from normal cells, and enabled T effector cell
(Teff) expansion (Torrey et al. 2017). The
antibodies also inhibit the activation of NF-κB
pathways and gene expression associated with
TNFR2 signaling in Tregs. Furthermore, the
TNFR2 antibodies killed Tregs isolated from
metastatic sites (ascites) in ovarian cancer patients
more potently than it killed Tregs from healthy
donor samples. Additionally, antagonistic
antibodies also killed OVCAR3 ovarian cancer
cells (Torrey et al. 2017). In a recent in vitro
study by this team, they examined TNFR2
antagonists on freshly isolated lymphocytes
from patients (Stage IVA) with Sézary syndrome
(cutaneous T-cell lymphoma) and healthy
controls. TNFR2 antagonistic antibody killed
TNFR2+ Sézary syndrome (SS) tumor cells and
this gives a free rein to a rapid expansion of Teff
cells to correct Treg/Teff ratios like normal
healthy controls (Torrey et al. 2019). In another
study, they have investigated TNFR2 antibody
antagonist for in vitro killing function using
SW480 colon cancer cell line (low TNFR2
expression), MOTN-1 leukemia cell line, and
JEKO-1 lymphoma cell line (high TNFR2
expression). TNFR2 antagonistic antibody
induced the death of SW480 cell line after 7-day
treatment and induced the death of MOTN-1 and
JEKO-1 within 48–72 h. In the tumor environ-
ment, the antagonist antibody selectively induced
the death of TNFR2-expressing tumor cells and
Tregs but sparing Teffs (and promoted the prolif-
eration of Teff cells) (Yang et al. 2020). We
showed that the administration of TNFR2-
neutralizing antibody and a toll-like receptor
9 agonists (CpG oligodeoxynucleotide) has the
potential to improve the therapeutic effect against
breast cancer and colon cancer cells in mice.
These combination therapy markedly decreased
the number of TNFR2+ Treg cells and increased
the number of interferon-γ-positive (IFN-γ+)
CD8+ cytotoxic T lymphocytes infiltrating the
tumor, resulting in a long-term tumor-free sur-
vival in the mouse cohort (Nie et al. 2018). The
Faustman’s group optimized the TNFR2

antagonist antibody by shuffling the isoform and
stabilizing the hinge that resulted in the improve-
ment of activity and safety (Yang et al. 2020).

It has been shown that depletion of TNFR2+

Tregs was associated with the antitumor effect of
therapeutics. For example, tumor eradication after
cyclophosphamide depended on concurrent
depletion of TNFR2+ Tregs in a mouse tumor
model (van der Most et al. 2009). Treating acute
myeloid leukemia patients with azacytidine and
panobinostat effectively eliminated TNFR2+ Treg
cells in peripheral blood and bone marrow
(Govindaraj et al. 2014a). These beneficial clini-
cal responses came from more active Teff as
determined from increased production of inter-
feron-γ and IL-2. In another study on acute mye-
loid leukemia patients, they found that
combination treatment with azacytidine and
lenalidomide decreased TNFR2 expression and
activity in Treg cells, and this action improved
the clinical outcomes (Govindaraj et al. 2014b).

Taken together, these preclinical and clinical
data support the idea that TNFR2-expressing
Tregs are tumor-associated suppressors, and
they represent the major cellular mechanism in
tumor immune evasion. Elimination of Tregs
activity by blockade of TNFR2 may markedly
enhance the efficacy of cancer immunotherapy.
TNFR2-targeting treatment may also directly act
on tumor cells. These dual beneficial effects of
TNFR2 antagonism in human patients should be
further studied.

13.6 Conclusion

Current experimental evidence further supports
and substantiates the decisive role of TNF–
TNFR2 interactions in the activation, expansion,
in vivo function, and phenotypic stability of
Tregs. Both protective and detrimental effects of
the TNF–TNFR2 signaling in Tregs, by
maintaining immune homeostasis and dampening
autoimmune or inflammatory responses or by
promoting tumor immune evasion, have been
intensively studied. The molecular basis and sig-
naling pathway of TNFR2 required for Tregs
activation were also investigated. However, the
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exact mechanism, as well as the key signaling
events remains to be further clarified, and such
study may lead to the identification of a novel
molecular target for the discovery of drugs with
the capacity to modulate Tregs activity. The ther-
apeutic potential of TNFR2-targeting pharmaco-
logical agents in the treatment of inflammatory
diseases and cancer have been revealed. Further
study should focus on the translation of research
findings into the therapeutic benefits of human
patients. Hopefully, in the near future, TNFR2-
targeting therapy can be proved to be useful in the
treatment of major human diseases such as auto-
immune disorders, allergy, allograft rejection,
GVHD, and cancer.
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The Pursuit of Regulatory T Cells
in the Induction of Transplant Tolerance14
Preston R. Arnold and Xian C. Li

Abstract

Organ transplantation is a preferred treatment
option for patients with end-stage organ fail-
ure. However, transplant induces a robust
rejection response that necessitates life-long
immunosuppression, which often leads to a
plethora of comorbidities. Thus, the goal of
transplantation is to achieve a state of tolerance
wherein the host permanently accepts the
transplanted organ while maintaining normal
immune responses to other antigens. Regu-
latory T cells (Tregs) play an important role
in realizing this goal and are being explored in
both animal models and human clinical trials.
In this chapter, we discuss the key principles of
transplant rejection and Treg biology, as well
as the status of human clinical trials utilizing
Tregs as cellular therapy. We discuss how the
current immunosuppressive drugs are utilized
in transplantation in favoring an increased
Treg to T effector cell ratio, different

approaches in generation of therapeutic
Tregs, and various facets in Treg trial designs
in the clinic. Such clinical trials provided
many opportunities to leverage our under-
standing of Tregs in transplantation. They
also demonstrated Tregs as a safe cellular ther-
apy for human use, but the efficacy of this
treatment has yet to be fully realized.

Keywords

Transplantation · Tolerance · Treg · Clinical
trials · Immunosuppression

14.1 Introduction

Solid organ transplantation remains a preferred
choice of treatment for patients with end-stage
organ failure and its use in the clinic continues
to increase over time (Watson and Dark 2012). In
2019, nearly 40,000 solid organ transplants were
performed in the United States (United Network
for Organ Sharing 2020). Among them, kidney
transplants accounted for over half of the solid
organs transplanted, while liver, heart, and lung
transplants accounted for the majority of the
remaining transplants. Despite the ever-
increasing demand for organ transplantation in
the clinic, our ability to perform them is limited
by the severe shortage of organ donors. In fact,
the patients waitlisted for organ transplants in the
United States (~120,000 patients) far exceed the
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number of donor organs available. As a conse-
quence, a substantial number of patients die while
waiting for a life-saving transplant. Furthermore,
for those with an organ transplant, graft rejection
mounted by the patient’s immune system remains
a major threat to long-term engraftment, and
because of that, patients must take immunosup-
pression drugs to broadly suppress the immune
system for life to prevent graft rejection. Unfortu-
nately, despite the much-improved graft survival
in the era of modern immunosuppressive
regimens, chronic graft rejection continues to
occur, especially in the long-term
immunosuppressed patients. Additionally, life-
time maintenance of immunosuppressive treat-
ment markedly increases the risks for
opportunistic infections and malignancies in
transplant patients. Thus, one of the critical
objectives in the field of organ transplantation is
to induce a state of immunological tolerance
toward the transplanted donor organs, where the
transplant patients would permanently accept the
donor organs without taking lifelong immunosup-
pressive drugs, while allowing immune responses
to other antigens including pathogens to proceed
in a normal fashion. Clearly, achieving this goal
in the clinic would markedly improve the long-
term outcome of organ transplants.

In this chapter, we focus on key features of
transplant rejection, how the process is initiated,
and the complexity of cell types involved in
rejection, emphasizing the regulatory
mechanisms that potentially suppress rejection
and promote transplant tolerance. There are mul-
tiple cell types identified so far that exhibit regu-
latory properties. They are likely involved in the
induction and maintenance of immune tolerance
via different mechanisms, and the longevity
(or stability) of tolerance may demand the collec-
tive efforts of diverse regulatory cell types. How-
ever, Foxp3+ T regulatory cells (Tregs) are
among the best-studied cells and play a dominant
role in immune tolerance. They are therefore the
central focus of our discussion here. We specifi-
cally highlight the ongoing efforts in utilizing
Tregs in clinical trials in transplant patients,
discussing progresses and challenges, as well as
unresolved questions that warrant further

investigations. This discussion is centered on
solid organ transplantation, but we believe that
the principle of Tregs in transplant tolerance
should also be relevant to hematopoietic cell
transplantation.

