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Preface

The homeostasis of the immune system is maintained by positive and negative
factors including effector/regulatory cells as well as positive intracellular
signals/negative regulators. Autoimmune diseases and allergic diseases are states in
which this balance inclines to the excessive “positive.” In contrast, tumor
microenvironment provides negative signals for immune systems, which suppress
anti-tumor immunity. Those include regulatory T cells (Tregs) and myeloid-derived
suppressor cell (MDSC) as well as immune regulatory molecules such as PD-L1,
indoleamine 2,3-dioxygenase (IDO), TGF-b. Autoimmunity and anti-tumor
immunity are two sides of the same coin. Indeed, knockout mice of various
molecules so-called “immune checkpoints” often develop autoimmune diseases.
Thus, the understanding of the mechanism of immunological balance is important
for the treatment of both autoimmune diseases and cancer.

Typical positive and negative T cells of immune balance are effector T cells and
regulatory T cells (Tregs), respectively. Major Treg cells developed in the thymus
are called thymus-derived Treg (tTreg) cells. Treg cells are specified by an
expression of the transcription factor Forkhead box P3 (Foxp3), which plays crucial
roles in the differentiation, maintenance, and function of tTreg cells. Treg cells are
believed to be involved in autoimmune diseases and allergy because Treg cells
suppress excess immunity against a diverse range of antigens, including
self-antigens, commensal bacteria-derived antigens, and environmental allergens.
Tregs have been shown to be abundant in tumor tissues and suppress anti-tumor
immunity.

In recent years, anti-tumor immunity has attracted attention not only by
immunologists but also by cancer researchers. T-cell activation is initiated through
antigen recognition by the T-cell receptor (TCR) and co-stimulatory signals such as
CD28. On the other hand, the inhibitory signals for T-cell activation (i.e., immune
checkpoints) are crucial for the maintenance of self-tolerance and prevention of
autoimmunity as well as excess immune responses. The two immune checkpoint
receptors, cytotoxic T-lymphocyte-associated antigen 4 (CTLA4, also known as
CD152) and programmed cell death protein 1 (PD1, also known as CD279), have
been most actively studied in the context of clinical cancer immunotherapy. It has
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been shown that PD1 recruits the tyrosine phosphatase, which inhibits TCR
signaling, while CTLA4 inhibits CD28-mediated co-stimulatory signals. Antibodies
against CTLA-4 and PD-1 have been shown to significantly improve survival in
patients with metastatic cutaneous melanoma and other cancers. The action of PD-1
and CTLA-4 is now called “immune checkpoints,” since these molecules are
involved in T-cell exhaustion and anergy. Clinical efficacies of these antibodies
proved that anti-tumor immunity can be enhanced by inhibiting immune check-
points. However, PD-1 and CTLA4 are not the only molecules that negatively
regulate T-cell activation. There are a number of cells and signals that suppress
effector T-cell activation.

In addition to TCR and co-stimulatory signals, T-cell activation requires the
third signal: signals from the cytokine receptors. For example, IL-2 is necessary for
the proliferation of T cells, and IL-12 and IFNc are important for Th1 differentiation
and CTL activation. Various roles of IFNc in anti-tumor immunity have been
established. IL-15 has been shown to be necessary for memory T-cell survival.
Thus, negative regulators of the cytokine signaling must be important immune
checkpoint molecules that regulate anti-tumor immunity. The suppressors of
cytokine signaling (SOCS) family proteins have been shown to negatively regulate
cytokine signaling by binding to the receptors and/or JAK tyrosine kinases.
Suppression of SOCS1 has been shown to cause autoimmunity and enhance
anti-tumor immunity. Therefore, such negative regulators of cytokine signaling can
be considered as the third immune checkpoint molecules.

Now we can extend the concept of immune checkpoints to “molecules and cells
which negatively regulate T-cell activation.” These molecules and cells must be
involved in immune homeostasis and could be new targets of autoimmune diseases
and cancer immunotherapy. This book is focusing on molecular and cellular
biology of “extracellular” and “intracellular” immune checkpoint regulators. Such
factors are regulatory T cells and tolerogenic dendritic cells, as well as signal
inhibitors such as SOCS, tyrosine phosphatases, ubiquitin ligases, and miRNAs.
I hope this CTMI volume promotes the understanding and application of “ex-
tended” immune checkpoint regulators.

Tokyo, Japan Akihiko Yoshimura
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Regulatory T Cells: Molecular
and Cellular Basis for Immunoregulation

Yosuke Togashi and Hiroyoshi Nishikawa

Abstract CD4+ regulatory T cells (Tregs) are a highly immune-suppressive subset
of CD4+ T cells, characterized by expression of the master regulatory transcription
factor FOXP3. Tregs are proven to play central roles in the maintenance of
self-tolerance in healthy individuals. Tregs are involved in maintaining immune
homeostasis: they protect hosts from developing autoimmune diseases and allergy,
whereas in malignancies, they promote tumor progression by suppressing
anti-tumor immunity. Elucidating factors influencing Treg homeostasis and func-
tion have important implications for understanding disease pathogenesis and
identifying therapeutic opportunities. Thus, the manipulating Tregs for up- or
down-regulation of their suppressive function is a new therapeutic strategy for
treating various diseases including autoimmune disorders and cancer. This review
will focus on recent advances in how Tregs integrate extracellular and intracellular
signals to control their survival and stability. Deeper mechanistic understanding of
disease-specific Treg development, maintenance, and function could make
disease-specific Treg-targeted therapy more effective, resulting in an increase of
efficacy and decrease of side effects related to manipulating Tregs.
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1 Introduction

CD4+ regulatory T cells (Tregs) are a highly immune-suppressive subset of CD4+

T cells, characterized by expression of the master regulatory transcription factor
FOXP3 (Sakaguchi et al. 1995; Fontenot et al. 2003; Hori et al. 2003; Khattri et al.
2003). Tregs were originally identified as CD4+CD25+ T cells by Sakaguchi et al.
(1995) and are proven to play central roles in the maintenance of self-tolerance in
healthy individuals (Sakaguchi et al. 2010; Wing and Sakaguchi 2010). Mutations of
the human FOXP3 result in impaired development or dysfunction of Tregs and,
consequently, the occurrence of immunodysregulation polyendocrinopathy
enteropathy X-linked syndrome accompanying severe autoimmune diseases,
inflammatory bowel disease, and allergy (IPEX syndrome) (Bennett et al. 2001).
Likewise, mice that carry a mutation or genetic deletion of FOXP3, called Scurfy
mice are deficient in Tregs and develop fatal systemic autoimmunity (Brunkow et al.
2001; Fontenot et al. 2003). In addition, forced expression of FOXP3 is able to
confer Treg-like suppressive activity on naive conventional T cells (Tconvs)
(Fontenot et al. 2003; Hori et al. 2003). FOXP3 has therefore been considered as a
lineage-specifying transcription factor of Tregs or a master regulator of its functions.

Tregs are involved in maintaining immune homeostasis: they protect hosts from
developing autoimmune diseases and allergy, whereas in malignancies, they pro-
mote tumor progression by suppressing anti-tumor immunity (Onizuka et al. 1999;
Shimizu et al. 1999; Sakaguchi et al. 2010; Wing and Sakaguchi 2010). Elucidating
factors influencing Treg homeostasis and function have important implications for
understanding disease pathogenesis and identifying therapeutic opportunities. Thus,
manipulating Tregs for up- or down-regulation of their suppressive function is a
new therapeutic strategy for treating various diseases including autoimmune dis-
orders and cancer. This review will focus on recent advances in how Tregs integrate
extracellular and intracellular signals to control their survival and stability. We will
discuss how these new insights can be utilized for the development of new
approaches to promote and stabilize Tregs in many illnesses.

4 Y. Togashi and H. Nishikawa



2 Development and Maintenance of Tregs

Tregs are separated into natural/thymic and peripheral/induced Tregs based on the
sites where they are generated (Sakaguchi et al. 2010, Adeegbe and Nishikawa
2013). FOXP3+ natural Tregs are generated in the thymus as an antigen-primed and
functionally mature T cell subpopulation specialized for immune suppression
(natural/thymic Tregs; nTregs). Some of FOXP3+ Tregs also differentiate from
Tconvs in the periphery under certain conditions (peripheral/induced Tregs; iTregs).
The main task of FOXP3+ nTregs is to migrate to inflammatory sites and suppress
various effector lymphocytes, especially helper T (Th) cell subsets and CD8+

cytotoxic T cells (Chaudhry et al. 2009; Koch et al. 2009; Chung et al. 2011;
Linterman et al. 2011). nTregs reportedly express high levels of Helios (a member
of the Ikaros transcription factor family) and Neuropilin-1 (a type-1 transmembrane
protein). In contrast, iTregs that develop in the periphery often lack or have a
low-level expression of these molecules. According to data from animal models,
these iTregs are readily converted from Tconvs by in vitro stimulation with TGF-b
or retinoic acid (Coombes et al. 2007). However, in humans, FOXP3+ T cells
induced from Tconvs by in vitro TCR stimulation with TGF-b fail to gain sup-
pressive function and rather produce pro-inflammatory cytokines (Walker et al.
2005; Tran et al. 2007). At present, the function of iTregs such as TGF-b-induced
ones in humans is obscure though there are some reports showing that several
cytokines or a specific microbiota environment can induce Tregs with a suppressive
function from CD4+CD25– T cells (Ellis et al. 2012; Atarashi et al. 2013; Hsu et al.
2015). Yet it remains to be determined whether these peripherally induced FOXP3+

Tregs are functionally stable in vivo.

2.1 TCR, CD28, and IL-2

nTreg development is initiated by TCR signal followed by a sequential activation of
CD25 (IL-2 receptor a chain) expression, IL-2 signal, and FOXP3 expression (Lio
and Hsieh 2008; Weissler and Caton 2014). Although not fully clarified in humans,
nTregs stem from self-reactive thymocytes present in the thymus (Sakaguchi et al.
2010). A fraction of CD4+CD8– thymocytes receive T cell receptor (TCR) stimu-
lation by complexes of major histocompatibility complex (MHC) plus self-peptide
and acquire expression of CD25, through which IL-2 signals are delivered via
STAT5, resulting in expression FOXP3 and differentiation into Tregs (Jordan et al.
2001; Boyman and Sprent 2012; Malchow et al. 2013). nTreg development can be
enhanced through the constitutive activation of STAT5 and directly binds cis ele-
ments in the FOXP3 promoter and enhancer to stabilize FOXP3 expression
(Burchill et al. 2008). In addition to induction of CD25, TCR and CD28 signal also
contribute to establishing and stabilizing the Treg lineage commitment in the thy-
mus by inducing epigenetic and differentiation events in Tregs (Salomon et al.

Regulatory T Cells: Molecular and Cellular Basis … 5



2000; Tai et al. 2013; Zhang et al. 2013; Franckaert et al. 2015). Thus, antigen and
IL-2 signal provided through TCR, CD28, and CD25 are essential for Treg lineage
commitment in the thymus.

In the periphery, mature Treg survival for their homeostasis and function
depends on TCR, CD28, and CD25, but their roles appear to be distinct from those
in the thymus. Tregs proliferate more than Tconvs in steady state in a CD28
dependent fashion, suggesting that Tregs continuously recognize cognate antigens
driving their cell cycle progression (Tang et al. 2003; Walker et al. 2003). Indeed,
analysis of Treg subsets in the periphery shows that continuous stimulation through
the TCR is required to maintain this population (Levine et al. 2014; Vahl et al.
2014). TCR-deficient Tregs proliferated less and expressed fewer effector mole-
cules such as cytotoxic T lymphocyte-associated protein 4 (CTLA-4), IL-10, and
Ebi3.

Proliferating Tregs have a tendency to lose their FOXP3 expression and lineage
stability in vitro and in vivo in lymphopenic hosts (Hoffmann et al. 2006; Zhou
et al. 2009; Rubtsov et al. 2010). The conserved noncoding sequence 2 (CNS2)
enhancer element, also known as Treg-specific demethylation region, is crucial for
safeguarding lineage stability of proliferating Tregs (Feng et al. 2014; Li et al.
2014). However, stimulation via TCR with limited IL-2 leads to a loss of FOXP3
expression in Tregs with intact CNS2. CNS2 harbors binding sites for both the
TCR-triggered transcription factor nuclear factor of activated T cells (NFAT) and
IL-2-induced transcription factor STAT5, providing a transcriptional basis for Treg
stability by coordinating TCR and IL-2 signal. Interestingly, forced expression of
constitutively active STAT5 prevented the loss of FOXP3 in CNS2-deleted Tregs,
demonstrating that STAT5 can stabilize FOXP3 expression independent of CNS2
(Feng et al. 2014). This may be explained by the NFAT-mediated looping between
CNS2 and the FOXP3 promoter, also having NFAT and STAT5 binding sites (Li
et al. 2014). Together, TCR-mediated signals are important for mature Treg
function but pose a threat to their stability unless they are balanced by the IL-2
signal.

2.2 PI3K-Akt-mTOR

Phosphatidylinositide 3 kinase (PI3K), protein kinase B (Akt), and mammalian
target of rapamycin (mTOR) form an intracellular signal hub common to the TCR,
CD28, and IL-2 receptor. PI3K is directly activated when these receptors are
engaged, leading to initial activation of Akt by the PH-domain containing protein
PDK1 through phosphorylation of threonine 308. Akt is fully activated by addi-
tional phosphorylation on serine 473 by the mTOR complex 2 (mTORC2). Akt has
many cellular targets; the Forkhead box O (Foxo) transcription factors and
mTORC1 are most relevant to Treg biology. Foxo family transcription factors are
crucial for Treg lineage commitment (Harada et al. 2010; Ouyang et al. 2012;
Samstein et al. 2012) and are inhibited by Akt. mTORC1 coordinates anabolic
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activities in cells and inactivates mTORC2, limiting further Akt activation. In the
thymus, Treg development is enhanced by mutating the p110d catalytic subunit of
PI3K (Patton et al. 2006) and is repressed by forced expression of a constitutively
active Akt (Haxhinasto et al. 2008), demonstrating a negative role of the PI3K axis
on nTreg development. However, deletion of mTOR (thus inactivating both
mTORC1 and 2) or individual deletion of mTORC1 or 2 in T cells does not alter
thymic development (Delgoffe et al. 2009), suggesting that the negative effect of
PI3K and Akt on nTreg development is mTOR independent and mainly due to their
role in Foxo1 inactivation.

Activation of PI3K is naturally antagonized by phosphatase and tensin homolog
(PTEN). PTEN expression is progressively inhibited by stronger TCR stimulation,
permitting efficient T cell activation and effector differentiation, an effect mediated
by IL-2-inducible T cell kinase (Itk) (Gomez-Rodriguez et al. 2014). Thus, T cells
with Itk deficiency fail to down regulate PTEN after activation and favor FOXP3
induction. In committed Tregs, the PI3K-Akt-mTOR signal axis continues to be
repressed by high expression of PTEN. Treg-specific deletion of PTEN disrupted
Treg homeostasis, function, and stability (Huynh et al. 2015; Shrestha et al. 2015).
These PTEN-deficient Tregs lost both FOXP3 and CD25 expression but had a
significant increase of mTORC2, but not mTORC1 activities. Additional deletion of
mTORC2 in Tregs largely rescues the phenotype in mice with Treg-specific
deletion of PTEN, demonstrating the normal function of PTEN in mature Tregs is
to keep mTORC2 in check. In fact, the intact mTORC1 function is required for
Treg function because mice with selective deletion of mTORC1 in Tregs die of
multi-organ autoimmune diseases similar to FOXP3-deficient mice (Zeng et al.
2013). Mechanistically, mTOR is found to control Treg function in part by regu-
lating metabolic programming. T cells rely on mitochondrial oxidative phospho-
rylation at steady state and switch to glycolysis after activation, a process essential
for effector T cell differentiation (Wang and Green 2012). In contrast, Tregs pref-
erentially use oxidative metabolism even after activation. An emerging concept is
that metabolic input can also dictate T cell fate decision (Wang and Green 2012).
PTEN-deficient Tregs show exaggerated glycolysis that is thought to contribute to
Treg instability (Huynh et al. 2015; Shrestha et al. 2015). Additionally, functional
defects in mTORC1-deficient Tregs are associated with disrupted lipid biosynthesis
(Zeng et al. 2013). Thus, the impact of PI3K-Akt-mTOR axis on mature Treg
function is controversial, while excessive activation of this pathway is clearly
detrimental to Treg function as observed in PTEN-deficient Tregs; complete
blockade of PI3K impairs Treg function as well (Patton et al. 2006; Patton et al.
2011).

2.3 Epigenetics

Epigenetic modifications, which include histone modifications, DNA methylation,
microRNAs, nucleosome positioning, chromatin interaction, and chromosome
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conformational changes, play indispensable roles in cell differentiation, especially
for cell-lineage stabilization (Kim et al. 2009). In particular, DNA methylation and
histone modifications critically contribute to cell-lineage determination and main-
tenance because they are heritable through cell divisions. Genomic DNA is mainly
methylated by DNA methyltransferases (DNMT family members), whereas it can
be demethylated by multiple steps, including methylcytosine hydroxylation medi-
ated by TET family members (Bhutani et al. 2011; Pastor et al. 2011). Similarly,
histones are modified for gene activation or repression by acetylation or deacety-
lation, methylation or demethylation, and phosphorylation or dephosphorylation
(Teperino et al. 2010); therefore, epigenetic status is reversible. It is also known,
however, that DNA methylation status modified in the early stages of development,
such as genomic imprinting, is stably maintained throughout subsequent differen-
tiation processes. Epigenetic changes of some specific loci are also stably sustained
in specific cell lineages, including Tregs (Ansel et al. 2003; Schmidl et al. 2009;
Ohkura et al. 2012). Recent genome-wide analyses have revealed several regions
that show different patterns of DNA methylation or histone modification between
Tconvs and Tregs in humans and mice (Floess et al. 2007, Schmidl et al. 2009;
Wei et al. 2009; Ohkura et al. 2012). Such genes with Treg-specific DNA
hypomethylation include those encoding Treg-function-associated or Treg-specific
molecules, such as FOXP3, CTLA-4, and Eos (Ohkura et al. 2012). Furthermore,
some Treg-specific changes in DNA methylation are highly stable in Tregs,
whereas others are not. For example, Foxp3 intron 1 (CNS2), Ctla4 exon 2, and
Ikzf4 (encoding Eos) intron 1, are specifically demethylated in nTreg cells, and the
hypomethylation status is stable after TCR stimulation, cell proliferation, or cyto-
kine treatments (e.g., with IL-2 or TGF-b) (Ohkura et al. 2012). In contrast, the
DNA methylation status of Il2ra intron 1, which is demethylated in nonactivated
Tregs, is relatively unstable and demethylated in Tconvs by in vitro culture with or
without TCR stimulation. In addition, enhanced H3 K4me3 histone modification of
the Treg signature genes detected in nTregs is easily primed in Tconvs under a Th1-
, Th2-, or Th17-cell-polarizing or iTreg-inducing condition (Wei et al. 2009). Along
with these findings, a high-resolution DNaseI footprint analysis has shown that
specific alterations in chromatin accessibility occur in Tregs in the course of their
differentiation from their precursors (Samstein et al. 2012), although the
DNaseI-hypersensitive regions do not differ mostly between CD4+FOXP3− T cells
and CD4+FOXP3+ T cells, indicating a small number of genes show increased
hypersensitivity in Tregs, specific alterations in local nucleosome positioning and
chromatin accessibility. The loci identified as newly accessible in Tregs are enri-
ched in the genes known to be critical for Treg function, such as Foxp3, Ctla4, and
Ikzf2. They are also classified as genes possessing Treg-specific DNA
hypomethylated regions in Tregs, as discussed above (Schmidl et al. 2009; Ohkura
et al. 2012). Together, Tregs acquire and sustain highly specific and stable epige-
netic changes as exemplified by DNA hypomethylation at specific loci of a limited
number of genes. This Treg-specific DNA hypomethylation is a reliable marker for
assessing the epigenetic status of Tregs.

8 Y. Togashi and H. Nishikawa



3 Functional Classification of Tregs

While Tregs are originally identified as CD4+ T cells, expressing CD25, as CD25 is
an activation marker and its expression is not confined to Tregs, additional markers
are needed. Although CD4+CD25+ T cells with additional low-level expression of
CD127 (IL-7 receptor a-chain) were reported to possess FOXP3 expression and
suppressive function (Liu et al. 2006; Seddiki et al. 2006), CD127 is also
down-regulated following recent activation of naive T cells that also express a low
level of FOXP3 (Mazzucchelli and Durum 2007), suggesting a possible contami-
nation of non-Tregs in the CD127lowCD4+CD25+ T cell fraction. FOXP3 is the
master regulatory molecule in Tregs, and expression of FOXP3 represents the Treg
population in mice. In contrast, to definitely identify Tregs in humans causes dif-
ficulty due to the upregulation of FOXP3 upon TCR stimulation of Tconvs (Tran
et al. 2007). We have therefore proposed a classification of human Tregs based on
the expression levels of a naive marker CD45RA and of FOXP3 (Fig. 1 and
Table 1) (Miyara et al. 2009; Sakaguchi et al. 2010; Nishikawa and Sakaguchi
2014; Takeuchi and Nishikawa 2016). FOXP3+CD4+ T cells can thus be divided
into three fractions: naive Tregs (CD45RA+FOXP3lowCD4+); effector Tregs
(eTregs: CD45RA–FOXP3highCD4+); and non-Tregs (CD45RA–FOXP3lowCD4+).
The naïve Tregs have recently egressed from the thymus, have not yet been acti-
vated in the periphery and possess weak suppressive activity. Upon activation with
TCR stimulation, naïve Tregs vigorously proliferate and differentiate into highly
suppressive eTregs. In contrast, non-Tregs are not immune suppressive but are
rather immune stimulatory T cells, producing inflammatory cytokines including
IFN-c and IL-17 (Miyara et al. 2009). This classification, based on Treg function,
reflects the pathophysiology of autoimmune and inflammatory diseases. Both sar-
coidosis patients lacking tuberculin reaction due to an immune-suppressive state
and systemic lupus erythematosus (SLE) patients with systemic autoimmunity
have increased FOXP3+CD4+ T cells in the peripheral blood (Miyara et al. 2009).
In our classification with CD45RA and FOXP3 expression, highly suppressive
eTregs (CD45RA–FOXP3highCD4+) are the dominant component of FOXP3+CD4+

T cells in sarcoidosis, whereas FOXP3+ non-Tregs (CD45RA–FOXP3lowCD4+)
are increased in SLE (Miyara et al. 2009), clearly demonstrating the immune-
suppressive state and a dysregulation of self-tolerance in sarcoidosis and SLE,
respectively.

4 Suppressive Mechanism of Tregs

Tregs exhibit their suppressive activity by numerous cellular and humoral mecha-
nisms (Fig. 2 and Table 2) such as suppression of antigen-presenting cells (APCs)
via CTLA-4, secretion of inhibitory cytokines (IL-10, TGF-b and IL-35), expres-
sion of granzyme/perforin, consumption of IL-2, and degradation of ATP
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(Sakaguchi et al. 2010). Among these mechanisms, suppression via CTLA-4 (a
co-inhibitory receptor constitutively expressed by Tregs) and IL-2 consumption via
CD25 (IL-2 receptor a-chain, also constitutively expressed by Tregs) appear to play
key roles for the following reasons: Treg-specific CTLA-4 deficiency impairs
in vitro and in vivo Treg-mediated suppression (Wing et al. 2008); FOXP3 directly
suppresses IL-2 gene transcription and upregulates Ctla4 and Il2ra genes tran-
scription (Hori et al. 2003); and high-dose IL-2 neutralizes in vitro Treg-mediated
suppression (Takahashi et al. 1998; Thornton and Shevach 1998).

CTLA-4 engages with B7 molecules (i.e., B7-1 and B7-2; CD80 and CD86) on
APCs with higher avidity compared with CD28 (Walker and Sansom 2011) and

Fig. 1 Functional classification of human FOXP3+CD4+ T cell subpopulations. Human FOXP3+

T cells in the peripheral blood and lymph nodes are composed of heterogeneous subpopulations
containing suppressive Tregs (naïve and effector Tregs) and non-Tregs without suppression
function. Human Tregs are classified into naive and effector Tregs by the expression levels of a
naive marker CD45RA and of FOXP3. These subpopulations are designated as Fraction (Fr.) I, II,
and III for naive Tregs, effector Tregs (eTregs), and non-Tregs, respectively. CD25 surface marker
can be used in the place of FOXP3 because of their correlative expression in humans. In tumor
tissues compared with peripheral blood, naive Tregs (Fr. I) numbers are reduced and highly
suppressive eTregs (Fr. II) numbers are increased. The frequency of FOXP3+ non-Tregs (Fr. III) is
variable depending on cancer types
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provides inhibitory signaling to APCs. In mice, Treg-specific deletion of CTLA-4
elicits systemic hyper-proliferation of Tconvs, resulting in fatal autoimmune dis-
eases affecting multiple organs, including severe myocarditis (Wing et al. 2008).
Recently, heterozygous CTLA-4 mutations in humans were identified in patients
with multiple autoimmune symptoms accompanied by impaired suppressive

Table 1 Classification of FOXP3+CD4+ T cells

Subset Phenotype Characteristics

Naïve Tregs (Fraction I,
CD45RA+FOXP3lowCD4+)

CTLA-4lowCD25highCD127low/–

Ki-67–
• Weak suppressive
activity

• Differentiate to effector
Tregs upon TCR
stimulation

Effector Tregs (Fraction II,
CD45RA−FOXP3highCD4+)

CTLA-4highCD25high

Ki-67+

PD-1+, TIM-3+, GITR+

Fas+, IL-10+, TGF-b+

• Strong suppressive and
proliferative activity

• Prone to apoptosis
• Tend to increase in
peripheral blood with
aging

Non-Tregs (Fraction III,
CD45RA−FOXP3lowCD4+)

IL-2+, IFN-c+, IL-17+ • Heterogeneous
population

• No suppressive activity

Fig. 2 Treg suppression mechanisms. Treg cells, which scarcely produce IL-2, deprive IL-2 from
the surrounding via their high-affinity IL-2 receptor (IL-2R), making it unavailable for effector T
cells. They also constitutively express CTLA-4, which down-modulates CD80/CD86 expression
by antigen-presenting cells (APCs), thus depriving co-stimulatory signal to effector T cells. Tregs
also produce immune-suppressive cytokines such as IL-10 and TGF-b, and secret granzymes,
which also down-modulates APC and effector T cell functions. TCR, T cell receptor; MHC, major
histocompatibility complex
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function of Tregs (Kuehn et al. 2014; Schubert et al. 2014). In addition, B7
molecules are physically transferred to the surface or the cytoplasm of Tregs
together with CTLA-4 (Walker and Sansom 2011). Then, maturation of APCs (via
the co-stimulatory signal from B7 to CD28 on effector cells) is strongly inhibited.
Treg expression of CTLA-4 is therefore essential for Treg-mediated immune
suppression.

5 Tregs and Autoimmune Diseases

Reducing the number and function of Tregs compromises self-tolerance, leading to
abnormal immune responses to self-antigens, thus resulting in autoimmune diseases
(Wing and Sakaguchi 2010). It has been shown that Treg impairment is involved in
the pathogenesis of many autoimmune diseases including rheumatoid arthritis
(RA), SLE, and ANCA-associated vasculitis, etc. (Scheinecker et al. 2010; Free
et al. 2013; Prakken et al. 2013). On the account of heterogeneity and complexity of
autoimmune diseases, the function of Tregs needs to be evaluated deliberately. In
some autoimmune settings, Treg numbers or frequencies reportedly are reduced
compared to healthy controls, while the others not. This may suggest the existence
of different Treg phenotypes in disease tissues (Bonelli et al. 2008; Monte et al.
2008). Even though the presence of dysfunctional Tregs in autoimmune diseases is
commonly observed and manipulation of these Tregs are an essential issue
(Ehrenstein et al. 2004; Venken et al. 2008; Rapetti et al. 2015). Cell therapy and/or
reagents manipulating Tregs, therefore, are under intense scrutiny.

Table 2 Key mechanisms of suppression by Tregs

Molecule Mechanism of suppression

IL-2 receptor/IL-2 Constitutive expression of high-affinity IL-2
receptor a chain (CD25) and dependency on
exogenous IL-2 by Treg cells together limit the
amount of IL-2 available to Tconvs, thereby
hindering the activation and proliferation of the
latter

CTLA-4 Constitutively expressed CTLA-4 on Tregs
preferentially binds to and downregulates
CD80/CD86 co-stimulatory molecules on APCs,
depriving Tconvs of the co-stimulatory signal

IL-10, TGF-b and other
immune-suppressive cytokines and
substances

Tregs produce immune-suppressive cytokines, such
as IL-10 and TGF-b, form extracellular adenosine
from ATP by CD39 and CD73, and can also mediate
direct killing of Tconvs or APCs by secreting
granzymes
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5.1 Treg Cell Therapy for Autoimmune Diseases

Mouse models reveal that Treg infusion can prevent/treat autoimmune diseases, and
clinical application of Treg administration is now being tested in humans. The first
reports of Treg infusion therapy for autoimmune diseases were in the context of
type 1 diabetes (Marek-Trzonkowska et al. 2012; Bluestone et al. 2015). In these
studies, polyclonal Tregs were administered with no safety concerns. Tracking
Tregs with 6,6-2H2 glucose labeling showed that infused cells are present for at
least a year, with no evidence for loss of the expected Treg phenotype (Bluestone
et al. 2015).

It is, however, challenging to obtain therapeutic doses of Tregs due to the weak
in vitro proliferative capacity. For example, by extrapolating data from mice, the
therapeutic dose of polyclonal Tregs is estimated to be 3–5 � 109 Tregs for a 70 kg
patient (Tang and Lee 2012). To gain billions of Tregs is laborious and require to
develop novel strategies to improve in vitro expansion of Tregs, such as high IL-2
and mTOR inhibition with rapamycin to stimulate Treg division and limit Tconv
outgrowth, respectively. In addition to limited cell numbers, polyclonal Tregs carry
the risk of non-specific suppression inducing side effects. Indeed a transient
increase in viral reactivations was observed in hematopoietic stem cell transplan-
tation patients treated with cord blood-derived Tregs (Brunstein et al. 2013). To
overcome these limitations of polyclonal Tregs, methods to generate antigen-
specific Tregs are being explored, including antigen-stimulated expansion (Lee
et al. 2014), TCR transduction (Kim et al. 2015), and engineering with chimeric
antigen receptors (CARs) (MacDonald et al. 2016; Yoon et al. 2017). All of these
strategies should maximize disease control with lower numbers of Tregs as in
mice, antigen-specific Tregs are 100 fold more potent than polyclonal cells
(Hoeppli et al. 2016).

In addition, the suppressive function can be added into Tconvs by overex-
pressing FOXP3, or by culture with immunosuppressive cytokines such as TGF-b.
The stability of cells arising from the latter, however, is unclear, with epigenetic
analysis, suggesting that these “induced iTregs” may not be stable in humans
(Rossetti et al. 2015). The first application of overexpressing FOXP3 will likely be
as gene therapy for IPEX syndrome patients (Bacchetta et al. 2016). For wider
application in autoimmunity, a better understanding of Treg function by simple
FOXP3 overexpression is necessary to optimize the Treg cell therapy
(Bhairavabhotla et al. 2016).

5.2 Non-Cell-Based Therapies

Because of the complexity and highly personalized nature of cell therapy, strategies
to augment endogenous Treg numbers and function in vivo may be preferable.
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Methods manipulating IL-2 availability are the deeply tested in clinical testing, with
other methods promoting FOXP3 expression in the early stage of exploration. The
unique requirement of Tregs for exogenous IL-2, constitutive expression of the
high-affinity IL-2 receptor, and the association with poor IL-2 response in
autoimmunity offers an ideal target for therapeutic manipulation. Whereas
high-doses of IL-2 enhance Tconvs in vivo, low doses seem to specifically stim-
ulate Treg survival/expansion. A trial of low dose IL-2 in type 1 diabetes found a
dose-dependent increase in numbers of CD4+FOXP3+ Tregs and increased CD25,
GITR, CTLA-4, and pSTAT5 (Rosenzwajg et al. 2015). Encouragingly, at the
highest dose, Tconv responses against beta-cell antigens were suppressed in all
patients, leading to the initiation of a larger phase-IIb trial (NCT02411253). This
approach has also had success in the treatment of SLE (von Spee-Mayer et al.
2016), with additional trials of low-dose IL-2 planned in RA (NCT02467504),
relapsing remitting multiple sclerosis (NCT02424396) and other several
autoimmune/autoinflammatory disorders (TRANSREG study, NCT01988506).
IL-2 has a short half-life, which can be prolonged through the administration of a
cytokine-antibody complex. Careful selection of the anti-IL-2 antibody can allow
tailored signal; the JES6-1 anti-mouse IL-2 antibody lowers the affinity of IL-2 for
CD25, favoring signal to CD25high Tregs (Spangler et al. 2015). IL-2 itself can also
be engineered, creating variants that have more or less affinity for the individual
receptor chains, allowing preferential stimulation of Tconvs (Mitra et al. 2015) or,
presumably, in the future, of Tregs. It is yet questionable whether these strategies
will be feasible in humans due to the high CD25 expression on activated human
Tconvs.

Rapamycin (sirolimus) preferentially favors Treg suppression by blocking
Tconv proliferation and promoting FOXP3 mRNA expression and is now com-
monly used as a ‘Treg sparing’ immuno-suppressant in transplantation. Rapamycin
is also being explored in autoimmunity, with a trial in multi-lineage autoimmune
cytopenias showing rapid and long-lasting responses in a majority of children with
the autoimmune lymphoproliferative syndrome, and encouraging results in those
with SLE (Bride et al. 2016). Additionally, clinical trials are ongoing to test the
effect of rapamycin in Crohn’s disease patients with stenosis (NCT02675153) or in
combination with islet transplantation in type 1 diabetes (NCT02505893;
NCT00679042). With our knowledge for how peripheral Tregs develop, therapies
that harness these processes are also being explored (Hardenberg et al. 2011). For
example, Vitamin C can potentiate Tregs by regulating the activity of TET
enzymes, which demethylate Treg-specific hypomethylated regions, including the
FOXP3 locus (Yue et al. 2016). Similarly, all-trans retinoic acid, the metabolite of
vitamin A, prevents human Tregs from becoming unstable by increasing histone
acetylation in the FOXP3 promoter and demethylation of the Treg-specific
demethylation region (Lu et al. 2014). Overall, there are many complementary
strategies to enhance Tregs in vivo and it will be important to compare the effec-
tiveness of these approaches with cell-based therapies.
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6 Tregs and Malignant Tumors

The involvement of Tregs in tumor immunity was originally reported in 1999
(Onizuka et al. 1999; Shimizu et al. 1999). Mice treated with the anti-CD25 anti-
body (which depleted CD4+CD25+ Tregs) and nude (T cell deficient) mice trans-
ferred with splenocytes deprived for CD25+ cells, exhibited tumor rejection and
retardation of tumor growth. In the tumor microenvironment (TME) of melanoma,
non-small cell lung, gastric and ovarian cancers, eTregs heavily infiltrate and
account for 20–50% of CD4+ T cells, as compared with 5–10%in the peripheral
blood of healthy individuals (Sakaguchi et al. 2010; Nishikawa and Sakaguchi
2014; Saito et al. 2016; Takeuchi and Nishikawa 2016) (Fig. 1). High infiltration of
Tregs in tumors is associated with a poor prognosis in various types of cancers
including melanoma, non-small cell lung, gastric, hepatocellular, pancreatic, renal
cell, breast and cervical cancers (Fridman et al. 2012; Nishikawa and Sakaguchi
2014). Yet in some cancers such as colorectal, head and neck, and bladder cancers,
a higher infiltration of FOXP3+ T cells is reportedly correlated with better prognosis
(Fridman et al. 2012). In fact, in colorectal cancer, we have recently shown that
FOXP3+ non-Tregs heavily infiltrated a fraction of colorectal cancers containing
high levels of inflammatory cytokines such as TGF-b and IL-12 and were associ-
ated with a better prognosis (Saito et al. 2016). The difficulty of distinguishing
FOXP3+ non-Tregs from FOXP3high eTregs in tumor tissues would have been a
major confounding factor in previous studies evaluating the clinical significance of
FOXP3+CD4+ T cells in colorectal cancers using immunohistochemistry.

6.1 Trafficking and Characteristics of Tregs in Cancer

Tregs are chemo-attracted to the TME although the combination of chemokines and
their receptors differs in each cancer type (i.e., CCR4 with CCL22 in breast, col-
orectal, oral and ovarian cancer; CCR10 with CCL28 and CXCR4 with CXCL12 in
ovarian cancer; and CCR5 with CCL5 in pancreatic cancer, etc.) (Curiel et al. 2004;
Ishida et al. 2006; Wei et al. 2007; Gobert et al. 2009; Tan et al. 2009; Watanabe
et al. 2010; Facciabene et al. 2011; Svensson et al. 2012). Blockade of chemotaxis
by antibodies or small molecules may result in a reduction in Treg numbers in
tumors (Tan et al. 2009; Spranger et al. 2013). These Treg-recruiting chemokines
are generated in TMEs by macrophages and/or tumor cells. Additionally, CD8+ T
cells in tumors also produced Treg-recruiting chemokines with their exhaustion
(Williams et al. 2017). In the TME, highly immune-suppressive eTregs with
high-level expression of suppression-related molecules such as CTLA-4 and TIGIT
are detected with reduced number of naïve Tregs, indicating a highly activated
status of tumor-infiltrating Tregs (Sugiyama et al. 2013; Nishikawa and Sakaguchi
2014, Saito et al. 2016; Takeuchi and Nishikawa 2016). One possible mechanism of
Treg activation in tumors is that proliferating and dying tumor cells provide a large
amount of self-antigens, which Tregs might recognize, and be activated, as tumors
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contain a subset of immature dendritic cells that promote the proliferation/
stimulation of Tregs in a TGF-b-dependent manner (Ghiringhelli et al. 2005;
Nishikawa et al. 2005). In accordance with this, the TCR repertoire of
tumor-infiltrating Tregs is skewed and largely distinct from that of tumor-infiltrating
Tconvs, suggesting that Tregs recognize certain skewed antigens and clonally
expand in the TME (Hindley et al. 2011; Sainz-Perez et al. 2012). Yet whether
these antigens are exclusively recognized by Tregs or recognition is shared by Th
cells is unclear; however, Tregs usually harbor higher affinity TCRs compared with
Tconvs and should be predominantly activated in tumors.

6.2 Strategies for Treg-Targeted Therapy

As discussed above, eTregs are present at a high frequency in tumors and need to be
controlled for the generation/activation of anti-tumor immunity. Some clinical
studies indicated the potential of depleting CD25-expressing lymphocytes to aug-
ment anti-tumor immune responses, yet other similar studies failed. As activated
effector T cells also express CD25, CD25-based cell depletion may reduce activated
effector T cells as well, canceling the effect of Treg depletion to augment anti-tumor
immunity. Treg depletion by the CD25-depleting antibody daclizumab has been
evaluated in clinical trials. When daclizumab was administered following dendritic
cell vaccination in metastatic melanoma (n = 15), not only Tregs but also activated
effector cells were depleted and neither anti-tumor immune responses nor antibody
production was observed (Jacobs et al. 2010). In contrast, in breast cancer patients,
administration of daclizumab followed by vaccination consisting of multiple
tumor-associated peptides succeeded in Treg depletion and demonstrated favorable
clinical responses (Rech et al. 2012). Additionally, one plausible concern is
increased autoimmunity-related toxicities following Treg depletion. In order to
secure the safety of Treg-targeted therapy, selective depletion of eTregs in tumors
rather than the entire Treg population can be exploited to augment anti-tumor
immunity without eliciting deleterious autoimmunity (Sugiyama et al. 2013).
Targeting molecules and signals specific for eTregs is being tested in clinical trials
as an effective strategy for eTreg depletion.

We showed that CCR4 was specifically expressed by a subset of suppressive
eTregs abundant in melanoma, and treatment using anti-CCR4 antibody depleted
the melanoma-infiltrating eTregs with CCR4 expression and efficiently induced/
augmented cancer-testis antigen-specific both CD4+ and CD8+ T cells (Sugiyama
et al. 2013). Mogamulizumab has been approved in Japan for the treatment of
CCR4-expressing adult T cell leukemia/lymphoma (ATLL). Anti-CCR4 antibody
markedly reduced eTregs as well as ATLL cells and augmented ATLL antigen
(cancer-testis antigen)- specific CD8+ T cell responses in an ATLL patient, possibly
in association with the prolonged survival of this patient (Sugiyama et al. 2013).
Based on these preclinical data, multiple early phase clinical trials with moga-
mulizumab as an eTreg depletion reagent are being conducted as monotherapy (trial
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numbers NCT02281409 and NCT01929486 (Kurose et al. 2015) and in combi-
nation with anti-PD-1 antibody (NCT02476123 and NCT02705105), anti-PD-L1
(PD-1 ligand 1) antibody or anti-CTLA-4 antibody (NCT02301130) and
anti-4-1BB agonistic antibody (NCT02444793) in advanced solid tumors, and in
combination with docetaxel in non-small cell lung cancer (NCT02358473). A
recent phase Ia study showed that mogamulizumab administration was safe and
well tolerated and that 4 of 10 patients showed stable disease during treatment and
were long survivors. The monitoring of eTregs in the peripheral blood mononuclear
cells during treatment indicated efficient depletion of those cells, even at the lowest
dose (Kurose et al. 2015).

OX-40 and GITR are members of the TNF receptor superfamily and are both
co-stimulatory receptors expressed by activated T cells. On Tregs, OX-40 is induced
after activation and GITR is constitutively expressed (Shimizu et al. 2002; Griseri
et al. 2010). These signals reduce the suppressive activity of Tregs as well as
enhancing activation of effector T cells. A phase I trial of an OX-40 agonist
demonstrated anti-tumor activity in melanoma and renal cell cancer (Curti et al.
2013). Early phase clinical trials evaluating OX-40 agonists in head and neck, breast
and prostate cancer and in B cell lymphoma are also being investigated
(NCT01862900, NCT02274155, NCT02318394, and NCT02205333). Additionally,
a combination of an OX-40 fusion protein (MEDI6383) and an anti-PD-L1 antibody,
durvalumab, is also being investigated (NCT02221960). Similarly, phase-I clinical
trials evaluating GITR agonists in solid tumors are under investigation (NCT
02583165 and NCT02628574).

Tregs are highly dependent on PI3K signals for their maintenance and function.
Inactivation of PI3K signals in Tregs activates CD8+ T cells and induces tumor
regression (Ali et al. 2014). Therefore, not only molecules specifically expressed by
Tregs but also signals on which Tregs specifically depend could become targets to
control Tregs. CPA is an alkylating agent that reportedly depletes Tregs when used
in low doses. In phase II clinical trial, patients with advanced renal cell cancer
received a therapeutic vaccination of IMA901 consisting of multiple
tumor-associated peptides and GM-CSF with or without preceding CPA adminis-
tration (Walter et al. 2012). Patients treated with IMA901/GM-CSF/CPA showed
Treg reduction with augmented anti-tumor immune responses. The OS tended to be
extended in the IMA901/GM-CSF/CPA-treated group (n = 33) compared with the
IMA901/GM-CSF-treated group (n = 35) (23.5 months versus 14.8 months).
A phase III trial investigating the addition of IMA901/GM-CSF/CPA to the stan-
dard care of sunitinib was completed in 2015 and the results are awaited.

6.3 Involvement of Tregs in Immune Checkpoint Inhibitors

Immune checkpoint blockade—inhibiting the immunosuppressive signals from
co-inhibitory molecules—allows a resurgence in the effector function of
tumor-infiltrating T cells and provides clinical success in various types of cancers
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including malignant melanomas and lung cancers (Hodi et al. 2010; Topalian et al.
2012; Borghaei et al. 2015; Brahmer et al. 2015). As immune checkpoint molecules
such as CTLA-4 and PD-1 are expressed by both tumor-infiltrating effector T cells
and Tregs, current immune checkpoint blocking agents could target Tregs as well.
Analyses of anti-CTLA-4 antibodies in mouse models revealed that the anti-tumor
efficacy was dependent on depletion of CTLA-4-expressing Tregs in tumors
through the antibody-dependent cellular cytotoxic (ADCC) activity of the
anti-CTLA-4 antibody; depletion of Fc function totally abrogated the anti-tumor
effect of the anti-CTLA-4 antibody (Simpson et al. 2013; Matheu et al. 2015).
Additionally, PD-1-expressing Tregs reportedly possess higher immune-
suppressive function than Tregs without PD-1 expression in a mouse model
(Park et al. 2015). Therefore, PD-1-blocking antibodies might act on Tregs to
augment anti-tumor immunity as well as reversing the effector function of dys-
functional effector cells. Yet, more than half of the treated patients did not respond
to immune checkpoint blockade therapy, even if combinations. Immuno-monitoring
of biomarkers to properly evaluate immune responses in cancer patients is critical
for detecting responders.

There are two types of tumor antigens: tumor-specific antigens, which are either
oncogenic viral proteins or abnormal proteins from somatic mutations (neoanti-
gens); and tumor-associated antigens, which are highly or aberrantly expressed
normal proteins. It is not yet determined how CD8+ T cells specific for each antigen
contribute to clinical tumor regression and whether activation of these CD8+ T cells
specific for self-antigens versus non-self-antigens are controlled differently. In vitro
experiments comparing Treg-mediated suppression of self-antigen (Melan-A)-
specific CD8+ T cells versus non-self (cytomegalovirus)-specific CD8+ T cells
showed that cytomegalovirus-specific CD8+ T cells were resistant to suppression by
Tregs (Maeda et al. 2014), indicating that Treg-mediated suppression is more
prominent on self-antigen-expressing tumor cells rather than those expressing
neoantigens. It is therefore noteworthy that cancers in patients susceptible to
immune checkpoint blockade monotherapy contain a large number of neoantigens
(Snyder et al. 2014; Rizvi et al. 2015), and that CD8+ T cells specific for the
antigens can be resistant to Treg-mediated immune suppression. In contrast, cancers
with a lower number of neoantigens did not respond to immune checkpoint
blockade (Snyder et al. 2014; Rizvi et al. 2015), and CD8+ T cells can be under the
control of Treg-mediated immune suppression. Thus, integration of Treg-targeting
therapies that reduce Treg function and/or number may expand the therapeutic
spectrum of cancer immunotherapy.

7 Conclusion

Since the discovery of Tregs as a key mediator of immunological self-tolerance, a
common immunological basis for Treg-mediated suppression of autoimmunity and
tumor immunity has been extensively explored. The manipulating Tregs is under
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active investigation as a new therapeutic approach for treating a wide variety of
diseases including autoimmune diseases and cancer. Deeper mechanistic under-
standing of disease-specific Treg development, maintenance, and function could
make disease-specific Treg-targeted therapy more effective, resulting in an increase
of efficacy and decrease of side effects related to manipulating Tregs.
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Overview of LAG-3-Expressing,
IL-10-Producing Regulatory T Cells

Keishi Fujio, Kazuhiko Yamamoto and Tomohisa Okamura

Abstract Regulatory T cells (Treg cells) play crucial roles in the induction of
peripheral tolerance to self- and foreign-antigens. IL-10-producing regulatory T
cells (IL-10-producing Treg cells) constitute a Treg cell subset characterized by the
production of high amounts of IL-10, cytokine-mediated immunosuppressive
capabilities, and independence of Foxp3 expression for their suppressive activity. In
the past decade, identifying naturally occurring IL-10-producing Treg cells was
difficult due to the lack of suitable surface markers. More recently, lymphocyte
activation gene 3 (LAG-3) is a CD4 homologue that has been identified as a marker
for IL-10-producing Treg cells. CD4+CD25−LAG3+ T cells produce large amounts
of IL-10 and suppress colitis in a mouse model. These CD4+CD25−LAG3+ Treg
cells also exhibit suppressive activity in murine models of lupus and humoral
immunity in a TGF-b3-dependent manner. Moreover, the combined expression of
LAG-3 and CD49b identifies IL-10-producing Treg cells in mice and humans more
specifically. Recently, LAG-3 has gained more attention in the context of immune
checkpoints because it believed to be related to T cell tolerance and exhausted T
cells that infiltrate the tumor microenvironment. Tumors and the tumor microen-
vironment promote development of IL-10-producing Treg cells and foster tu-
mor growth. This response might interfere with protective immune responses.
Understanding LAG-3-expressing IL-10-producing Treg cells may contribute to the
development of novel therapeutic strategies in immune-mediated diseases.
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1 Introduction

The concept that T cells are involved in immunological tolerance through active
suppression was proposed by Gershon et al. in 1970 and 1971 (Gershon and Kondo
1970, 1971). They showed that thymus-derived lymphocytes were not only
required for tolerance induction but that they could adoptively transfer tolerance to
naïve recipients. This form of tolerance, termed “infectious tolerance”, was
antigen-specific and the T cells that inhibited immune responses were called
“suppressor T cells” (Gershon et al. 1974). Although enormous effort to identify
suppressor T cells was unsuccessful, Sakaguchi et al. provided robust evidence that
a distinct subset of naturally occurring CD4+CD25+ T cells from naïve mice has the
capacity to prevent autoimmune disease mediated by endogenous, self-reactive
T cells.

CD4+CD25+ regulatory T cells (CD25+ Treg cells) play crucial roles in pre-
venting autoimmune diseases and maintaining immune homeostasis. CD25+ Treg
cells constitute a differentiated cell lineage that develops in the thymus. Their
phenotype and function are dependent upon the expression of the transcription
factor Forkhead box p3 (Foxp3) (Hori et al. 2003); (Sakaguchi and Powrie 2007).
In humans, individuals lacking Foxp3 have an autoimmune disorder, immun-
odysregulation polyendocrinopathy and enteropathy, X-linked (IPEX) syndrome
(Bennett et al. 2001). Scurfy mice, which harbor a frame shift mutation in the
Foxp3 gene, demonstrate extensive lymphoproliferation and severe inflammatory
infiltration in some organs, including the lung, skin, and liver (Brunkow et al.
2001). Although these observations indicate that CD25+ Treg cells are an essential
population for self-tolerance, one emerging question is whether the CD25+ Treg
cell system is the only machinery that is responsible for tolerance to organs. The
autoimmune regulator (Aire) gene, which affects the central induction of tolerance
by regulating the clonal deletion of self-reactive thymocytes, is responsible for
autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy (APECED)
(Liston et al. 2003). Aire regulates the ectopic expression of a battery of peripheral
tissue antigens, e.g., insulin, fat acid-binding protein, and salivary protein-1
(Anderson et al. 2005). Surprisingly, an additional defect in central tolerance
induction in scurfy mice, which are generated by crossing mice with a null mutation
in the Aire gene, did not significantly extend the range of the affected sites, and
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many organs remained unaffected (Chen et al. 2005). This observation indicates
that some additional mechanisms other than central tolerance and the Foxp3 system
are required to enforce immunological self-tolerance in peripheral organs. Although
Foxp3-independent T cells with regulatory activity may be related to the mainte-
nance of self-tolerance, it is difficult to assess the physiological function of these
T cell populations because of the lack of specific markers that can reliably delineate
them from the other T cell subsets.

2 Features of IL-10-Producing Treg Cells

In 1998, Groux et al. demonstrated the generation of T cell clones producing IL-10
and transforming growth factor (TGF)-b with ex vivo activation of human or
murine CD4+ T cells in the presence of high doses of exogenous IL-10 (Groux et al.
1997; Fujio et al. 2010). These clones suppressed antigen-specific activation of T
cells and colitis development via IL-10, and were termed Type-1 T regulatory (Tr1)
cells. Upon activation via the T cell receptor (TCR), Tr1 cells characteristically
produce large amounts of IL-10, TGF-b, and IL-5, but not interferon (IFN)-c, IL-2,
or IL-4. Tr1 clones were also induced from mice transgenic for a TCR specific for a
peptide derived from ovalbumin (OVA). Tr1 cells regulate immune responses
through the secretion of the immunosuppressive cytokines IL-10 and TGF-b. Tr1
cell-mediated suppression of CD4+ T cells can be blocked by addition of neutral-
izing anti-IL-10 or anti-TGF-b antibodies, indicating the importance of cytokines
for their suppressive activities (Bacchetta et al. 1994; Groux et al. 1997; Roncarolo
et al. 2006). Tr1 cells’ dependency on suppressive cytokines contrasts with CD25+

Treg cells’ dependency on cell contact (Onishi et al. 2008). It remains unclear
whether TGF-b production should be used to classify Tr1 cells because the
requirement for TGF-b for the suppressive activity of Tr1 cells depends on the
nature of the experimental system. Thus, Battaglia et al. proposed that the sup-
pressive effects mediated by IL-10-secreting Treg cells could be attributed to Tr1
cells regardless of the production of TGF-b, IL-5, and IFN-c (Battaglia et al. 2006).
Thus, IL-10-secreting Treg cells could be a hopeful target for designing
antigen-specific therapies to treat a wide array of autoimmune diseases. Although a
constitutively expressed surface marker for IL-10-secreting Treg cells would allow
us to monitor the emergence and functionality of these cells, surface biomarkers for
IL-10-secreting Treg cells remain poorly defined.

3 Molecular Properties of LAG-3

LAG-3 (CD223) is a type I membrane protein belonging to the immunoglobulin
(Ig) superfamily that is mainly expressed on activated human natural killer
(NK) cells and T cells (Triebel et al. 1990). Subsequently, LAG-3 expression was
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reported on various immune cell types, including plasmacytoid dendritic cells
(pDCs), B cells, NKT cells, cdT cells, tumor-infiltrating lymphocytes, exhausted
CD8+ T cells, and Treg cells (Okamura et al. 2012). The position of the gene coding
the LAG-3 protein is close to the gene coding for CD4 on human chromosome 12.
LAG-3 and CD4 proteins shares approximately 20% homology. Both human and
mouse LAG-3 bind to major histocompatibility complex (MHC) class II molecules
with higher affinities than their CD4 counterparts (Huard et al. 1996, 1995).
Although CD4 molecules are mainly expressed at the cell surface, almost half of
LAG-3 molecules are retained intracellularly (Woo et al. 2010). It has been sug-
gested that LAG-3 is continuously recycled and/or rapidly translocated to the
plasma membrane in response to cellular stimulation. Moreover, the cell surface
expression of LAG-3 is regulated by the cleavage of the extracellular domains by
two transmembrane metalloproteases, ADAM10 and ADAM17 (Li et al. 2007).
ADAM10 siRNA suppressed T cell proliferation in a LAG-3-dependent manner.
Thus, the cell surface expression of LAG-3 is strictly regulated by several mech-
anisms. LAG-3 regulates both expansion of activated primary T cells and the
development of the memory T cell pool (Workman et al. 2004). The crosslinking of
the T cell receptor (TCR) and LAG-3 results in less calcium release than TCR
stimulation alone (Hannier et al. 1998). CD4 T+ cells transduced with a
non-cleavable LAG-3 mutant vector exhibited a more potent inhibitory effect on
their activation than the wild-type LAG-3 vector (Awasthi et al. 2007), confirming
an inhibitory role of LAG-3 in CD4+ T cells. The fact that LAG-3-deficient mice
displayed an apparently normal phenotype (Miyazaki et al. 1996) highlighted the
possibility that the effects of LAG-3 are rather subtle and that the molecule is likely
involved in the fine tuning of the immune response.

4 Identification of LAG-3 as a Marker
for IL-10-Producing Treg Cells

LAG-3 was reported to be required for the maximal regulatory function of
CD4+CD25+Foxp3+ Treg cells (Huang et al. 2004). Indeed, ectopic LAG-3
expression confers regulatory activity on naive T cells. LAG-3 on CD4+CD25+

Treg cells interacts with MHC class II molecules on dendritic cells (DCs), and the
binding of LAG-3 to the MHC class II molecules on immature DCs induces
Immunoreceptor tyrosine-based activation motif (ITAM)-mediated inhibitory sig-
naling that suppresses DC functions (Liang et al. 2008). However, it was reported
that LAG-3 protein is hardly detected on the cell surface of CD4+CD25+Foxp3+

Treg cells (Huang et al. 2004). We have found that LAG-3 is specifically expressed
on a population of CD4+CD25−CD45RBlow memory T cells (Okamura et al. 2009),
which includes IL-10-secreting CD4+Foxp3− T cells (Roncarolo and Battaglia
2007). Approximately, 2% of the CD4+CD25− T cell population in the spleen
consists of CD4+CD25−LAG3+ T cells that express higher levels of IL-10 and
Blimp-1 encoded by Prdm1 mRNA. Blimp-1 is important for IL-10 production by
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CD4+ T cells and CD25+ Treg cells (Cretney et al. 2011; Martins et al. 2006).
CD4+CD25−LAG3+ T cells produce large amounts of IL-10 upon in vitro antigenic
stimulation. Moreover, CD4+CD25−LAG3+ T cells show an anergic phenotype.
These cells suppressed in vivo development of colitis induced in RAG-1−/−

recipients by the transfer of naive T cells in an IL-10-dependent manner. Foxp3 is
not essential for the function of CD4+CD25−LAG3+ T cells because this population
does not express Foxp3 protein, and Foxp3-mutated scurfy mice generate func-
tional CD4+CD25−LAG3+ T cells. Unlike CD25+ Treg cells, high-affinity inter-
actions with peptide/MHC ligands expressed in the thymus did not induce the
development of CD4+CD25−LAG3+ T cells. These observations indicate that
LAG-3 is a phenotypic marker of IL-10-producing Treg cells. Intriguingly, expo-
sure to viable microbiota affects the development of CD4+CD25−LAG3+ T cells,
because germ-free mice contained fewer CD4+CD25−LAG3+ T cells in spleens and
Peyer’s patches than specific-pathogen-free mice.

5 CD4+CD25−LAG3+ Treg Cells Control Humoral
Immunity Via TGF-b3

One notable feature of CD4+CD25−LAG3+ Treg cells (LAG3+ Treg cells) is the
expression of early growth response gene-2 (Egr2), an anergy-associated tran-
scription factor that confers the phenotype of LAG3+ Treg cells on CD4+ T cells
(Okamura et al. 2009). Consistent with previous observations that IL-27 induces a
Tr1 phenotype on CD4+ T cells (Awasthi et al. 2007), IL-27 induces LAG-3, IL-10,
and Blimp-1 expression by CD4+ T cells in an Egr2-dependent manner (Iwasaki
et al. 2013; Heinemann et al. 2014). Moreover, Egr2-mediated control of systemic
autoimmunity has been suggested because mice deficient for Egr2 in T cells and B
cells develop a systemic autoimmune disease (Zhu et al. 2008). In terms of human
genetics, we identified EGR2 as a genetic risk factor for systemic lupus erythe-
matosus (SLE) and rheumatoid arthritis (RA) in a case control association study
(Myouzen et al. 2010). Those results suggested that Egr2-expressing LAG3+ Treg
cells are closely associated with the regulation of autoreactive B cells. When we
adoptively transferred LAG3+ Treg cells to Fas-mutated MRL/lpr lupus-prone
mice, these cells strongly suppressed renal disease progression and anti-dsDNA
antibody production (Okamura et al. 2015). Transfer of LAG3+ Treg cells effi-
ciently inhibited antibody production and the development of follicular helper T
(TFH) cells and germinal center B cells (GCB) in NP-OVA-immunized mice. IL-10
production from LAG3+ Treg cells is not required for LAG3+ Treg cells-mediated
suppression of antibody production in vivo.

LAG3+ Treg cells expressed high levels of Tgfb3 mRNA but not Tgfb1 or Tgfb2
mRNA in microarray analysis. In addition, TCR stimulation of LAG3+ Treg cells
induced high levels of TGF-b3, but not TGF-b1 or TGF-b2, in the culture super-
natants. In contrast, CD25+ Treg cells produce only limited amounts of TGF-b1.
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TGF-b3 is responsible for the suppressive activity of LAG3+ Treg cells for humoral
immunity under inflammatory and noninflammatory conditions (Okamura et al.
2015).

TGF-b3 was identified in 1988 (Derynck et al. 1988). Its prominent roles in the
development of organs such as the heart, lung, and breast have been demonstrated.
While TGF-b1-deficient mice showed severe autoimmune inflammation, mice
lacking TGF-b3 exhibit cleft palate and die soon after birth (Proetzel et al. 1995).
Blockade of TGF-b3, but not TGF-b1 or TGF-b2, abrogates palate fusion. These
differences in vivo may be partly explained by the differences in the
temporal-spatial expression and activation of latent forms. Otherwise, the difference
in the biological activities may play a role. The biological differences between
isoforms have been observed in knock-in mice generated by replacing the coding
region of the Tgfb3 gene with the Tgfb1 cDNA, which resulted in the expression of
Tgfb1 in the Tgfb3-expressing site. The knock-in mice display only partial cor-
rection of the epithelial fusion defect of Tgfb3 knockout embryos (Yang and
Kaartinen 2007).

Previously, it was thought that the role of TGF-b3 pertained to organ devel-
opment. In 2008, Shah et al. reported that resting B cells induced the expansion of
CD25+ Treg cells by the expression of TGF-b3 (Shah and Qiao 2008).
Furthermore, Lee et al. demonstrated that Th17 cells expressed TGF-b3 and that
TGF-b3-induced Th17 cells were functionally distinct from TGF-b1-induced Th17
cells in their pathological activity (Lee et al. 2012). TGF-b3-induced Th17 cells
possess a gene expression profile similar to that presented by pathogenic effector
Th17 cells in autoimmune disease. Moreover, Th17 cells induced by the combi-
nation of TGF-b3 and IL-6 exhibited high levels of phosphorylated Smad1 and
Smad5 and low levels of phosphorylated Smad2 and Smad3 compared with those
induced by TGF-b1 and IL-6. TRIM28 is a component of heterochromatin com-
plexes that regulate IL-2 production. Chikuma et al. showed that TRIM28-deficient
mice developed an inflammatory autoimmune disease with enhanced Th17 cell
differentiation due to derepression of TGF-b3 (Chikuma et al. 2012). In contrast to
these studies indicating a pro-inflammatory role for TGF-b3, we revealed an
immunoregulatory role of TGF-b3, especially for humoral immunity (Okamura
et al. 2015). Although CD25+ Treg cells are known to express TGF-b1, they
produce only limited amounts of the cytokine. Therefore, TGF-b3 could be the
major source of TGF-b activity derived from murine CD4+ T cells.

6 Egr2 and Egr3 Cooperatively Control Systemic
Autoimmunity Through TGF-b3 Production
by CD4+CD25−LAG3+ Treg Cells

Egr2 is a zinc finger transcription factor that was initially identified as a major
regulator of myelination and hindbrain development (Schneider-Maunoury et al.
1993; Topilko et al. 1994). Egr2-deficient mice show perinatal or neonatal death
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due to respiratory or feeding deficits. In immune responses, it has been reported that
Egr2 is essential for induction of T cell anergy (Harris et al. 2004; Safford et al.
2005). Egr2 inhibits T cell activation by promoting expression of the E3 ubiquitin
ligase Cbl-b, which is related to T cell anergy induction. Among various
IL-10-inducing factors, only IL-27 induces Egr2 and LAG-3 expression on CD4+ T
cells (Iwasaki et al. 2013). IL-27 suppresses immune responses through inhibition
of the development of IL-17-producing Th17 cells and induction of IL-10 pro-
ducing Tr1-like cells (Awasthi et al. 2007). IL-27 failed to induce IL-10 in
Egr-2-deficient T cells, and IL-27-mediated induction of Prdm1 was also impaired
in the absence of Egr2 (Iwasaki et al. 2013). Although IL-27-mediated IL-10
induction was dependent on both STAT1 and STAT3, only STAT3 was required
for IL-27-mediated Egr-2 induction. Thus, Egr2 induction could occur in the
context of Tr1 cell induction.

The linkage between Egr2 and autoimmunity was revealed by the observation
that CD2-Cre-driven lymphocyte-specific Egr2-deficient mice demonstrated sys-
temic autoimmunity (Zhu et al. 2008). However, the mice showed only a mild form
of autoimmunity and limited anti-dsDNA antibody production. Therefore, it was
possible that an additional regulator contributed to the control of autoimmunity. In
the Egr family (Egr1–4), Egr3 is similar to Egr2 in that it induces T cell anergy
(Safford et al. 2005), although a systemic deletion of Egr3 induced only gait ataxia
in mice due to the lack of muscle spindles (Tourtellotte and Milbrandt 1998). Using
a CD2-Cre-driver, Li et al. revealed that Egr2 and Egr3 deletion in both T cells and
B cells resulted in a more severe early-onset systemic autoimmune syndrome,
compared with deletion of Egr2 alone (Li et al. 2012).These results indicated a
compensatory role of Egr3 for Egr2-mediated control of systemic autoimmunity.
However, it appears that not only Egr2 and Egr3 expressed in T cells but also those
expressed in B cells may modulate systemic autoimmunity, because Egr2 expressed
in B cells regulates the development of B cells (Li et al. 2011). In addition, Egr3 is
preferentially expressed in follicular and marginal zone B cells, among various B
cell populations (Shi et al. 2015). To address these points, we generated
T-cell-specific Egr2/Egr3 double-deficient (Egr2fl/flCD4Cre+: Egr2/3DKO) mice.
Egr2/3DKO mice spontaneously developed an early-onset lupus-like disease that
was more severe than T-cell-specific Egr2-deficient mice. Egr2/3DKO mice
exhibited excessive formation of germinal centers and autoantibody production
(Morita et al. 2016). Although CD25+ Treg cells from Egr2/3DKO mice demon-
strated no evident functional impairment, CD4+CD25−LAG3+ cells from
Egr2/3DKO mice completely lost the capacity to suppress B cell functions and
failed to produce TGF-b3. The excessive germinal center reaction in Egr2/3DKO
mice was suppressed by the adoptive transfer of wild-type LAG3+ Treg cells or
treatment with a TGF-b3-expressing vector. The unique attributes of Egr2/Egr3 in
T cells may provide an opportunity for developing novel therapeutics for
autoantibody-mediated diseases including SLE.

The latent TGF-b binding proteins (LTBP) constitute a family of carrier proteins
that control bioavailability of TGF-b. Intriguingly, LTBP3 expression is maintained
by Egr2 and Egr3, and they were required for TGF-b3 secretion from
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CD4+CD25−LAG3+ Treg cells. We observed that Egr2 and Egr3 did not demon-
strate cell intrinsic suppression of the development of follicular helper T cells. Thus,
Egr2- and Egr3-dependent TGF-b3 production by LAG3+ Treg cells is crucial for
controlling excessive B cell responses. It can be concluded that Egr2/Egr3 and
TGF-b3 are important regulators of systemic autoimmunity.

Collectively, while CD4+CD25+ Treg cells suppress T cells and antigen pre-
senting cells via CTLA4 and CD25 (Onishi 2008 190), CD4+CD25−LAG3+ Treg
cells control immune cells including B cells via suppressive cytokines IL-10 and
TGF-b3. Moreover, in contrast to CD4+CD25+ Treg cells that develop through a
high-affinity agonistic interaction with self-peptide/MHCs expressed by thymic
stromal cells, the number of CD4+CD25−LAG3+ Treg cells is influenced by the
presence of environmental microbiota (Okamura 2009 29}. Therefore, LAG3+

Treg cells may also be a regulatory mechanism for autoimmunity in addition to
CD25+ Treg cells (Fig. 1).