14.2 Transplant Rejection
and the Unique Roles of Tregs

14.2.1 Features of Transplant
Rejection

Transplant rejection presents in one of several
ways, each representing unique immunological
responses (Nankivell and Alexander 2010).
Hyperacute rejections are driven by preexisting
donor-specific antibodies (DSA) in the host and
lead to a robust rejection of the transplanted
organs within hours of transplantation. This type
of rejection has been almost completely
prevented in the clinic due to effective serological
testing for DSAs before transplantation. Acute
rejection occurs over the course of a few months
and presents with progressing signs of allograft
failure. It is generally defined as either T-cell
mediated or antibody mediated, based on the
presence of lymphocyte infiltrate or antibody/
complement staining when the organ is examined
histologically, although mixed T-cell/antibody
rejections are common. Antibodies in this setting
are developed after organ transplantation and pri-
marily directed against the graft vasculature.
Importantly, T cells have been implicated in the
pathogenesis of acute rejection, and both CD4+
and CD8+ subsets are often involved. T cells
must be activated first by donor antigens before
becoming effector cells, a process in which Tregs
may be able to regulate. Prevention of acute
rejection is mediated primarily through the insti-
tution of immunosuppressive drugs, which
requires lifelong maintenance immunosuppres-
sion. Despite these efforts, acute rejection
episodes are not uncommon and are a major
source of morbidity among transplant recipients.
Finally, chronic rejection develops years or
decades after organ transplantation; it is an insid-
ious process manifesting fibrosis within the graft
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and damage to the graft vasculature, leading to
gradual decreasing of graft function and ulti-
mately loss of the allograft. Although also immu-
nologically driven, the mechanisms of chronic
rejection are poorly understood, and because of
that, chronic rejection is untreatable and
constitutes the primary cause of graft loss in the
long term.

Rejection is initiated upon recognition of
donor major histocompatibility complex (MHC)
by host T cells. MHC antigens, which consists of
class I and class II molecules, are encoded in
humans by the human leukocyte antigen (HLA)
complex. MHC class I molecules are expressed in
nearly all nucleated cells and present antigens to
CD8+ cytotoxic T cells. MHC class II molecules
are expressed primarily in professional antigen-
presenting cells (APCs) such as dendritic cells,
macrophages, and B cells and present antigens to
CD4+ T cells, including Tregs. The HLA gene
complex is highly polymorphic consisting of over
10 loci, with thousands of alleles discovered
across human populations. Thus, organ
transplants inevitably present novel MHC
antigens to the host immune system, against
which T cells are robustly activated. Efforts to
mitigate this through the identification of closely
matched donor/recipient pairs has led to
decreased frequency of graft rejection.

The pathways of antigen presentation are key
to understanding transplant rejection from the
perspective of regulatory or effector cells. There
are two primary pathways of antigen presenta-
tion: indirect and direct (Auchincloss and Sultan
1996). Indirect alloantigen presentation entails
the traditional presentation of processed
alloantigens by host APCs on host MHC class I
and II molecules to host T cells, a pathway that is
similar to protective T-cell responses. Direct allo-
antigen presentation occurs as host T cells
directly recognize the intact donor MHC
molecules present in donor APCs. This licenses
T cells to recognize the donor MHC molecules
expressed by the graft tissue. While professional
APCs express high levels of MHC class II, epi-
thelial cells and endothelial cells are also capable
of expressing MHC class II, thus acting as APCs

in allografts and allowing CD4+ T cells including
Tregs to directly recognize the graft (Quiroga
et al. 2006). Because a finite number of donor
APCs with no way to replenish themselves are
transferred in solid organ transplants, the
opportunity for direct presentation is relatively
short-lived. Accordingly, direct presentation has
been considered a predominant contributor to
acute rejection while the indirect pathway may
contribute more strongly to chronic or prolonged
responses (Siu et al. 2018; Joffre et al. 2008). A
modified version of the direct pathway, termed
semi-direct presentation, has been described
wherein host APCs acquire donor MHC class
I/II molecules via endosomes and exosomes
(Brown et al. 2011; Marino et al. 2016). This
pathway may allow sustained direct pathway acti-
vation through epitope linkage as host dendritic
cells expressing donor MHC class I in addition to
donor MHC class II presented on host MHC class
II (indirect pathway) can activate cytotoxic T
cells through the direct pathway, while receiving
help from CD4+ T cells through the direct or
indirect pathway (Siu et al. 2018). It also provides
important insights into potential mechanisms
through with regulatory T cells can control the
transplant response.

The contribution of each of these pathways to
different stages of transplant rejection, particu-
larly in human subjects, remains poorly under-
stood. However, it appears that the direct pathway
is able to more powerfully induce T-cell activa-
tion (Rulifson et al. 2002). Deep sequencing of
T-cell repertoires has indicated that greater dis-
parity between self and allogenic HLA alleles
increases the strength of the T-cell response; how-
ever, even highly similar HLA alleles are able to
induce a specific alloreactive response (Arrieta-
Bolanos et al. 2018). The potential implications
of these pathways may also be tissue specific, as
many tissues maintain their own specialized
APCs (such as Kupffer cells and Langerhans
cells) and may differ in their ability to express
MHC class II molecules. Nevertheless, consider-
ation of these unique means of antigen presenta-
tion is crucial when considering how Tregs might
regulate the rejection response.
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14.2.2 Tregs in Transplant Survival

Tregs represent a heterogeneous group of cells
that contain various subsets specialized to specific
immune responses. Much research continues to
expand our understanding of these complex cells.
Tregs are defined primarily by expression of the
transcription factor Foxp3, as well as the surface
markers CD4+CD25+CD127low. Functionally,
they are potent suppressor cells and are consid-
ered here in transplant studies. The importance of
Tregs in reducing or preventing graft rejection in
transplantation was first identified in animal stud-
ies wherein animals that had developed tolerance
demonstrated increased Tregs in both the lym-
phoid organs and the tolerated allograft (Graca
et al. 2002; Lee et al. 2005; Xia et al. 2008).
Evaluation of human transplant recipients has
similarly suggested that increased Tregs in the
peripheral blood and graft parenchyma contribute
to hypo-responsiveness to donor antigens and
prolonged graft survival (Hoerning et al. 2012;
Bestard et al. 2007). The contribution of Tregs
residing within or outside the allograft is not fully
understood. Limited animal models have
suggested that early recruitment of Tregs to the
allograft is important to limit the infiltration of T
effector cells (Golshayan et al. 2009; Shao et al.
2019). Tregs subsequently accumulate in the
lymph nodes where they further suppress the
immune response by suppressing activation of T
effector cells and APCs (Shao et al. 2019; Zhang
et al. 2009). Tregs inhibit immune responses
through multiple mechanisms, some of which
are particularly pertinent to transplantation.
These include the expression of anti-
inflammatory cytokines such as IL-10, IL-35,
and TGF-β; expression of CD39 and CD73
ectoenzymes to convert extracellular ATP,
which is highly inflammatory, into the immuno-
suppressive adenosine; outcompeting T effector
cells for IL-2; expression of CTLA4; and directly
killing APCs and activated T effector cells
through perforin and granzyme-dependent path-
way. However, much remains to be learned
regarding the specific mechanisms by which
Tregs inhibit the transplant response in vivo.

Mouse studies using adoptively transferred
Tregs in skin, heart, kidney, or corneal transplant
models have demonstrated the effects of Tregs
both at the graft and in the draining lymph
nodes (Golshayan et al. 2009; Shao et al. 2019;
Zheng et al. 2006; Liao et al. 2017). At the graft,
they limit T effector and APC infiltration, poten-
tially through the secretion of TGF-β and IL-10
within the grafts. In the draining lymph nodes,
Tregs work to limit T effector cell activation,
proliferation, and differentiation by preventing
the maturation of APCs, leading to a reduced
MHC class II expression. This leads to a decrease
in Th1 IFN-γ+ cells which promote the cellular
response critical for transplant rejection. Within
the draining lymph nodes, secretion of anti-
inflammatory cytokines and inhibition of APCs
may lead the induction of Tregs which recognize
additional antigens not recognized by the initial
Tregs and perpetuate tolerance. Nevertheless, the
Treg response in transplantation is not uniquely
different from that in other settings, and many of
the traditional mechanisms appear to be at play
promoting in promoting tolerance to organ
transplants.

A higher percentage of Tregs taken from
human blood were able to recognize donor
alloantigens through the direct pathway than
through the indirect pathway (Veerapathran
et al. 2011). Tregs utilizing the direct pathway
are sufficient to induce tolerance in some animal
models (Lee et al. 2014). This should not suggest,
however, that the indirect pathway is of minimal
importance to graft acceptance. To the contrary,
many studies have demonstrated the importance
of the indirect pathway in inducing and
maintaining tolerance, with some studies
suggesting superiority of the indirect pathway,
particularly in long-term graft acceptance (Wise
et al. 1998; Tsang et al. 2008). Considering the
presence of Tregs in both the graft and secondary
lymphoid tissues, both indirect and direct antigen
presentations likely play important roles in
establishing the transplant response. This was
demonstrated in at least one mouse model where
directly stimulated Tregs were sufficient to pre-
vent acute rejection while indirectly stimulated
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Tregs were additionally necessary to prevent
chronic rejection (Joffre et al. 2008). Ultimately,
it is the balance between Tregs and T effector
cells that is critical to graft acceptance, as models
of allograft rejection (Lee et al. 2014; Wang et al.
2008; Fan et al. 2010). The pool size or Tregs and
T effector cells in transplant survival highlights
the importance of reducing T effector cells, par-
ticularly during the acute response, and justifies
the use of immunosuppressive regimens, as T
effector cells are superior in numbers in graft
rejection (Li et al. 2001). Chronic rejection, on
the other hand, is poorly understood and
contributes significantly to late graft loss. Tregs
may play a role in preventing this graft loss, as
various models have been able to induce long-
term tolerance through Treg therapies (Joffre
et al. 2008; Xia et al. 2008; Lee et al. 2014;
Tsang et al. 2008). In addition to their immuno-
modulatory roles, Tregs are known to play roles
in tissue repair and regeneration and are being
explored as treatments to ischemic injuries and
myocardial infarctions (Hong and Kim 2018).
This ability presents the attractive hypothesis
that Tregs could contribute to preventing the vas-
cular remodeling and fibrosis in chronic rejection.
However, additional studies will be needed to
assess this possibility.