7 Identification of CD4+LAG3+CD49b+ Cells

In 2013, Gagliani et al. reported that the surface markers LAG-3 and CD49b were
stably and selectively co-expressed on mouse and human Tr1 cells (Gagliani et al.
2013). They identified specific expression of LAG-3 and CD49b on Tr1 cell clones
using microarray analysis, and they demonstrated the specificity of these markers in
mouse models of inflammation and in the peripheral blood of healthy volunteers.
Concomitant expression of LAG-3 and CD49b is specific for Tr1 cells, as Th1,
Th2, Th17 and CD25+ Treg cells do not co-express these markers. Co-expression of

CD4+CD25+Treg CD4+CD25-LAG3+Treg

Foxp3 dependent Foxp3 independent
Egr2 is required for suppression
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Fig. 1 Comparison between CD4+CD25+ Treg cells and CD4+CD25−LAG3+ Treg cells
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LAG-3 and CD49b can be used to purify human Tr1 cells from in vitro
Tr1-polarized cell cultures and enables the tracking of Tr1 cells in tolerant subjects
after allogeneic hematopoietic stem cell transplantation.

Koch et al. analyzed the frequency of CD49b+LAG-3+ Tr1 cells in the peripheral
blood of HIV-infected individuals at different stages of the disease. They found
increased levels of LAG-3+CD49b+ Tr1 cells as well as IL-10 in HIV patients
(Koch et al. 2015). With disease progression, Tr1 cells negatively correlated with
the frequency of pDCs, the main producers of IFN-a. In vitro, IFN-a induces
upregulation of IL-10 as well as increases in LAG-3+CD49b+ Tr1 cell counts in
healthy controls, recapitulating effects observed in vivo during HIV infection.
These results suggest that overexpression of IFN-a during HIV infection drives the
generation of CD49b+LAG-3+ Tr1 cells and the immunosuppressive cytokine
IL-10. Viral infection may be associated with increased frequency of IL-10-
producing Treg cells, similar to the induction of CD25+ Treg cells during viral
infection (Veiga-Parga et al. 2013).

8 Roles of CD4+LAG3+ Cells or CD4+LAG3+

CD49b+ Cells

Chen et al. reported that B cell-induced subset of Treg (Treg-of-B) cells which
expressed LAG-3 but not Foxp3, and they secreted IL-4, IL-10 and TGF-b (Chen
et al. 2016). These LAG3+Foxp3− Treg-of-B cells suppressed the proliferation of
CD4+CD25− responder T cells through LAG-3 and IL-10 production. Adoptive
transfer of LAG3+ Treg-of-B cells ameliorated the inflammation and clinical
severity of collagen-induced arthritis. Adoptive transfer of Treg-of-B cells protected
mice from CD4+CD45RBhi T-cell-induced colitis, including infiltration of leuko-
cytes, depletion of goblet cells, epithelial hyperplasia, and inhibition of Th1 and
Th17 cytokines (Shao et al. 2016). Treg-of-B cells protected against experimental
colitis through an IL-10-independent mechanism, because IL-10-deficient Treg-
of-B cells maintained their suppressive function in vitro as well as in vivo. These
LAG3+ Treg-of-B cells are similar to CD4+CD25−LAG3+ Treg cells because their
development is dependent on B cells (Okamura et al. unpublished observation).

Yao et al. reported that LAG-3- and CD49b-expressing Tr1 cells, but not CD25+

Treg cells, suppressed the transcription of pro-IL-1b mRNA, inflammasome-
mediated activation of caspase-1 and secretion of mature IL-1b. Inhibition of
inflammasome activation and IL-1b secretion was abrogated in IL-10R–deficient
macrophages, indicating the importance of IL-10 signaling. Moreover, IL-1b pro-
duction from macrophages derived from Nlrp3A350V knock-in mice, which carry a
mutation found in cryopyrin-associated periodic syndrome patients, was suppressed
by Tr1 cells but not CD25+ Treg cells. Adoptive transfer experiments revealed a direct
correlation between Tr1 cell engraftment and protection fromweight loss in mice that
expressed a gain-of-function NLRP3. This report showed a differential role of Tr1
cells and CD25+ Treg cells in regulating innate immune responses (Yao et al. 2015).
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Clemente-Casares et al. found that systemic delivery of nanoparticles coated
with autoimmune-disease-relevant peptides that bound to MHC class II (pMHC)
molecules triggered the generation and expansion of antigen-specific Tr1-like cells
in different mouse models, including mice humanized with lymphocytes from
patients, leading to resolution of established autoimmune phenomena
(Clemente-Casares et al. 2016). Nonobese diabetic (NOD) and NOD Foxp3-eGFP
mice (expressing enhanced green fluorescent protein (eGFP) under the control of
the mouse Foxp3 promoter) were treated with uncoated nanoparticles or nanopar-
ticles coated with a pMHC, 2.5mi/IAg7, recognized by the diabetogenic
BDC2.5-specific T cell receptor (TCR), or with 2.5mi/IAg7 monomers. Notably,
expansion was observed in memory-like (CD44hi CD62Llow) Foxp3− Tr1-like cells
that expressed inducible T cell co-stimulator (ICOS), latent-associated TGF-b and
the Tr1 markers LAG-3 and CD49b. In vivo, splenic CD4+ T cells from donors
treated with pMHC-NPs suppressed diabetes development in T-cell-reconstituted
NOD scid hosts. These nanomedicines promote the differentiation of disease-
primed autoreactive T cells into Tr1-like cells, which in turn suppress autoantigen-
loaded antigen-presenting cells and drive the differentiation of cognate B cells into
disease-suppressing regulatory B cells, without compromising systemic immunity.
This study suggests the role of antigen recognition for the induction of
IL-10-producing Treg cells.

The LAG-3-expressing IL-10 producing T cells also control allergic responses.
Tousa et al. reported that the cytokine activin-A instructs the generation of CD4+ T
cells that express IL-10, ICOS, LAG-3, and CD49b, and exert strongly suppressive
functions toward allergic responses induced by naive and in vivo primed human
Th2 cells. Activin-A signaling induces the activation of the transcription factor
interferon regulatory factor (IRF4), which, along with the environmental sensor aryl
hydrocarbon receptor (Ahr), forms a multipartite transcriptional complex that binds
in IL-10 and ICOS promoter elements and controls gene expression in
human CD4+ T cells. Humanized mouse model of allergic asthma indicated that
adoptive transfer of human activin-A-induced Tr1 cells confers significant protec-
tion against cardinal asthma manifestations, including pulmonary inflammation
(Tousa et al. 2017).

Because most reports related to human IL-10-producing Treg cells examined
peripheral blood lymphocytes, little is known about the nature of IL-10-producing
Treg cells in human lymphoid organs. We identified CD4+CD25−LAG3+ T cells in
human tonsils (Sumitomo et al. 2017). This population secreted large amounts of
IL-10 and expressed low levels of FOXP3. Surface markers and microarray analysis
indicated the uniqueness of this tonsillar CD4+ T cell subset. CD4+CD25−LAG3+ T
cells expressed IL-10, PRDM1, and CD274 at high levels and chemokine receptor 5
(CXCR5) at low levels. CD4+CD25−LAG3+ T cells suppressed antibody produc-
tion more efficiently than did CD25+ Treg cells. In addition, this population
inhibited the progression of a graft-versus-host disease (GVHD) in humanized
mice. The existence of naturally occurring IL-10-producing Treg cells in human
secondary lymphoid tissue suggested an essential role of IL-10-producing Treg
cells in immune homeostasis.
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9 LAG-3- and/or PD-1-Expressing CD4+ T Cells
in Malignancy

Programmed death-1 (PD-1) is an inhibitory molecule that cooperatively suppresses
broad immune responses with the LAG-3 system. Okazaki et al. reported that PD-1
and LAG-3 inhibitory co-receptors act synergistically to prevent autoimmunity in
mice (Okazaki et al. 2011). They analyzed activation-induced cytidine deaminase-
linked autoimmunity (aida) mice that harbor a loss-of-function mutation in the Lag3
gene. Although Lag3-deficiency alone did not induce autoimmunity in
non-autoimmune-prone mouse strains, it induced lethal myocarditis in BALB/c
mice deficient for the Pdcd1 gene encoding PD-1. In addition, Lag3-deficiency
alone accelerated type 1 diabetes mellitus in nonobese diabetic mice. These results
demonstrate that Lag3 acts synergistically with Pdcd1 and/or other immunoregu-
latory genes to prevent autoimmunity in mice. Woo et al. found that LAG-3 and
PD-1 proteins synergistically regulated T cell function to promote the escape from
tumor immunity (Woo et al. 2012). PD-1 and LAG-3 showed extensive
co-expression on tumor-infiltrating CD4+ and CD8+ T cells in three distinct
transplantable tumors. Dual anti-LAG-3/anti-PD-1 antibody treatment cured most
established tumors in mice that were resistant to single antibody treatment.
Moreover, Lag3−/− Pdcd1−/− mice showed markedly increased survival and
clearance of multiple transplantable tumors. These results define a strong synergy
between the PD-1 and LAG-3 inhibitory pathways in immune tolerance.

Recently, the understanding of immune checkpoints has evoked a paradigm shift
in cancer treatment (Dempke et al. 2017). These checkpoint mechanisms constitute
immunosuppressive mechanisms in tumors. Immune checkpoints exert activity
through T-cell-inhibiting and stimulating receptors and their ligands, including
cytotoxic T lymphocyte-associated protein 4 (CTLA-4) and PD-1. In addition, other
molecules on the surface of T cells could exert inhibitory functions, such as LAG-3
and TIM-3. These ‘new’ immune inhibitory molecules are gaining more attention
since they appear to be related to T cell tolerance and exhausted T cells that
infiltrate the tumor microenvironment. Therefore, understanding PD-1- and
LAG-3-expressing CD4+ T cells may contribute to the development of novel
therapeutic strategies.

Goding et al. reported that melanoma-specific CD4+ T cells in a recurrent tumor
model showed traits of chronic exhaustion, as evidenced by high expression of
PD-1, LAG-3 and TIM-3 (Goding et al. 2013). A blockade of the PD-1/PD-L1
pathway with either anti-PD-L1 antibodies or by depletion of tumor-specific CD25+

Treg cells failed to reverse tumor recurrence. However, a combination of PD-L1
blockade with tumor-specific Treg depletion effectively mediated disease regres-
sion. Notably, blockade with a combination of anti-PD-L1 and anti-LAG-3 anti-
bodies overcame the requirement to deplete tumor-specific CD25+ Treg cells. These
data imply a novel paradigm for the use of combinatorial approaches, such as
PD-L1 and LAG-3 blockade, in clinical treatment.

Overview of LAG-3-Expressing, IL-10-Producing Regulatory T Cells 39



Importantly, the tumor microenvironment has the potential to induce
CD4+LAG3+ T cells. Liu et al. found that the frequency of Tr1 cells was signifi-
cantly increased in diffuse large B cell lymphoma (DLBCL) patients, even during
complete remission (Liu et al. 2016). They showed that these Tr1 cells were
enriched in the CD25low/−Foxp3−CD49b+LAG3+ fraction and could be developed
in vitro from naive T cells. When the enriched in vitro induced Tr1 cells were
co-cultured with autologous primary DLBCL cells and T cells, these Tr1 cells
enhanced the survival of CD20+ DLBCL tumor cells and suppressed the antitumor
response of T cells through the production of IL-10. Moreover, the frequency
of CD4+Foxp3−IL-10+ Tr1 cells in DLBCL patients during complete remission
was directly associated with the risk of relapse. Similar to mouse B cells that induce
CD4+CD25−LAG3+ Treg cells, DLBCL may expand Tr1 cells to counteract host
protective immunity. Rather than the tumor itself, pDCs in the tumor microenvi-
ronment also promote immunosuppression by inducing Tr1 cells. Using ex vivo
isolated cells from individuals with hepatocellular carcinoma or liver metastases
from colorectal cancer, Pedroza-Gonzalez et al. identified a CD4+FoxP3−IL-
13−IL-10+ T cell population in tumors of individuals with primary or secondary
liver cancer that appeared to consist of Tr1 cells based on the expression of LAG-3
and CD49b and strong suppression activity of T cell responses in an
IL-10-dependent manner (Pedroza-Gonzalez et al. 2015). pDCs exposed to
tumor-derived factors enhance IL-10 production by Tr1 cells through upregulation
of the inducible co-stimulatory ligand (ICOS-L). These reports suggest a role for
the tumor microenvironment in promoting intra-tumoral immunosuppression by
Tr1 cells, which may foster tumor progression and which might interfere with
attempted immunotherapeutic intervention.

10 LAG-3 and/or PD-1 Expressing CD4+ T Cells
in Infection

With regard to responses to microbiota, we previously identified a requirement for
the induction of CD4+CD25−LAG3+ Treg cells (Okamura et al. 2009). CD4+ T
cells from mice infected with Plasmodium parasites expressed PD-1 and LAG-3 as
early as 6 days after infection, whereas those from either Listeria monocytogenes-
or Leishmania major-infected mice did not (Doe et al. 2016). Experiments using
Myd88−/−, Trif−/−, and Irf3−/− mice showed that induction of these CD4+ T cells
and their ability to produce cytokines were largely independent of Toll-like receptor
(TLR) signaling. These studies suggest that the expression of the inhibitory
receptors PD-1 and LAG-3 on CD4+ T cells and their reduced IL-2 production are
characteristic features of Plasmodium infection. Villegas-Mendez et al. reported
that CD4+IFN-c+IL-10+ T cells induced by primary malaria infection expressed
high levels of PD-1, LAG-3, and TIGIT, suggestive of cellular exhaustion
(Villegas-Mendez et al. 2016). Although CD4+IFN-c+IL-10+ T cells are unre-
sponsive and fail to proliferate during secondary infection, CD4+IFN-c+IL-10− T
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cells expand rapidly and upregulate IL-10 expression. These observations suggest
that IL-10- producing CD4+ T cells contribute to optimized parasite control and
prevention of immune-mediated pathology during repeated malaria infections.

With regard to viral infection, Fromentin et al. found that CD4+ T cells
expressing PD-1, TIGIT, and LAG-3 contributed to HIV persistence during
antiretroviral therapy (Fromentin et al. 2016). Negative binomial regression models
revealed that PD-1, TIGIT, and LAG-3 are immune checkpoint molecules posi-
tively associated with the frequency of CD4+ T cells harboring integrated
HIV DNA. The frequency of CD4+ T cells co-expressing PD-1, TIGIT,
and LAG-3 independently predicted the frequency of cells harboring integrated
HIV DNA. CD4+ T cells co-expressing the three markers were highly enriched for
integrated viral genomes.

11 Conclusions

The concept of LAG-3-expressing IL-10-producing Treg cells has been widely
accepted. While CD25+ Treg cells exhibit regulatory activity mainly via cell con-
tact, LAG-3-expressing IL-10-producing Treg cells control immune cells including
B cells via suppressive cytokines such as IL-10, TGF-b1, and TGF-b3. The
anergy-inducing transcription factor Egr2 is required for the production of IL-10
and TGF-b3. However, the precise molecular basis for the development and
functions of IL-10-producing Treg cells remains to be clarified. Elucidation of
LAG-3-expressing IL-10-producing Treg cells may contribute to the development
of novel therapeutic strategies in immune-mediated diseases.
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Abstract Dendritic cells (DCs) comprise heterogeneous subsets, functionally
classified into conventional DCs (cDCs) and plasmacytoid DCs (pDCs). DCs are
considered to be essential antigen (Ag)-presenting cells (APCs) that play crucial
roles in activation and fine-tuning of innate and adaptive immunity under inflam-
matory conditions, as well as induction of immune tolerance to maintain immune
homeostasis under steady-state conditions. Furthermore, DC functions can be
modified and influenced by stimulation with various extrinsic factors, such as
ligands for pattern-recognition receptors (PRRs) and cytokines. On the other hand,
treatment of DCs with certain immunosuppressive drugs and molecules leads to the
generation of tolerogenic DCs that show downregulation of both the major histo-
compatibility complex (MHC) and costimulatory molecules, and not only show
defective T-cell activation, but also possess tolerogenic properties including the
induction of anergic T-cells and regulatory T (Treg) cells. To develop an effective
strategy for Ag-specific intervention of T-cell-mediated immune disorders, we have
previously established the modified DCs with moderately high levels of MHC
molecules that are defective in the expression of costimulatory molecules that had a
greater immunoregulatory property than classical tolerogenic DCs, which we
therefore designated as regulatory DCs (DCreg). Herein, we integrate the current
understanding of the role of DCs in the control of immune responses, and further
provide new information of the characteristics of tolerogenic DCs and DCreg, as
well as their regulation of immune responses and disorders.
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1 Introduction

It is evident that a critical balance of the innate and adaptive constituents of the
immune system is necessary to provide the engagement of the host defense
mechanisms against microbial infections, and at the same time to avoid loss of
self-tolerance, and much attention has been paid to the bidirectional role of den-
dritic cells (DCs) in controlling this delicate balance over the past few decades.

The importance of DCs in immunity was originally described by Steinman et al.
in the 1970s as being a distinct hematopoietic lineage with unusual morphological
features including dendrite-like projections, trafficking, and potent stimulators of
primary immune responses (Steinman and Cohn 1973; Steinman and Witmer 1978).
It is now recognized that DCs act as essential antigen (Ag)-presenting cells (APCs)
that consist of heterogeneous subsets, mainly classified as conventional DCs (cDCs)
and plasmacytoid DCs (pDCs) (Sato and Fujita 2007; Shortman and Naik 2007;
Villadangos and Schnorrer 2007). DCs serve as sentinels, recognizing the presence
of invading pathogens or virus-infected cells through various pattern-recognition
receptors (PRRs) (Sato and Fujita 2007; Shortman and Naik 2007; Villadangos and
Schnorrer 2007). DCs process such exogenous Ags intracellularly and present them
to CD4+ T-cells via major histocompatibility complex class II (MHC II) molecules
for induction of various types of CD4+ effector T (CD4+ Teff) cells, depending on
intrinsic factors and extrinsic stimulations (Dudziak et al. 2007; Villadangos and
Schnorrer 2007; Hildner et al 2008; Merad et al. 2013; Walsh and Mills 2013). DCs
also show an unusual specialization in their MHC class I (MHC I)-mediated pre-
sentation pathway to prime CD8+ T-cells. Although most cells use their MHC I
molecules to present peptides derived from endogenously synthesized proteins, DCs
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have the capacity to deliver exogenous Ags to the MHC I-dependent pathway, a
phenomenon known as cross-presentation, that underlies the generation of cytotoxic
T lymphocyte (CTL) immunity (Dudziak et al. 2007; Villadangos and Schnorrer
2007; Hildner et al 2008). DCs thereby play a crucial role in the link between innate
and adaptive immunity. Conversely, DCs may be also important for the maintenance
of immune homeostasis by promoting immune tolerance via mechanisms including
clonal deletion of self-reactive T cells in the thymus (central tolerance), and clonal
deletion and anergy, as well as active suppression by the production of regulatory T
(Treg) cells (e.g., CD4

+Foxp3+ Treg cells and interleukin [IL]-10-producing type-1
Treg [Tr1] cells) in the periphery, a function likely of importance in autoimmunity
and transplant rejection, as well as self-tolerance (peripheral tolerance) (Roncarolo
et al. 2001; Steinman and Nussenzweig 2002; Kretschmer et al. 2005; Manicassamy
and Pulendran 2011; Kornete and Piccirillo 2012; Osorio et al. 2015). Therefore, the
diverse functions of DCs in immune regulation reflect the heterogeneous subsets
with different lineages and maturity, and functional plasticity.

Cumulative studies have shown that the modification of DCs with various
immunosuppressive molecules and drugs can generate tolerogenic DCs, which
show defective expression of MHC and costimulatory molecules, and lead to the
reduction of T-cell stimulatory capacity, as well as generation of Ag-specific
anergic T cells and Treg cells (Rutella et al. 2006; Morelli and Thomson 2007;
Gordon et al. 2014; Osorio et al. 2015). In addition, treatment with certain
tolerogenic DCs reportedly showed protective effects against various immune
disorders in animal models (Rutella et al. 2006; Morelli and Thomson 2007;
Gordon et al. 2014; Osorio et al. 2015). However, the analyses of these previously
known tolerogenic DCs suggested that they comprise relatively heterogeneous
subsets with various expression levels of MHC and costimulatory molecules
(Rutella et al. 2006; Morelli and Thomson 2007; Gordon et al. 2014; Osorio et al.
2015), which might diminish their potential ability to dampen the pathogenic T-cell
responses, leading to inefficient protective effects against immune disorders.
Therefore, further advancements in the understanding of DC biology, and tech-
niques for potentiating the ability of these cells to negatively regulate T cells, could
facilitate their use for prevention or treatment of immune disorders. To exploit a
novel strategy involving the use of DCs for Ag-specific intervention of
T-cell-mediated immune disorders, we have previously developed modified human
and murine DCs with moderately high levels of MHC molecules and decreased
expression of costimulatory molecules, that had a greater capacity to regulate
immune responses than classical tolerogenic DCs, resulting from the preferential
generation of CD4+Foxp3+ Treg cells, and were therefore designated as regulatory
DCs (DCreg) (Sato et al. 2003a, b). In this review, we will first describe the current
understanding of the role of DC subsets in the control of immune responses. We
will also attempt to define the characteristics of DCreg as well as tolerogenic DCs,
and discuss their potential applications for the treatment of immune disorders.
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2 Overview of DC Biology

Extensive studies on DC biology have provided their comprehensive information
on the development and function of DCs, as well as their regulation of immune
response (Sato and Fujita 2007; Shortman and Naik 2007; Villadangos and
Schnorrer 2007; Merad et al. 2013; Walsh and Mills KH 2013).

Hematopoietic progenitors in bone marrow (BM) give rise to circulating DC
precursors that reside as quiescent immature cells in blood as well as non-lymphoid
and lymphoid tissues. Immature DCs express high levels of PRRs such as Toll-like
receptors (TLRs), retinoic-acid-inducible gene I (RIGI)-like receptors (RLRs), and
nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs), Fcc
receptors, complement receptors, mannose-like receptors, and scavenger receptors,
which mediate the recognition and endocytosis of potential Ags (van Vliet et al.
2007; Hoshino and Kaisho 2008; Joffre et al. 2009; Uto et al. 2016). In addition,
they possess high endocytic and phagocytic capacities, permitting Ag capture
through PRRs, but express moderate levels of MHC class II (MHC II) molecules
and low levels of costimulatory molecules on their surface (Fig. 1). Following a
microbial infection and tissue damage, immature DCs migrate to inflamed regions
in response to the production of a large spectrum of inflammatory chemokines (e.g.,
CCL3, CCL5, and CCL20) upon local inflammation through specific chemokine
receptors (e.g., CCR1, CCR5, and CCR6) (Fig. 1). Immature DCs sense a wide
range of “danger signals” both from invading microbial components, known as
pathogen-associated molecular patterns (PAMPs), and proteins or nuclear products
released from host cells in the injured tissues, known as danger-associated
molecular patterns (DAMPs), via PRRs (van Vliet et al. 2007; Hoshino and Kaisho
2008; Joffre et al. 2009; Uto et al. 2016) (Fig. 1). Upon recognizing PAMPs and/or
DAMPs, PRRs triggers multiple intracellular signaling cascades, leading to acti-
vation of pathways for mitogen-activated protein kinase (MAPK), nuclear factor
kappa B (NF-jB), and interferon (IFN) regulatory factor (IRF), and subsequently
induce the production of large amounts of proinflammatory cytokines, type-I IFN,
and chemokines (van Vliet et al. 2007; Hoshino and Kaisho 2008; Uto et al. 2016).
These inflammatory events result in the further activation of other innate immune
cells, thereby limiting the spread of microbial infection and promoting tissue
damage. Additionally, DCs acquire a “mature” phenotype, and the maturation
process is associated with several coordinated events such as (a) loss of endocytic
and phagocytic abilities due to downregulated expression of receptors, (b) activa-
tion of the Ag-processing machinery for the generation of antigenic peptides,
including a shift in lysosomal compartments and an increase in
DC-lysosome-associated membrane protein (DC-LAMP), and (c) upregulated cell
surface expression of Ag-presentation machinery, including processed antigenic
peptide-loaded MHC II molecules and costimulatory molecules (e.g., CD40, CD80,
and CD86) (Fig. 1). In addition, they reprogram chemokine receptor expression and
responsiveness, including (d) loss of responsiveness to inflammatory chemokines
via either receptor down-regulation or receptor desensitization, and (e) acquisition
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of responsiveness to lymph node-homing chemokines (e.g., CCL19 and CCL21)
via upregulation of CCR7 (Fig. 1). Consequently, mature DCs move via afferent
lymphatics into the T-cell area of local draining lymph nodes (LNs), where they
select rare Ag-specific naïve T cells to present their processed Ags in the context of
cell surface MHC II molecules (APC signal 1) together with costimulatory mole-
cules (APC signal 2) and T cell-polarizing cytokine signals (APC signal 3), which
are secreted by DCs and other immune cells, as well as non-hematopoietic cells, for
differentiation into effector T (Teff) cells (e.g., TH1, TH2, and TH17 cells), thereby
initiating primary immune responses (Fig. 1).

Growing evidence suggests that DCs also play a key role in maintaining immune
homeostasis via induction of immune tolerance for suppressing T-cell responses, as
well as prevention of harmful excessive inflammation (Birnberg et al. 2008;
Ohnmacht et al. 2009; Osorio et al. 2015). The regulatory capacity of tissue-resident
DCs for the induction of immune tolerance depends on their “immature” state under
homeostatic conditions or “semi-mature” phenotype that is influenced by the tissue
microenvironment (Roncarolo et al. 2001; Steinman and Nussenzweig 2002;
Kretschmer et al. 2005; Joffre et al. 2009; Manicassamy and Pulendran 2011), and
they are characterized by a distinct phenotype with moderate expression levels of

Pathogens 

Ag-capturing  
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“Ag capture”

Peripheral inflammatory tissues 
High endocytosis and 

    phagocytosis 
Low antigen processing
Low levels of MHC II and

    costimulatory molecules 
Low T-cell stimulation

“Maturation”
Secondary lymphoid tissues 

Ag-presenting  
mature DCs 

Naïve T 
cells “Ag-presentation”
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    costimulatory molecules 
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Effector T cells 
(TH1•TH2•TH17

cells)

“Protective 
Immunity”

Fig. 1 Induction of adaptive immune responses by DCs under inflammatory conditions.
Immature DCs sense the presence of invading pathogens via various PRRs, and process the
pathogens intracellularly in inflammatory tissues, and then develop into mature DCs with changes
in various functions. Subsequently, mature DCs target secondary lymphoid tissues where they
present the processed Ags to naïve T cells to generate effector T cells for protective immunity
against microbial infections
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antigenic peptide-loaded MHC II molecules and low expression levels of costim-
ulatory molecules and proinflammatory cytokines that could present “APC signal
1”, but fail to deliver proper “APC signal 2 plus 3” to naïve T cells. Tissue-resident
DCs that acquire innocuous environmental Ags or self-Ags released from host
apoptotic cells under steady-state conditions or certain pathophysiological condi-
tions, similarly migrate to the draining LNs as quiescent cells (Fig. 2).
Consequently, immature or semi-mature DCs presenting innocuous environmental
or self Ags to Ag-specific naïve T cells, participate in the induction of peripheral
T-cell tolerance, mediated through the generation of anergic T cells and several
types of Treg cells (Fig. 2). Although the induction of unresponsiveness and clonal
deletion of T-cells through apoptosis following the cognate interaction between
Ag-specific naïve T-cells and quiescent DCs might contribute to the establishment
of peripheral T-cell tolerance, quiescent DCs mediated the generation and expan-
sion of CD4+Foxp3+ Treg cells for the induction of immune tolerance as a reciprocal
crosstalk between DCs and CD4+Foxp3+ Treg cells has been reported to be
important for maintaining immune homeostasis (Kim et al. 2007; Darrasse-Jèze
et al. 2009; Kornete and Piccirillo 2012). In contrast to the requirement of the
costimulation through CD80/CD86:CD28 and B7-H2:inducible costimulator
(ICOS) for thymic development and peripheral IL-2-mediated expansion of
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“Ag capture”

Peripheral non-inflammatory tissues 
・High endocytosis and 
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・Low antigen processing
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・Low T-cell stimulation
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Regulatory T cells 

(Foxp3+Treg 
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“Self -tolerance”

Fig. 2 Induction of immune tolerance by DCs under steady-state conditions. Immature DCs
capture apoptotic dead cells via various PRRs, and process them intracellularly in
non-inflammatory tissues. Subsequently, immature DCs target secondary lymphoid tissues where
they present the processed Ags to naïve T cells to generate anergic T cells and regulatory T cells
for induction of self-tolerance
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self-reactive naturally occurring CD4+Foxp3+ Treg (CD4+Foxp3+ nTreg) cells
maintaining peripheral self-tolerance, B7-H1 and B7-DC, which are ligands for
programmed death 1 (PD-1), rather than CD80/CD86 expressed on DCs, may be
necessary for transforming growth factor (TGF)-b1-mediated conversion of
Ag-specific naïve CD4+Foxp3−T cells into inducible CD4+Foxp3+ Treg

(CD4+Foxp3+ iTreg) cells in peripheral tissues during the induction of immune
tolerance, although interactions mediated by CD80/CD86:CD28 appear to be
critical for their expansion (Fontenot et al. 2005; Fukaya et al. 2010; Osorio et al.
2015).

Taken together, these findings indicate that DCs play key roles in dictating the
outcome of immune responses by controlling the balance between the initiation of
protective immune responses against pathogens and maintenance of immune tol-
erance via a variety of mechanisms, including the expression of multiple costim-
ulatory and coinhibitory signaling pathways, the secretion of inflammatory and
regulatory factors, anatomical localization and migration, and Ag-processing/
presentation machineries that are influenced by intrinsic factors (e.g., signaling
molecules, transcription factors, and catalytic enzymes) and extrinsic stimulations
(e.g., cytokines, and PAMPs/DAMPs), as well as microenvironments.

3 DC Subsets and Functions

DCs are a highly heterogeneous cell population, which contain multiple subsets
with distinct origins, markers, and anatomical locations, as well as migratory and
functional properties, and are represented by two major lineages, cDCs and pDCs.

cDCs are characterized by their classic dendritic morphology and their out-
standing ability to prime naïve T cells to generate various types of Teff cells, owing
to the prominent expression of MHC and costimulatory molecules after their
activation, as described above. cDCs primarily reside in secondary lymphoid tis-
sues, such as the spleen and LNs, and are called “lymphoid-resident DCs”, while
non-lymphoid tissue-resident DCs migrating to the draining LNs from peripheral
tissues via the lymphatics are called “migratory DCs”. On the other hand, pDCs
represent a distinct class of DCs, which were originally discovered as type-I IFN
(IFN-a/b)-producing cells (IPCs) in human LNs in the 1958, as they produce vast
amounts of type-I IFN (IFN-a/b) in response to viral infection, and their mouse
counterpart was identified in 2001 (Colonna et al. 2004; Gilliet et al. 2008; Swiecki
and Colonna 2015). In the steady state, pDCs show plasma cell-like morphology,
whereas they show a cDC morphology with dendrites under inflammatory condi-
tions and upon activation. Furthermore, pDCs are less efficient at activating T cells
than cDCs, even in an activated state, due to their lower expression of MHC and
costimulatory molecules, as well as less efficient Ag-processing machinery. While
migratory cDC subsets enter LNs from peripheral tissues through lymphatic vessels
via CCR7, pDCs enter directly into LNs from blood by crossing the high
endothelial venules (HEVs) via CD62L.
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3.1 Mouse cDC Subsets and Functions

Mouse DCs are generally defined by their expression of CD11c and MHC II with a
lack of lineage markers. Lymphoid-resident cDCs are further classified into three
subsets according to the surface expression of CD8a and CD4, including CD8a+

cDCs, CD4+ cDCs, and CD4−CD8a−cDCs (Table 1). CD8a+ cDCs mainly reside
in the T-cell zone of LNs whereas CD4+ cDCs and CD4−CD8a− cDCs localize in
the red pulp and the marginal zone. On the other hand, migratory cDCs are defined
by their surface expression of CD24 and CD172a (also known as SIRPa and
SHPS1), such as CD24+ cDCs, CD172a+ cDCs, and CD24−CD172a− cDCs
(Table 2). While each cDC subsets exerts distinct functions for the control of
immune responses by the impact on the preferential Teff -cell differentiation program
(Sato and Fujita 2007; Shortman and Naik 2007; Villadangos and Schnorrer 2007;
Fukaya et al. 2012; Merad et al. 2013; Walsh and Mills 2013; Guilliams et al. 2014),
recent genetic and functional studies have provide further insights into several
nonredundant in vivo functions of individual types of cDCs (Bedoui and Heath 2015;
Tussiwand et al. 2015; Luda et al. 2016; Murphy et al. 2016).

CD8a+ cDCs require several transcription factors, including IRF8, BATF3, ID2,
and NFIL3 for their development, and preferentially express CD205, CLEC9A
(also known as DNGR1), XCR1, and CD24, as well as TLR3 (Table 1). CD8a+

cDCs play a role in protective immune responses against intracellular bacteria by
the generation of TH1 cells via production of IL-12 and IFN-k (Table 1). In
addition, they also participate in antiviral immunity by the generation of CTL,
mediated through the cross-presentation of viral Ag (Table 1). While CD4+ cDCs
or CD4−CD8a− cDCs differentiate from progenitors depending on transcription
factors IRF4 and Notch2 or IRF4, and predominantly express CLEC4A4 (also

Table 1 Mouse lymphoid-resident CD11c+ DC subsets

DC subsets CD8a+ cDCs CD4+ cDCs CD4-CD8a-cDCs pDCs

Transcription
factors required for
the development

IRF8,
BATF3, ID2,
NFIL3

IRF4, Notch2 IRF4 IRF8,
E2-2

Cell surface
molecules

CD24,
CD205,
CLEC9A,
XCR1

CLEC4A4,
CD11b,
CD172a

CLEC4A4,
CD11b, CD172a

BST2,
Siglec-H,
B220

Cytokine IL-12, IFN-⌊ IL-23 IL-23 IFN-a/b

Type of induction
of T cells

TH1 cells,
CTL

TH2 cells,
TH17 cells

TH2 cells, TH17
cells

CTL

Type of immunity Intracellular
bacteria,
viruses

Allergen,
parasites,
extracellular
bacteria, fungi

Allergen,
parasites,
extracellular
bacteria, fungi

Viruses
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known as DCIR2), CD11b, and CD172a (Table 1). Both CD4+ cDCs and
CD4−CD8a− cDCs produce IL-23 to generate TH17 cells for the immune protection
against fungi and extracellular bacteria (Table 1). In addition these two
lymphoid-resident DC subsets also participate in the generation of TH2 cells for
protection against parasites and the induction of allergic responses (Table 1).