A critical consideration in transplantation is
the difference between thymus-derived Tregs
(tTregs) and peripherally converted Tregs
(pTregs). It might be expected that pTregs are
the primary contributors to transplant tolerance,
as they are derived from donor reactive T effector
cells. tTregs are matured in the thymus and
selected primarily by self-antigens, though some
may exhibit cross-reactivity to alloantigens. How-
ever, pTregs developed from naïve T cells after
alloantigen encounter follow similar kinetics as
activation of T effector cells and may not be
timely in effectively suppressing an allograft-
specific immune response. Additionally, pTregs
require an anti-inflammatory environment to
express FoxP3, which is most potently induced
by TGF-β and IL-2 signaling (Zheng et al. 2002,

2004, 2007; Davidson et al. 2007). The post-
transplant environment, by contrast, is a markedly
pro-inflammatory as the allograft is subjected to
ischemic reperfusion injury in addition to surgical
traumas (Mengel et al. 2011). These conditions
are not conducive to pTreg development or main-
tenance. Of particular concern is that IL-6 in
conjunction with TGF-β drives pTregs toward a
pathogenic Th17 cells which promote graft rejec-
tion (Wang et al. 2008; Hanidziar and Koulmanda
2010). In contrast, tTregs have been shown in
some studies to predominate over pTreg
responses in graft survival (Fan et al. 2010).
This is potentially due to the direct recognition
of donor MHCs and highlights the potential
benefits of close HLA matching between donors
and recipients (Mohr Gregoriussen and Bohr
2017). tTregs show greater stability in the context
of inflammatory milieu and may therefore be
especially critical to establishing tolerance in the
early stages of the transplant response (Barbi et al.
2014). After that, pTregs may begin to play a
more predominant role in maintaining tolerance.
The observation of “infectious tolerance” in ani-
mal models appears to support this notion (Wise
et al. 1998; Waldmann et al. 2006).

Despite these diverse immunoregulatory
mechanisms, the default course of transplantation
is rejection, which renders the induction of trans-
plant survival a challenging task. The initial
inflammation in the graft induced by ischemia
injury and surgical trauma in conjunction with
robust T effector cell responses are too strong
for any Tregs to contain without effective
interventions in the effector arm of rejection.
However, efforts to increase the total number
and the suppressive activities of Tregs, in con-
junction with therapeutics to limit inflammation
and effector T cells, present a viable strategy for
inducing and maintaining transplant tolerance.
These efforts, which are the focus of various
clinical trials, shift the Treg and T effector bal-
ance in favor of tolerance aimed at avoiding life-
long immunosuppression in transplant patients.
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14.3 Clinical Trials Involving Tregs
as Cellular Therapeutics

14.3.1 Production of Tregs Ex Vivo

One of the initial challenges in translating Treg
therapies into clinical trials was the generation of
clinical grade Tregs. The initial report of Treg
isolation in accordance with good manufacturing
protocol involved a magnetic enrichment system
to select a population of CD4+CD25+ T cells from
standard leukapheresis products (Hoffmann et al.
2006). However, early efforts to isolate Tregs for
clinical use were hampered by both contamina-
tion with conventional T effector cells and an
inability to extract sufficient numbers of Tregs
from peripheral blood. Subsequent protocols
sought to address this by including additional
markers such as CD127low and by expanding the
Tregs ex vivo using anti-CD3/CD28 beads
(Putnam et al. 2009). Expansion not only
increases cell number by potentially million-
fold, but when completed in the presence of
modifying reagents such as the mTOR inhibitor
rapamycin or all-trans retinoic acid (atRA), it
allows selective expansion of Tregs, thereby dra-
matically reducing the number of contaminating
T effector cells (Putnam et al. 2009; Hippen et al.
2011; Lu et al. 2014). In addition, ex vivo expan-
sion provides the opportunity to groom a popula-
tion of Tregs that are selective for alloantigens.
Alloantigen-specific Tregs are significantly more
potent in reducing the allogenic immune response
than are polyclonal Tregs (Xia et al. 2008;
Veerapathran et al. 2011; Sagoo 2011). During
Treg induction ex vivo, alloantigens can be
presented in vitro via the direct or indirect path-
way, which may have implications for Treg use
and the timing of their administration in clinical
trials, particularly as our understanding of how
each of these pathways contribute to various
stages of the allogenic immune response expands
(Siu et al. 2018; Joffre et al. 2008; Veerapathran
et al. 2011). Despite these progresses, ex vivo
manipulations of Tregs continue to face many
technical and regulatory challenges that will
need to be addressed in future studies, especially

those related to stability and viability of such
expanded Tregs following adoptive transfer.

14.3.2 The Impact
of Immunosuppression Drugs
on Treg Functions

Several classes of therapeutics and administration
strategies are frequently utilized in transplanta-
tion. Because immunosuppressive drugs are an
indispensable facet of transplant medicine, under-
standing how these pharmacological agents may
impact Treg function is critical to understanding
the role of endogenous or therapeutically
administered Tregs. The commonly prescribed
immunosuppressive drugs and their mechanisms
of action are particularly relevant to Treg
therapies. The combination of immunotherapeu-
tic agents is generally selected to act in two
unique phases. The initial phase, or induction
therapy, is designed to deplete or severely dimin-
ish the T-cell pool. This is given before or at the
same time as transplantation when inflammation
is at peak levels. After this initial induction ther-
apy, transplant patients are treated with three
classes of drugs (calcineurin inhibitors, anti-
proliferatives, and steroids), which will be
continued lifelong to prevent rejection.

Induction therapy agents include rabbit anti-
thymocyte globin (rATG) and anti-CD25
antibodies. rATG broadly depletes T cells,
including subsets of Tregs. However, this agent
tends to result in a more favorable Treg to T
effector ratio weeks following rATG therapy,
partly due to far more efficient depletion of T
effector cells (Tang et al. 2012; Gurkan et al.
2010; Krystufkova et al. 2012). Anti-CD25
antibodies antagonize IL-2 signaling in an effort
to target activated T cells. Anti-CD25 antibodies
also reduce Treg populations (Krystufkova et al.
2012; Bouvy et al. 2014), but studies have
observed a persistence of FoxP3 expression after
anti-CD25 treatment, suggesting that Tregs may
survive this treatment by downregulating CD25
(Krystufkova et al. 2012; Vondran et al. 2010).
The impact of these agents on Tregs has
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important implications for the timing of exoge-
nous Treg administration. Considering that the
goal of exogenous Treg therapy is to favorably
shift the Treg to Teff ratio, administration of
Tregs in conjunction with depleting therapies
could be counter-productive or antagonistic.
This may be especially true of anti-CD25 therapy
because the highly expressed CD25 is a common
feature of Tregs. Additionally, induction
therapies are administered at a time of excessive
inflammation in the graft. Such conditions may
not be favorable for exogenously expanded Tregs
which may be susceptible to reversion to an effec-
tor phenotype in the presence of inflammatory
signals. For these reasons, many clinical trials
have chosen to administer Tregs after induction
therapy. However, at least one animal model has
demonstrated that initial induction therapy
synergizes with Treg therapy infused at a later
timepoint (Xia et al. 2008).

Maintenance therapies include calcineurin
inhibitors (CNI), mTOR inhibitors,
mycophenolate, and corticosteroids. CNIs work
by inhibiting the phosphatase calcineurin, which
is necessary for the activation of the transcription
factor NFAT. This has several important
implications for Tregs as NFAT normally binds
to the promoters of FoxP3 and CD25 to promote
their expression. Accordingly, treatment with
CNIs has been shown to decrease Treg functions
as well as stability in transplant patients
(Akimova et al. 2012; Satake et al. 2014).
mTOR inhibitors, on the other hand, are well
documented to promote FoxP3 expression
(Huang et al. 2020). Treatment with mTOR
inhibitors promotes Treg levels as compared to
CNIs in transplant patients (Satake et al. 2014;
Ruggenenti et al. 2007; Shan et al. 2014). One
animal study demonstrated that mTOR inhibitors
combined with Tregs was much better than CNI
with Tregs in prolonging graft survival (Ma et al.
2009). However, the increase in Tregs has not
always correlated to improved graft function
in human clinical trials, perhaps because
measurements in these trials have been limited
to peripheral blood Tregs rather than intragraft
levels (Shan et al. 2014). Notably, while mTOR
inhibitors promote FoxP3 expression, they may

have deleterious effects on Treg expansion or
suppressive activities due to the complex inter-
play of metabolic and Treg functions (Shi and Chi
2019; Furukawa et al. 2016). In animal models,
the in vivo effects of mTOR inhibitors on Tregs
seem to be dependent on dosage and timing (Shan
et al. 2014). Thus, while generally considered
favorable for FoxP3 expression, much remains
to be learned about the effects of mTOR
inhibitors on the overall Treg activities in vivo.