CD24+ cDCs are characterized by their surface expression of CD103, CD205,
CLEC9A, XCR1, and TLR3, and they have a similar requirement of transcriptional
factors for development to CD8a+ cDCs (Table 2). In addition, CD24+ cDCs are
functionally specialized in the cross-presentation of viral Ag to CD8+ T cells for the
induction of CTL and polarization into the TH1 cells, emphasizing their crucial role
in acting against intracellular pathogens and viruses (Table 2). Although both
CD172a+ cDCs and CD24−CD172a− cDCs express CD11b, the development of
CD172a+ cDCs or CD24−CD172a− cDCs are distinctly impacted by the tran-
scriptional factors Notch2 or KLF4 although both migratory cDC subsets require
IRF4 for their differentiation (Table 2). Furthermore, CD172a+ cDCs are associated
with IL-23-dependent generation of TH17 cells and immune protection from
infections by fungi and extracellular bacteria, whereas CD24−CD172a− cDCs are
specialized in the preferential promotion of optimal TH2-cell responses toward
anti-parasite protection and allergies (Table 2).

Whereas each lymphoid-resident and migratory cDC subsets serves character-
istic functional properties inducing distinct Teff-cell responses upon activation, in
the steady states, lymphoid-resident and migratory mucosal CD103+ cDCs, as well
as lymphoid-resident CD8a+ cDCs are superior to other DC subsets in the de novo
generation of CD4+Foxp3+ iTreg cells, owing to their prominent expression of
TGF-b and retinaldehyde dehydrogenase (RALDH) for the synthesis of a vitamin A

Table 2 Mouse migratory CD11c+ DC subsets

DC subsets CD24+ cDCs CD24+ cDCs
CD172a+ cDCs

CD24-CD172a-cDCs pDCs

Transcription
factors required
for the
development

IRF8,
BATF3, ID2,
NFIL3

IRF4, Notch2 IRF4, KLF4 IRF8,
E2-2

Cell surface
molecules

CD103,
CD205,
CLEC9A,
XCR1

CD11b CD11b BST2,
Siglec-H,
B200

Cytokine IL-12, IFN-⌊ IL-23 ? IFN-a/b

Type of
induction of T
cells

TH1 cells,
CTL

TH17 cells TH2 cells CTL

Type of
immunity

Intracellular
bacteria,
viruses

Extracellular
bacteria, fungi

Allergen, parasites Viruses

Regulatory Dendritic Cells 55



metabolite, retinoic acid (RA) (Coombes et al. 2007; Sun et al. 2007; Molenaar
et al. 2011; Cong 2011; Bekiaris et al. 2014; Schlitzer and Ginhoux 2014), and thus
these cDC subsets may be critical for maintaining systemic and mucosal immune
homeostasis.

New terminology classifying DC subsets has recently been proposed,
BATF3-dependent “cDC1” for CD8a+ and CD103+ cDCs, and “IRF4-dependent
cDC2” for CD11b+ and CD172a+ cDCs, on the basis of their distinct developmental
pathways and requirement of transcriptional factors (Guilliams et al. 2014).

3.2 Mouse pDC Subsets and Functions

Mouse pDCs are characterized by surface expression of the cell surface markers
CD11c, BST2, Siglec-H, and B220, and depend on the transcription factor E2-2 for
their development (Tables 1 and 2). pDCs are specialized in rapid and massive
secretion of type-I IFN following endosomal TLR7/9-mediated recognition of
nucleic acids (NAs) derived from infectious viruses or host cells in tissue injury and
autoimmune conditions, and this unique capacity is crucial for the initiation of innate
antiviral immunity (Takagi et al. 2011) (Tables 1 and 2) and certain autoimmune
inflammation such as systemic lupus erythematosus (SLE) and psoriasis (Glitzner
et al. 2014; Rowland et al. 2014; Sisirak et al. 2014; Takagi et al. 2016). In the steady
state, pDCs residue mainly in the bone marrow (BM) and other lymphoid tissues,
including the spleen and LNs, while upon activation, they also localized at the
inflamed sites in non-lymphoid tissues. Although pDCs are poor APCs for the
activation of T cells under steady-state conditions, they undergo phenotypic and
functional changes with upregulation of MHC and costimulatory molecules, as well
as Ag-processing machinery, to acquire the ability to present Ags to T cells after
activation, although they are still not as efficient APCs as cDCs. It has been reported
that pDCs meditate oral tolerance through the suppression of dietary Ag-specific
T-cell responses (Goubier et al. 2008), while they not only induced tolerance to
vascularized cardiac allografts, but also protection against experimental autoimmune
encephalomyelitis and atherosclerosis via the generation and expansion of
CD4+Foxp3+Treg cells through mechanisms inducing the expression of indoleamine
2,3-dioxygenase (IDO) (Ochando et al. 2006; Irla et al. 2010; Pallotta et al. 2011;
Yun et al. 2016). Furthermore, pDCs are also involved in the induction of Teff-cell
responses in the MHC-dependent presentation of Ag for tumor regression following
immunization with tumor Ag and CpG-B, as well as the development of
atherosclerosis (Guéry et al. 2014; Sage et al. 2014). These findings suggest that the
appropriate stimulations are needed for licensing of pDCs acting as APCs to induce
Teff-cell responses (Takagi et al. 2016). Thus, pDCs can also participate in the
priming of both immunogenic and tolerogenic adaptive immune responses in
addition to their contribution to eliciting innate inflammatory immune responses.
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3.3 Mouse Inflammatory DC Subsets and Functions

Inflammatory DCs (infDCs) arising during infection and inflammation are derived
from monocytes, and express CD11b, CD11c, MHC II, and CD64. Upon pathogen
recognition, iDCs secrete large amounts of proinflammatory cytokines, including
tumor necrosis factor (TNF)-a and inducible nitric oxide synthase (iNOS), and are
thereby referred to as TNF/iNOS-producing DCs (Tip-DCs), which are important
for the microbial clearance and the regulation of IgA production in mucosal
immunity (Serbina et al. 2003; Tezuka et al. 2007). Furthermore, infDCs capture
Ag and migrate to the draining LN following activation, where they drive TH1- and
TH17-mediated immunity through the production of IL-12 and IL-23 (León et al.
2007; Hohl et al. 2009; Nakano et al. 2009; Mochizuki et al. 2013).

While cultures of murine progenitor cells in bone marrow (BM) with granulo-
cyte macrophage colony-stimulating factor (GM-CSF) or Fms-related tyrosine
kinase 3 ligand (Flt3-L) give rise to cDCs and macrophages or both cDCs and pDCs
(Inaba et al. 1992; Bjorck 2001; Gilliet et al. 2002; Guilliams et al. 2014),
Flt3-L-differentiated DCs show relatively similar features to lymphoid
tissue-resident DCs found during the steady state, whereas GM-CSF–differentiated
DCs have a more immunogenic phenotype and functionality, which resembles
Tip-DCs (Watowich and Liu 2010; van de Laar et al. 2012).

3.4 Human cDC Subsets and Functions

DCs are present in human blood and lymphoid tissues including the tonsils, thymus,
and spleen, as well as non-lymphoid tissues such as the lungs, liver, and skin.
Similar to mouse DCs, human DCs also comprise multiple subsets in terms of the
expression of a range of cell surface markers, but these might reflect differences in
the maturation status rather than separate sublineages. Human DCs are also defined
by lineage−MHC II+ cells, and all of them express CD4, but lack the expression of
CD8 (Table 3). In addition, human DCs have 2 CD11c+ cDCs and CD11c− pDCs,

Table 3 Human DC subsets

DC
subsets

CD141+ cDCs CD1c+ cDCs CD303+ CD304+ pDCs

Cell
surface
molecules

CD4, CD11clow,
CD13, CD24, CD33,
CD45RO, CD116,
CLEC9A, XCR1

CD2, CD4, CD11b,
CD11c, CD13, CD32,
CD33, CD64, CD45RO,
CD116, CD172a

CD4, CD45RA, CD123

Cytokine IL-12, IFN-⌊ IL-12, IL-23 IFN-a/b

Type of
induction
of T cells

TH1 cells, CTL TH1 cells, TH17 cells TH1 cells, TH2 cells,
CTL?
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and cDCs are further classified into 2 subsets based on the expression of CD1c (also
known as BDCA-1) and CD141 (also known as BDCA-3) (Sato and Fujita 2007;
Schlitzer and Ginhoux 2014; Murphy et al. 2016) (Table 3).

Human CD141+ cDCs are minor cDC subset that expresses CD13, CD33,
CD45RO, and CD116, while they express low levels of CD11c and lack the
expression of CD2, CD11b, CD32, and CD64 (Table 3). Several studies indicate
that CD141+ cDCs are functional and phenotypic equivalents of murine
BATF3-dependent cDC1 including lymphoid- resident CD8a+ cDCs and migratory
CD103+ cDCs. In fact, CD141+ cDCs predominantly express CLEC9A, XCR1, and
CD24, and they are specialized in cross-presentation of internalized Ag to CD8+ T
cells for CTL-responses (Bachem et al. 2010; Jongbloed et al. 2010; Poulin et al.
2010; Haniffa et al. 2012) and production of high levels of IFN-k upon activation
(Lauterbach et al. 2010) (Table 3). On the other hand, human CD1c+ cDCs are a
major cDC subset that are characterized by the expression of CD2, CD11b, CD13,
CD32, CD33, CD64, CD45RO, CD116, and CD172a with high expression of
CD11c (Table 3), and phenotypically and functionally resemble murine
IRF4-dependent CD11b+ cDC2. Indeed, CD1c+ cDCs secrete proinflammatory
cytokines, including IL-23, to drive TH17-responses (Schlitzer et al. 2013), whereas
CD141+ cDCs and CD1c+ cDCs have a similar capacity to produce IL-12 for the
induction of TH1-cell responses (Mittag et al. 2011) (Table 3). While the pre-
dominant role of CD141+ cDCs and CD1c+ cDCs in skewing into TH2-cell
responses is a matter of debate, thymic stromal lymphopoietin (TSLP)-activated
cDCs are suggested to be crucial not only in TH2-cell priming, but also in the
maintenance and further polarization of TH2 central memory cells in allergic dis-
eases (Wang et al. 2006). Furthermore, TSLP-conditioned cDCs are proposed to be
involved in secondary positive selection of medium-to-high affinity self-reactive T
cells for the generation of CD4+Foxp3+ nTreg cells within the thymus (Watanabe
et al. 2005).

3.5 Human pDC Subsets and Functions

Human pDCs are identified by the expression of CD303 (also known as BDCA-2)
and CD304 (also known as BDCA-4), in addition to CD45RA and CD123, with a
lack of other myeloid markers observed in cDC subsets (Sato and Fujita 2007;
Schlitzer and Ginhoux 2014; Murphy et al. 2016) (Table 3). The development of
pDCs has a similar requirement of the transcription factor E2-2 to mouse coun-
terparts, as observed in Pitts–Hopkins syndrome (Cisse et al. 2008), and has a
unique capacity to secrete high amounts of type-I IFN upon stimulation through
endosomal TLR7/9 (Table 3), that is potentially crucial for innate antiviral immune
responses and type-I IFN-associated inflammatory autoimmune diseases (Gilliet
et al. 2008). Whereas pDCs show a poor ability to induce of T-cell activation in the
steady state, pDCs have the potential to elicit TH1- and TH2-cell responses, as well
as cross-present viral Ags to induce CTL-response after maturation in a
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context-dependent manner (Grouard et al. 1997; Rissoan et al. 1999; Cella et al.
2000; Hoeffel et al. 2007), although the physiological relevance of these activated
DCs is still unclear (Table 3). On the other hand, activated pDCs acquire the ability
to not only suppress T-cell activation, but also to induce T-cell anergy and Treg cells
mediated by expression of IDO, granzyme B, and inducible T-cell costimulator
ligand (ICOSL) (Gilliet and Liu 2002; Moseman et al. 2004; Chen et al. 2008;
Jahrsdörfer et al. 2010; Conrad et al. 2012).

3.6 Human Inflammatory DC Subsets and Functions

Several types of human infDCs have been discovered in certain inflammatory
conditions, and have been identified as characteristic myeloid cells that express
CD1a, CD11b, CD11c, and MHC II molecules with various expression levels of
CD1c and CD14, different from other typical myeloid cells such as monocytes and
macrophages (Lowes et al. 2005; Hänsel et al. 2011; Segura et al. 2013;
Wilsmann-Theis et al. 2013). Tip-DCs represent human infDCs producing TNF-a
and iNOS, and have emerged as putative mouse equivalents in pathogenic
inflammatory tissues, where they express CD11c, MHC II molecules, costimulatory
molecules (e.g., CD40 and CD86), and to some extent, DC-LAMP and CD83,
known as DC maturation markers but lack CD1c, as well as CD207 (also known as
Langerin), and CD14 as markers of Langerhans cells and monocytes (Lowes et al.
2005; Segura et al. 2013; Wilsmann-Theis et al. 2013). In addition, Tip-DCs are
found in psoriatic skin tissues, and produce various sets of proinflammatory
cytokines, including IL-12 and IL-23, to drive strong TH1/TH17-cell responses
(Lowes et al. 2005; Segura et al. 2013; Wilsmann-Theis et al. 2013).

Similar to the generation of murine DCs in vitro, several different precursors
have been used to generate human DCs in culture. Culture of CD34+ fraction
isolated from BM and umbilical-cord blood with GM-CSF and TNF-a or Flt3-L
lead to the generation of cDCs or pDCs, respectively (Caux et al. 1996; Blom et al.
2000), whereas blood monocytes cultured with GM-CSF and IL-4 differentiate into
cDCs that resemble Tip-DCs (Sallusto and Lanzavecchia 1994; Watowich and Liu
2010).

4 Tolerogenic DCs and Functions

Given the importance of immature DCs in maintaining self-tolerance under
steady-state conditions, much attention has been paid to the potential clinical use of
immature DCs generated in vitro for the treatment of immune disorders (Rutella
et al. 2006). However, the clinical application of immature DCs may not be suitable
for the treatment of immune disorders, because they are not likely to remain “im-
maturure” in vivo during recirculation and will reside in the damaged tissue where
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chronic inflammation is always present after injection into patients. Additionally,
their development of “maturity” might rather exacerbate immune disorders through
activation of pathogenic T-cells as opposed to regulation of T-cell responses.

Since the tolerogenic capacity of DCs largely depends on their immature state
and can be potentiated by immunosuppressive mediators, certain pathogenic
components, signals from immune cells or apoptotic cells, as well as the tissue or
tumor microenvironment, considerable effort has been made over the past decades
to manipulate immature DCs generated in vitro from BM progenitors or blood
monocytes of mice or human as a way to retain “immaturity” for the induction of
tolerance (Rutella et al. 2006; Morelli and Thomson 2007; Gordon et al. 2014;
Osorio et al. 2015). Although there is currently no definition about the phenotype of
tolerogenic DCs, they express lower levels of MHC and costimulatory molecules
than immature DCs, and are relatively resistant to activation/maturation-inducing
signals. While tolerogenic DCs retain the ability to present Ags to Ag-specific
T-cells to a lesser extent than their counterparts, the characteristic functions of
tolerogenic DCs include the reduction of T-cell activation and induction of T-cell
apoptosis, as well as the generation of anergic T-cells and Treg cells (e.g.,
CD4+Foxp3+ iTreg cells and Tr1 cells), and the expansion of CD4+Foxp3+ nTreg

cells rather than Teff cells. Furthermore, tolerogenic DCs preferentially produce
anti-inflammatory cytokines (e.g., IL-10 and TGF-b) rather than proinflammatory
cytokines (e.g., IL-12), and are relatively resistant upon
activation/maturation-inducing signals. Although, the precise molecular basis
underlying tolerogenic DC control of T-cell functions remains to clearly deter-
mined, multiple mechanisms likely involve low numbers of antigenic peptide-MHC
complexes (APC signal 1) coupled with limited expression of costimulatory
molecules (APC signal 2) and proinflammatory cytokines (APC signal 3), and
upregulation of several inhibitory molecules (e.g., B7-H1 and IDO) and
anti-inflammatory cytokines (e.g., IL-10 and TGF-b).

4.1 Tolerogenic DCs and Functions

A large array of anti-inflammatory and immunosuppressive mediators reportedly
drive the tolerogenic phenotype by interfering with checkpoints of DC differentia-
tion and activation (Rutella et al. 2006; Morelli and Thomson 2007; Gordon et al.
2014; Osorio et al. 2015). These include immunosuppressive drugs, such as corti-
costeroids (e.g., dexamethasone), calcineurin inhibitors (e.g., cyclosporine, tacroli-
mus, rapamycin), and aspirin; anti-inflammatory factors, such as IL-10, TGF-b1,
vascular endothelial growth factor (VEGF), prostaglandin E2 (PGE2), 1a,25-dihy-
droxyvitamin D3 (1a,25(OH)2D3), known as vitamin D3, retinoids, and HLA-G;
and tissue factors, such as hepatocyte growth factor (HGF) and vasoactive intestinal
peptide (VIP). Such immunosuppressive and pharmacological agents in conjunction
with the GM-CSF alone, or GM-CSF and IL-4, are generally used in the ex vivo
differentiation of murine BM progenitors and human monocytes into tolerogenic
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DCs. Another strategy to maintain the immature phenotype and enhance suppressive
T-cell responses is to genetically manipulate immature DCs with viral vectors that
overexpress a variety of immunosuppressive molecules, such as anti-inflammatory
cytokines (e.g., IL-4, IL-10, TGF-b), inhibitory molecules (e.g., CTLA-4, B7-H1
and IDO), intracellular signaling molecules (e.g., suppressor of cytokine signaling
[SOCS]1), and apoptosis-inducing molecules (e.g., Fas/CD95 ligand [FasL/CD95L]
and TNF-related apoptosis-inducing ligand [TRAIL]), to inhibit T-cell proliferation,
induce and maintain T-cell anergy, and/or promote T-cell apoptosis, or to interfere
with the expression of costimulatory molecules (e.g., CD40, CD80, and CD86) and
proinflammatory cytokines (e.g., IL-12) to reduce DC immunogenicity. These “in-
duced tolerogenic DCs” exert suppressive function on T-cell responses through
various mechanisms in humans and mice in vitro, as described above, and the in vivo
application of murine in vitro-generated tolerogenic DCs before the onset of diseases
display a protective effect on the initiation and progression of immune pathogenesis
in mouse models of autoimmune diseases (e.g., experimental autoimmune
encephalomyelitis [EAE] and collagen-induced arthritis [CIA]), allergies (e.g.,
asthma), graft-versus-host disease (GVHD), and graft rejection (e.g., heart, skin, and
pancreatic islet) (Rutella et al. 2006; Morelli and Thomson 2007; Gordon et al. 2014;
Osorio et al. 2015). Interestingly, normal and pathogen-infected tissue stromal
microenvironments, as well as tumor microenvironment, can control the program of
differentiation in murine natural counterparts of in vitro-generated tolerogenic DCs,
including CD11clowCD45RBhigh DCs and CD11clowCD11bhighIalow DCs, through
mechanisms including stroma/tumor cell–derived soluble factors (e.g., IL-10,
TGF-b, and macrophage colony-stimulating factor [M-CSF]) and cell–cell contact
(Wakkach et al. 2003; Svensson et al. 2004; Zhang et al. 2004; Liu and Cao 2015).

4.2 Clinical Application of Human Tolerogenic DCs

To translate the experimental success of rodent models into human applications, the
functional stability of human tolerogenic DCs is a major concern in order to avoid
the possibility that the infused cells could gain immunogenicity in response to
inflammatory signals (e.g. proinflammatory cytokines, endogenous and pathogen-
derived PRR ligands, and CD40 ligation) encountered in vivo, leading to the
exacerbation of immune disorders in the patient. Furthermore, there are many
hurdles to overcome for the clinical applications of human tolerogenic DCs,
including standardizing protocols for their preparation by good manufacturing
practice (GMP) (e.g., methods for generation, yield, purity, viability, sterility,
phenotype, and tolerogenic function), and establishing the correct dosage regimen
(e.g., optimal dosage and route of infusion, and the number and period of
administrations).

Recent advances in the methods for generation of human DCs with the use of
monocytes as sources (e.g., closed cell-culture systems, and current GMP-compliant
reagents, and facilities) have allowed new strategies for the preparation of clinically
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applicable tolerogenic DCs, and their clinical trials as “DC-based negative vaccines”
in certain immune disorders (e.g., type-1 diabetes, rheumatoid arthritis [RA], and
renal graft rejection) have been undertaken in several institutions (Hu and Wan
2011; Raïch-Regué et al. 2014; Thomson et al. 2016). While these phase I clinical
trials have shown that “DC-based negative vaccines” using human tolerogenic DCs
are safely tolerated in patients with no notable adverse effects, measurable thera-
peutic efficacy has not been described in most participants. Thus, further preclinical
and clinical studies will be needed to address the feasibility and potential efficacy of
“DC-based negative vaccines” using human tolerogenic DCs, as well as the
development of modified DCs that can exert more potent immunoregulatory func-
tion than the currently known classical tolerogenic DCs, to implement their appli-
cation for therapy of human immune disorders.

5 Regulatory DCs and Functions

Initial studies have shown that classical tolerogenic DCs generated by the culture of
human monocytes with GM-CSF and IL-4 in the presence of IL-10 or vitamin D3

are characterized as heterogeneous subpopulations with the reduced expression of
both MHC and costimulatory molecules, which could provide weak “APC signals
1 and 2” to naïve T cells resulting in the reduction of T-cell activation and the
generation of anergic T cells in an Ag-specific manner (Steinbrink et al. 1997;
Penna and Adorini 2000). On the other hand, it has been suggested that APCs
expressing MHC molecules alone, but lacking costimulatory molecules, sufficiently
induce clonal T-cell anergy in both humans and mice (Boussiotis et al. 2000). To
strengthen the potential immunoregulatory function of DCs, we have modified the
methods for the generation of novel type of immunosuppressive human DCs from
the culture of human monocytes with GM-CSF and IL-4 in the presence of IL-10
and TGF-b followed by stimulation with TNF-a, and have shown them to be
homogenous populations with high expression of MHC molecules, but low
expression of costimulatory molecules (Fig. 3a), that were different from the pre-
viously known tolerogenic DCs (Sato et al. 2003a). Concurrently, we also have
successfully generated modified murine DCs from the culture of BM cells with
GM-CSF in the presence of IL-10 and TGF-b followed by stimulation with
lipopolysaccharide (LPS), found them to exhibited similar phenotypes to human
counterparts (Sato et al. 2003b) (Fig. 3b). Indeed, these novel types of immuno-
suppressive human and murine DCs had a greater ability to inhibit the activation of
T cells and to induce hypo responsiveness in T cells than the previously known
tolerogenic DCs, and retained their potent immunoregulatory properties even under
inflammatory conditions (Sato et al. 2003a, b). As a notable function, they could
induce CD4+CD25+CD152+ Treg cells from naïve CD4+CD25−CD152− T cells, and
this is the first description of the contribution of DCs to the generation of
CD4+CD25+Foxp3+ iTreg cells (Sato et al. 2003a, b). To best our knowledge, we
have verified for the first time that immunotherapy with immunosuppressive DCs
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exerted a prominent therapeutic effect on murine immune disorders in which the
treatment begun even after disease progression (Sato et al. 2003a, b), as information
about in vivo efficacy of tolerogenic DCs as therapeutic agents for immune dis-
orders had yet to be addressed in humans and animals before this time. Therefore,
we have revealed that immunosuppressive DCs not only retain the expression of
MHC molecules with the reduced expression of costimulatory molecules, but also
have the ability to induce CD4+CD25+Foxp3+ iTreg cells as regulatory DCs (DCregs)
(Sato et al. 2003a, b). Since we proposed the concept of “regulatory DCs”, this
attractive nomenclature has been also widely used for classical tolerogenic DCs and
their derivatives when they possess the potential to regulate T-cell responses for
protection against several immune disorders (McCurry et al. 2006; Owens and
Kaye 2012; Schmidt et al. 2012; Gordon et al. 2014; Raïch-Regué et al. 2014; Liu
and Cao 2015; Thomson et al. 2016). Furthermore, the culture of human monocytes
with GM-CSF and IL-4 in the presence of VIP followed by stimulation with LPS or
TNF-a, as well as the culture of murine BM cells with GM-CSF in the presence of
VIP followed by LPS, have also reportedly generated tolerogenic DCs that
resembled the originally described human and murine DCregs in terms of the phe-
notype, the T-cell regulatory functions, and the protective effects on the progression
of murine immune pathogenesis (Gonzalez-Rey et al. 2006; Chorny et al. 2006).

5.1 Human Regulatory DCs and Functions

Human DCregs showed moderately high expression levels of MHC molecules (e.g.,
HLA-A/B/C and HLA-DR), whereas they exhibited extremely low levels of cos-
timulatory molecules (e.g., CD40, CD80 and CD86) as compared with their normal
counterparts (Sato et al. 2003a) (Fig. 3a). While human DCregs showed a reduced
ability to activate allogeneic naïve CD4+ T cells and CD8+ T cells than their normal

(a)

normal DCsnormal DCs

DCregs DCregs

(b)

Fig. 3 Phenotype of human and murine DCregs. Expression of MHC (class I and class II) and
costimulatory molecules (CD80 and CD86) in normal DCs and DCregs derived from human
monocytes (a) and murine BM cells (b) was analyzed by flow cytometry
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counterparts, they not only exerted direct suppressive effects on allogeneic
Ag-specific proliferation of activated CD4+ T cells and CTL activity of CD8+T
cells, but also induced potent allogeneic Ag-specific anergic states upon recall
stimulations in vitro (Sato et al. 2003a). Unlike human normal DCs which, induced
IFN-c- and IL-2-producing CD4+ Teff cells from allogeneic naïve CD4+ T cells
in vitro, human DCreg predominantly generated CD4+CD25+CD152+ iTreg cells and
IL-10-producing Tr1 cells (Sato et al. 2003a). In addition, human DCregs induced
CD8+CD28− Treg cells and IL-10-producing CD8+T cells from allogeneic naïve
CD8+ T cells in vitro, whereas their normal counterparts generated
IFN-c-producing CD8+T cells (Sato et al. 2003a). On the other hand, preclinical
studies have revealed that approximately 1 � 108 of GMP-graded human DCregs or
2.7 � 108 of GMP-graded human DCs could be yielded from nearly 7.5 � 108 of
human monocytes obtained from peripheral blood mononuclear cells (PBMCs)
derived from the leukapheresis products of 10–12L peripheral blood, respectively
(unpublished observations).

5.2 Murine Regulatory DCs and Functions

Murine DCregs also had a characteristic phenotype with high levels of MHC
molecules and reduced levels of costimulatory molecules (Sato et al. 2003a, b;
Fujita et al. 2006, 2007, 2008) (Fig. 3b). Furthermore, murine DCregs preferentially
produce IL-10 rather than proinflammatory cytokines (e.g., IL-1, IL-6, IL-12, and
TNF-a) following stimulation with TLR ligands, and these events involve the
expression of an inhibitor of nuclear factor jB (NF-jB)NS (IjBNS) and B-cell
CLL/lymphoma-3 (Bcl-3), as well as cyclic AMP (cAMP)-mediated activation of
protein kinase A (PKA) in addition to the suppression of NF-jB- and
mitogen-activated protein kinase (MAPK)-mediated signaling cascades (Fujita et al.
2006, 2007). On the other hand, murine DCregs impaired the ability to activate
Ag-specific T cells, and instead induced Ag-specific T-cell anergy that was asso-
ciated with the accumulation of cAMP and subsequent upregulation of p27kip1

cyclin-dependent kinase (CDK) inhibitor for arrest at the early G1 phase of the cell
cycle (Sato et al. 2003b; Fujita et al. 2007, 2008). The culture of Ag-pulsed murine
DCregs with CD4+CD25−Foxp3− T cells allowed the preferential Ag-specific gen-
eration of CD4+CD25+Foxp3+ Treg cells when Rag2−/−DO11.10 BALB/c mice
harboring CD4+ T cells expressing the transgenic ovalbumin (OVA)-specific T cell
receptor (TCR), but lacking CD4+CD25+Foxp3+ nTreg cells were used for assay of
the differentiation of CD4+CD25+Foxp3+ iTreg cells (Fujita et al. 2007).

Given the similar phenotype and T-cell regulatory functions in vitro of murine
DCregs to human DCregs (Sato et al. 2003a, b), we have addressed the therapeutic
potentials of the immunotherapy with murine DCregs for the treatment of acute and
chronic immune disorders in experimental murine models. A single injection of
recipient-type, but not donor-type, murine DCregs following MHC-incompatible
allogeneic bone marrow transplantation (BMT) completely protected the recipient
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mice bearing leukemia from the lethality caused by acute GVHD and tumor burden
(Sato et al. 2003b), indicating that murine DCregs could protect against acute GVHD
and leukemia relapse mediated through the control of the ability of the transplanted
T-cells to induce acute GVHD and the graft-versus-leukemia (GVL) effect.
Similarly, treatment of the recipient mice with murine recipient-type DCregs led to
greater suppression of the incidence and severity of cutaneous inflammatory
pathogenesis than rapamycin in the major histocompatibility complex (MHC)-
compatible and multiple minor histocompatibility Ag (miHAg)-incompatible model
of chronic GVHD in allogeneic BMT (Fujita et al. 2007; Sato et al. 2009).
Furthermore, treatment with allergic Ag-pulsed murine DCregs after immunization
not only impaired the production of Ag-specific IgE, IgG1, and IgG2a, but also
abrogated the allergic airway inflammation in sensitized mice in a murine asthmatic
model (Fujita et al. 2008). In vivo-blockade experiments with anti-CD25 mAb have
suggested that the protective effects of murine DCregs are largely dependent on the
generation of CD4+CD25+Foxp3+Treg cells in vivo (Sato et al. 2003b; Fujita et al.
2007, 2008). Indeed, analysis of adoptive transfer experiments with Ag-pulsed
DCregs and CD4+CD25−Foxp3−T cells derived from Rag2−/−DO11.10 BALB/c
mice clearly demonstrated that DCregs could directly generate CD4+CD25+

Foxp3+Treg cells from CD4+CD25−Foxp3−T cells in an Ag-specific manner in vivo
(Fujita et al. 2007). On the other hand, murine DCregs protected mice against septic
lethality induced by experimental endotoxemia and bacterial peritonitis mediated
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adaptive immune
responses 

Tregcells

DCregs 

Induction of peripheral tolerance

Maintaining of  
self-tolerance 

Suppression of innate  
immune responses 

Suppression of  
adaptive immune  
responses 

Therapeutic potential

Inflammatory diseases, Autoimmune diseases,  
Allergic diseases, Graft rejection, & GVHD 

IL-10

Generation  
& expansion 

Fig. 4 Regulation of immune responses by DCregs, and their potential clinical application. DCregs

directly suppress innate and adaptive immune responses via the production of IL-10, and the
induction of anergic T cells, and the generation and expansion of Treg cells, which participate in
maintaining of self-tolerance and suppression of adaptive immune responses. Therefore, DCreg-
based negative vaccines have the potential to treat autoimmune diseases, allergic diseases, graft
rejection, GVHD, and inflammatory diseases
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through the IL-10-dependent suppression of systemic inflammatory responses
(Fujita et al. 2006). Taken together, DCregs may have preventive and therapeutic
potential for the treatment of T-cell-mediated immune disorders, as well as
inflammatory diseases (Fig. 4). While the existence of human and murine natu-
rally occurring DCregs remains to be determined, CD49+CD90+CD200R3+I-
A/I-E+CD11b+CD11clowCD40−CD80−CD86− leukocytes might be a candidate
for a natural counterpart of murine DCregs (Sato et al. 2009). Further investigation is
needed to clarify their origin, development, and genetic program/transcriptional
factor, and specific surface markers that could provide valuable information for the
rational design of DCreg-based immunotherapeutic for the control of immune
disorders.

6 Conclusions

Extensive recent studies have led to considerable progress in our understanding of
various aspects of the biology of DCs, including their development, behavior, and
function. Importantly, the diverse functions of DCs are not only controlled by
intrinsic factors (i.e., transcription factors, signaling molecules, membrane proteins,
and enzymes), but also by stimulation with extrinsic factors (i.e., PRR ligands,
cytokines/chemokines, and environmental mediators). Furthermore, DCs appear to
play key roles in initiating and orchestrating immune responses, providing innate
information for tailored adaptive responses, in which the characteristics of DCs
reflect the direction of immune responses (e.g. immunity versus tolerance and types
of T cell-mediated adaptive immunity). Thus, DCs constitute critical regulators of
the immune system, endowed with “immune checkpoints” that either turn up or turn
down immune signals. Considering the features of DCregs in damping down
immune responses, the use of DCregs and their further developments for negative
vaccines might provide promising clinical therapeutic strategies for the attenuation
of excessive undesired immune responses in autoimmune diseases, allergic dis-
eases, graft rejection, and GVHD, and inflammatory diseases.