Corticosteroids are known to have many anti-
inflammatory properties, and their effects on
Tregs are complex and likely context dependent
(Cari et al. 2019). Corticosteroids appear to pro-
mote FoxP3 expression through the transcription
factor glucocorticoid-induced leucine zipper
(GILZ), which leads to increased levels of anti-
inflammatory cytokines such as IL-10 and TGF-β
(Ugor 2018). One study observed increased Tregs
in patients treated with a corticosteroid bolus,
although the effect appeared to be short lived
(Seissler et al. 2012). Other studies have
suggested that corticosteroids increase Tregs in
allografts indirectly through myeloid-derived
suppressor cells (Nakao et al. 2018).
Mycophenolate inhibits de novo purine synthesis,
which is especially detrimental to lymphocytes as
they rely exclusively on this pathway for expan-
sion (Allison and Eugui 2005). In vitro studies
have suggested that mycophenolate may promote
a favorable Treg/Th17 ratio, and transplant
patients on mycophenolate therapy have accord-
ingly demonstrated decreased IL-17 in peripheral
blood (Abadja et al. 2011, 2009). Various studies
have demonstrated that mycophenolate favorably
alters the Treg/T effector ratio in transplant
patients relative to other maintenance therapies
(Demirkiran et al. 2009; Fourtounas et al. 2010;
Zeng et al. 2019).

Overall, many of the immunosuppressive
therapies utilized during transplantation favorably
alter the Treg/Teff ratio, most likely due to pref-
erential inhibition of T effector cells over Tregs,
rather than an actual promotion of Tregs. Addi-
tionally, while many studies have considered
FoxP3 as markers for Tregs, fewer studies have
considered the effect of these drugs on the sup-
pressive capacity of Tregs (Arroyo Hornero et al.
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2017). Studies disentangling the effects of
immunosuppressive drugs on FoxP3 expression
from immunosuppressive capacity are especially
difficult to conduct and interpret in human
patients, where patients are subjected to a cocktail
of drugs and the Treg capacity is interpreted
through surrogate measures such as graft rejection
rates and measures of graft functions. In vivo
studies thus far have also been primarily limited
to interpreting the effects of these drugs on
endogenous Tregs. Their impact could be mark-
edly different when exogenous Tregs are
introduced into transplant patients. With clinical
trials addressing exogenously expanded Tregs for
transplantation are still primarily in phase I to
determine safety, later trials experimenting with
unique drug cocktails in conjunction with Treg
therapies will be informative. Additionally, the
timing of when to introduce Treg therapies (dur-
ing induction or maintenance) will be a critical
determinant to the success of Treg therapies.

14.3.3 Clinical Trials Utilizing Tregs
in Transplantation

Early studies in rodents as well as in non-human
primates demonstrated that exogenously
expanded Tregs could be safely re-introduced to
the host and that the Tregs were stable and func-
tional in vivo (Riley et al. 2009; Bashuda et al.
2005; Ma et al. 2011). However, the exogenously
transferred Tregs rapidly diminished within the
first few weeks, after which a more stable popu-
lation persisted (Zhang et al. 2015). It was found
that cryopreserved Tregs could be thawed,
expanded, and maintained their phenotype and
the in vivo kinetics comparably to freshly
expanded Tregs (Guo et al. 2015). However, cau-
tion was also warranted as at least one model
demonstrated decreased graft function and
increased effector/memory function following
Treg infusion (Ezzelarab et al. 2016). This appar-
ently contradictory result is likely due to factors
related to the timing of infusion, expansion
protocols, dosing, and combination with other
therapeutic agents. In addition, different trans-
plant models and immunosuppressive therapies

utilized may also contribute to differences in
Treg outcomes. For example, early Treg infusion
following transplantation in conjunction with
rATG may have contributed to perturbation of
the expanded Tregs. Nevertheless, these preclini-
cal studies laid the groundwork for human trials
on how Tregs can be best utilized in transplant
patients. Indeed, various clinical trials have been
conducted utilizing exogenously expanded Tregs.
As of this writing, three phase I trials have been
completed and published: one in liver and two in
kidney transplants (Chandran et al. 2017; Todo
et al. 2016; Mathew et al. 2018). It is important to
note that as phase I trials, these studies primarily
aim to study the safety of Treg therapies in
humans rather than the efficacy of such therapies.
Accordingly, a relatively small number of
patients are evaluated, making it difficult to
draw meaningful conclusions regarding the effi-
cacy of these treatments. Notwithstanding, the
initial results are promising as no patients showed
significant adverse events in response to Treg
infusions. Each of these trials utilized unique
protocols to produce Tregs that are
discussed here.

The liver clinical trial, conducted by Todo
et al. (2016), was conducted in ten patients who
received Treg therapy between 2010 and 2012
and was followed through 2015. In this trial,
lymphocytes were collected from the donors,
irradiated, and then cultured with recipient
lymphocytes in the presence of CD80/CD86
blockade. Due to impurities in the cell collection
process, this process likely resulted in both direct
and indirect stimulation of recipient lymphocytes
with donor alloantigens. The cell culture process
enriched the Treg population by an average of
approximately fourfold, resulting in an infusion
product containing approximately 15% Tregs.
Presumably, the remaining T cells were rendered
anergic by the costimulatory blockade, although
this was not analyzed. Criteria of the infusion
product included >80% cell viability,
~1 � 106 Tregs/kg body weight per patient, and
standard immunosuppression protocol consisting
of steroids, mycophenolate, and 1 month of CNI
following transplantation. Patients also received a
single dose of cyclophosphamide given 5 days
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posttransplant. The Treg-enriched cell product
was infused on day 13 posttransplant. No adverse
events were observed in response to cell infusion.
Large variations were seen between patients in
the total number of Tregs 3 months after trans-
plant, although the percent of FoxP3+ cells tended
to increase relative to pre-transplant levels.
Weaning off CNIs was begun in this study at
6 months posttransplantation. Over the
12-month weaning period, seven of the ten
patients were successfully weaned off of CNIs.
The three patients who were not successfully
weaned all received liver transplants due to
autoimmune diseases. This suggests an interest-
ing association between Treg therapies and
underlying primary disease in this cohort. Of
the seven weaned patients, five demonstrated
non-responsiveness toward donor alloantigens
by mixed lymphocyte reaction, while the
remaining two demonstrated hypo-
responsiveness. Importantly, the patients retained
greater reactivity toward third-party antigens than
they did against donor antigens, demonstrating
specificity of the immune tolerance. There are
several limitations to this study. As a phase I
clinical trial with only ten patients, no controls
(patients without Treg infusion) were included,
thus it is difficult to draw any defini-
tive conclusions about the efficacy of the treat-
ment. Additionally, patients were splenectomized
during transplant surgery. This splenomectomy,
combined with the impurity of the Treg cell-infu-
sion product, clouds any attributions to Tregs.
However, the study does provide a framework
in which Treg infusions are part of safe therapies
leading to donor-specific hypo-responsiveness.

The TASKp trial involved polyclonally
expanded Tregs in three kidney transplant
patients (Chandran et al. 2017). Tregs were
isolated from peripheral blood by cell sorting as
CD4+CD25+CD127lo cells and were then
expanded in vitro in the presence of IL-2 and
deuterated glucose to allow for subsequent cell
tracking. The expanded Treg products were
approximately 95% FoxP3+ and over 99% viable
and were infused 14 days after expansion with a
dose of approximately 3.2 � 108 Tregs per
patient. All patients were on immunosuppressive

therapy consisting of CNI, mycophenolate, and
corticosteroid before and after Treg infusion. No
adverse events were observed as a result of cell
infusion, and patient survival and graft survival
were 100% at 1 year post-infusion. Deuterated
Tregs were detectable for approximately 3 months
following injection. Importantly, deuterium
signals were not detected in other T-cell
populations, indicating stability of the injected
Tregs. This study provided an additional frame-
work demonstrating the safety of Treg infusion
into transplant patients. It is unique in that Tregs
were collected later in the course of transplanta-
tion. These Tregs had already been exposed to
maintenance therapy in vivo, but were still able to
be expanded, although their immunosuppressive
capacity was not determined. Such trials may be
especially applicable to efforts in preventing
chronic rejection, although the efficacy of this
treatments in such conditions is unknown.

The TRACT trial represents an important clin-
ical trial in human Treg therapy for kidney trans-
plant patients (Mathew et al. 2018). In this trial,
peripheral blood monoclonal cells (PBMCs) were
taken from nine patients approximately 1 month
prior to transplantation and cryopreserved. Induc-
tion therapy was initiated at the time of transplant
with alemtuzumab (a monoclonal antibody to
CD52 which deletes T and B cells) and cortico-
steroid. Maintenance therapy of CNI and
mycophenolate was also administered at the
time of transplantation, with the CNI switched
to an mTOR inhibitor at 30 days posttransplant.
Tregs were enriched by deleting CD8+ and
CD19+ cells followed by CD25+ cell enhance-
ment. The cells were then polyclonally expanded
for 21 days using IL-2 and TGF-β, including the
presence of an mTOR inhibitor for the first
9 days. This resulted in a highly purified Treg
product with marked demethylation of the
FoxP3 locus, indicating Treg stability. The
expanded Tregs also maintained clonal diversity
and increased in immunosuppressive capacity
throughout the expansion process, as measured
by mixed lymphocyte reactions. Importantly, the
Tregs demonstrated the ability to induce
non-expanded recipient T cells into Tregs during
mixed lymphocyte reactions. Three tiered doses
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(with three patients in each tier) of 0.5 � 109,
1.0 � 109, or 5.0 � 109 Tregs were infused into
patients at day 60 posttransplantation. At 90 days
posttransplant, Treg levels were comparable to or
exceeded pretransplant levels, in contrast to total
CD4+ and CD8+ levels which remained depressed
from induction therapy. Treg levels remained ele-
vated 1 year posttransplant. This increase was
attributed to the Treg infusion, as a historical
control group that received the same transplant
and immunosuppression regimen without Treg
infusion did not show any increase in Tregs over
time. Patients also maintained immunological
response to various pathogenic antigens (such as
CMV), which is a concern in transplant patients.
In all doses, there was 100% patient and graft
survival at 2 years without evidence of opportu-
nistic infection or malignancy, demonstrating
Treg infusion over varied doses to be safe.

Clearly, these studies vary dramatically in their
Treg purification and expansion methods ranging
from highly pure polyclonal Treg products to
alloantigen-specific Treg-enhanced cellular
products while utilizing varied cytokines and
pharmacological agents to promote Treg expan-
sion. Additionally, Treg infusion therapies were
given nearly congruous with transplant (13 days
posttransplant) to more than 6 months after sur-
gery and with wide varieties in dosing and in
immunosuppression regimens. Despite the tre-
mendous heterogeneity between them, all studies
found Treg infusion therapies to be safe in
humans with no severe adverse reactions. Tregs
appear to be stable, do not convert to effector
cells, albeit in a limited number of patients.
These are all encouraging signs that have allowed
the advancement of additional phase I and phase
II clinical trials.

14.4 Ongoing Clinical Trials

Several new phase I and phase II clinical trials for
therapeutic use of Tregs in kidney and liver trans-
plant are currently being conducted. Although
results are still forthcoming, we will briefly dis-
cuss a few of the predominant trials, their
hypotheses, and their protocols.

The aforementioned TASKp trial has moved
forward to a combined phase I/II trial, which
involves patients who develop kidney graft
inflammation at their 6 month posttransplant
biopsy (Flavio Vincenti 2019). The advantages
of this include the limited treatment options cur-
rently available for such patients and ability to
quickly assess changes in inflammation (and
therefore treatment efficacy) following Treg infu-
sion (Tang and Vincenti 2017). Although origi-
nally conceived and planned as a trial to compare
polyclonally expanded Tregs, donor alloantigen-
specific Tregs, and standard of care, the most
recent update of the trial dropped the donor
alloantigen-specific Treg arm. Thirty patients
will be recruited, of which 15 will receive stan-
dard of care and the remaining 15 will receive an
infusion of approximately 5.50 � 108

polyclonally expanded Tregs. Similar to the
TASKp trial, patients will be maintained on CNI
and mycophenolate maintenance therapy before
and after Treg infusion, but in this study the arm
receiving polyclonal Tregs will be converted
from the CNI to an mTOR inhibitor after Treg
infusion. Outcomes measured will include graft
rejection/inflammation as well as infection rates.
This trial is large enough to provide some of the
earliest data on Treg efficacy in human transplant
patients.

The ONE study represents a multicenter clini-
cal trial focused on the use of different regulatory
cell therapies in living donor kidney transplant
recipients (Edward et al. 2018). Four centers are
utilizing Tregs, each generated in a unique way.
The King’s College London (KCL) group pro-
duced polyclonal Tregs by magnetically sorting
CD4+CD25+ cells and then expanding them in the
presence of IL-2 and an mTOR inhibitor. Cells
were cryopreserved until infusion. The Charite-
Berlin (CB) group similarly produced polyclonal
nTreg cells which were expanded in vitro and
then infused fresh into patients. The University
of California San Francisco (UCSF) group pro-
duced donor-specific Tregs which were directly
stimulated by inactivated donor B cells. In the
Massachusetts General Hospital (MGH) group,
recipient PBMCs are cocultured with irradiated
donor PBMCs in the presence of costimulatory
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blockade (belatacept, CTLA4-Ig) before expan-
sion and selection of CD4+CD25+ Tregs. This
produces a cell product of approximately 90%
Tregs with alloantigen specificity. The initial
goal was to recruit 6–12 patients into each treat-
ment group, compared with 61 patients receiving
standard of care therapy. Dosing and timing of
Treg infusions varied between the centers, but all
centers infused their respective cell products
within 2 weeks of transplantation. All patients,
including those receiving standard of care, were
given an identical maintenance regimen that
included continual mycophenolate and CNI ther-
apy combined with an initial corticosteroid dose
for 3 months. Standard of care patients also
underwent anti-CD25 induction therapy. Patients
who received Treg cell therapy were optionally
tapered to CNI monotherapy starting at 9 months
posttransplant.

Results for the ONE trial are not yet published
in full, but preliminary results are now reported
on CORDIS. Preliminary results for patients
receiving polyclonal Treg expansions have been
very favorable. Over one third of patients were on
CNI monotherapy without rejection events. Addi-
tionally, patients who received Treg cell therapy
reported lower incidence of infections, likely
because these patients were able to be maintained
with decreased immunosuppression. Preliminary
results of acute rejection episodes were compara-
ble between standard of care and cell therapy
groups. The KCL group showed a special prom-
ise as none of the 12 patients receiving Treg cell
therapy experienced a rejection event. Generally
speaking, the polyclonal Treg therapies were
more successful in conducting the trials, as each
was able to treat 10+ patients. The UCSF trial
treated two patients, but one showed signs of
acute rejection shortly after infusion, and the
trial was then suspended. The MGH trials was
able to infuse three patients without adverse
events but suspended the trial to improve the
manufacturing protocol for Tregs, and the
improved protocols will be pursued in another
clinical trial.

Several other clinical trials are attempting to
extend these initial results. The KCL has taken
their initial results into a phase IIb, termed the

TWO trial, which will utilize a similar Treg
expansion protocol but will infuse the cells at
6 months posttransplant, at which time patients
will be maintained on CNI monotherapy
(ISRCTN 2020). Patients will be followed at
least 1 year following Treg infusion with acute
rejection being the primary endpoint. This trial
will give additional critical information on the
efficacy of Treg therapies. Additional clinical
trials are underway to explore Treg therapies in
liver transplantation as well. The ThRIL clinical
trial, also conducted by KCL, will infuse one of
two doses of polyclonal Tregs into liver trans-
plant patients (Lombardi 2019). Patients will be
treated with rATG, mTOR inhibitor, and CNI and
will be assessed for acute rejection and therapeu-
tic toxicities. The MGH branch of the LITTMUS
trial aims to infuse CD4+CD25+CD127lo donor-
specific Tregs stimulated in the presence of
costimulatory blockade into liver transplant
patients at a single dose of >2.5 � 106 Tregs
(Markmann 2019). This study aims to determine
the effectiveness of Tregs in helping wean liver
transplant patients off immunosuppressive
therapies. The ARTEMIS trial similarly looks to
infuse donor-specific Tregs in liver transplant
patients to reduce or completely wean off
immunosuppressive drugs (Sandy Feng and
Tang 2020). Unfortunately, several other
promising therapies, including branches of
LITTMUS trial and the dELTA trial (related to
the ARTIMES trial), have been discontinued due
to difficulties in manufacturing the Treg product.

14.5 Conclusions

Tregs are critical to preventing rejection of
transplanted organs; they are also indispensable
in the induction of transplant tolerance. As a
therapy, their potential to induce a state of toler-
ance reduces or eliminates the need for deleteri-
ous immunosuppressive regimens in recipients
and makes Tregs a very enticing option. How-
ever, many challenges remain in manufacturing
clinical grade Tregs. Additionally, the complex
relationship between immunosuppressive thera-
peutics and Treg activities has important
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implications for utilizing Tregs in conjunction
with these agents. From a basic science perspec-
tive, a greater understanding of how Tregs are
induced and maintained, their mechanisms of
action in preventing acute and chronic rejections,
as well as how antigen presentation through the
direct or indirect pathway affects these processes,
is needed. Such understanding will enhance the
ability to manufacture Tregs and the dose and
timing of their application in clinical trials. Ani-
mal models and initial clinical trials indicate that
the Treg infusion therapies are well tolerated,
although additional monitoring will be necessary
to determine the long-term risk of malignancy or
other complications such as chronic infections.
Preliminary results indicate that Treg therapies
do not increase the risk of acute rejection, but
many additional clinical trials, including those
studying various timing and immunosuppressive
regimens, are warranted to truly assess the effi-
cacy of these therapies. Clinical trials evaluating
the efficacy of donor alloantigen-specific Tregs
are especially needed, as these therapies have
shown greater promise in animal studies, but
have proven difficult to manufacture and apply
in human clinical trials. Trials are also needed to
examine the efficacy of Treg therapies in other
solid organ transplants such as heart and lung. In
spite of the many challenges and unknowns that
remain, the power of Tregs and the initial results
are promising and justify optimism for Tregs as a
promising therapy for solid organ transplantation.
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Regulatory T Cells for the Induction
of Transplantation Tolerance 15
Weitao Que and Xiao-Kang Li

Abstract

Organ transplantation is the optimal treatment
for terminal and irreversible organ failure.
Achieving transplantation tolerance has long
been the ultimate goal in the field of transplan-
tation. Regulatory T cell (Treg)-based therapy
is a promising novel approach for inducing
donor organ-specific tolerance. Tregs play crit-
ical roles in the maintenance of immune
homeostasis and self-tolerance, by promoting
transplantation tolerance through a variety of
mechanisms on different target cells, including
anti-inflammatory cytokine production, induc-
tion of apoptosis, disruption of metabolic
pathways, and mutual interaction with den-
dritic cells. The continued success of Treg-
based therapy in the clinical setting is critically
dependent on preclinical studies that support
its translational potential. However, although
some initial clinical trials of adoptive Treg
therapy have successively demonstrated safety
and efficacy for immunosuppressant minimi-
zation and transplantation tolerance induction,
most Treg-based hematopoietic stem cell and
solid organ clinical trials are still in their
infancy. These clinical trials have not only

focused on safety and efficacy but also
included optimization and standardization
protocols of good manufacturing practice
regarding cell isolation, expansion, dosing,
timing, specificity, quality control, concomi-
tant immunosuppressants, and post-
administration monitoring. We herein report a
brief introduction of Tregs, including their
phenotypic and functional characterization,
and focus on the clinical translation of Treg-
based therapeutic applications in the setting of
transplantation.