References

Bachem A, Güttler S, Hartung E et al (2010) Superior antigen cross-presentation and XCR1
expression define human CD11c+CD141+ cells as homologues of mouse CD8+ dendritic cells.
J Exp Med 207:1273–1281

Bedoui S, Heath WR (2015) Krüppel-ling of IRF4-dependent DCs into two functionally distinct
DC subsets. Immunity 42:785–787

Bekiaris V, Persson EK, Agace WW (2014) Intestinal dendritic cells in the regulation of mucosal
immunity. Immunol Rev 260:86–101

66 K. Sato et al.



Birnberg T, Bar-On L, Sapoznikov A et al (2008) Lack of conventional dendritic cells is
compatible with normal development and T cell homeostasis, but causes myeloid proliferative
syndrome. Immunity 29:986–997

Bjorck P (2001) Isolation and characterization of plasmacytoid dendritic cells from Flt3 ligand and
granulocyte-macrophage colony-stimulating factor-treated mice. Blood 98:3520–3526

Blom B, Ho S, Antonenko S et al (2000) Generation of interferon a-producing predendritic cell
(Pre-DC)2 from human CD34+ hematopoietic stem cells. J Exp Med 192:1785–1796

Boussiotis VA, Freeman GJ, Taylor PA et al (2000) p27kip1 functions as an anergy factor
inhibiting interleukin 2 transcription and clonal expansion of alloreactive human and mouse
helper T lymphocytes. Nat Med 6:290–297

Caux C, Vanbervliet B, Massacrier C et al (1996) CD34+ hematopoietic progenitors from human
cord blood differentiate along two independent dendritic cell pathways in response to GM-CSF
+ TNFa. J Exp Med 184:695–706

Cella M, Facchetti F, Lanzavecchia A et al (2000) Plasmacytoid dendritic cells activated by
influenza virus and CD40L drive a potent TH1 polarization. Nat Immunol 1:305–310

Chen W, Liang X, Peterson AJ et al (2008) The indoleamine 2,3-dioxygenase pathway is essential
for human plasmacytoid dendritic cell-induced adaptive T regulatory cell generation.
J Immunol 181:5396–5404

Chorny A, Gonzalez-Rey E, Fernandez-Martin A et al (2006) Vasoactive intestinal peptide induces
regulatory dendritic cells that prevent acute graft-versus-host disease while maintaining the
graft-versus-tumor response. Blood 107:3787–3794

Cisse B, Caton ML, Lehner M et al (2008) Transcription factor E2-2 is an essential and specific
regulator of plasmacytoid dendritic cell development. Cell 135:37–48

Colonna M, Trinchieri G, Liu YJ (2004) Plasmacytoid dendritic cells in immunity. Nat Immunol
5:1219–1226

Cong Y (2011) Molecular gastronomy: how to make the critical intestinal Foxp3+ Treg cell.
Gastroenterology 141:1559–1562

Conrad C, Gregorio J, Wang YH et al (2012) Plasmacytoid dendritic cells promote immunosup-
pression in ovarian cancer via ICOS costimulation of Foxp3+ T-regulatory cells. Cancer Res
72:5240–5249

Coombes JL, Siddiqui KR, Arancibia-Cárcamo CV et al (2007) A functionally specialized
population of mucosal CD103+ DCs induces Foxp3+ regulatory T cells via a TGF-b and
retinoic acid-dependent mechanism. J Exp Med 204:1757–1764

Darrasse-Jèze G, Deroubaix S, Mouquet H et al (2009) Feedback control of regulatory T cell
homeostasis by dendritic cells in vivo. J Exp Med 206:1853–1862

Dudziak D, Kamphorst AO, Heidkamp GF et al (2007) Differential antigen processing by dendritic
cell subsets in vivo. Science 315:107–111

Fontenot JD, Rasmussen JP, Gavin MA et al (2005) A function for interleukin 2 in
Foxp3-expressing regulatory T cells. Nat Immunol 6:1142–1151

Fujita S, Seino K, Sato K et al (2006) Regulatory dendritic cells act as regulators of acute lethal
systemic inflammatory response. Blood 107:3656–3664

Fujita S, Sato Y, Sato K et al (2007) Regulatory dendritic cells protect against cutaneous chronic
graft-versus-host disease mediated through CD4+CD25+Foxp3+ regulatory T cells. Blood
110:3793–3803

Fujita S, Yamashita N, Ishii Y et al (2008) Regulatory dendritic cells protect against allergic
airway inflammation in a murine asthmatic model. J Allergy Clin Immunol 121:95–104

Fukaya T, Takagi H, Sato Y et al (2010) Crucial roles of B7-H1 and B7-DC expressed on
mesenteric lymph node dendritic cells in the generation of antigen-specific CD4+ Foxp3+

regulatory T cells in the establishment of oral tolerance. Blood 116:2266–2276
Fukaya T, Murakami R, Takagi H et al (2012) Conditional ablation of CD205+ conventional

dendritic cells impacts the regulation of T-cell immunity and homeostasis in vivo. Proc Natl
Acad Sci USA 109:11288–11293

Gilliet M, Liu YJ (2002) Generation of human CD8 T regulatory cells by CD40 ligand-activated
plasmacytoid dendritic cells. J Exp Med 195:695–704

Regulatory Dendritic Cells 67



Gilliet M, Boonstra A, Paturel C et al (2002) The development of murine plasmacytoid dendritic
cell precursors is differentially regulated by FLT3-ligand and granulocyte/ macrophage
colony-stimulating factor. J Exp Med 195:953–958

Gilliet M, Cao W, Liu YJ (2008) Plasmacytoid dendritic cells: sensing nucleic acids in viral
infection and autoimmune diseases. Nat Rev Immunol 8:594–606

Glitzner E, Korosec A, Brunner PM et al (2014) Specific roles for dendritic cell subsets during
initiation and progression of psoriasis. EMBO Mol Med 6:1312–1327

Guilliams M, Ginhoux F, Jakubzick C et al (2014) Dendritic cells, monocytes and macrophages: a
unified nomenclature based on ontogeny. Nat Rev Immunol 14:571–578

Gonzalez-Rey E, Chorny A, Fernandez-Martin A et al (2006) Vasoactive intestinal peptide
generates human tolerogenic dendritic cells that induce CD4 and CD8 regulatory T cells. Blood
107:3632–3638

Gordon JR, Ma Y, Churchman L et al (2014) Regulatory dendritic cells for immunotherapy in
immunologic diseases. Front Immunol 5:7

Goubier A, Dubois B, Gheit H et al (2008) Plasmacytoid dendritic cells mediate oral tolerance.
Immunity 29:464–475

Grouard G, Rissoan MC, Filgueira L et al (1997) The enigmatic plasmacytoid T cells develop into
dendritic cells with interleukin (IL)-3 and CD40-ligand. J Exp Med 185:1101–1111

Guéry L, Dubrot J, Lippens C et al (2014) Ag-presenting CpG-activated pDCs prime Th17 cells
that induce tumor regression. Cancer Res 74:6430–6440

Hänsel A, Günther C, Ingwersen J et al (2011) Human slan (6-sulfo LacNAc) dendritic cells are
inflammatory dermal dendritic cells in psoriasis and drive strong TH17/TH1 T-cell responses.
J Allergy Clin Immunol 127:787–794

Haniffa M, Shin A, Bigley V et al (2012) Human tissues contain CD141hi cross- presenting
dendritic cells with functional homology to mouse CD103+ nonlymphoid dendritic cells.
Immunity 37:60–73

Hildner K, Edelson BT, Purtha WE et al (2008) Batf3 deficiency reveals a critical role for
CD8a+ dendritic cells in cytotoxic T cell immunity. Science 322:1097–1100

Hoeffel G, Ripoche AC, Matheoud D et al (2007) Antigen cross presentation by human
plasmacytoid dendritic cells. Immunity 27:481–492

Hohl TM, Rivera A, Lipuma L et al (2009) Inflammatory monocytes facilitate adaptive CD4 T cell
responses during respiratory fungal infection. Cell Host Microbe 6:470–481

Hoshino K, Kaisho T (2008) Nucleic acid sensing Toll-like receptors in dendritic cells. Curr Opin
Immunol 20:408–413

Hu J, Wan Y (2011) Tolerogenic dendritic cells and their potential applications. Immunology
132:307–314

Inaba K, Inaba M, Romani N et al (1992) Generation of large numbers of dendritic cells from
mouse bone marrow cultures supplemented with granulocyte/macrophage colony-stimulating
factor. J Exp Med 176:1693–1702

Irla M, Küpfer N, Suter T et al (2010) MHC class II-restricted antigen presentation by plasmacytoid
dendritic cells inhibits T cell-mediated autoimmunity. J Exp Med 207:1891–1905

Jahrsdörfer B, Vollmer A, Blackwell SE et al (2010) Granzyme B produced by human
plasmacytoid dendritic cells suppresses T-cell expansion. Blood 115:1156–1165

Joffre O, Nolte MA, Spörri R et al (2009) Inflammatory signals in dendritic cell activation and the
induction of adaptive immunity. Immunol Rev 227:234–247

Jongbloed SL, Kassianos AJ, McDonald KJ et al (2010) Human CD141+ (BDCA-3)+ dendritic
cells (DCs) represent a unique myeloid DC subset that cross-presents necrotic cell antigens.
J Exp Med 207:1247–1260

Kim JM, Rasmussen JP, Rudensky AY (2007) Regulatory T cells prevent catastrophic
autoimmunity throughout the lifespan of mice. Nat Immunol 8:191–197

Kornete M, Piccirillo CA (2012) Functional crosstalk between dendritic cells and Foxp3+

regulatory T cells in the maintenance of immune tolerance. Front Immunol 3:165
Kretschmer K, Apostolou I, Hawiger D et al (2005) Inducing and expanding regulatory T cell

populations by foreign antigen. Nat Immunol 6:1219–1227

68 K. Sato et al.



Lauterbach H, Bathke B, Gilles S et al (2010) Mouse CD8a+ DCs and human BDCA3+ DCs are
major producers of IFN-lambda in response to poly IC. J Exp Med 207:2703–2717

León B, López-Bravo M, Ardavín C (2007) Monocyte-derived dendritic cells formed at the
infection site control the induction of protective T helper 1 responses against Leishmania.
Immunity 26:519–531

Liu J, Cao X (2015) Regulatory dendritic cells in autoimmunity: a comprehensive review.
J Autoimmun 63:1–12

Lowes MA, Chamian F, Abello MV et al (2005) Increase in TNF-a and inducible nitric oxide
synthase-expressing dendritic cells in psoriasis and reduction with efalizumab (anti-CD11a).
Proc Natl Acad Sci USA 102:19057–19062

Luda KM, Joeris T, Persson EK et al (2016) IRF8 Transcription-factor-dependent classical
dendritic cells are essential for intestinal T cell homeostasis. Immunity 44:860–874

McCurry KR, Colvin BL, Zahorchak AF et al (2006) Regulatory dendritic cell therapy in organ
transplantation. Transpl Int 19:525–538

Manicassamy S, Pulendran B (2011) Dendritic cell control of tolerogenic responses. Immunol Rev
241:206–227

Merad M, Sathe P, Helft J et al (2013) The dendritic cell lineage: ontogeny and function of
dendritic cells and their subsets in the steady state and the inflamed setting. Annu Rev Immunol
31:563–604

Mittag D, Proietto AI, Loudovaris T et al (2011) Human dendritic cell subsets from spleen and
blood are similar in phenotype and function but modified by donor health status. J Immunol
186:6207–6217

Mochizuki K, Xie F, He S et al (2013) Delta-like ligand 4 identifies a previously uncharacterized
population of inflammatory dendritic cells that plays important roles in eliciting allogeneic T
cell responses in mice. J Immunol 190:3772–3782

Molenaar R, Knippenberg M, Goverse G et al (2011) Expression of retinaldehyde dehydrogenase
enzymes in mucosal dendritic cells and gut-draining lymph node stromal cells is controlled by
dietary vitamin A. J Immunol 186:1934–1942

Morelli AE, Thomson AW (2007) Tolerogenic dendritic cells and the quest for transplant tol-
erance. Nat Rev Immunol 7:610–621

Moseman EA, Liang X, Dawson AJ et al (2004) Human plasmacytoid dendritic cells activated by
CpG oligodeoxynucleotides induce the generation of CD4+CD25+ regulatory T cells.
J Immunol 173:4433–4442

Murphy TL, Grajales-Reyes GE, Wu X et al (2016) Transcriptional control of dendritic cell
development. Annu Rev Immunol 34:93–119

Nakano H, Lin KL, Yanagita M et al (2009) Blood-derived inflammatory dendritic cells in lymph
nodes stimulate acute T helper type 1immune responses. Nat Immunol 10:394–402

Ochando JC, Homma C, Yang Y et al (2006) Alloantigen-presenting plasmacytoid dendritic cells
mediate tolerance to vascularized grafts. Nat Immunol 7:652–662

Ohnmacht C, Pullner A, King SB et al (2009) Constitutive ablation of dendritic cells breaks
self-tolerance of CD4 T cells and results in spontaneous fatal autoimmunity. J Exp Med
206:549–559

Osorio F, Fuentes C, López MN et al (2015) Role of dendritic cells in the induction of lymphocyte
tolerance. Front Immunol 6:535

Owens BM, Kaye PM (2012) Stromal cell induction of regulatory dendritic cells. Front Immunol
3:262

Pallotta MT, Orabona C, Volpi C et al (2011) Indoleamine 2,3-dioxygenase is a signaling protein
in long-term tolerance by dendritic cells. Nat Immunol 12:870–878

Penna G, Adorini L (2000) 1a,25-dihydroxyvitamin D3 inhibits differentiation, maturation,
activation, and survival of dendritic cells leading to impaired alloreactive T cell activation.
J Immunol 164:2405–2411

Poulin LF, Salio M, Griessinger E et al (2010) Characterization of human
DNGR-1+ BDCA3+ leukocytes as putative equivalents of mouseCD8a+ dendritic cells.
J Exp Med 207:1261–1271

Regulatory Dendritic Cells 69



Raïch-Regué D, Glancy M, Thomson AW (2014) Regulatory dendritic cell therapy: from rodents
to clinical application. Immunol Lett 161:216–221

Rissoan MC, Soumelis V, Kadowaki N et al (1999) Reciprocal control of T helper cell and
dendritic cell differentiation. Science 283:1183–1186

Roncarolo MG, Levings MK, Traversari C (2001) Differentiation of T regulatory cells by
immature dendritic cells. J Exp Med 193:F5–F9

Rowland SL, Riggs JM, Gilfillan S et al (2014) Early, transient depletion of plasmacytoid dendritic
cells ameliorates autoimmunity in a lupus model. J Exp Med 211:1977–1991

Rutella S, Danese S, Leone G (2006) Tolerogenic dendritic cells: cytokine modulation comes of
age. Blood 108:1435–1440

Sage AP, Murphy D, Maffia P et al (2014) MHC Class II-restricted antigen presentation by
plasmacytoid dendritic cells drives proatherogenic T cell immunity. Circulation 130:1363–
1373

Sallusto F, Lanzavecchia A (1994) Efficient presentation of soluble antigen by cultured human
dendritic cells is maintained by granulocyte/macrophage colony-stimulating factor plus
interleukin 4 and downregulated by tumor necrosis factor a. J Exp Med 179:1109–1118

Sato K, Fujita S (2007) Dendritic cells-nature and classification. Allergol Int 56:183–191
Sato K, Yamashita N, Baba M et al (2003a) Modified myeloid dendritic cells act as regulatory

dendritic cells to induce anergic and regulatory T cells. Blood 101:3581–3589
Sato K, Yamashita N, Yamashita N et al (2003b) Regulatory dendritic cells protect mice from

murine acute graft-versus-host disease and leukemia relapse. Immunity 18:367–379
Sato K, Eizumi K, Fukaya T et al (2009) Naturally occurring regulatory dendritic cells regulate

murine cutaneous chronic graft-versus-host disease. Blood 113:4780–4789
Schlitzer A, McGovern N, Teo P et al (2013) IRF4 transcription factor-dependent CD11b+

dendritic cells in human and mouse controlmucosal IL-17 cytokine responses. Immunity
38:970–983

Schlitzer A, Ginhoux F (2014) Organization of the mouse and human DC network. Curr Opin
Immunol 26:90–99

Schmidt SV, Nino-Castro AC, Schultze JL (2012) Regulatory dendritic cells: there is more than
just immune activation. Front Immunol 3:274

Segura E, Touzot M, Bohineust A et al (2013) Human inflammatory dendritic cells induce Th17
cell differentiation. Immunity 38:336–348

Serbina NV, Salazar-Mather TP, Biron CA et al (2003) TNF/iNOS-producing dendritic cells
mediate innate immune defense against bacterial infection. Immunity 19:59–70

Shortman K, Naik SH (2007) Steady-state and inflammatory dendritic-cell development. Nat Rev
Immunol 7:19–30

Sisirak V, Ganguly D, Lewis KL et al (2014) Genetic evidence for the role of plasmacytoid
dendritic cells in systemic lupus erythematosus. J Exp Med 211:1969–1976

Steinbrink K, Wolfl M, Jonuleit H et al (1997) Induction of tolerance by IL-10-treated dendritic
cells. J Immunol 159:4772–4780

Steinman RM, Cohn ZA (1973) Identification of a novel cell type in peripheral lymphoid organs of
mice. I. Morphology, quantitation, tissue distribution. J Exp Med 137:1142–1162

Steinman RM, Witmer MD (1978) Lymphoid dendritic cells are potent stimulators of the primary
mixed leukocyte reaction in mice. Proc Natl Acad Sci USA 175:5132–5136

Steinman RM, Nussenzweig MC (2002) Avoiding horror autotoxicus: the importance of dendritic
cells in peripheral T cell tolerance. Proc Natl Acad Sci USA 99:351–358

Sun CM, Hall JA, Blank RB et al (2007) Small intestine lamina propria dendritic cells promote de
novo generation of Foxp3 T reg cells via retinoic acid. J Exp Med 204:1775–1785

Svensson M, Maroof A, Ato M et al (2004) Stromal cells direct local differentiation of regulatory
dendritic cells. Immunity 21:805–816

Swiecki M, Colonna M (2015) The multifaceted biology of plasmacytoid dendritic cells. Nat Rev
Immunol 15:471–485

Takagi H, Fukaya T, Eizumi K et al (2011) Plasmacytoid dendritic cells are crucial for the
initiation of inflammation and T cell immunity in vivo. Immunity 35:958–971

70 K. Sato et al.



Takagi H, Arimura K, Uto T et al (2016) Plasmacytoid dendritic cells orchestrate TLR7-mediated
innate and adaptive immunity for the initiation of autoimmune inflammation. Sci Rep 6:24477

Tezuka H, Abe Y, Iwata M et al (2007) Regulation of IgA production by naturally
occurringTNF/iNOS-producing dendritic cells. Nature 448:929–933

Thomson AW, Zahorchak AF, Ezzelarab MB et al (2016) Prospective clinical testing of regulatory
dendritic cells in organ transplantation. Front Immunol 7:15

Tussiwand R, Everts B, Grajales-Reyes GE et al (2015) Klf4 expression in conventional dendritic
cells is required for T helper 2 cell responses. Immunity 42:916–928

Uto T, Fukaya T, Takagi H et al (2016) Clec4A4 is a regulatory receptor for dendritic cells that
impairs inflammation and T-cell immunity. Nat Commun 7:11273

van de Laar L, Coffer PJ, Woltman AM (2012) Regulation of dendritic cell development by
GM-CSF: molecular control and implications for immune homeostasis and therapy. Blood
119:3383–3393

van Vliet SJ, den Dunnen J, Gringhuis SI et al (2007) Innate signaling and regulation of dendritic
cell immunity. Curr Opin Immunol 19:435–440

Villadangos JA, Schnorrer P (2007) Intrinsic and cooperative antigen-presenting functions of
dendritic-cell subsets in vivo. Nat Rev Immunol 7:543–555

Wakkach A, Fournier N, Brun V et al (2003) Characterization of dendritic cells that induce
tolerance and T regulatory 1 cell differentiation in vivo. Immunity 18:605–617

Walsh KP, Mills KH (2013) Dendritic cells and other innate determinants of T helper cell
polarisation. Trends Immunol 34:521–530

Wang YH, Ito T, Wang YH et al (2006) Maintenance and polarization of human TH2 central
memory T cells by thymic stromal lymphopoietin-activated dendritic cells. Immunity 24:
827–838

Watanabe N, Wang YH, Lee HK et al (2005) Hassall’s corpuscles instruct dendritic cells to induce
CD4+CD25+ regulatory T cells in human thymus. Nature 436:1181–1185

Watowich SS, Liu YJ (2010) Mechanisms regulating dendritic cell specification and development.
Immunol Rev 238:76–92

Wilsmann-Theis D, Koch S, Mindnich C et al (2013) Generation and functional analysis of human
TNF-a/iNOS-producing dendritic cells (Tip-DC). Allergy 68:890–898

Yun TJ, Lee JS, Machmach K et al (2016) Indoleamine 2,3-dioxygenase-expressing aortic
plasmacytoid dendritic cells protect against atherosclerosis by induction of regulatory T cells.
Cell Metab 23:852–866

Zhang M, Tang H, Guo Z et al (2004) Splenic stroma drives mature dendritic cells to differentiate
into regulatory dendritic cells. Nat Immunol 5:1124–1133

Regulatory Dendritic Cells 71



Part II
Extracellular Immune Checkpoint

Molecules



Role of PD-1 in Immunity and Diseases

Kenji Chamoto, Muna Al-Habsi and Tasuku Honjo

Abstract Immunity developed to defend our bodies from foreign particles,
including bacteria and viruses. Although effector cells responsible for acquired
immunity, mainly T cells, and B cells, are able to distinguish self from non-self,
they sometimes attack the body’s tissues because of imperfect central tolerance.
Several immune check points developed to limit overactivation of these cells. One
of the most important immune checkpoints is programmed cell death-1 (PD-1),
which is expressed mainly on activated lymphocytes. As its ligands (PD-Ls) are
expressed widely in the body and affect the responses against self and foreign
antigens, controlling PD-1/PD-L interactions enables the management of several
immune-related diseases such as autoimmune disease, virus infection, and cancers.
Currently, the strategy of PD-1/ PD-L1 blockade has already been applied to
clinical cancer therapy, providing evidences that PD-1 signal is one of the main
factors of cancer immune escape in humans. The dramatic efficacy of PD-1
blockade in cancer immunotherapy, promises the control of other immune diseases
by PD-1 signal modulation. In this review, we summarize the history of PD-1,
subsequent basic studies, and their application to the clinic.
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1 Introduction

The immune system functions to defend against foreign particles while avoiding
self-recognition. Maintaining this balance requires critically organized interactions
between the different components of the immune system, cellular and humoral
immunity (Bardhan et al. 2016). The immune system employs regulatory immune
cells, discussed in previous chapters, to control the activity of T cells and
antibody-producing B cells (Francisco et al. 2009). The activity of T-lymphocytes
is regulated by a complex system of signals generated by both stimulatory and
inhibitory receptors (Probst et al. 2005). These receptors are expressed on the
surface of lymphocytes and mediate cell–cell communication to determine their
responses toward different antigens. These stimulatory and inhibitory receptors
enable the immune system to react appropriately to foreign antigens and inhibit
responses against autoantigens (Bardhan et al. 2016). Programmed cell death 1
(PD-1) is a major inhibitory receptor that is preferentially expressed on T and
B cells. It is also reported to be expressed by other subsets such as natural killer
cells, monocytes, and dendritic cells (He et al. 2015). PD-1 is a member of the
CD28 superfamily that generates a negative signal upon interaction with its ligand.
It conjugates with two ligands (PD-L1 and PD-L2), which are expressed widely by
the components of the immune system as well as other cell types in the body
(Bardhan et al. 2016). Interactions between PD-1 and its ligands play a key
immunoregulatory role in T-lymphocyte activation and tolerance. The discovery of
PD-1 and its ligands, PD-L1 and PD-L2, has changed our perspective of the
immune system. The PD-1/PD-L-1 pathway plays a major role in maintaining
tolerance, therefore protecting the body from auto-reactivity (Okazaki et al. 2013).
PD-1 signals are also associated with the attenuation of immune responses against
viruses, chronic bacterial infections, and tumors. Several strategies for blocking
PD-1/PD-L1 interaction, promoting the responses of T-lymphocytes toward anti-
gens, led to many basic and clinical studies. These will be discussed later in this
chapter.
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2 History of PD-1 and Its Ligands

2.1 Discovery

PD-1 was identified in 1992 by Honjo and colleagues at Kyoto University as a gene
involved in inducing programmed cell death during T cell thymic selection. The
group was studying two cell lines: a hematopoietic progenitor cell line (LyD9) that
induces programmed cell death when deprived of interleukin IL-3, and a murine
T cell hybridoma (2B4.11) that undergoes programmed cell death upon stimulation
with phorbol 12-myristate 13-acetate and ionomycin (Ishida et al. 1992). Both cell
lines induced de novo RNA and protein synthesis as they underwent apoptosis. The
group performed subtractive hybridization to identify the gene responsible for the
induction. They created two complementary DNA (cDNA) libraries subtracting
collective mRNA of resting cells from collective mRNA of dying cells in LyD9 and
2B4.11 cell lines. Then they screened the resulting libraries for common genes by
hybridization (Okazaki and Honjo 2007). PD-1 was predicted to be a type I
transmembrane protein with a single IgV domain in the extracellular region based
on the amino acid sequence. However, overexpression of PD-1 cDNA in these cell
lines failed to induce apoptosis (Agata et al. 1996). The function of PD-1 remained
unclear until the same group found that PD-1 negatively regulates immune
responses, as PD-1-deficient mice spontaneously developed lupus-like arthritis and
glomerulonephritis in 1999 (Nishimura et al. 1999).

PD-1 ligands were discovered through the integrated efforts of several research
groups. Freeman’s group at Harvard University identified a B7-like molecule
(named as clone 129) by database searching and established a collaboration with the
Genetics Institute Wyeth-Ayerst Research in Massachusetts to search for its
receptor. At the same time, Honjo’s group collaborated with the Genetics Institute
to identify the ligand of PD-1. The Genetics Institute demonstrated an interaction
between the two molecules as the engagement of PD-1 with the clone 129 molecule
inhibited the proliferation and cytokine production of T-lymphocytes following
stimulation with anti-CD3 antibodies (Freeman et al. 2000). This provided evidence
that clone 129 is the ligand of PD-1, and this molecule was renamed as PD-L1
(Okazaki and Honjo 2007; Freeman et al. 2000). PD-L2 was later discovered as
another ligand for PD-1 through the collaboration by the same groups (Latchman
et al. 2001). At around the same time, other groups reported two molecules (B7-H1
and B7-DC) that were identical to PD-L1 and PD-L2, respectively, which were
suspected to be co-stimulatory in regulating T cell activation (Dong et al. 1999;
Tseng et al. 2001). PD-1 and its ligands were included as new members of the
CD28 family (Fig. 1) (Okazaki and Honjo 2007).
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2.2 Structure

PD-1 is a 50–55-kDa type I transmembrane glycoprotein composed of an IgV
domain (Fig. 2). It belongs to the CD28/CTLA-4 subfamily of the Ig superfamily
and shares 21–33% sequence identity with CTLA-4, CD28, and ICOS (Yamazaki
et al. 2002). Unlike other CD28 family members, PD-1 lacks the membrane
proximal cysteine residue required for homodimerization and exists as a monomer
on the cell surface (Zhang et al. 2004). The cytoplasmic region of PD-1 contains
two tyrosine residues, with the N-terminal tyrosine located in an immunoreceptor
tyrosine-based inhibitory motif (ITIM) and C-terminal tyrosine in an immunore-
ceptor tyrosine-based switch motif (ITSM), unlike the C-terminal of CTLA-4 which
contains no signaling motif (Fig. 2). Although the ITIM motif was originally
thought to be responsible for the inhibitory function of PD-1, in vitro studies later
showed that ITSM is more important for PD-1 activity (Okazaki et al. 2001).
Studies also indicated that during evolution, only 60% of the amino acid sequence
in the cytoplasmic region of PD-1 was conserved between humans and mice
(Okazaki and Honjo 2007). However, the sequence surrounding ITSM was com-
pletely conserved between humans and mice, confirming its functional importance
(Okazaki et al. 2001).

The ligands of PD-1 (PD-Ls) are type I transmembrane glycoproteins composed
of typical IgC and IgV domains, which are representative features of B7 family
molecules (Freeman 2008). The amino acid identity between PD-L1 and PD-L2 is
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30–40%, while the amino acid identity between the PD-Ls and B7s is approxi-
mately 20% (Bardhan et al. 2016; Lazar-Molnar et al. 2008). The structures show a
1:1 receptor/ligand stoichiometry, with interactions primarily between the faces of
the IgV domains. PD-1 is expressed on the cell surface as a monomer, unlike other
members of the CD28 family: CTLA-4 forms covalent dimers, while B7-1 and
CD28 form noncovalent dimers (Freeman 2008) (Fig. 2). An IgV domain is gen-
erally composed of approximately 120 amino acids organized into 9 parallel
b-strands designated as ABCC′C″DEFG connected by loops (Fig. 3a, b).
A disulfide bond connects the B and F strands folding IgV domain of PD-1
molecule into a two-layered sandwich structure (Freeman 2008). The IgV domains
of PD-1 and its ligands form a binding interface via their front b-sheets. Residues
from GFCC′ sheets as well as the ones from the CC′, CC″, and FG loops on PD-1
bind the frontal b-face (GFCC′) on PD-L1, and residues from the AGFC strands
and FG loop on PD-L2 (Fig. 3a, b). This binding configuration hides the b-strands,
which form a large hydrophobic surface area, from the aqueous environment. Eight
of the 14 amino acids involved in binding to PD-1 are identical or highly conserved
between PD-L1 and PD-L2. Face-to-face binding establishes an acute angle
between PD-1 and PD-L1 or PD-L2, which shortens the distance between the distal
ends of the IgV domain of PD-1 and IgC domain of PD-L1 or PD-L2 molecules (76
Å compared to 100 Å in CTLA-4/B7-1 complex) as shown in Fig. 3c. The size of
the immunological synapse is determined by the length of T cell receptor
(TCR)/major histocompatibility (MHC) complex (140 Å). To adjust to this size,
PD-1 and its ligands have long segments connecting the IgV domain and IgC
domain to the surface membrane, respectively (Fig. 3c) (Lazar-Molnar et al. 2008;
Lin et al. 2008).
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3 Molecular Functions

The inhibitory signal of PD-1 was initially analyzed in a B cell line (IIA1.6) by
Okazaki et al. in 2001 (Okazaki et al. 2001). Upon BCR stimulation, tyrosine
residues in both ITIM and ITSM of PD-1 were phosphorylated by Lyn.
Phosphorylated tyrosine residues in ITSM recruited SH2-domain containing tyr-
osine phosphatase 2 (SHP-2), which in turn dephosphorylated BCR-proximal sig-
naling molecules including Ig a/b and Syk. As a result, the activation of
downstream molecules, including PLCc2, PI3 K, vav, and ERK1/2, was reduced
(Parry et al. 2005). A few years later, a similar mechanism was reported to inhibit
TCR signaling (Fig. 4). The reports also stated that SHP-1 is involved in
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Fig. 4 PD-1 signaling pathway inhibits TCR signaling. Upon PD1/PD-L complex formation, the
intracellular immunoreceptor tyrosine-based switch motif (ITSM) and immunoreceptor
tyrosine-based inhibitory motif (ITIM) in PD-1 cytoplasmic tail become phosphorylated. SHP-2
can bind to phosphorylated ITSM and leads to overall inhibition of T cell receptor (TCR) signaling
through dephosphorylation Zap-70, leading to (PI3 K)/Akt pathway shut down. This has many
downstream effects, including downregulation of the Bcl-xL and NFAT pathways which affect cell
survival and IL-2 production, respectively. It also results in the accumulation of p27kip1, an
inhibitor of cyclin-dependent kinases, leading to cell cycle arrest, and thus blocks proliferation.
Overall, PD-1 signaling causes T cells to become less proliferative and gradually lose their effector
functions
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attenuating TCR signaling through the PD-1 pathway, but to a lesser extent
(Chemnitz et al. 2004; Sheppard et al. 2004).

Francisco et al. reported that PD-1 signaling was linked to the induction of
regulatory T cells (iTregs). They showed that PD-L1−/− antigen-presenting cells
reduced the ability to induce differentiation of naïve CD4+ T cells to iTreg cells. In
contrast, PD-L1-coated beads induced iTreg cells in vitro, indicating that PD-L1
itself regulates iTreg cell development and the successive expression of FoxP3.
While inducing iTregs via PD-1 signaling, phospho-Akt, mTOR, S6, and ERK2
were downregulated, PTEN, on the other hand, was upregulated. This suggests that
PD-1 signaling promoted the development of iTregs by blocking the Akt-mTOR
signaling pathway (Francisco et al. 2009). In contrast, Zhang et al. demonstrated
that PD-1-deficient Foxp3+ Tregs suppress conventional T cell proliferation and
activity more than PD-1-sufficient Foxp3+ Tregs. However, PD-1 deficiency gen-
erates effector CD4+ T cells derived from Treg by the loss of Foxp3 expression,
resulting in severe induction of autoimmune disease (Zhang et al. 2016). This
indicates that the role of PD-1 may differ according to the context of Treg induction
and activation.

Chikuma et al. reported in 2009 that 2C-TCR CD8+ T cells could be anergyzed
by a single injection of an antigenic peptide into the 2C-TCR-transgenic mice and
that PD-1 played an important role in inducing this type of anergy through negative
regulation of their IL-2 production (Chikuma et al. 2009). The same mechanism of
anergy induction via regulation of IL-2 production was reported in CD4+ T cells
using an in vitro model (Bishop et al. 2009).

4 Expression and Biological Roles

4.1 Expression Profile of PD-1 and PD-Ls

PD-1 ligands have different expression profiles from that of PD-1. PD-L1 is
expressed by hematopoietic cells, such as T and B cells, dendritic cells, macro-
phages, mesenchymal stem cells, and bone marrow-derived mast cells. PD-L1 is
also expressed by nonhematopoietic cells, among which are lung, vascular
endothelium cells, liver nonparenchymal cells, mesenchymal stem cells, pancreatic
islets, and keratinocytes (Yamazaki et al. 2002; Keir et al. 2008). In contrast, the
PD-L2 expression is more restricted and limited to activated dendritic cells, mac-
rophages, bone marrow-derived mast cells, and peritoneal B1 cells (Tseng et al.
2001; Zhong et al. 2007).