Keywords

Allograft · Tregs · Tolerance · Transplantation

15.1 Introduction

Organ transplantation has achieved remarkable
success over the past half-century and has
become the optimal treatment choice for terminal
and irreversible organ failure. However, despite
this success, the lifelong requirement for
continued administration of nonspecific
immunosuppressants after transplantation can
have major side effects, which include not only
severe infections, chronic renal failure, cardiovas-
cular diseases, metabolic syndrome, and malig-
nancy but also the psychological burdens that
impair quality of life (Ojo et al. 2003; Watt et al.
2010). Still worse is the fact that the effectiveness
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of the immunosuppressive drugs required to
maintain the tolerant state is suboptimal at
preventing donor-specific antibody production
and later-phase chronic organ rejection, which
can eventually lead to graft failure (Kwun and
Knechtle 2009; Wood and Goto 2012;
Valenzuela and Reed 2017). In this regard, the
quest for immunosuppressant-free organ trans-
plantation, whereby patients achieve donor
organ-specific tolerance without compromising
their protective immunity, remains the ultimate
goal in the field of transplantation.

In the pursuit of this Holy Grail of transplanta-
tion, regulatory immune cell-based therapies are
emerging as promising strategies for inducing
donor organ-specific tolerance. The regulatory
immune cells, including regulatory T cells
(Tregs) (Kingsley et al. 2002; Long and Wood
2009; Roncarolo et al. 2014), regulatory
macrophages (Broichhausen et al. 2012), regu-
latory B cells (Kwun and Knechtle 2009; Sicard
et al. 2015), myeloid-derived suppressor cells
(Brem-Exner et al. 2008; Fleming and Mosser
2011; Broichhausen et al. 2012), and regulatory
dendritic cells (Marín et al. 2018; Rosen et al.
2018; Thomson et al. 2019; Ochando et al.
2019), have been extensively examined for their
ability to promote transplantation tolerance and
have clearly shown benefits of safety and the graft
survival (Wood et al. 2012; Papp et al. 2017).
Among these cells, Tregs are particularly attrac-
tive for their critical roles in maintaining immune
homeostasis and self-tolerance. Since the biology
of Tregs has been extensively reviewed in several
publications elsewhere (Wing and Sakaguchi
2010; Josefowicz et al. 2012; Georgiev et al.
2019) here, we focus on the clinical translation
of Treg-based therapeutic applications in the
setting of transplantation.

15.2 Phenotype and Heterogeneity

Broadly speaking, Tregs constitute a group of
specialized T cells that act to suppress the
immune response, thereby maintaining homeosta-
sis and self-tolerance. These include a spectrum
of regulatory T cells that include

CD4+CD25+Foxp3+ classical Tregs, interleukin-
10 (IL-10)-producing CD4+ T cells (Tr1),
tumor growth factor-β (TGF-β)-producing T
helper 3 cells (Th3), CD8+CD122+ Tregs,
CD8+CD25+Foxp3+ Tregs, double-negative
Tregs (DNTs), natural killer T (NKT) cells,
and γδT cells (Shalev et al. 2011).
CD4+CD25+Foxp3+ classical Tregs, which we
will focus on in the present report, are the most
well-studied, and clinical trials concerning these
cells have advanced the farthest.

Treg cells comprise approximately 5–10% of
circulating CD4+ T cells and play indispensable
roles in the regulation of immune homeostasis
and transplantation tolerance (Sakaguchi et al.
2010). In 1995, Sakaguchi et al. were the first to
identify the immunologic function of CD4+CD25
+ Tregs in the maintenance of self-tolerance
(Sakaguchi et al. 1995). Later, the X-linked gene
forkhead box P3 (Foxp3) was identified as the
master control gene of Tregs, specifically with
regard to Treg development and function (Hori
et al. 2003; Fontenot et al. 2003). Later, the
expression of CD127, α-chain of IL-7R, was
shown to be inversely correlated with the Foxp3
expression and Treg suppressive function (Liu
et al. 2006; Seddiki et al. 2006). As such, the
combination of CD4, CD25, and CD127 is con-
sidered to be a stringent marker demarcating a
bona fide population of Tregs with an optimal
stability and function.

More recently, the demethylation status of
the Treg-specific demethylated region (TSDR)
was reported to be crucial for regulating gene
expression of the Foxp3 locus (Polansky et al.
2008). Notably, thymus-derived Tregs have a
fully demethylated TSDR, while peripherally
derived Tregs display only a partially
demethylated region (Shevach and Thornton
2014). In addition, Miyara et al. described three
phenotypically and functionally distinct
subpopulations of Tregs in human peripheral
blood based upon their CD45RA and Foxp3
expression (Miyara et al. 2009). They divided
Tregs into CD45RA+Foxp3low resting Tregs and
CD45RA�Foxp3high activated Tregs, both of
which demonstrated suppressive in vitro
properties, as well as a population of cytokine-
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secreting nonsuppressive CD45RA�Foxp3low

Treg cells.

15.3 Mechanisms of Treg
in Underlying Transplantation
Tolerance

The mechanisms involving Tregs have been
extensively studied and reviewed elsewhere
(Sakaguchi et al. 2009; Schmidt et al. 2012).
Tregs exert their suppressive function on different
target cells through a variety of mechanisms,
including the production of anti-inflammatory
cytokines, the induction of apoptosis, and disrup-
tion of metabolic pathways and mutual interac-
tion with dendritic cells (DCs). Most of these
general suppressive mechanisms apply to
alloimmune responses. The anti-inflammatory
cytokines secreted by Treg cells include IL-10,
IL-35, and TGF-β that act to suppress T-cell pro-
liferation and maturation of DCs. Blocking IL-10
and TGF-β abrogates the Treg-mediated tolerance
to skin and heart allografts (Bickerstaff et al.
2000; Hara et al. 2001). Tregs can also directly
kill target cells via perforin- and granzyme-
dependent apoptotic pathways (Grossman et al.
2004; Gondek et al. 2005). Granzyme-deficient
mice are unable to establish long-term tolerance
in a model of Treg-dependent skin graft tolerance
(Gondek et al. 2008). Tregs mediate the disrup-
tion of metabolic pathways through the
ectoenzymes CD39/CD73-mediated conversion
of ADP/ATP to AMP and AMP to adenosine
(Antonioli et al. 2013). Tregs from CD39-
deficient mice showed a lower suppressive ability
than those from wild type mice and failed to
induce tolerance of allogeneic skin grafts
(Deaglio et al. 2007). Tregs also display their
immunosuppressive function by rendering DCs
tolerogenic via the induction of indoleamine
2,3-dioxygenase expression in DCs or through
transendocytosis of CD80/CD86 costimulatory
molecules (Fallarino et al. 2003; Qureshi et al.
2011), following which tolerogenic DCs promote
the generation of Tregs (Hasegawa and
Matsumoto 2018). Min et al. reported the exis-
tence of an inhibitory feedback loop between

tolerogenic DCs and Tregs in transplantation tol-
erance, in which tolerogenic DCs induce Tregs,
which in turn induce tolerogenic DCs (Min et al.
2003). Alternatively, Tregs can perform their sup-
pressive activities in a non-antigen-specific man-
ner, namely bystander suppression, which allows
them to suppress effector T cells of diverse
specificities (Thornton and Shevach 2000). In
addition, a Treg-mediated suppressive microenvi-
ronment promotes the emergence of Tregs spe-
cific for other antigens or other types of
regulatory cells (Gershon and Kondo 1971;
Jonuleit et al. 2002; Andersson et al. 2008). This
phenomenon, known as “infectious tolerance,”
may contribute to the long-term maintenance of
original Treg-induced tolerance.