The fact that PD-1 ligands are expressed in various types of tissues including
lymphoid and nonlymphoid tissues indicates the importance of this pathway in
immune regulation. For example, PD-1/PD-Ls interaction regulates T cell matura-
tion. PD-1 is expressed during the early stages of T-lymphocyte differentiation in the
thymus, particularly in CD4− CD8− double-negative thymocytes (Nishimura et al.
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1996; 2000). PD-L1 is expressed broadly in the thymus cortex and PD-L2 is
expressed by medullary stromal cells in the thymus (Brown et al. 2003; Liang et al.
2003). PD-1 maintains a proper signaling threshold during thymic selection, as
blockade of the interaction between PD-1 and PD-L1, but not PD-L2, enhanced
negative selection, while overexpression of PD-1 attenuated positive selection (Keir
et al. 2005; Blank et al. 2003). As another example, the PD-1/PD-L1 interaction was
reported to prevent abortion by inhibiting immunity. During pregnancy, PD-L1 and
PD-L2 are expressed on placental syncytiotrophoblasts and vascular endothelial
cells, respectively (Guleria et al. 2005). PD-L1 continues to be differentially
expressed throughout gestation (Holets et al. 2006). The interaction between
PD-1 and its ligand is crucial for fetal–maternal tolerance by suppressing the
maternal immune response to foreign antigens inherited from the father (Guleria
et al. 2005).

The molecular mechanism regulating PD-1 expression is not fully understood
but has been examined in several studies. Nakae et al. reported that signaling by
TCR or B cell receptor (BCR) and/or tumor necrosis factor upregulate the PD-1
expression (Nakae et al. 2006). In 2008, Oestreich and colleagues demonstrated that
PD-1 gene regulation occurs in part via the recruitment of NFATc1 to a regulatory
element at the pdcd1 locus upon T cell activation. They also showed that an
NFAT-specific inhibitor led to a sharp reduction in PD-1 expression (Oestreich
et al. 2008). Other groups showed that interferon (IFN)-a mediates PD-1 expression
on macrophages via the IFN-sensitive responsive element and STAT1/2 (Cho et al.
2008; Terawaki et al. 2011). During the late stages of an acute CD8+ T cell effector
response, the transcriptional repressor Blimp-1 is expressed and directly silences
PD-1 expression through a process of chromatin reconfiguration, ultimately
resulting in the loss of NFATc1 binding (Lu et al. 2014). On macrophages and
monocytes, PD-1 expression correlates with increased IL-10 and decreased IL-12
levels in the blood of HIV-infected patients (Said et al. 2010; Cho et al. 2009). It
was also recently demonstrated that following stimulation of macrophages with
TLR ligands, PD-1 expression was induced by nuclear factor-jB (Bally et al.
2015). Thus, these results demonstrate that PD-1 expression may be differently
controlled in different types of immune cells.

4.2 Role in Autoimmunity

The role of PD-1 was unknown for several years after the discovery of PD-1
molecules. Nishimura et al. first demonstrated the spontaneous development of
typical lupus-like glomerulonephritis and destructive arthritis in PD-1-deficient B6
mice, leading to the conclusion that PD-1 is an immune inhibitory molecule. In the
2C TCR-transgenic mice, which recognize MHC H2-Ld, PD-1 deficiency induced
overt graft-versus-host-like disease in a heterogeneric C57BL/6 and BALB/c
background (autoreactive genetic background) (Nishimura et al. 1999). Disruption
of PD-1 in BALB/c mice, but not in BALB/c RAG-2−/− mice, caused dilated
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cardiomyopathy with severely impaired contraction and sudden death by congestive
heart failure (Nishimura et al. 2001). This was because of the accumulation of
high-titer autoantibodies against cardiac troponin I. PD-1 deficiency also increases
the frequency and early onset of type I diabetes in nonobese diabetic mice (Wang
et al. 2005). Ansari et al. (2003) reported that blockade of PD-1 or PD-L1, but not
PD-L2, in nonobese diabetic mice led to rapid aggressive diabetes regardless of age.
This was associated with accelerated insulitis and proinflammatory cytokine pro-
duction by T cells (Ansari et al. 2003). In studies using Murphy Roths Large mice,
which are genetically predisposed to systemic autoimmunity, PD-1 deficiency
caused the development of fatal myocarditis. In this model, infiltration of CD8+,
CD4+ T cells, and myeloid cells was increased in the heart. High levels of
autoantibodies against cardiac myosin were detected in the heart of PD-1-deficient
Murphy Roths Large mice (Wang et al. 2010). In an experimental autoimmune
encephalomyelitis (EAE) model after immunization with myelin oligodendrocyte
glycoprotein, expression of PD-1 and PD-L1, but not PD-L2 was increased in the
central nervous system (CNS). Blockade of PD-1 in this model resulted in rapid
progression and more severe disease with increased CNS-infiltrated lymphocyte.
The increased severity of the disease was linked to the higher frequency of IFN-c–
producing T cells, augmented delayed-type hypersensitivity responses, and higher
serum levels of anti-myelin oligodendrocyte glycoprotein antibody (Salama et al.
2003). Interestingly, EAE was worsened by blockade of PD-L1 in BALB/c and
SJL/J mice, but not in C57BL/6-background mice. PD-L2 blockade preferentially
exerts the same severity effect in C57BL/6 mice. In contrast, in B10.S mice
immunized with myelin proteolipid protein peptide, either PD-L1 or PD-L2
blockade markedly enhanced EAE severity (Salama et al. 2003; Zhu et al. 2006).
These reports demonstrate that PD-L1 and PD-L2 differentially regulate the sus-
ceptibility and progress of autoimmune responses in a strain-dependent manner.
However, the genes regulating this susceptibility remain largely unknown.

The significance of PD-1 was highlighted in human autoimmune disease
development, exemplified by the fact that autoantibodies against PD-L1 were found
in patients with rheumatoid arthritis. The authors assumed that the autoantibody
against PD-L1 blocks the PD-1/PD-L1 interaction. The level of anti-PD-L1
autoantibodies in the serum of patients with rheumatoid arthritis was correlated with
an active status of the disease, suggesting that blocking the PD-1/PD-L1 pathway
contributes to disease development via aberrant T cell activation (Dong et al. 2003).
Additionally, Prokunina et al. reported an association between a single-nucleotide
polymorphism (SNP; G-to-A change in Pdcd1 gene) and the development of
systemic lupus erythematosus (SLE). The allele A of this SNP (known as PD1.3A
located at position +7146 in the 4th intronic region of Pdcd1) was associated with
the development of SLE in Europeans and Mexicans but not African Americans.
The 4th intronic region of Pdcd1 is an enhancer-like structure. This structure is
composed of four imperfect tandem repeats containing binding sites for transcrip-
tion factors such as RUNX1, Ebox–binding factors, and nuclear factor of j in B
cells 1, which are exclusively involved in hematopoietic differentiation and
inflammation. The SNP PD1.3A very likely interrupts the binding of RUNX1,
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resulting in poor induction of PD-1 (Prokunina et al. 2002; Bertsias et al. 2009).
Among the various SNPs in Pdcd1-related genes, PD1.3A and PD1.9 play
important roles in regulating autoimmune disease. Other than SLE, PD1.3A is
associated with other various autoimmune diseases such as type I diabetes, pro-
gressive multiple sclerosis, and rheumatoid arthritis (Nielsen et al. 2003; Kroner
et al. 2005; Prokunina et al. 2004). Moreover, PD1.9 is related to Grave’s disease
and ankylosing spondylitis (Hayashi et al. 2008; Lee et al. 2006).

While previous studies demonstrated the significance of the PD-1/PD-L1
interaction in regulating autoimmune responses in humans, several therapeutic
strategies for autoimmune disease have been developed in mouse models. Hirata
et al. reported that overexpression of PD-L1 on dendritic cells reduced the severity
of EAE (Hirata et al. 2005). Ding et al. showed that intravenous injection of
recombinant adenovirus encoding the full-length PD-L1 gene partially prevented
lupus-like nephritis (Ding et al. 2006). Other approaches targeting immunoin-
hibitory molecules and cells were tested using receptor-Fc fusion protein, ligand–Fc
fusion protein, agonistic antibody, and a bispecific antibody. Although some
methods were tested in clinical trials or are underway, none have been approved
(van der Vlist et al. 2016).

4.3 Role in Viral Immunology

The role of PD-1 in viral immunity was highlighted in dysfunctional CD8+ T cells
during chronic viral infections. This state of dysfunction is referred to as CD8+ T
cell exhaustion (Wherry and Ahmed 2004). T cell exhaustion develops gradually by
repeated TCR stimulation as cells lose their functional abilities starting from a loss
of cytotoxicity, IL-2 production, proliferation, IFN-c production, and ending with
cell death (Fig. 5). PD-1 was first reported by Barber et al. to be transiently
expressed and rapidly downregulated by virus-specific CD8+ T cells after acute
lymphocyte choriomeningitis virus (LCMV) infection. In the same study using a
chronic model of LCMV infection, however, CD8+ T cells continued to show high
PD-1 expression in lymphoid and nonlymphoid tissues (Barber et al. 2006).
Subsequently, the high PD-1 expression on virus-specific CD8+ T cells was
demonstrated in several chronic infection systems such as HIV (Day et al. 2006),
simian immunodeficiency virus (Velu et al. 2009), hepatitis B virus (Boni et al.
2007), and hepatitis C virus (HCV) (Urbani et al. 2006). Several transcription
factor-binding sites regulate the expression of PD-1, which is preferentially
expressed on exhausted T cells. TCR-mediated calcium influx initiates Pdcd1
transcription by activating NFATc1, which binds to the 5′-promoter region of the
Pdcd1 gene (at position -1160 relative to the transcription start site) (Oestreich et al.
2008). In virus-infected situations, IFN-a causes prolonged Pdcd1 transcription in
T cells by binding of the transcription factor IRF9 to the Pdcd1 promoter (at
position −1040 relative to the transcription start site) (Terawaki et al. 2011).
Furthermore, demethylation of the Pdcd1 promoter region (located 500–1500 base
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pairs upstream of the initiation codon) has been reported to contribute to high PD-1
expression in exhausted CD8+ T cells during chronic infections (Youngblood et al.
2011). While exhausted CD8+ T cells express high Eomesodermin, which is reg-
ulated by transcription factor FoxO1, FoxO1 also binds to the Pdcd1 promoter and
enhances PD-1 expression (Staron et al. 2014). It has recently been suggested by
Ahmed’s group that coexpression of PD-1 and another immune inhibitory mole-
cule, mucin-domain–containing molecule-3 (Tim-3), on T cells is strongly associ-
ated with the severity of their exhaustion. They reported the co-regulation of CD8+

T cell exhaustion by Tim-3 and PD-1 during chronic LCMV infection as the
majority (approximately 65–80%) of virus–specific CD8+ T cells in lymphoid and
nonlymphoid organs co-expressed Tim-3 and PD-1. PD-1/Tim-3 coexpression
corresponded to more severe CD8+ T cell exhaustion in terms of less proliferation
and secretion of effector cytokines such as IFN-c, tumor necrosis factor-a, and IL-2.
Compared to type-1 cytokine production, PD-1+ Tim-3+ virus–specific CD8+

T cells preferentially produced the suppressive cytokine IL-10 (Jin et al. 2010,
2011). However, how Tim-3 signaling regulates the severity of exhaustion remains
largely unknown.

Because the interaction of PD-1 and its ligands plays an important role in CD8+

T cell exhaustion during chronic viral infections, researchers developed
viral-control strategies using PD-1 pathway-blocking antibodies. Iwai et al. first
demonstrated the possibility of blocking the PD-1 pathway to clear the virus in the
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Fig. 5 T cell exhaustion stages. Activated T cells exhibit a wide range of exhausted states. First
they lose the ability to produce IL-2, followed by reduction in cytotoxicity and proliferation.
Finally, production of IFNgamma stops and apoptosis increases. During chronic infections, the
extent of exhaustion and PD-1 expression correspond to the antigen load
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liver using a mouse model in which PD-1−/− mice cleared adenovirus more rapidly
than wild-type mice (Iwai et al. 2002). PD-1 blockade exerts different effects in
different viral models. For example in LCMV model; PD-1 blockade was associated
with dramatic reduction in viral load (Barber et al. 2006). It caused rapid expansion
of virus-specific CD8+ T cells with improved functionality during simian immun-
odeficiency virus infection in nonhuman primates (Velu et al. 2009). PD-1 blockade
is also reported to increase HIV-specific T cell proliferation with greater func-
tionality (Day et al. 2006; D’Souza et al. 2007). In addition, combined blockade of
Tim-3 and PD-1 in vivo synergistically rescued the exhausted CD8+ T cell reduced
viral levels in chronically infected mice (Jin et al. 2011). However, in the case of
PD-1 blockade-resistant viral infection, virus-specific CD8+ T cells were rescued
from the exhausted state and then became exhausted again (Pauken et al. 2016).
These results suggest that epigenetic control in T cells should be explored for viral
therapies.

Golden-Mason et al. reported that in humans, CD8+ T cell exhaustion was also
correlated with high PD-1 expression during chronic infection with HCV. They
observed significant upregulation of PD-1 on total and HCV-specific CD8+ cyto-
toxic T-lymphocytes (CTLs) in the peripheral blood and livers of patients compared
to in subjects with spontaneous HCV resolution or patients with the non-viral liver
disease. They also reported increased levels of the senescence marker CD57 in
PD-1 high HCV-specific CTLs and the recovery of the functional competence of
these cells after blockade of PD-1/PD-L1 (Golden-Mason et al. 2007).

PD-1 was suggested to play an important role in the recovery of functional
dysfunction of human CD4+ T cells as well as CD8+ T cells. D’Souza et al. found a
direct correlation between PD-1 expression on exhausted HIV-specific CD4+ T
cells and plasma viral load. They also observed that PD-1 expression is upregulated
on HIV-specific CD4+ T cells in chronically infected subjects and that blockade of
the PD-1 pathway enhances HIV-specific CD4+ T cell function (D’Souza et al.
2007).

4.4 Role in Tumor Immunology

The results of various studies have indicated that PD-1 inhibitors can be applied in
cancer immunotherapy because of the importance of the PD-1/PD-L1 pathway in
regulating immune tolerance. Iwai et al. first developed a mouse model of PD-1
blockade cancer immunotherapy and demonstrated the importance of PD-L1
expression on tumor cells (Iwai et al. 2002). Subsequently, Honjo and his collab-
orators from the Ono and Medarex pharmaceutical company first developed a fully
humanized monoclonal antibody against PD-1 in 2006 (nivolumab; also known as
ONO4538, MDX-1106, or BMS-936558). Nivolumab was tested in phase I clinical
trial in the US for patients with advanced metastatic melanoma, colorectal cancer,
castrate-resistant prostate cancer, non-small-cell lung cancer (NSCLC), and
renal-cell carcinoma (Brahmer et al. 2010; Topalian et al. 2012). The response rates
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were 18% for NSCLC, 28% for melanoma, and 27% for renal carcinoma. Grade 3
or 4 drug-related adverse events occurred in 14% of patients, which was much
lower than those following treatment with ipilimumab, a monoclonal antibody
against CTLA-4 (Topalian et al. 2012; Hodi et al. 2010). Numerous clinical trials
have been conducted and reported. At least 500 clinical studies of PD-1 inhibitors
have been performed using nine types of antibodies established by eight pharma-
ceutical companies for at least on 20 types of tumors, which are summarized in
another review (Iwai et al. 2017).

Although many types of cancer immunotherapy have been developed such as
peptide-vaccine therapy, dendritic cell-adjuvant therapy, and adoptive T cell ther-
apy in the 2000s, the expected results were not obtained, except for immune
checkpoint blockade therapy (Okazaki et al. 2013; Pardoll 2012). To determine
why other immunotherapies were not successful, it is necessary to understand the
types of tumor antigens evaluated. As shown in Table 1, tumor antigens are cate-
gorized into six main groups. Cancer-testis antigen, differentiation antigens, over-
expressed antigens, and oncofetal antigens are self-antigens which are shared
between cancer patients and are called “shared antigens”. Mutated antigens
(neo-antigens) and viral antigens are foreign antigens. As T cells that recognize
self-antigens are depleted during thymic selection, the frequency of T cells with
high-affinity TCRs to shared-tumor antigens should be very low in the body. In
comparison, T cells in the peripheral blood can strongly react to foreign antigens
such as neo-tumor antigens or virus-associated tumor antigens. Since the
shared-tumor antigen MAGEA1 was identified by Tierry Boon’s group (van der
Bruggen et al. 1991), most cancer immunologists have focused on identifying
shared-tumor antigens and targeting them using several immunotherapeutic meth-
ods (Coulie et al. 2014). However, because of the small number of
shared-antigen-reactive T cells in our body, the immune response was minimal and
obvious tumor inhibition was not observed in clinical studies. Importantly, in PD-1
blockade therapy, T cells with a large repertoire of TCRs against various tumor
antigens including neo-antigens and virus antigens will be generated during therapy

Table 1 Types of cancer antigen

Antigen types Self or non-self
antigen?

Expression site Examples

Cancer-Testis
antigens

Self Testis MAGE, XAGE, NY-ESO-1

Differentiation
antigens

Self Tissues generating
cancers

gp100, Melan, Mart-1,
Tyrosinase, PSA, PAP

Overexpressed
antigens

Self Ubiquitously with
low levels

HER2, MUC1 , PSMA,
survivin, WT-1

Oncofetal
antigens

Self Fetus CEA, AFP

Neo-antigen Non-self No Different in each

Viral antigen Non-self Infected cells Tax, Hbz, E6, E7
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(Gros et al. 2016; Tumeh et al. 2014; Schumacher and Schreiber 2015). Therefore,
PD-1 blockade therapy can generate T cells that are strongly reactive to
neo-antigens on tumor cells, leading to stronger immune reactions against cancer.

Tumors grow while being edited by immune surveillance and undergo three
phases: elimination, equilibrium, and escape (Fig. 6) (Schreiber et al. 2011). During
the elimination phase, mutated abnormal cells proliferate, while most are eliminated
by immune cells. In the equilibrium phase, few cells acquire the ability to escape
from immune attack with accumulated mutations. In this phase, the tumor size
appears stable. In the escape phase, cells escaping immune surveillance continue
growing and become cancerous. Considering the high response rate in clinical
studies to the PD-1 blockade, the PD-L1 expression is one of the most predominant
escape mechanisms of human cancers. Indeed, several studies detected PD-L1 in
various types of tumor tissues including melanoma, multiple myeloma, leukemia,
glioblastoma, gastric, renal cell, bladder, hepatocellular, cutaneous, and breast
cancers, and NSCLC (Thompson et al. 2004; Boland et al. 2013; Mittendorf et al.
2014; Velcheti et al. 2014; Cooper et al. 2015; Huang et al. 2015; Kakavand et al.
2015; Nduom et al. 2016) and that PD-1 is detected on tumor infiltrating lym-
phocytes (Ahmadzadeh et al. 2009; Sfanos et al. 2009). In addition, a very strong
correlation was found between PD-L expression on tumor cells and poor prognosis
in several types of cancer (Thompson et al. 2004; Ohigashi et al. 2005; Wu et al.
2006; Hamanishi et al. 2007; Nakanishi et al. 2007; Nomi et al. 2007). Thus, PD-1
blockade rejuvenates immune surveillance in cancer patients (Fig. 6).
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Fig. 6 Balance between immune surveillance and immune escape affects tumor growth. Most
mutated abnormal cells (blue) are eliminated by immunity (a). Among the abnormal cells, some
acquire mechanisms for escaping immune system attack (red) via genomic instability (b). One of
the major mechanisms is a PD-L1 expression. Immune-escaping abnormal cells grow and become
cancerous (c). PD-1/PD-L1 blockade reactivates immune surveillance
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5 Issues and Future Directions in PD-1 Blockade Cancer
Immunotherapy

Although the response rate of cancer therapy has been dramatically improved by the
PD-1 blockade antibody, three main issues remain. (1) A fraction of patients
undergoes autoimmune responses. Few strategies have been developed to reduce
immune-related adverse events (irAEs) while ameliorating the anti-tumor effect.
(2) More than half of patients are non-responders. There is no predictive biomarker
for discriminating responders from non-responders to PD-1-blockade therapy.
Additionally, the tumor inhibition mechanism by PD-1 blockade is not well
understood. (3) Finally, the best combination therapy for improving therapeutic
efficacy remains unclear.

In terms of irAEs, as described in the section “Role in autoimmunity”, organs,
where autoimmune responses occur through PD-1 signal blockade, depend on the
genetic background of the patient. While the frequency of adverse events observed
with PD-1 blockade therapy is lower than with conventional chemotherapy and
CTLA-4 blockade therapy (Table 2) (Robert et al. 2015; Weber et al. 2015; Larkin
et al. 2015; Brahmer et al. 2015; Borghaei et al. 2015; Motzer et al. 2015), there is
no method for predicting which patients and organs exhibit irAEs. irAEs can be
roughly classified into two groups according to the timing of onset: irAE within
2 months after treatment such as cutaneous, gastrointestinal, and hepatic responses
and irAE occurring more than 2 months post-treatment such as pulmonary, endo-
crine, and renal responses. Based on these accumulated cases, guidelines for
identifying and managing irAEs have been established (Naidoo et al. 2016;
Champiat et al. 2016). Interestingly, steroids reduce the severity of autoimmune
responses but do not always impair anti-tumor effects (Beck et al. 2006; Maker
et al. 2006; Cousin and Italiano 2016). This might be because of differences in
antigens targeted by immunity: T cells weakly recognize irAE-associated
self-antigen, while they strongly recognize tumor antigens (neo-antigens).
Therefore, it is highly likely that differences in the type of targeted antigens
facilitate a situation in which steroids attenuate only autoimmune responses, but not
anti-tumor responses.

There is no single biomarker for clearly discriminating responders from
non-responders to PD-1 blockade therapy. PD-L1 expression levels in tumor tis-
sues, tumor mutation burden, and the number of infiltrated lymphocyte are reported
to be positively correlated with the response rate, but this is not the case for all
patients (Yuasa et al. 2017; Topalian et al. 2016). Because anti-tumor effects are
attributed to factors from both the tumor and immunity, the outcome predictions
should be based on factors from both sides. Therefore, combining several candi-
dates would improve the precision of predictions (Inoue et al. 2016). New findings
regarding the mechanism leading to the identification of novel biomarkers for
differentiating between responders and non-responders. Several novel approaches
have been reported from the aspects of the microbiome and metabolome, which are
profoundly related to immune regulation (Sivan et al. 2015; Saito et al. 2016;
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Kawamoto et al. 2012; Chang et al. 2015; Chamoto et al. 2017). Sivan et al.
reported that a commensal microbe, Bifidobacterium, stimulates dendritic cells,
resulting in improved CTL-mediated anti-tumor immunity (Sivan et al. 2015).
Regulation of T follicular cells by PD-1 in the gut is important for selecting
appropriate IgA-producing B cells, which maintain the proper balance between the
microbiota and immune responses (Kawamoto et al. 2012). Therefore, the envi-
ronment of the gut flora is an important factor regulating the immunity and sen-
sitivity of PD-1 blockade therapy. In immune metabolism, Pearce’s group
demonstrated that deprivation of glucose in the tumor microenvironment by tumor
cells dampened the glycolysis/mTOR pathway in killer T cells, which was

Table 2 Grade 3–5 adverse events in conventional chemotherapy and immune checkpoint
blockade therapy

Clinical study Tumor Drugs Cases Grade 3–5
adverse event
related to
treatment

CheckMate 066
(Robert et al.
2015)

Untreated metastatic
melanoma without a
BRAF mutation

Nivolumab 206 11.70%

Dacarbazine 205 17.60%

CheckMate 037
(Motzer et al.
2015)

Advanced melanoma
progressed after anti–
CTLA-4

Nivolumab 268 9%

Investigator’s
choice of
chemotherapy

102 32%

KEYNOTE-006
(Robert et al.
2015)

Advanced melanoma Pembrolizumab
every 2 week

278 13.30%

Pembrolizumab
every 3 week

277 10.10%

Ipilimumab 256 19.90%

CheckMate 067
(Larkin et al.
2015)

Untreated stage III or
IV melanoma

Nivolumab
alone

313 16.30%

Ipilimumab
alone

311 27.30%

Nivolumab plus
ipilimumab

313 55.00%

CheckMate 017
(Brahmer et al.
2015)

Advanced
squamous-cell
non-small-cell lung
cancer

Nivolumab 131 7%

Docetaxel 129 55%

CheckMate 057
(Borghaei et al.
2015)

Advanced
nonsquamous non–
small-cell lung cancer

Nivolumab 287 10%

Docetaxel 268 54%

CheckMate 025
(Motzer et al.
2015)

Advanced clear-cell
renal-cell carcinoma

Nivolumab 406 19%

Everolimus 397 37%

aDacarbazine 1000 mg/m2 every 3 weeks or paclitaxel 175 mg/m2 combined with carboplatin area
under the curve 6 every 3 weeks

Role of PD-1 in Immunity and Diseases 91



recovered by the PD-1 blockade. We reported that the modulation of T cell
metabolism by activating mitochondria enhances energy production in T cells and
is synergistic with the anti-tumor activity with PD-1 blockade (Chamoto et al.
2017). It was previously reported that an indoleamine 2,3-dioxygenase inhibitor,
which inhibits tryptophan metabolism, enhanced PD-1 blockade therapy in mela-
noma patients (Zakharia et al. 2017). These reports suggest that regulating the
microbiota and metabolism can be used to augment the efficacy of PD-1 blockade
therapy.
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CTLA-4, an Essential
Immune-Checkpoint for T-Cell Activation

Shunsuke Chikuma

Abstract The response of peripheral T lymphocytes (T cell) is controlled by
multiple checkpoints to avoid unwanted activation against self-tissues. Two
opposing costimulatory receptors, CD28 and CTLA-4, on T cells bind to the same
ligands (CD80 and CD86) on antigen-presenting cells (APCs), and provide positive
and negative feedback for T-cell activation, respectively. Early studies suggested
that CTLA-4 is induced on activated T cells and binds to CD80/CD86 with much
stronger affinity than CD28, providing a competitive inhibition. Subsequent studies
by many researchers revealed the more complex mode of T-cell inhibition by
CTLA-4. After T-cell activation, CTLA-4 is stored in the intracellular vesicles, and
recruited to the immunological synapse formed between T cells and APCs, and
inhibits further activation of T cells by blocking signals initiated by T-cell receptors
and CD28. CTLA-4-positive cells can also provide cell-extrinsic regulation on
other autoreactive T cells, and are considered to provide an essential regulatory
mechanism for FoxP3+ regulatory T cells. Genetic deficiency of CTLA-4 leads to
CD28-mediated severe autoimmunity in mice and humans, suggesting its function
as a fundamental brake that restrains the expansion and activation of self-reactive T
cells. In cancer, therapeutic approaches targeting CTLA-4 by humanized blocking
antibodies has been demonstrated to be an effective immunotherapy by reversing
T-cell tolerance against tumors. This chapter introduces CTLA-4 biology, including
its discovery and mechanism of action, and discusses questions related to CTLA-4.
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1 Introduction: CD28 and CTLA-4 as Checkpoints

The activation and function of the peripheral T lymphocyte (T cell) reaction
depends primarily on recognition of the antigen presented on the major histo-
compatibility complex (MHC) by the T-cell antigen receptor (TCR). This recog-
nition, at the time of priming (the priming phase), causes the clonal expansion of T
cells and the differentiation into effector T cells in secondary lymphoid organs.
Recognition at the site of inflammation (the effector phase) results in an attack
against infected tissue. The activation of self-reactive T cells can lead to an attack
on self-tissue, leading to autoimmunity. To prevent this, there are many systems
that have developed to keep self-reactive T cells in check.

The first signal, provided by TCR during recognition, does not cause activation
of the T cells on its own. Full T-cell activation requires a second set of signals,
called “costimulation,” which is mainly provided by activated antigen-presenting
cells (APCs). The best-characterized costimulatory system is the CD28 receptor on
T cells, triggered by its ligands, CD80 or CD86 (previously called B7-1 and B7-2,
respectively) on activated professional APCs (dendritic cells, macrophages, and B
cells). CD80 and CD86 are upregulated on activated APCs by microbial “danger
signals” so APCs presenting microbial antigens can efficiently stimulate T-cell
activation (Banchereau and Steinman 1998; Akira et al. 2001). Successful
engagement of CD28 leads to IL-2 production (June et al. 1987), induction of
anti-apoptotic protein Bcl-xL (Boise et al. 1995), and stimulates glucose uptake by
inducing glucose transporter and glycolysis (Frauwirth et al. 2002), as well as the
cell-cycle progression necessary for the massive clonal expansion of
antigen-specific T cells. In contrast, resting APCs do not express a high level of
CD80/CD86. T cells that are stimulated in the absence of the CD28 signal fall into
an unresponsive state called “clonal anergy” and become refractory to further
stimulation by the same antigen (Schwartz 2003). CTLA-4, another receptor that is
structurally similar to CD28, is induced on activated T cells and binds to CD80 and
CD86 with greater avidity than CD28. All CTLA-4 KO mice showed massive
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lymphocyte proliferation in the lymph nodes and spleen, followed by an autoim-
mune attack against virtually all tissues by leucocytes, and premature death (Tivol
et al. 1995; Waterhouse et al. 1995; Chambers et al. 1997b). The lethal phenotype is
prevented by treating young CTLA-4 KO mice with antibody-depleting CD4+, but
not CD8+ T cells (Chambers et al. 1997b). The conditional deletion of CTLA-4
only on CD4+ T-cells phenocopied germline CTLA-4 KO (Klocke et al. 2016),
suggesting that the disease is CD4+ “helper T cell”-dependent. A recombinant
soluble CTLA-4 (CTLA-4 Ig) blocking CD28 engagement by CD80/86 (Chambers
et al. 1997b), CD28/CTLA-4 double knockout mice (Mandelbrot et al. 2001), or
breeding CTLA-4 KO into CD80/CD86 double knockout mice (Triple KO;
Mandelbrot et al. 1999) completely prevented lymphoproliferation and autoim-
munity. Also, CTLA-4 KO remains healthy in mice genetically lacking autoreactive
T cells (Waterhouse et al. 1997; Chambers et al. 1999; Bachmann et al. 2001;
Greenwald et al. 2001; Gajewski et al. 2001). Conversely, by limiting the com-
plexity of the T-cell repertoire by overexpressing TCRb chain as a transgene, it was
shown that CTLA-4 knockout disease is totally self-antigen-dependent (Ise et al.
2009). These data clearly suggest that CTLA-4 provides negative feedback on the
CD28-mediated activation of polyclonal, self-reactive CD4 helper T cells.

Thus, T-cell activation against self is fundamentally prevented by two “check-
points”: 1. T cells in the absence of the CD28 signal (in the absence of CD80 and
CD86 on APCs) become unresponsive. 2. Upon activation, CTLA-4 is induced,
interacts with CD80/CD86, and prevents further activation of self-reactive T cells.
After this discovery, several pairs of ligands and receptors were shown to have
unique and functions in the immune system. It is now accepted that PD-1 and
CTLA-4 blocks the T cell-mediated immune system at different levels, at the cell
type and location (Chikuma 2016). CTLA-4 was also shown to be important for
regulatory function. The dramatic phenotypes of CTLA-4 null mice attracted many
researchers in immunology. It is now of particular importance that the artificial
blockade of CTLA-4 was shown to break tolerance in the tumor setting, providing
efficient immunotherapy against tumors (Leach et al. 1996). It turned out that the
basis of T-cell inhibition by CTLA-4 was far more complex than previously
expected. In this chapter, the history of discovery and basic research on CTLA-4 in
terms of its biological roles and the mechanism of T-cell inactivation will be
introduced, and the currently unsolved questions will be discussed.

2 Structure of CTLA-4

2.1 Discovery and Primary Structure of CTLA-4

CTLA-4 was originally isolated from a cDNA library derived from mouse cytotoxic
T cells, hence the name cytotoxic T-cell-associated antigen-4 (Brunet et al. 1987).
The CTLA-4 gene is encoded on human Ch2q33 and mouse Ch1C1. CTLA-4
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consists of 4 exons and 3 introns, and encodes a protein of 223 amino acids (Ling
et al. 1999). The protein is a type I transmembrane protein belonging to the
immunoglobulin (Ig) superfamily, and it bears a single Ig-V (variable)-like domain
on the extracellular portion. Like other receptors in the CD28 family, CTLA-4 is
highly glycosylated at its extracellular domain. CTLA-4 forms a homodimer on
activated T cells, which is mediated by the disulfide bond at the cysteine residue at
amino acid position 120 (Linsley et al. 1995). There is a well-conserved motif
(amino acid sequence: MYPPPY) on the extracellular domain that is shared by
CD28, which is critical for binding its ligands CD80 and CD86 (Peach et al. 1994).
CD80 and CD86 bind to CTLA-4 with stronger affinity than to CD28, which may
account for CTLA-4 antagonizing to the activation signal. Dimerized CTLA-4
binds to two ligands (Linsley et al. 1995). Ostrov et al. (2000) demonstrated by
solving the crystal structure of the extracellular portion that CTLA-4 shows a
unique mode of dimerization with its ligand-binding domain distal to the dimer-
ization interface. Stamper et al. (2001) and Schwartz et al. (2001) solved the crystal
structures of CTLA-4 in complex with CD80 and CD86, respectively. Both groups
concluded that each CTLA-4 dimer binds to two CD80 molecules, forming a
lattice-like structure and providing very high avidity binding. The results suggest
that CTLA-4 induction on the surface of activated T cells results in ligand
sequestration of CD28. CTLA-4 also bears a short cytoplasmic tail that is almost
100% conserved among many species. The tail is reported to bind to various
signaling molecules that mediate subcellular trafficking and the function of CTLA-4
(Fig. 1a, discussed later).