15.4 The Role Treg Cells
in Preclinical Transplantation
Models

In 2002, Graca et al. first identified the persistent
presence of Tregs in tolerated allografts and
demonstrated that Tregs in tolerant skin grafts
could prevent nontolerant lymphocytes from
rejecting fresh skin allografts, without impedi-
ment of rejection of third-party skin (Graca et al.
2002). This study was the first to highlight the
critical role of Tregs in transplantation tolerance.
Since then, numerous studies have demonstrated
the importance of Tregs in transplantation toler-
ance induction and maintenance in multiple organ
transplantation models. Li et al. reported that the
frequency of Tregs was increased in both the
periphery and in tolerant liver grafts from day
5 to day 100 post-transplantation (Li et al.
2008). Depletion of Tregs using anti-CD25
antibodies resulted in acute liver allograft rejec-
tion in tolerant mice. They also demonstrated that
CTLA4, TGF-β, IL-4, and apoptosis of graft-
infiltrating T cells were involved in Treg-
mediated transplantation tolerance. Joffre et al.
reported the prevention of acute and chronic allo-
graft rejection with CD4+CD25+Foxp3+ Tregs
(Joffre et al. 2008). They showed that in vitro
allo-stimulated Tregs were able to induce long-
term tolerance to bone marrow and subsequent
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skin and cardiac allografts. They also showed that
Tregs specific only for directly presented allo-
antigens were able to prevent acute rejection but
failed to prevent chronic rejection, whereas Tregs
specific for directly and indirectly presented allo-
antigens were capable of preventing both acute
and chronic allograft rejection. Additional evi-
dence supporting the application of Tregs to
transplantation tolerance has been made available
from studies using humanized mouse models of
organ transplantation (Shultz et al. 2007; Issa
et al. 2010; Wu et al. 2013). Nadig et al. showed
that human Tregs expanded ex vivo could prevent
transplant arteriosclerosis, which is a pathologic
hallmark of chronic transplant dysfunction affect-
ing the long-term outcome after transplantation
(Nadig et al. 2010).

15.5 The Role of Treg Cells
in Clinical Transplantation
Trials

In clinical liver transplantation, operational toler-
ance can occur in selected recipients after immu-
nosuppression has completely weaned off. These
recipients exhibit a significantly increased fre-
quency of circulating and intrahepatic Tregs com-
pared to non-tolerant recipients or healthy
volunteers (Li et al. 2004). In addition, increased
levels of circulating and intra-graft Tregs are
associated with stable graft function in both kid-
ney and lung transplantation (F et al. 2006;
Bestard et al. 2007). In clinical trials performed
in 2009, Trzonkowski et al. first demonstrated the
effectiveness of adoptive transfer of ex vivo
expanded CD4+CD25+CD127low Tregs in the
treatment of graft-versus-host disease (GvHD)
(Trzonkowski et al. 2009). In 2016, after publish-
ing the results of a clinical trial of Treg-based
therapy in solid organ transplantation, Todo
et al. showed that adoptive transfer of
ex vivo-generated Tregs was safe and effective
for immunosuppressant minimization and
operational tolerance induction in living donor
liver recipients with nonimmunological liver
diseases (Todo et al. 2016). Soon after, Chandran
et al. reported the treatment of subclinical

inflammation in kidney transplant patients with
polyclonal autologous Tregs (Chandran et al.
2017). At present, most clinical trials regarding
the infusion of Tregs in hematopoietic stem
cell transplantation and solid organ transplanta-
tion are still ongoing (Table 15.1). These clinical
trials have not only focused on safety and efficacy
but have also included optimization and
standardization protocols of good manufacturing
practice regarding cell isolation, expansion,
dosing, timing, specificity, quality control,
concomitant immunosuppressants, and post-
administration monitoring (Fig. 15.1).

15.5.1 Isolation

Currently, the majority of clinical trials harvest
Tregs from adult peripheral blood (ABP), which
is an easily performed procedure to obtain these
cells. However, since Tregs are relatively rare in
ABP, and since ABP Tregs comprise highly het-
erogenous populations of antigen experienced
cells, some researchers have used umbilical cord
blood (UCB) as an alternative source for the
isolation of Tregs, since UCB is rich in Tregs
and virtually devoid of antigen-experienced
memory T cells (Riley et al. 2009). Most
UCB-derived Tregs consist of naïve cells with
long telomeres and are easily separable from
effector T cells (Teffs) due to the low complexity
of UCB T cells. Brunstein et al. isolated
5–7.5 � 106 Tregs per unit of UBC with a mean
purity of 66% (Brunstein et al. 2011). UCB Tregs
have shown a higher expansion capacity and sup-
pressive function than their PB counterparts (Lin
et al. 2014). Clinical trials have demonstrated the
safety and efficacy of UCB Tregs in autoimmune
diseases and transplantation (Brunstein et al.
2016; Seay et al. 2017). One drawback associated
with the use of UCB as a source is that such Tregs
are allogeneic cells unless derived from banked
autologous UCB.

Another source of Tregs is discarded pediatric
thymus (Dijke et al. 2016). Discarded pediatric
thymus is an excellent source, with 1 g of thymus
able to yield around 500 times more Tregs than
1 ml of BP. These Tregs also show a superior
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suppressive function compared to ABP Tregs.
Furthermore, thymus-isolated Tregs express
lower levels of class I HLA and include fewer
HLA-DR+ cells than BP Tregs. The immuno-
genic property of thymus isolated Tregs may
allow them to be used in “off-the-shelf”
tolerogenic therapy (Dijke et al. 2017).

The methods of Treg isolation that comply
with Good Manufacturing Practice (GMP)
guidelines are usually based on magnetic bead
depletion/enrichment protocols (Hoffmann et al.
2006a). The CliniMACS system is the most
widely applied instrument for magnetic separa-
tion of Tregs. In this method, undesired CD8+/
CD19+ cells are depleted, and CD25+ cells are
then enriched by positive selection, eventually
yielding CD4+CD25+ Tregs. However, isolated
CD4+CD25+ Tregs may be contaminated with
Teffs expressing low levels of CD25. The
CliniMACS system does not allow for Treg iso-
lation based on multiple markers. FACS
has proven to be an effective method of
further Treg isolation with higher purity
based on multiple markers. Researchers have
developed a FACS-based protocol for isolating
CD4+CD25+CD127low Tregs, which yield a
Treg purity ranging 95–100% (Putnam et al.
2009). In addition, Hoffmann et al. suggested
the inclusion of the CD45RA marker to isolate

CD4+CD25+CD127lowCD45RA+ naïve Tregs for
adoptive therapy, which displayed a greater
expansion potential, Foxp3 stability, and suppres-
sive function than their CD45RA� antigen-
experienced or memory counterparts (Hoffmann
et al. 2006b; Jb et al. 2015).

15.5.2 Expansion

Isolated Tregs usually require ex vivo expansion
to meet the needs for adoptive Treg therapy.
Tregs can be expanded ex vivo in a polyclonal
manner with bead-bound or soluble anti-CD3/
CD28 monoclonal antibody stimulation in the
presence of IL-2 (Hoffmann et al. 2004). Hippen
et al. achieved a >50 million-fold expansion of
PB Tregs with the addition of artificial antigen-
presenting cells expressing the Fc receptor and
CD86 (Hippen et al. 2011b). However, despite
such impressive results, these protocols have sev-
eral drawbacks.

First, such protocols are limited to expanding
polyclonal Tregs. Second, contaminated Teffs
may also proliferate vigorously alongside Tregs,
which can cause safety issues, especially for
MACS-isolated CD4+CD25+ Tregs. Finally,
repeated stimulation may lead to the loss
of Foxp3 expression and emergence of

Thymus

UCB

PB Isolation

CD8/CD19 depeltion
CD25 enrichment

CD4+CD25+CD127low
CD45RA+ sorting

MACS

FACSFF

Expansion
TTregs

Quality control Delivery

CD3/CD28 stimulation plus IL-2
optional: moptional: mTTOR inhibitorOR inhibitor

Polyclonal

Allogeneic stimulation
Antigen-specific

TCR transduction
CAR transduction
Specific gene alteration

Genetic modification

Timing
Dosing

Sterility

FFACS testACS testFFF
Purity

Suppression assay
Functionality

Fig. 15.1 Current workflow of Treg-based therapy. In the
first step, peripheral blood (PB), umbilical cord blood
(UCB), and thymus are used as sources for Treg isolation.
Treg isolation methods include magnetic-activated cell
sorting (MACS) or fluorescence-activated cell sorting
(FACS) based on surface marker expression profiles.
Tregs can be expanded in a polyclonal manner or

antigen-specific manner. Polyclonal expansion is
performed by stimulation with anti-CD3/CD28 and
interleukin-2 (IL-2). Antigen-specific expansion is
performed by stimulation with allogeneic cells. Genetic
Treg modifications could be used to improve Treg speci-
ficity, potency, stability, trafficking, and safety. Quality
control is performed prior to in vivo transfer of Treg
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pro-inflammatory cytokines (Hoffmann et al.
2009).

Multiple approaches have been proposed to
address these defects. Some researchers use allo-
genic B cells as antigen-presenting cells to gener-
ate and expand clinical grade alloantigen-specific
Tregs (Putnam et al. 2013; Landwehr-Kenzel
et al. 2014). Aside from the FACS-based isolation
protocol, another important solution to the issue
of Teff contamination is to optimize the culture
conditions using mammalian target of rapamycin
(mTOR) inhibitors, such as rapamycin, which
also improves Treg stability (Battaglia et al.
2005; Strauss et al. 2007; Tresoldi et al. 2011;
Scottà et al. 2013). Treg expansion in the pres-
ence of rapamycin selectively suppresses
non-Treg proliferation while enhancing the Treg
expansion, stability, and suppressive function
(Battaglia et al. 2005, 2006; Zeiser et al. 2008;
Bocian et al. 2010). Therefore, the addition of
mTOR inhibitors, such as rapamycin, has become
a part of some GMP protocols.