2.2 Alternatively Spliced Isoforms of CTLA-4

The splicing of messenger RNA of CTLA-4 might result in the expression of
functionally important isoforms in the genetics of autoimmunity. For example,
human resting blood lymphocytes express an alternatively spliced isoform of
CTLA-4 lacking Exon3, encoding the entire transmembrane domain, resulting in a
soluble isoform consisting solely of the extracellular domain (soluble CTLA-4:
sCTLA-4; (Magistrelli et al. 1999; Oaks et al. 2000). Since the ectodomain of
CTLA-4 can bind to its ligands (CD80 and CD86) with blocking activity, sCTLA-4
might be acting as a naturally occurring antagonist for CD28-mediated T-cell
activation by CD80 and CD86. Indeed, Ueda et al. (2003) reported a CTLA-4
allelic variant associated with a lower mRNA level of sCTLA-4 linked with sus-
ceptibility to human autoimmune diseases. It was also reported that a naturally
occurring CTLA-4 variant that is completely lacking its extracellular domain may
determine autoimmune susceptibility in a particular mice strain. The
“ligand-independent form” (referred to as liCTLA-4) can preferentially accumulate
to the immunological synapse, and thereby provide a tonic inhibitory signal
(Bour-Jordan et al. 2011 and Chikuma unpublished). Non-obese diabetes
(NOD) mice that exhibit autoimmune juvenile diabetes express a reduced amount
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of this isoform (Ueda et al. 2003), which accounts for their genetic susceptibility
(Araki et al. 2009). A transgenic overexpression of liCTLA-4 or a mutant CTLA-4
that lacks the ligand-binding domain on T cells significantly retards the death of
CTLA-4 KO mice, suggesting the function of a ligand-independent CTLA-4 signal
(Vijayakrishnan et al. 2004; Chikuma et al. 2005; Araki et al. 2009). Interestingly,
the activation status of T cells results in dynamic change in the ratio of transcripts
encoding full-length, soluble, and ligand-independent forms of CTLA-4 transcripts,
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Fig. 1 A. schematic structure of CTLA-4. Note that the YVKM motif binds to the clathrin
adaptor complex in its unphosphorylated form whereas the same motif binds to enzymes for signal
transduction when phosphorylated, B. Summary of structure-functional studies. N/D: not done
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suggesting the unique role of each spliced isoform in different T-cell subpopula-
tions (Oaks et al. 2000; Vijayakrishnan et al. 2004). A super-short form of CTLA-4
that encodes only the signal peptide (Exon1) and part of the cytoplasmic tail
(Exon4; out of its original translational frame) was reported to affect autoimmune
mice when overexpressed (Liu et al. 2012; Ichinose et al. 2013). The expression of
this super-short form may alter the mRNA of other isoforms, although the exact
function of this isoform is not yet fully elucidated.

3 Function of CTLA-4

3.1 Cell-Intrinsic T-cell Inhibition by CTLA-4

It was first reported that the monoclonal antibodies (mAb) that block the binding of
CTLA-4 to CD80/CD86 augment T-cell responses when added to the co-culture of
T cells, APCs, and anti-CD3 antibody (which work as a TCR ligand) in a soluble
form (Walunas et al. 1994). The F(ab)2 form of the same mAb, which lacks the
ability to bind Fc receptor had similar activity, suggesting that genuine blocking
activity of CTLA-4-CD80/CD86 binding in this culture augmented the T-cell
response. In contrast to the blocking experiment, anti-CTLA-4 immobilized on the
surface of plastics works to crosslink/stimulate CTLA-4 and inhibits T-cell acti-
vation, as well as IL-2 production and proliferation (Krummel and Allison 1995;
Walunas et al. 1994). This inhibition was associated with inhibition of the cell-cycle
progression and expression of activation markers CD69 and CD25 (Krummel and
Allison 1996). A membrane-bound single-chain variable fragment (scFv) of
anti-CTLA-4 antibody engineered to be expressed on a fibroblast cell line can ligate
CTLA-4 in vitro and inhibits activation of co-cultured T cells, triggered by
anti-CD3 and anti-CD28 on the same cell (Griffin et al. 2000). A transgenic
expression of CTLA-4 scFv on B cells ameliorated autoimmune diabetes in NOD
mice (Fife et al. 2006) in vivo. Importantly, this amelioration was observed in NOD
mice lacking CD80/CD86, suggesting inhibition of the activation of islet-reactive
diabetogenic T cells by B cells expressing the artificial CTLA-4 ligand directly, but
not through inhibition of CD28 ligation. The strain also shows almost no FoxP3
+ Tregs due to the absence of the CD28 signal necessary for Treg
development/survival (Salomon et al. 2000; Tang et al. 2003; Tai et al. 2005). Thus,
the CTLA-4 ligand-mediated inhibition of autoimmune diabetes in Tg mice is, at
least in part independent of Tregs (Fife et al. 2006). An ectopic expression of
CTLA-4-deficient primary mouse T cells or cell lines with CTLA-4 or its mutants
reconstitutes ligand-mediated T-cell inactivation by CTLA-4 in many systems
(Nakaseko et al. 1999; Chikuma et al. 2005; Cinek et al. 2000; Baroja et al. 2000;
Vijayakrishnan et al. 2004). On the basis of these experiments, CTLA-4 was
suggested to be a negative regulator for T-cell activation. Overexpression of
CTLA-4 or its mutants to cell lines lacking endogenous CTLA-4 can be seen to
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mimic CTLA-4-mediated T-cell inhibition in vitro in many reports (Fig. 1b). Two
groups reported that Jurkat cells (human-derived) expressing stable mouse CTLA-4
can be inhibited (in terms of IL-2 secretion) by immobilized anti-mouse CTLA-4
antibody. Subsequent mutational analysis showed that mutation of one or both
tyrosine motifs to phenylalanine did not affect CTLA-4’s ability to inhibit IL-2
production in the same system. Similar results were observed in a study, where
CTLA-4-negative T cell clone was reconstituted with CTLA-4 by retroviral vectors
(Nakaseko et al. 1999). Restimulated cells with wild-type CTLA-4 inhibited the
activation, and the tyrosine mutants did not show any defects in the inhibition. In
Nakaseko’s study, CTLA-4 lacking almost all cytoplasmic regions but the mem-
brane proximal to seven amino acids (KMLKKRS) showed suppressive activity.
Although ligation of CTLA-4 alone does not cause changes in gene expression, it
inhibits abundant gene expression by TCR/CD28 stimulation (Riley et al. 2002).
This suppression is associated with inhibition of TCR-CD28-mediated biochemical
events. It was reported that CTLA-4 ligation inhibits the phosphorylation of AKT
(Parry et al. 2005), TCRf (Lee et al. 1998), Erk (Calvo et al. 1997; Baroja et al.
2000; Chikuma et al. 2005), Jnk (Calvo et al. 1997), and Ijb (Pioli et al. 1999), all
of which are triggered by TCR-CD28. Interestingly, some reports suggested that
CTLA-4 can inhibit T-cell activation even without ligand engagement. In mice, the
transgenic expression of CTLA-4 mutants that lack either the entire extracellular
domain (Vijayakrishnan et al. 2004; Araki et al. 2009) or an essential
ligand-binding motif (MYPPPY; Chikuma et al. 2005) inhibited T-cell proliferation
and rescued the CTLA-4 null phenotype significantly, but not fully. The study
clearly indicated the T-cell-intrinsic inhibition by CTLA-4. CTLA-4 also mediates
the induction of T-cell anergy, a form of tolerance. Greenwald et al. (Greenwald
et al. 2001) used a genuine genetic model in which CTLA-4 was lacking on T cells
bearing single TCR with known specificity to show this. The CTLA-4 KO rag2
KO TCR Tg (classII MHC-restricted; CD4+) showed resistance to anergy induction
in the transferred host when challenged by the cognate antigen, whereas CTLA-4
WT rag2 KO TCR Tg were tolerized. In contrast, CTLA-4 KO CD8+ T cells in the
analogous system showed no defects in anergy induction. In a similar system,
CTLA-4 on CD8+ T cells did not regulate their anergy induction (Frauwirth et al.
2000, 2001). In contrast, PD-1 deficiency in the same system had effects on CD8
+ T cells which led to the augmentation of CD8+ T-cell activation and resistance to
anergy (Chikuma et al. 2009), These results suggest that CTLA-4 and PD-1 sets the
threshold for CD4+ and CD8+ T cells, respectively.

3.2 Cell-Extrinsic T-Cell Inhibition by CTLA-4

In contrast to the direct inhibition of T cells, CTLA-4 (or T-cell-expressing
CTLA-4) can indirectly inhibit the activation of other T cells. This
non-cell-autonomous tolerance mechanism was observed in lethally irradiated
wild-type mice receiving mixed bone marrow from CTLA-4 wild-type and KO
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bone marrow when they did not develop the lymphoproliferative disease observed
in CTLA-4 KO mice or recipients of CTLA-4 KO cells only (Bachmann et al.
1999). Similarly, Tivol and Gorski (2002) showed that the transfer of a mixture of
Thy1+ splenocytes WT and CTLA-4 KO into Rag KO mice prevented inflam-
matory disease caused by the transfer of CTLA-4 KO cells only. In this setting, KO
cells were eliminated in vivo, in the presence of WT T cells, suggesting that
CTLA-4 on WT T cells can induce the deletion of KO T cells when the population
coexist in vivo.

This non-cell-autonomous manner of CTLA-4-mediated inhibition is thought to
be a major mechanism of tolerance by FoxP3+ Tregs. FoxP3+ Tregs are found to
express high levels of CTLA-4 on the cell surface and intracellularly (Read et al.
2000; Takahashi et al. 2000; Salomon et al. 2000). FoxP3+ Tregs show a unique
demethylation pattern on the CTLA-4 locus (Ohkura et al.), and FoxP3 can bind to
CTLA-4 promoter (Wu et al. 2006) and drives its expression (Hori et al. 2003).
FoxP3-deficient (germline KO or natural mutation; the so-called “scurfy” mutation)
and CTLA-4 KO mice show a very similar phenotype with premature death by
autoimmunity (Brunkow et al. 2001; Khattri et al. 2003; Fontenot et al. 2003). It has
been, however difficult to determine if CTLA-4 expression on FoxP3+ Treg is critical
for the regulatory function. For instance, FoxP3+ Tregs from CTLA-4 KO mice
show suppression as efficiently as FoxP3+ Tregs from WT mice in vitro (Tang et al.
2004; Kataoka et al. 2005). To explore this question in vivo, Chikuma and Bluestone
(2007) reconstituted RAG-1 KO recipients with bone marrow (BM) from
CTLA-4KO (bred to a CD80/80 null background to avoid autoimmunity) mice and/or
Foxp3-deficient mice. Control recipients, receiving either CTLA-4KO or Scurfy BM
alone, rapidly developed interstitial pneumonitis, colitis, wasting, and dermatitis and
died, which suggests that fatal autoimmunity occurred in the donor strain (Chikuma
and Bluestone 2007). Next, the experiment was repeated using a 50:50 mixture of
CTLA-4KO and Scurfy BM cells were tested to determine whether the addition of the
CTLA-4+ FoxP3neg could overcome the pathology of and CTLA-4 or
FoxP3-deficient cells in lymphocyte-null Rag1-KO recipients. Intriguingly, mixed
BM chimeric recipients developed less severe autoimmunity and lived longer com-
pared to CTLA-4KO or Scurfy BM alone, suggesting that the mixture of CTLA-4KO
and Scurfy BM afforded some level of protection. The data suggest that CTLA-4 has a
Treg-independent extrinsic function in the control of T-cell tolerance and home-
ostasis. Strikingly, the chimericmice died with later kinetics, suggesting that CTLA-4
and Foxp3 must be expressed in cis on the same cell to fully prevent lethal autoim-
munity and lymphoproliferation (Chikuma and Bluestone 2007). Wing et al. (2008)
generated a mouse carrying a floxed CTLA-4 allele that allowed conditional
knockout mice lacking CTLA-4 specifically on FoxP3+ Tregs when bred to mice
expressing CRE under FoxP3 promotor. The resulting mice developed lethal
autoimmunity, suggesting that the Treg-specific CTLA-4 expression is important for
absolute maintenance of T-cell homeostasis. Again, mice showed much milder
autoimmunity that affected limited organs and resulted in later death in comparison to
the germline CTLA-4 KO (Wing et al. 2008). Conversely, Jain et al. (2010) showed
that mice with CTLA-4 deleted only on activated conventional T cells (CTLA-4 on
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FoxP3+ Tregs is intact) show significant, but not complete, protection from the lethal
disease phenotype. Collectively, these results (Chikuma and Bluestone 2007; Wing
et al. 2008; Jain et al. 2010) suggest that CTLA-4 on both activated conventional T
cells and FoxP3+ Tregs is important for complete protection from death. As for the
mechanism of cell-extrinsic regulation by CTLA-4, the wild-type T cells protecting
autoimmunity appeared not to require inhibitory cytokines, such as TGFb or IL-10
(Friedline et al. 2009). Instead, the CTLA-4 regulation of APC activation and
function was proposed. Using two-photon microscopy, Tang et al. (2006) showed
that FoxP3+ Tregs do not directly interact with conventional autoreactive cells in an
inflammatory setting. Instead, Tregs interact with APC to down-modulate their
ability to activate autoreactive conventional T cells. Using an in vitro co-culture
system of conventional T cells, Tregs, and APCs, Wing et al. (2008) showed that the
Tregs outcompeted with conventional T cells for binding to APCs. APCs cultured
with FoxP3+ Tregs are attenuated in the expression of activation markers, CD80 and
CD86, and lost the ability to stimulate conventional T cells (Wing et al. 2008).
Qureshi et al. (2011) reported that the downregulation of CD80/86 by
CTLA-4-expressing cells is through the CTLA-4-mediated capture of CD80/86 on
APC and trans-endocytosis into CTLA-4+ T cells. The trans-endocytosed CD80/86
is degraded within CTLA-4+ cells, resulting in a reduction of molecules on the APC
(Qureshi et al. 2011). This trans-endocytosis model is attractive to explain
cell-extrinsic regulation by CTLA-4, especially because the model works in a FoxP3
null setting in an antigen-specific system (Wang et al. 2012). On the other hand, Tai
et al. (2012) showed that the internalization-defective CTLA-4 transgene on CTLA-4
KO Tregs was functional in vivo, suggesting that trans-endocytosis may not be
important. CTLA-4 binding to CD80/86 is also suggested in the transmission of
“reverse signaling” that induces the production of an enzyme indolamine
2,3-dioxygenase (IDO) on APCs. IDO catalyzes the degradation of the amino acid
tryptophan into the immune-inhibitory metabolite kynurenine, which is important in
immuno-suppression in various immunologic settings, such as pregnancy, cancer,
chronic infection, autoimmunity, and allergy (reviewed in Fallarino et al. 2003;
Puccetti and Grohmann 2007). These hypotheses largely resulted from in vitro
experiments using cells overexpressing CTLA-4 and/or CD80/CD86 so proof in the
physiological system is less clear. CTLA-4-mediated cell-extrinsic inhibition is
crucial in the maintenance of self-tolerance.

4 Mechanisms of CTLA-4-Mediated Immune Regulation

4.1 The Biochemical Partners of CTLA-4

The 33 amino-acid intracellular domain of CTLA-4 is 100% conserved among
species, suggesting its importance in protection against lethal autoimmunity
(Fig. 1a). The domain is composed of a lysine-rich membrane-proximal motif
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(KMLKKRS) followed by two motifs containing tyrosine (YVKM and YFIP), with
a proline-rich motif (PPTEP). The tail lacks a signaling module with enzymatic
activity. Instead, the CTLA-4 tail interacts with many intracellular molecules,
which control trafficking and signaling by CTLA-4.

4.1.1 SHP-2

Src-homology-containing tyrosine phosphatase-2 (SHP-2, also called Sh-PTP2 or
Syp) is a cytosolic tyrosine phosphatase with a Src-homology 2 (SH2) domain.
SHP-2 is involved in activation of the RAS-MAPK pathway, and transmits signals
from cytokine receptor and co-inhibitory receptors (Lorenz 2009). SHP-2 interacts
with CTLA-4 based on mutagenesis and immune coprecipitation studies. This
association was suggested to be mediated by the SH2 of SHP-2 and the phos-
photyrosine sequence YVKM within the CTLA-4 cytoplasmic tail when the motif
is phosphorylated. This motif was not, however, a typical ITIM motif. The asso-
ciation of SHP-2 to CTLA-4 might be indirect or it may require other molecule(s)
as adapter molecules (Schneider and Rudd 2000). The CTLA-4-SHP-2 interaction
was proposed to cause tyrosine dephosphorylation of key signaling component
required for T-\cell activation (Marengere et al. 1996). For instance, SHP-2 phos-
phatase activity can dephosphorylate the TCRf chain(Lee et al. 1998) and the RAS
regulator p52SHC(Marengere et al. 1996), and it has been suggested that the
delivery of this enzyme by CTLA-4 to the specific region of the immunological
synapse inhibits the TCR-CD3 complex-mediated signal transduction, leading to
direct inhibition of T-cell activation (Lee et al. 1998). Similarly, Gab2, which binds
directly to TCRf signaling complex, recruits SHP-2 there and blocks proximal TCR
signaling (Yamasaki et al. 2001).

4.1.2 PP2A

PP2A is a heterotrimeric serine-threonine phosphatase that dephosphorylates a wide
variety of protein substrates involved in cellular activity. PP2A composes a very
major fraction of cellular protein, and dephosphorylates many substrates (Lorenz
2009). In a yeast two-hybrid screen, Chuang et al. (2000) found that the catalytic
subunit of PP2A associates with the cytoplasmic tail of CD28 and CTLA-4.
Independently, Baroja et al. (2002) reported that the regulatory subunit (PP2AA)
also interacted with CTLA-4. The catalytic and regulatory subunit of PP2A inter-
acted with the lysine-rich KMLKKRS and YVKM motif within CTLA-4, respec-
tively, suggesting tri-molecular interaction. Through mutagenesis of the
KMLKKRS motif, Baroja et al. suggested that the PP2A interaction inhibits
CTLA-4 suppressive activity. Parry et al. (Parry et al. 2005) showed that PP2A
antagonizes phosphorylation-dependent AKT activation mediated by TCR and
CD28, which was sensitive to ocadaic acid, an inhibitor of PP2A.
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4.1.3 PKC-η(Eta)

Kong et al. (2014) reported that CTLA-4 associates with the η isoform of PKC.
FoxP3+ Tregs contain a significant amount of phosphorylated PKC-η, which
interacts with CTLA-4 at the immunological synapse. The mutation or truncation of
the KMLKKRS motif greatly reduced PKC-η binding, suggesting the importance of
this motif together with PP2A in CTLA-4 function. Germline PKC-η deficient mice
demonstrated defects in conventional T-cell activations (Fu et al. 2011), but did not
show any defects in the development of FoxP3+ Treg (Kong et al. 2014). They
eventually exhibited lymphadenopathy, however, and their FoxP3+ Tregs were
shown to have multiple defects in regulatory functions in vitro and in vivo. It
appears that CTLA-4-PKC-η interaction is required for firm interaction of Tregs to
APCs, by phosphorylation of PAK2, GIT2, two components of the focal adhesion
complex, as well as a guanine nucleotide exchange factor, aPIX, at the immuno-
logical synapse. Mice with the Treg-specific deletion of PKC-η may result in
Treg-specific defects in adhesion due to defective phosphorylation of the
GIT2-aPIX-PAK complex.

4.1.4 Clathrin Adaptor Complex

Several groups reported that CTLA-4 interacts with AP1, and that AP2 subunits of
the clathrin adaptor complex are primary components in the cell biology that induce
the clathrin-mediated internalization of associated molecules (Chuang et al. 1997;
Shiratori et al. 1997; Zhang and Allison 1997; Bradshaw et al. 1997; Schneider
et al. 1999). AP1 and AP2 interact with the unphosphorylated form of Y201VKM,
which may account for the preferential intracellular trafficking of CTLA-4.

4.1.5 Tyrosine Kinases

CTLA-4 phosphorylation and relocation to the immunological synapse are
TCR-dependent. TCR-proximal kinase Lck and Fyn were shown to phosphorylate
the Y201VKM motif (Chuang et al. 1999; Miyatake et al. 1998). Other tyrosine
kinases, such as JAK2 (Chikuma et al. 2000) and Rlk (Schneider et al. 1998), were
reported to directly bind to CTLA-4, and can phosphorylate Y201, suggesting that
the broad extracellular signals that activate tyrosine kinases can stimulate CTLA-4
phosphorylation. Importantly, Lck and Fyn are membrane-associated src kinases,
and their activity is TCR-dependent. The preferential recruitment of CTLA-4 to the
IS may occur as a consequence of the trimolecular complex of LCK, CTLA-4, and
TCR. The tyrosine motif is dispensable for CTLA-4-mediated inhibition in vitro.
CTLA-4 KO mice overexpressing point-mutated CTLA-4 on tyrosine
(YVKM ! VKMs) develop late lymphoproliferative disease, suggesting the
importance of this residue in CTLA-4 activation and function (Yi et al. 2004).
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4.2 Induction and Dynamic Localization of CTLA-4
to the Immunological Synapse

CTLA-4 expression is restricted to T cells, but it shows a unique expression pattern,
which is important for the inhibitory function. (1) The expression of CTLA-4 is
activation-dependent. (2) CTLA-4 preferentially localizes to the intracellular vesicle
compartment, (3) recycles to the T cell surface upon engagement of TCR, where it
participates at the contact site of T cells and APC, called the “immunological
synapse,” (4) binds to CD80 and CD86, and is internalized from the immunological
synapse to intracellular compartments. This unique pattern of CTLA-4 expression is
critical for its specialized function as a negative regulatory molecule. Here, we
focus on such dynamics of CTLA-4 mediated inhibition.

4.2.1 Induction of CTLA-4 on T Cells

In contrast to CD28’s constitutive expression on the surface of all T cells, CTLA-4
expression is only found on activated T cells (Linsley et al. 1992). CTLA-4 on T
cells is strongly induced by ConA and IL-2 (Brunet et al. 1987). TCR plus CD28
signals synergistically induce CTLA-4 expression by two mechanisms: enhanced
transcription and an increase in the mRNA stability (Finn et al. 1997). A nucleotide
sequence located within 335 bp upstream from the transcriptional start site of
CTLA4 is sufficient for the induction (Perkins et al. 1996). FoxP3+ Tregs are
poised to show demethylation on specific loci of CTLA-4, and an activated phe-
notype due to self-interactions during thymic development (Ohkura et al. 2012).
CTLA-4 expression is sensitive to inhibition by cyclosporine, a calcineurin inhi-
bitor. In addition, rapamycin, a small mTOR inhibitor that blocks the IL-2-mediated
signaling cascade can control CTLA-4 expression. These results indicate that
CTLA-4 upregulation is controlled by general T-cell activation signal. The effects
of IL-2 and CD28 signaling were additive but independent, as the CD28 signal
augmented CTLA4 expression in IL-2-deficient mice. In contrast, CTLA4
expression was not augmented by cytokines IL-4, IL-6, IL-7, or IL-12 (Alegre et al.
1996). Sodium butylate, an HDAC inhibitor, significantly augmented CTLA-4
expression, suggesting epigenetic silencing (Doyle et al. 2001). CD4+ CD25
+ FoxP3+ Tregs showed the most abundant CTLA-4 expression in the steady-state
condition, suggesting that these cells are constantly undergoing antigen recognition
and activation (Takahashi et al. 2000; Read et al. 2000; Salomon et al. 2000). This
concept is supported by the finding that Nur77, a proximal molecule expressed on
recently activated cells, is expressed at its highest level(Zikherman et al. 2012).
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4.2.2 CTLA-4 Storage

CTLA-4 is not primarily localized on the T-cell surface, but instead resides intra-
cellularly in a region that overlaps the Golgi apparatus (Leung et al. 1995) and/or
endocytic compartment(s) with perforin-containing secretory granules (Linsley
et al. 1996; Iida et al. 2000). The transfer of 11 cytoplasmic residues,
TTGVYVKMPPT, from the CTLA-4 cytoplasmic tail to CD28 conferred intra-
cellular localization (Leung et al. 1995). Importantly, CTLA-4 expressed on the
surface was also internalized, which explains its low levels of expression on the cell
surface (Alegre et al. 1996). Consequently, on naïve, uninfected mice, CTLA-4 is
hardly detected on the T-cell surface by highly sensitive multi-step fluorescent
labeling and flow-cytometry detection, even in CD4+ CD25+ FoxP3+ Tregs,
which have the most abundant CTLA-4 expression (Chikuma unpublished).
CTLA-4 is likely transcribed and stored in the intracellular vesicle in the case of
high-affinity antigen recognition.

4.2.3 CTLA-4 Localization and Inhibition at the Immunological
Synapse

The dynamic movement of CTLA-4 to the contact site of APC and T cells
immediately after transient calcium influx by TCR stimulation was first reported by
Linsley et al. (1996). The immunological synapse has a structure composed of a
central super-molecular cluster (c-SMAC) that includes TCR and signaling mole-
cules, surrounded by peripheral SMAC containing adhesion molecules. Egen and
Allison (2002) followed CTLA-4 recruitment to the immunological synapse by
time-lapse microscopy. CTLA-4 is located at the uropod (the opposite site of T-cell
movement), but rapidly relocated to the T-cell-APC contact site a few minutes after
stimulation. Iida et al. (Iida et al. 2000) suggested that CTLA-4-containing secre-
tory granules, also comprising perforin, rapidly relocates to the synapse upon TCR
ligation. Chikuma et al. (2003) showed that CTLA-4, phosphorylated Lck, and
TCR-f-chain form a trimolecular complex within the glycosphingolipid-enriched
microdomain (also called the lipid raft) that is known to be enriched at the
immunological synapse. The export of CTLA-4 to IS was dependent on TCR
affinity, suggesting that CTLA-4 can preferentially inhibit CD4+ T cells that have
higher affinity to antigens(Egen and Allison 2002). The CTLA-4 enrichment to the
IS was dependent on CD80/CD86-binding (Pentcheva-Hoang et al. 2004), sug-
gesting that the ligation of CTLA-4 by CD80/86 occurs before the formation of a
mature immunological synapse. By observing the T-cell-APC contact surface using
an artificial lipid bilayer as APC, Yokosuka et al. (2010) showed that CTLA-4
participated in the immunological synapse at a relatively later time point in mature
synapse formation and sequestered CD28 out of the immunological synapse by
competing for CD80/CD86 signaling. By collecting the lipid raft fraction by bio-
chemical methods, Chikuma et al. (2003) showed that the TCR molecules within
the raft decreased after the co-ligation of TCR and CTLA-4, suggesting that
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CTLA-4 signal sequesters TCR from the lipid raft, enriched with Lck or other
signaling molecules. The recruitment of phosphatases SHP-2 (Lee et al. 1998) and
PP2A (Parry et al. 2005) to CTLA-4 causes dephosphorylation or the inhibition of
phosphorylation of the TCR-f chain (Lee et al. 1998) and/or AKT (Parry et al.
2005), respectively; however, these phosphatases are not found to form a cluster
with CTLA-4 to the immunological synapse (Yokosuka et al.). The association of
phosphatases is likely very transient or happens at an earlier time point, when the
CTLA-4 cluster is very small.

4.2.4 Internalization and Trans-Endocytosis

CTLA-4 binds to CD80/CD86 and brings them into the intracellular compartments
for degradation (Qureshi et al. 2011), specifically at late time points of the T-APC
interactions (Yokosuka et al. 2010). One key question is whether the CTLA-4
molecule trans-endocytosis and recycling is designed to move CTLA-4 into and out
of the immunological synapse to regulate T-cell activation.

4.3 Structure and Functional Relationship

Given the importance of motifs used for molecular interaction (i.e., MYPPPY,
KMLKKRS, YVKM) within CTLA-4, to date, many efforts have been made to
understand their functional importance. Figure 2 summarizes many of the results. In
vitro, CTLA-4-negative cells, reconstituted with mutants that are stably expressed
on the plasma membrane show inhibitory activity when ligated by anti-CTLA-4
mAb or CD80/CD86. The critical point that makes it difficult to interpret the data is
that CTLA-4 has two modes of inhibiting T-cell activation, namely, ligand com-
petition and signaling. For example, deletion of the YVKM motif may abrogate
phosphatase binding, but it augments cell surface expression and the inhibitory
function of CTLA-4. Since the mutant CTLA-4 molecule lacking almost the entire
cytoplasmic tail retains membrane-proximal KMLKKRS that is functionally able to
protect the lethal phenotype of CTLA-4 KO mice. This motif binds to PP2A and
PKC-η, which may be a minimal requirement of CTLA-4 function. Transgenic
overexpression of this form of CTLA-4 completely (Takahashi et al. 2005) rescued
the CTLA-4 KO phenotype whereas random amino acid substitution of the entire
CTLA-4 tail only partially rescued it (Masteller et al. 2000) (see Fig. 2).
Trans-endocytosis and degradation of CD80/86 by CTLA-4 is suggested to account
for CTLA-4-mediated regulation (Qureshi et al.). Tailless CTLA-4 used in rescue
experiments, which lacks the binding site for clathrin adaptors (YVKM), is func-
tional when overexpressed on the T-cell compartment (Takahashi et al. 2005;
Masteller et al. 2000) or the Treg compartment (Tai et al.), suggesting that endo-
cytosis is not an absolute requirement for CTLA-4-mediated inhibition.
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5 Biological Roles of CTLA-4

5.1 CTLA-4 Genetics in Autoimmunity: Mice to Humans

Germline CTLA-4 knockout mice show lymphoproliferation, and die from
multi-organ failure and a cytokine storm, suggesting the indispensable role of
CTLA-4 in regulating self-tolerance (Tivol et al. 1995; Waterhouse et al. 1995;
Chambers et al. 1997a). In humans, single nucleotide polymorphisms in the reg-
ulatory region, Exon1, 3’untranslated region, have been suggested to be associated
with various autoimmune diseases (Gough et al. 2005; Scalapino and Daikh 2008),
including celiac disease (Djilali-Saiah et al. 1998), rheumatoid arthritis (Yanagawa
et al. 2000), multiple sclerosis (Ligers et al. 1999), type I diabetes (Todd 1997),
Graves’ disease (Yanagawa et al. 1995), Hashimoto’s thyroiditis, autoimmune
Addison’s disease (Donner et al. 1997), systemic lupus erythematosus (Hudson
et al. 2002) to name a few. This clearly suggests that CTLA-4 insufficiency is a
genetic factor in human autoimmunity. The alternative splicing of CTLA-4 mRNA
is also suggested to determine autoimmune susceptibility. Ueda et al. (2003),
through a comprehensive genetic association study, showed that the alternatively
spliced form of the CTLA-4 locus that determines the relative amount of soluble
CTLA-4 (sCTLA-4) ligand-independent liCTLA-4 versus ligand-binding CTLA-4
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(lacking the entire part of the extracellular domain) determines autoimmune sus-
ceptibility in mice and humans.

There were no case reports of nonsense mutation of CTLA-4 resulting in human
autoimmunity until recently. Two groups (Schubert et al. 2014; Kuehn et al. 2014)
reported familial CTLA-4 deficiency from five families that show a common
variable immunodeficiency (CVID) syndrome in which patients exhibit symptoms
including recurrent infection, hypogammaglobulinemia, autoimmune cytopenia,
cerebral infiltration, autoimmune heamolytic anemia, autoimmune enteropathy, and
granulomatous lung disease. A heterozygous nonsense mutation of CTLA-4 in exon
1 is reported in autosomal-dominant immune disorders. The penetrance of identified
individuals with the mutation was not 100%, but they show low expression of
CTLA-4 (especially on Tregs) and defects in trans-endocytosis of CD80 and CD86.
The study suggested that even haploinsufficiency (heterozygous loss) of CTLA-4
causes severe disease in humans. Another group reported the most extensive form
of CTLA-4 deficiency in humans(Lo et al. 2015). The reported autoimmunity was
not due to a mutation of the CTLA-4 protein itself, but was linked to a mutation in
the LRBA gene (encoding the lipopolysaccharide-responsive and beige-like anchor
protein), and caused a juvenile autoimmune manifestation similar to CTLA-4
deficiency (such as humoral immune deficiency and autoimmunity associated with
lymphoproliferation) (Lo et al. 2015). LRBA co-localizes with CTLA-4 in the
endosomal vesicles. Mutation/deficiency alters this functionality resulting in
accelerated turnover of CTLA-4 by lysosomal degradation, leading to reduced
CTLA-4 protein. Inhibiting the degradation by the lysosomal inhibitor chloroquine
reduced CTLA-4 degradation and amelioration of autoimmunity. The authors
concluded that chemicals that inhibit lysosomes (such as chroloquine) can be used
as drugs to treat autoimmunity (by stabilizing CTLA-4 protein.) As described
before, in mice, CD28-CTLA-4 double KO, CTLA-4/CD80/86 triple knockout, or
CTLA-4 KO treated with CD28 antagonists (CTLA-4 Ig) do not develop autoim-
munity, suggesting a key role of the CD28 signal. Patients with LRBA mutation
who were treated with abatacept that blocks the CD28 signal show dramatic
improvement in autoimmune symptoms (Lo et al. 2015), suggesting that excess
CD28 signaling is the cause of the disease. Therefore, it would be beneficial to
examine if individuals showing autoimmunity have mutation/polymorphism on the
CTLA-4 locus, which should predict the effectiveness of abatacept therapy
(Boussiotis 2014; Schubert et al. 2014).

5.2 CTLA-4 in Infection

Some reports suggest that CTLA-4 is critical for optimal T-cell response in
antigen-specific immunity. CD4+ cells from CTLA-4 KO show spontaneous
Th2-type skewing, even in the genetic absence of STAT6 (Bour-Jordan et al. 2003).
Accordingly, CTLA-4 KO mice (partially rescued from lymphoproliferation by the
tailless CTLA-4 transgene) show defects in controlling leishmania infection
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(Masteller et al. 2000). Since CTLA-4 knockout mice experience early death by
lymphoproliferation, it was difficult to experimentally address how CTLA-4 KO
mice mount antigen-specific immunity to infection. To clarify this, CTLA-4 in
infection was addressed using mice reconstituted by bone marrow from CTLA-4 KO
and WT mice to protect them from autoimmunity-associated death (Bachmann et al.
1999; Homann et al. 2006). Bachmann et al. showed that although half of the T cells
in these animals do not express CTLA-4 genetically, both CTLA-4 KO T cells and
WT T cells responded to leishmania, lymphocytic choriomeningitis virus (LCMV),
and mouse mammary tumor virus (MMTV) normally and contracted them equally.
In addition, Homann et al. showed that both CTLA-4 KO T cells and WT T cells
respond normally to invading viruses and decrease in number rapidly after elimi-
nation of the pathogen (Homann et al. 2006). These investigators proposed that
CTLA-4 works mainly to inhibit autoreactive CD4+ helper T cells rather than by
modulating/terminating ongoing immune responses against exogenous pathogens.