15.5.3 Timing

The optimal time points for Treg infusion in
organ transplantation is still being investigated.
Most preclinical studies of Treg-based therapy
infuse Tregs around the time of transplantation.
The reason for the pre-transplant administration
of Tregs is to allow Tregs time to reduce the
degree of Teff activation. In addition, the early
post-transplantation period is accompanied by
ischemia-reperfusion injury-induced inflamma-
tion, which can recruit Tregs to the graft,
facilitating immunoregulation and tissue repair.
If induction with depleting agents is applied at
the time of the transplant, Tregs should be infused
after transplantation to avoid their subsequent
depletion by depleting agents. Treg infusion
may also synergize with T-cell depletion to pro-
mote the long-term survival of allografts (Xia
et al. 2008; Ma et al. 2011). In addition, later-
phase Treg administration has been tested for
immunosuppressant withdrawal and tolerance
induction (NCT02474199).

15.5.4 Dosing

Another point of consideration is the optimal
dosing of Treg infusion. The ratio of Tregs to
Teffs influences the balance between tolerance
and rejection. Preclinical studies have shown
that a high ratio of 1:2 to 1:1, i.e., 33–50%
Tregs, is necessary to prevent transplantation
rejection (Riley et al. 2009; Hippen et al. 2011c;
Tang and Lee 2012). It is therefore assumed that a
dose of 49 to 79 � 109 Tregs will be needed to
increase the Treg pool to clinically efficacious
numbers for a patient with a body weight of
70 kg (Tang and Lee 2012). Furthermore, evi-
dence from preclinical studies has also suggested
that around 10- to 100-fold more polyclonal
Tregs are needed to achieve the same efficacy as
antigen-specific Tregs (Nishimura et al. 2004;
Golshayan et al. 2007; Tarbell et al. 2007). More-
over, in the presence of lymphodepletion, such as
anti-thymocyte globulin (ATG) induction, a sin-
gle fusion of around 3–5 � 109 Tregs can effec-
tively boost the Treg percentage to more than
33%. Given that most of these data were from
animal studies, the most effective Treg dose in
human transplantation remains unclear. Several
dose-escalation studies in humans have been car-
ried out, and no serious adverse events have been
observed, suggesting the safety of Treg-based
therapies. Further comprehensive dose escalation
studies should be performed to assess the benefit–
risk balance of Treg dosing in human
transplantation.

15.5.5 Quality Control

Although quality control is required prior to the
in vivo transfer of Tregs, it is not yet standardized.
Purity testing is commonly performed by FACS.
The assessment of the epigenetic status of the
Foxp3 locus, especially TSDR demethylation,
which is closely related to the stability and thus
the function of Tregs, is another important quality
control approach. Traditional Treg suppression
assays, which involve analyzing their capacity to
inhibit proliferation or cytokine production of
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co-cultured Teffs, are time-consuming and
associated with substantial bias (Brusko et al.
2007; Venken et al. 2007). Novel rapid functional
assays should be developed to ensure the quality
of adoptive Tregs.

15.5.6 Genetically Modified Tregs

Genetic engineering is a revolutionary biotech-
nology in current therapeutic medicine. With
regard to Treg-based therapies, genetic Treg
modifications can be used to improve the speci-
ficity, potency, stability trafficking, and safety of
Tregs. As mentioned previously, antigen-specific
Tregs are more robust than polyclonal Tregs in
their tolerance induction but are difficult to
expand due to their scarcity. Genetically
modifying T-cell receptors (TCRs) allows for
the generation of antigen-specific Tregs by deliv-
ering designated TCR-α and -β chain genes.
Genetically TCR-modified antigen-specific
Tregs have been examined in preclinical models
of autoimmune diseases and transplantation
(Zhou et al. 2004; Tang et al. 2004; Fujio et al.
2006; Golshayan et al. 2007; Stephens et al.
2009). In addition, genetic TCR modification
can be combined with in vitro allostimulation to
generate dual-specific Tregs. Tsang et al.
generated Tregs with direct and indirect
allospecificity, which have increased efficiency
to promote graft tolerance (Tsang et al. 2008).

Chimeric antigen receptor (CAR) technology
is another promising approach to generate
antigen-specific Tregs. CAR Tregs were
engineered with artificial receptors that have an
antigen recognition extracellular domain and
T-cell activation signaling intracellular domains.
The antigen recognition domain has the
ability to recognize both MHC-restricted and
MHC-nonrestricted antigens, which gives CAR
Tregs broader applicability than TCR-modified
Tregs. CAR-engineered effector T cells have
helped achieve great advances in blood cancer
treatment (Porter et al. 2011; Brentjens et al.
2013; Maude et al. 2014). Serval preclinical stud-
ies have demonstrated their safety and efficacy in
promoting transplantation tolerance, although

clinical studies are still lagging behind
(MacDonald et al. 2016; Boardman et al. 2017;
Noyan et al. 2017).

In addition to specificity modifications,
genetic engineering can also target selected
genes to improve the potency and stability of
Tregs. Okada et al. engineered mouse primary T
cells by targeting the Foxp3 promoter locus to
induce stable Foxp3 expression, even under
inflammatory conditions, which is also associated
with an enhanced suppressive function (Okada
et al. 2017). Furthermore, there are many other
valuable features imbued by genetic engineering
that have been tested in Teffs but not translated to
Tregs, such as the insertion of suicide genes to
maintain the safety, overexpression of chemokine
receptors to enhance trafficking capacity, and the
incorporation of tissue repair molecules (Tey
2014; Raffin et al. 2020).

15.5.7 Concomitant
Immunosuppressants

Although Treg-based therapy is being developed
with the goal of minimizing or even avoiding the
need for immunosuppressants after transplanta-
tion, the use of concomitant immunosuppressants
is inevitable for preventing acute rejection in the
current stage of clinical trials. The influence of
immunosuppressants on Tregs differs among
agents, which should be taken into consideration
when designing Treg-based therapy trials in
transplantation.

The effects of variety immunosuppressants
used for transplantation on Tregs have been com-
prehensively reviewed (Furukawa et al. 2016;
Camirand and Riella 2017). The introduction
of calcineurin inhibitors (CNIs) is considered a
milestone in immunosuppression, effectively
inhibiting acute rejection and improving the
short-term allograft survival. CNIs inhibit the
calcium-dependent nuclear translocation of
nuclear factor of activated T cells (NFAT) follow-
ing T-cell receptor engagement, thereby blocking
the Teff function and transcription of various
cytokines, including IL-2, IFN-γ, and TNF-α
(Hermann-Kleiter and Baier 2010; Macian
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2005). However, Tregs also require the
calcineurin/NFAT signaling pathway for their
survival and proliferation, and the detrimental
impact of CNIs on Tregs has been observed in
both experimental and clinical settings (San
Segundo et al. 2007; Calvo-Turrubiartes et al.
2009; Miroux et al. 2012). mTOR inhibitors are
a safe alternative to standard CNI-based therapy
due to their relative lack of nephrotoxicity.
mTOR inhibitors has been shown to preferen-
tially inhibit Teffs while favoring the Treg expan-
sion and function (Thomson et al. 2009). Kidney
transplant patients on rapamycin-based therapy
showed a significantly higher frequency of
circulating Tregs than patients on CNI-based ther-
apy at 1 year post-transplantation (Segundo et al.
2006). Rapamycin can also promote ex vivo Treg
generation and expansion (Battaglia et al. 2005;
Hippen et al. 2011a). Aside from maintenance
immunosuppressants, whether or not induction
immunosuppressants should be given in conjunc-
tion with Tregs is highly debated, and conflicting
results have been reported. For example, induc-
tion using depleting agents, such as ATG and
alemtuzumab, has been reported to increase
Treg populations (Watanabe et al. 2006; Bloom
et al. 2008; Gurkan et al. 2010; Shimony et al.
2012). However, induction with basiliximab,
which blocks IL-2 receptor, reduces the Treg
population (Bluestone et al. 2008; van den
Hoogen et al. 2015).

15.5.8 Post-administration Monitoring

As a novel therapy, the safety and efficiency of
Treg-based therapy should be considered. To
address safety concerns, it is essential to evaluate
and reduce the potential risk of infection, malig-
nancy, and cytokine storm complications caused
by polyclonal Tregs or bystander suppression.
Efficiency concerns can be addressed by clinical
outcome measures, such as the graft function and
biopsy findings. In addition, researchers have
developed various monitoring methods for
evaluating the efficiency of Treg-based therapy,
such as in vivo cell tracking, the IFN-γ ELISPOT
assay, and FACS-based immune phenotype

profiling (Ashoor et al. 2013; Bestard et al.
2013; Streitz et al. 2013; Bluestone et al. 2015).

15.6 Conclusion

Tolerance has long been the “Holy Grail” for
transplantation. In the past decade, advances in
Treg biological studies have supported the trans-
lational potential of Treg-based therapy in pro-
moting transplantation tolerance in the clinical
setting. Animal studies and early human trials in
transplantation have shown very promising
results. Currently ongoing clinical trials will
give us more data on the safety and efficacy of
Treg-based therapy. The further optimization of
highly reproducible GMP protocols with regard
to cell isolation, expansion, dosing, timing, spec-
ificity, quality control, concomitant immunosup-
pressants, and post-administration monitoring is
needed. With the rapid advances in science and
technology in this field, our ultimate goal of
transplantation tolerance will soon become a
reality.
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