5.3 CTLA-4 in Cancer

The goal for cancer immune therapy is to enhance patients’ immune systems in
order to reject cancer. This concept was proposed by pioneer studies that showed
that tumor cells mutated from healthy cells are recognized as “non-self” by T
lymphocytes (De Plaen et al. 1988; Lurquin et al. 1989). The problem is that
mutations in cancer cells may not always create a strong agonistic peptides epitope
for T cells, and may instead stimulate tolerance rather than protective T cell
responses. Therefore, enhancement of tumor recognition and activation by T cells
through manipulation of the known pathway, such as costimulation, is beneficial. It
was first shown that transfecting CD80, a CD28/CTLA-4 ligand, on a poorly
immunogenic cancer cell line stimulated the mouse immune system for rejection
upon tumor transplantation (Chen et al. 1992; Yang et al. 1995). The data
demonstrated that recognition of antigens on a tumor can be augmented by addi-
tional signals mediated by CD28 and/or CTLA-4, leading to efficient T-cell acti-
vation and attack. Allison and colleagues demonstrated that a systemic
administration with blocking anti-CTLA-4 mAb in mice boosted the anti-tumor
response, resulting in the rejection of a transplanted tumors (Leach et al. 1996;
Kwon et al. 1997). These reports established a milestone that the blockade of
negative costimulatory molecules to their physiological ligand promotes tumor
immunity. This and subsequent results led to the concept of immune-checkpoint
blockade in cancer treatment. Subsequently, the CTLA-4 blockade was shown to be
effective in combination with tumor vaccination in mice (van Elsas et al. 1999).
Shrikant et al. (1999) used an antigen-specific tumor elimination mouse model to
elucidate the mechanism of augmented tumor immunity by CTLA-4 blockade.
They showed that tumor-specific CD8+ cells are generally anergic, but exhibit
tumor attack upon administration of anti-CTLA-4 antibody in vivo. This
re-activation of CD8+ T cells was dependent on CD4+ helper T cells and IL-2
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produced by this population, suggesting that re-activation of the helper response
indirectly boosts the killer-mediated anticancer responses (Shrikant et al. 1999).
The result also supported the notion that CTLA-4 blockade not only directly
augments effector CD8+ T cells, but also indirectly boosts immune responses by
acting on helper T cells.

A fully humanized chimeric antibody named ipilimumab has been shown to be
effective in melanoma in monotherapy (Hodi et al. 2010), in combination with
chemotherapy (Robert et al. 2011) or with anti PD-1 antibody (Wolchok et al.
2013). Although manipulation of this pathway is attractive in cancer therapies, the
immune-related adverse effects are often problematic. It was initially reported that
50–60% of patients receiving anti-CTLA-4 therapy showed adverse events (Hodi
et al. 2010; Robert et al. 2011) affecting various organs (reviewed inMichot et al.
2016). Analogous to mouse studies, these data suggest that there are many
autoreactive T cells in the periphery that need to be under continuous control by
CTLA-4. Currently, patients with immune-related adverse events higher than grade
3 are primarily treated by steroids (reviewed in Michot et al. 2016). In the future,
adequate management if these side effects are likely and it is expected that there will
be an abrogation of adverse events without avoiding anticancer response. However,
in case of subacute, life-threatening autoimmunity, given the example of human
CTLA-4 deficiency, abatacept targeting the CD28 pathway might be important.

Conclusions and perspectives

CTLA-4 is no doubt important in the maintenance of T-cell homeostasis. The
longstanding basic question of why CTLA-4 deficiency results in a lethal
autoimmune phenotype in mice has not, however, been solved. An interesting
observation was made by two groups. An induced deletion of CTLA-4 at adulthood
resulted in milder autoimmunity compared to the original germline KO (Klocke
et al. 2016). Another group developed a similar system deleting CTLA-4 in adult
mice and did not cause autoimmunity (Paterson et al. 2015). Although there is a
technical argument regarding the efficiency of the deletion in both models, the mice
did not die, unlike germline KO mice. Similarly, it was suggested that successful
anti-CTLA-4 treatment on adult cancer patients, at least in part rely on
Fc-receptor-mediated depletion of CTLA-4+ T cells (Simpson et al. 2013), how-
ever, this treatment does not result in overt lymphoproliferation. An assumption
based on these data is that CTLA-4 expression is particularly important during the
neonatal period when polyclonal T cells undergo lymphopenia-driven expansion to
seed the body (Fig. 3a) (Min et al. 2003). This form of T-cell proliferation does not
require high-affinity interaction of TCR with the MHC-self-antigen complex, but is
driven by the CD28 signal (Hagen et al. 2004). The neonatal period is also a time
for development of self-reactive FoxP3+ Tregs that prevents activation of other T
cells (Itoh et al. 1999) (Yang et al. 2015). Therefore, the loss of CTLA-4 from birth
causes a CD28-dependent massive expansion of nearly the entire repertoire of
low-affinity self-reactive T cells without proper regulation by FoxP3+ Tregs,
resulting in lymphoproliferation and death, due to a cytokine storm (Fig. 3a). After
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the initial wave of lymphocyte expansion ceases, CTLA-4-mediated inhibition is
less important for maintaining the homeostatic condition of T cells (Klocke et al.
2016; Paterson et al. 2015).

In the cancer setting, high-affinity T cells receive the advantages of CTLA-4
blockade and regain their ability to fight, because these T cells recruit more
CTLA-4 to the immunological synapse and are preferentially inhibited by CTLA-4
(Egen and Allison 2002). The problem is that the autoreactive memory T cells
present in patients are also activated by this treatment. The balance and affinity of
existing autoreactive/anticancer memory T cells will differ from person to person,
which may determine the outcome of the treatment. Monitoring individuals for
these clones will thus provide more efficient anticancer immunity with fewer
treatment side effects (Fig. 3b). These approaches are currently in development,
combining Ki67 (a proliferation marker) to monitor T cell re-activation before and
after immune checkpoint therapy using patient peripheral blood samples (Huang
et al. 2017; Kamphorst et al. 2017). It will hopefully become possible to detect and
follow the activation of cancer/self-specific T-cell clones in the periphery during
anti-CTLA-4 therapy. This will provide useful information when considering future
cancer immune therapy (Fig. 3b).
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Fig. 3 A scheme representing the difference of CTLA-4-mediated inhibition between neonatal
mice and naïve (uninfected) adult mice. A possible “immune monitoring” of cancer patients under
checkpoint therapy to predict treatment outcome. The idea of Ki67-mediated detection of
early-responding T-cell population is from (Huang et al. 2017) and (Kamphorst et al. 2017)
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Tim-3, Lag-3, and TIGIT

Nicole Joller and Vijay K. Kuchroo

Abstract Co-inhibitory receptors play a key role in regulating T cell responses and
maintaining immune homeostasis. Their inhibitory function prevents autoimmune
responses but also restricts the ability of T cells to mount effective immune
responses against tumors or persistent pathogens. T cells express a module of
co-inhibitory receptors, which display great diversity in expression, structure, and
function. Here, we focus on the co-inhibitory receptors Tim-3, Lag-3, and TIGIT
and how they regulate T cell function, maintenance of self-tolerance, their role in
regulating ongoing T cell responses at peripheral tissues, and their synergistic
effects in regulating autoimmunity and antitumor responses.
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1 Introduction

Initiation of adaptive T cell responses requires two signals: T cell receptor
(TCR) stimulation through antigen recognition in the context of MHC and
co-stimulation through interaction of co-receptors on T cells with their ligands on
APCs. Many of these receptors are members of the B7 family that either positively or
negatively contribute to TCR signaling and thus fine-tune the threshold for T cell
activation. Positive co-stimulatory molecules promote T cell proliferation and
effector function. The most prominent example of such a molecule is CD28, which
allows for proper T cell activation upon recognition of its ligands CD80 or CD86
expressed by mature antigen presenting cells (APCs) (Esensten et al. 2016).
Signaling via co-inhibitory receptors counteracts TCR-driven T cell activation and
promotes functional inactivation of T cells leading to anergy and a state of tolerance.
The best studied co-inhibitory receptor is CTLA-4, which outcompetes CD28 for its
ligands and actively delivers inhibitory signals to the T cell to dampen T cell acti-
vation (Schildberg et al. 2016). At steady state, co-inhibitory receptors are critical for
maintaining immune homeostasis as they counterbalance co-stimulatory signals and
prevent excessive effector T cell activation, which would lead to autoimmunity. In
addition to regulating effector T cell responses directly, co-inhibitory receptors like
CTL-4 also dampen T cells responses indirectly by promoting the suppressive
function of regulatory T cells (Tregs) (Wing et al. 2008). Through interaction with
their ligands, co-inhibitory molecules can further regulate the ability of APCs to
prime effector T cells. For instance, binding of B7 by CTLA-4 leads to back sig-
naling into the APC, resulting in reduced cytokine production and induction of IDO
and conditions DCs to downmodulate co-stimulatory ligands (Fallarino et al. 2003;
Dejean et al. 2009; Grohmann et al. 2002). Co-inhibitory receptors thus regulate T
cell responses at three different levels, namely by directly inhibiting effector T cell
activation, by promoting the suppressive function of Tregs, and by modulating APC
function to prevent T cell activation.

The strict control of T cell responses through co-inhibitory molecules is of utmost
importance to a functioning immune system, as dysregulation of T cell responses
results in pathology. Failure to keep T cell responses in check causes excessive
immune activation and autoimmunity (Linsley et al. 1991; Waterhouse et al. 1995).
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On the other hand, excessive inhibition of T cell responses predisposes to cancer and
allows for pathogen persistence. The importance of co-inhibitory receptors in cancer
and chronic viral infection is highlighted by the fact that in these settings,
co-inhibitory pathways are being targeted clinically to improve antitumor and
antiviral T cell responses (Pauken and Wherry 2015; Chen and Mellman 2013).

T cells express a diverse repertoire of co-inhibitory receptors, which changes
depending on the activation status of the T cell and its environment. Which of these
receptors regulate T cell responses in any given setting not only depends on the
expression pattern of the co-inhibitory receptor but also on where their ligands are
expressed. Furthermore, triggers in the tissue microenvironment may dictate the
expression and persistence of co-inhibitory molecules on T cells. While CTLA-4
primarily acts as a global switch during the early priming phase in lymphoid organs,
other co-inhibitory receptors predominantly regulate effector T cell responses
within tissue where effector T cell responses are being executed. This chapter will
focus on the co-inhibitory receptors Tim-3, Lag-3, and TIGIT and how they reg-
ulate T cell function, especially during ongoing T cell responses.

2 Tim-3

T cell immunoglobulin-3 (Tim-3) is a type I transmembrane protein originally
identified as a specific marker for Th1 and Tc1 cells and its expression is regulated
by the Th1 transcription factor T-bet (Monney et al. 2002; Anderson et al. 2010)
together with another transcription factor NFIL3 (Zhu et al. 2015). Tim-3 is further
expressed on Tregs, NK cells, monocytes, macrophages, and DCs. The discovery of
Tim-3 also led to the identification of the Tim family of genes, of which 3 proteins
(Tim-1, Tim-3, and Tim-4) are conserved between mouse and humans (Meyers
et al. 2005). They share a common structure consisting of an N-terminal IgV
domain, a mucin stalk containing potential O-linked glycosylation sites, a type I
transmembrane domain, and a cytoplasmic tail, which does not harbor any classical
inhibitory signaling motifs but contains five conserved tyrosine residues (Meyers
et al. 2005).

Initial efforts to determine the ligands of Tim-3 identified the C-Type lectin
galectin-9 and a second protein, which was recently characterized as Ceacam1
(Fig. 1a) (Huang et al. 2015; Zhu et al. 2005). Galectin-9 binds to the N-linked sugar
moieties in the Tim-3 IgV domain and this interaction triggers cell death in Th1 and
Tc1 cells (Zhu et al. 2005; Kang et al. 2015). Ceacam-1 is co-expressed with Tim-3
on T cells and their cis-interaction in required for the inhibitory function of Tim-3,
which is compromised in the absence of Ceacam-1 (Huang et al. 2015).
Furthermore, the Tim-3—Ceacam-1 trans-interaction also suppresses T cell func-
tion. While Ceacam-1 and galectin-9 bind to different regions of the IgV domain of
Tim-3, both ligands induce phosphorylation of the same two tyrosine residues
required for functional activity of Tim-3 (Huang et al. 2015; Rangachari et al. 2012).
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In addition to galectin-9 and Ceacam-1, Tim-3 has been reported to bind two
additional ligands, phosphatidyl serine (PtdSer) and high mobility group protein B1
(HMGB1), which mainly play a role in the action of Tim-3 in innate cells (Fig. 1a)
(Chiba et al. 2012). PtdSer is a nonprotein ligand, which is shared between the
different Tim family members and is expressed on apoptotic cells (Cao et al. 2007;
Santiago et al. 2007a, 2007b). Binding of PtdSer by Tim-3 expressing phagocytic
cells can mediate uptake of apoptotic cells (DeKruyff et al. 2010; Nakayama et al.
2009) and perhaps contribute to initiating Tim-3-mediated inhibitory function.
Tim-3 binding to HMGB1 has been shown to promote inhibitory function by
blocking the transport of nucleic acids to endosomes and thereby interfering with
nucleic acid sensing and danger signaling pathways in DCs (Chiba et al. 2012).
Whether interactions of Tim-3 and PtdSer or HMGB1 take place in T cells and
whether such contacts have functional consequences is still unknown. However,
one can imagine that binding of apoptotic cells to Tim-3 in DCs could promote
Tim-3 dependent inhibitory function and thus indirectly dampen T cell responses.
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Fig. 1 Tim-3 and Lag-3 pathways. a The Tim-3 pathway. Tim-3 is composed of an extracellular
IgV domain, a mucin stalk with N- and O-linked glycosylation sites, and an intracellular tail with
conserved tyrosine residues. It is expressed on T cells, NK cells, and APCs and binds to cell
surface receptors (Ceacam-1 and phosphatidyl serine (PtdSer)) and soluble ligands (galectin-9 and
HMGB1). Ligand binding triggers phosphorylation of two conserved tyrosine residues and release
of Bat3 from the cytoplasmic tail of Tim-3, allowing Tim-3 to exert its inhibitory function. b The
Lag-3 pathway. Lag-3 is composed of four extracellular Ig-like domains, a transmembrane domain,
and a cytoplasmic tail containing a unique KIEELE motif. It is expressed on T cells and NK cells
and binds to MHC class II on APCs, galectin-3, and LSECtin on tumor cells or liver cells
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2.1 Signaling

Tim-3 acts as a negative regulator of Th1 and CTL responses. However, as men-
tioned above, the Tim-3 tail does not contain classical inhibitory signaling motifs.
Instead, it harbors five conserved tyrosine residues, two of which are phosphory-
lated and important for binding to the intracellular adapter protein Bat3 (HLA-B
associated transcript 3). Phosphorylation of the two tyrosines in the Tim-3 tail
promotes downstream inhibitory signals (Rangachari et al. 2012; Lee et al. 2011).
In the absence of binding of Tim-3 ligands, Bat3 is bound to the unphosphorylated
cytoplasmic tail of Tim-3, recruits Lck, and preserves or may even promote T cell
signaling (Rangachari et al. 2012). The interaction of Tim-3 with its ligands
(galectin-9 or Ceacam1) induces an intracellular calcium flux and phosphorylation
of the two critical tyrosine residues (Y256 and Y263), which releases Bat3 from the
cytoplasmic tail of Tim-3 (Zhu et al. 2005; Rangachari et al. 2012). The release of
Bat3 allows for the binding of SH2 domain-containing Src kinases and promotion
of subsequent negative regulation of TCR signaling (Huang et al. 2015; Rangachari
et al. 2012). Since Fyn and Bat3 bind to the same domain of the Tim-3 tail, it is
possible that a switch between Tim-3/Bat3 and Tim-3/Fyn triggers the switch of
Tim-3 being permissive to TCR signaling to Tim-3 inhibiting upstream TCR sig-
naling (Rangachari et al. 2012). Much less is known about the downstream sig-
naling events of Tim-3 in innate cells and it will be important to determine how the
different Tim-3 ligands affect its function depending on the cellular context.

2.2 Tim-3 in Innate Cells

Tim-3 is highly expressed on innate cells and regulates their function in several
ways. In human, all mature resting CD56dim NK cells express Tim-3 and its
expression on NK cells is induced upon cytokine stimulation (Gleason et al. 2012;
Ndhlovu et al. 2012), however, the role of Tim-3 on NK cells is controversial. High
expression of Tim-3 is found on effector NK cells that display high cytotoxicity and
produce IFN-c. In this context, ligation of Tim-3 by galectin-9 promotes IFN-c
production by the NK cells and antibody blockade of Tim-3 results in impaired
IFN-c production (Gleason et al. 2012). In contrast, in advanced melanoma
patients, Tim-3 marks functionally exhausted NK cells with impaired IFN-c
secretion and cytotoxicity (da Silva et al. 2014). Moreover, in this context Tim-3
expression levels on NK cells correlate with poor prognosis (da Silva et al. 2014;
Xu et al. 2015). Furthermore, Tim-3 blockade reverses the exhausted phenotype
and restores NK function (da Silva et al. 2014; Xu et al. 2015), suggesting that,
similar to its role in CD8+ CTLs, Tim-3 not only marks exhausted NK cells but also
contributes to their dysfunction in cancer settings.

DCs and macrophages also constitutively express high levels of Tim-3, which
seems to act as a negative regulator of their function. In DCs, Tim-3 binding to
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HMGB1 inhibits DC activation by interfering with nucleic acid sensing as
described above (Chiba et al. 2012). Tim-3 expression on macrophages down-
modulates responses to TLR4 stimulation and has a dampening effect during sepsis
(Yang et al. 2013). Tim-3 can also suppress the immune response indirectly by
promoting generation of myeloid-derived suppressor cells (MDSC) in a
Tim-3/galecin-9 dependent manner. Transgenic overexpression of Tim-3 or
galectin-9 promotes expansion of MDSCs leading to decreased adaptive immunity
as exemplified in accelerated tumor growth and decreased autoimmunity
(Dardalhon et al. 2010). Loss of Tim-3 results in reversing the MDSC phenotype
further supporting that the interaction between Tim-3/galectin-9 is promoting
generation of MDSC (Dardalhon et al. 2010).

Reverse signaling on macrophages through the Tim-3/galectin-9 interaction also
seems to have a protective effect in infections with intracellular pathogens. In a
mouse tuberculosis model, treatment with Tim-3-Fc fusion protein reduced the
bacterial burden in macrophages. This treatment was effective in both WT and
Tim-3−/−, but not galectin-9−/− macrophages. Similarly, Tim-3 transgenic but not
Tim3−/− CD4+ T cells controlled mycobacterial replication in galectin-9 expressing
macrophages (Jayaraman et al. 2010; Sada-Ovalle et al. 2012). The interaction of
Tim-3 expressing T cells with galectin-9 expressing macrophages thus controls
microbial replication through reverse signaling. This suggests that Tim-3 expressed
on effector T cells might directly interact with galectin-9 on macrophages/DCs to
control intracellular pathogen, but in return the galectin-9/Tim-3 interaction might
inhibit or delete Tim-3 bearing T cells, providing an effective mechanism by which
to control effector T cells.

2.3 Role of Tim-3 in Effector Cells

Tim-3 was originally identified as a receptor expressed on Th1 and Tc1 cells,
where it acts as a negative regulator of type 1 immunity (Monney et al. 2002).
Tim-3 blocking antibodies were shown to exacerbate experimental autoimmune
encephalomyelitis (EAE), a mouse model for human multiple sclerosis (MS)
(Monney et al. 2002). Furthermore, blockade of the Tim-3 pathway accelerated
Th1-driven diabetes in non-obese diabetic mice (Sanchez-Fueyo et al. 2003). In
contrast, activation of Tim-3 by administration of its ligand galectin-9 dampened
Th1 responses through induction of cell death in Tim-3+ Th1 cells and ameliorated
EAE (Zhu et al. 2005).

Tim-3 also plays an important role in the induction of T cell tolerance. Loss of
Tim-3 abrogates the induction of antigen-specific tolerance (Sabatos et al. 2003).
Furthermore, anti-Tim-3 treatment prevents tolerance induction as its administration
accelerated disease in a model of acute GVHD and negatively affected maternal–
fetal tolerance resulting in increased risk of miscarriage (Oikawa et al. 2006; Wang
et al. 2015).
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In addition to expression on IFN-c expressing Th1 and CD8+ T cells, Tim-3 is
also transiently expressed on T cells upon activation, but stable expression is only
observed upon sustained stimulation (Zhu et al. 2005; Sanchez-Fueyo et al. 2003).
Interestingly, recent studies have investigated the role of Tim-3 in settings of
chronic antigenic stimulation such as chronic infections or cancer. Tim-3 is indeed
highly expressed on exhausted T cells in HIV-infected patients, where increased
frequencies of Tim-3 expressing CD4+ T cells correlated with disease progression
(Jones et al. 2008). Similarly, in mice chronic infection with lymphocytic chori-
omeningitis virus (LCMV) clone 13 induced exhausted CD8+ T cells that
co-express Tim-3 and PD-1. These PD-1+Tim-3+ double positive cells are func-
tionally more deeply impaired than those expressing PD-1 alone (Jin et al. 2010).
Tim-3 is also highly expressed on tumor-infiltrating lymphocytes and parallel to its
expression pattern during chronic viral infection, Tim-3 is usually co-expressed
with PD-1 and marks the most highly dysfunctional T cell subset (Sakuishi et al.
2010). Importantly, in both settings blockade of Tim-3 alone or in combination with
PD-1 restores functionality in these cells, resulting in viral control or tumor
regression suggesting that Tim-3 is involved in actively enforcing T cell exhaustion
(Jin et al. 2010; Sakuishi et al. 2010; Baitsch et al. 2011; Ngiow et al. 2011).

2.4 Role of Tim-3 in Regulatory Cells

Under steady-state conditions, Tim-3 is barely expressed on Foxp3+ Tregs. In
contrast, Tim-3 is unregulated on Tregs during an active immune response and is
highly expressed on allograft and tissue infiltrating Tregs including tumor-
infiltrating Tregs (Gupta et al. 2012; Sakuishi et al. 2013; Yan et al. 2013; Gao et al.
2012). In in vitro suppression assays, Tim-3+ Tregs display enhanced suppressive
capacity compared to their Tim-3− counterparts (Gupta et al. 2012; Sakuishi et al.
2013; Gautron et al. 2014). Furthermore, Tim-3 expressing Tregs show increased
expression of molecules associated with the suppressive function of Tregs including
co-inhibitory receptors such as CTLA-4, Lag-3, and PD-1 as well as higher
secretion of suppressive cytokines such as IL-10 and TGF-b (Gupta et al. 2012;
Gautron et al. 2014). In tumor settings, the majority of tumor-infiltrating Tregs
expresses Tim-3 and seems to represent a specialized tissue resident Treg subset
with enhanced suppressive activity. Importantly, tumor-resident Tim-3+ Tregs may
play a role in promoting effector T cell dysfunction observed in tumor-infiltrating
lymphocytes, as their depletion restores functionality to effector T cells (Sakuishi
et al. 2013). In an allograft rejection model, graft infiltrating Tim-3+ Tregs arise
from activated, proliferating Tim-3− Tregs. Nevertheless, despite their superior
suppressive function, Tim-3+ Tregs were inferior compared to their Tim-3− coun-
terparts in prolonging graft survival in an adoptive transfer model as Tim-3+ Tregs
were more short-lived and prone to undergo apoptosis (Gupta et al. 2012). These
data suggest that parallel to its function in Th1 cells, Tim-3 might promote cell
death in Tim-3 expressing Tregs.
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3 Lag-3

Lag-3 (CD223) is expressed on activated CD4+ and CD8+ effector T cells,
CD4+Foxp3+ Treg, Tr1 cells, B cells, plasmacytoid DCs, and a subset of NK cells
(Triebel et al. 1990; Huang et al. 2004; Kisielow et al. 2005; Workman et al. 2009;
Gagliani et al. 2013). Lag-3 is an immunoglobulin superfamily member composed
of four extracellular Ig-like domains and a type I transmembrane domain and hence
structurally resembles the CD4 co-receptor (Huard et al. 1995). Like CD4, Lag-3
binds MHC class II, but with higher affinity (Huard et al. 1995). Recently, two
additional binding partners for Lag-3 have been described, LSECtin and galectin-3
(Kouo et al. 2015; Xu et al. 2014). LSECtin, a member of the DC-sign family, is
expressed in the liver and on tumor cells, while galectin-3 is a soluble lectin
expressed in a wide variety of cell types including tumor cells (Fig. 1b).

3.1 Signaling

Following TCR engagement, Lag-3 associates with CD3 in the TCR complex and
crosslinking of Lag-3 together with CD3 negatively regulates signal transduction
leading to reduced T cell proliferation and cytokine production (Hannier et al. 1998).
However, the molecular aspects of the inhibitory effects of Lag-3 are still largely
unknown, because of lack of a definable motif in the cytoplasmic tail. The cyto-
plasmic tail of Lag-3 does not contain any inhibitory motifs that are shared with other
inhibitory receptors. As a consequence, the exact signaling pathway utilized by
Lag-3 is still unclear. Nevertheless, the Lag-3 cytoplasmic tail contains three regions
that are conserved between human and mouse and are thus likely involved in signal
transduction. The first region contains a serine-phosphorylation site, the second
region a single lysine residue within a unique “KIEELE” motif, and the third region
contains glutamic acid-proline (EP) repeats (Workman et al. 2002). Among these
three regions, the KIEELE motif was shown to be essential for signal transduction
and the inhibitory function of Lag-3 (Workman et al. 2002). However, which binding
partners interact with Lag-3 and mediate signal transduction is still unknown.

3.2 Role of Lag-3 in Effector Cells

Lag-3 acts as a negative regulator of T cell activation as blockade of Lag-3 or Lag-3
deficiency induces enhanced T cell proliferation and cytokine production
(Workman et al. 2004; Workman and Vignali 2003). Lag-3 deficient OVA-specific
CD4+ T cells show uncontrolled expansion upon immunization with their cognate
antigen (Workman and Vignali 2003). Similarly, increased proliferation of Lag-3
deficient donor T cells causes more severe acute GVHD (Sega et al. 2014).
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On CD8+ T cells, Lag-3 expression is induced by T cell activation and, like in
CD4+ T cells, blockade of Lag-3 improves CTL proliferation and effector function
(Grosso et al. 2007). Importantly, Lag-3 is also highly expressed on exhausted
CD8+ T cells in both chronic viral infections and cancer (Blackburn et al. 2009;
Richter et al. 2010). As Lag-3 blockade during chronic LCMV infection synergizes
with PD-1 blockade to reverse exhaustion and improve viral control, Lag-3 seems
to functionally contribute to CD8+ T cell exhaustion (Blackburn et al. 2009). Lag-3
is also co-expressed with PD-1 in tumor-infiltrating lymphocytes in various human
tumors and mouse tumor models. While Lag-3 blockade alone might not neces-
sarily be able to reverse the exhausted phenotype in CD8+ T cells, it synergizes with
PD-1 blockade to improve tumor control or regression (Woo et al. 2012). Lag-3
hence functionally contributes to T cell exhaustion in both chronic viral infections
and cancer.

3.3 Role of Lag-3 in Regulatory Cells

In addition to its expression in effector cells, Lag-3 has been reported to be highly
expressed in regulatory IL-10 producing Tr1 cells and Foxp3+ Tregs. In fact,
together with CD49b, Lag-3 was shown to identify IL-10 producing Tr1 cells in
both mice and humans (Gagliani et al. 2013). While Lag-3 expression correlates
with IL-10 levels (Burton et al. 2014), it has not been addressed whether Lag-3
directly contributes to the suppressive function of Tr1 cells.

In Tregs, loss of Lag-3 reduced the suppressive function of Tregs, while forced
expression of Lag-3 conferred effector T cells with suppressive capacity (Huang
et al. 2004). In line with these results, tumor-infiltrating Lag-3+ Treg display an
activated phenotype and produce high amounts of IL-10 and TGF-b1 (Camisaschi
et al. 2010). Furthermore, Lag-3 crosslinking of MHC II on DCs was shown to
tolerize DCs and thus suppress the priming of effector T cell responses (Liang et al.
2008). Lag-3 thus plays an important role in dampening immune responses by
functionally contributing to immune suppression by regulatory T cells.

4 TIGIT

Several groups simultaneously identified TIGIT (T cell immunoglobulin and ITIM
domain; also called VSig9, Vstm3, or WUCAM) by bioinformatic analysis as a
novel member of the CD28 family (Boles et al. 2009; Levin et al. 2011; Stanietsky
et al. 2009; Yu et al. 2009). It acts as a co-inhibitory receptor and is expressed on
NK cells and T cells, specifically activated, memory, and follicular T helper cells as
well as on a subset of regulatory T cells (Boles et al. 2009; Levin et al. 2011;
Stanietsky et al. 2009; Yu et al. 2009; Joller et al. 2011, 2014). TIGIT is composed
of one extracellular IgV domain, a type I transmembrane region, and a cytoplasmic
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tail containing an ITAM and an immunoglobulin tail tyrosine (ITT)-like motif
(Boles et al. 2009; Levin et al. 2011; Stanietsky et al. 2009; Yu et al. 2009; Stengel
et al. 2012).

TIGIT is part of a complex ligand/receptor network in which it binds with high
affinity to CD155 (PVR) and weakly interacts with CD112 (PVRL2, nectin-2)
(Fig. 2a) (Levin et al. 2011; Stanietsky et al. 2009; Yu et al. 2009). Both of these
ligands are expressed on APCs and a variety of non-hematopoietic cell types
including tumor cells and are shared with CD226 (DNAM-1), the co-stimulatory
receptor of this network (Bottino et al. 2003; Casado et al. 2009; Mendelsohn et al.
1989). We, in fact, predicted the existence of an inhibitory molecule that parallels
CD226, in our in vivo blocking studies (Dardalhon et al. 2005), which was later
identified as TIGIT. CD226 binds the two ligands with about 10 times lower affinity
than TIGIT, which can inhibit the interaction between CD226 and CD155 in a
dose-dependent manner (Levin et al. 2011; Stanietsky et al. 2009; Yu et al. 2009;
Lozano et al. 2012). In addition to ligand competition, TIGIT can also directly bind
to CD226 in cis and disrupt its homodimerization and hence its co-stimulatory
function (Johnston et al. 2014). The network is completed by the co-inhibitory
receptors CD96 (Tactile), an additional binding partner for CD155, and CD112R,
which interacts with CD112 (Fig. 2a) (Chan et al. 2014; Fuchs et al. 2004; Zhu
et al. 2016).

4.1 Signaling and Direct Inhibition

Although initial studies suggested that TIGIT only inhibits immune responses in a
cell extrinsic manner, subsequent studies clearly demonstrated direct, cell intrinsic
inhibitory functions of TIGIT (Levin et al. 2011; Stanietsky et al. 2009; Joller et al.
2011; Lozano et al. 2012). In NK cells, TIGIT directly inhibits NK cytotoxicity,
granule polarization, and cytokine secretion (Stanietsky et al. 2009, 2013; Li et al.
2014; Liu et al. 2013). In T cells, TIGIT engagement inhibits their proliferation,
cytokine production, and TCR signaling in a cell intrinsic manner (Levin et al.
2011; Joller et al. 2011; Lozano et al. 2012; Inozume et al. 2016).

The cytoplasmic tail of TIGIT contains an ITIM and an ITT-like motif, which
are highly conserved between mouse and human and mediate its cell intrinsic
inhibitory function (Boles et al. 2009; Levin et al. 2011; Stanietsky et al. 2009; Yu
et al. 2009; Stengel et al. 2012). However, there is still some debate as to which of

JFig. 2 TIGIT pathway. a TIGIT forms part of a complex network where TIGIT, the
co-stimulatory receptor CD226, and the co-inhibitory receptors CD96 and CD112R are expressed
on T and NK cells and their ligands CD155 and CD112 are expressed on APCs and in tissue.
TIGIT is composed of an extracellular IgV domain and a cytoplasmic tail containing an ITIM and
ITT-like motif. b Upon ligand binding, the ITIM and ITT-like motifs in the TIGIT tail are
phosphorylated and recruit SHIP1 via the adaptor proteins Grb2 or b-arrestin. SHIP1 inhibits
signaling through the MAPK, NFjB, and Akt pathways, thus inhibiting activation
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the two motifs is important for signaling and the inhibitory function of TIGIT. In
mouse, the two motifs seem redundant as phosphorylation of the tyrosine residue in
either the ITIM motif (Y233) or the ITT-like motif (Y227) is sufficient for signal
transduction and the inhibitory activity of TIGIT is only abolished when both
tyrosine residues are mutated (Stanietsky et al. 2013). Which of the two motifs is
important for TIGIT signaling in human cells is still unclear as contradictory reports
have been published claiming an essential role for either the ITIM motif (Y231)
(Stanietsky et al. 2009) or the ITT-like motif (Y225) (Li et al. 2014; Liu et al.
2013). These differences might stem from the experimental system used as both
groups performed their studies in TIGIT overexpressing cell lines. Hence, it will be
important to study the relative contribution of ITIM versus ITT-like motifs under
physiological conditions in primary human cells.

Engagement of TIGIT in NK cells induces the phosphorylation of the tyrosine
residues in its ITIM and ITT-like motifs through the Src-family kinases Fyn and
Lck. This allows for binding of the adaptor proteins Grb2 (growth factor
receptor-bound protein 2) and b-arrestin 2, which in turn recruit SHIP1 (SH2
domain-containing inositol-5-phosphatase 1) to the cytoplasmic tail of TIGIT (Li
et al. 2014; Liu et al. 2013). SHIP1 recruitment prematurely terminates PI3K
(phosphoinositide 3-kinase), MAPK (mitogen-activated protein kinase), and NF-jB
(nuclear factor-jB) signaling and results in NK cell inhibition marked by reduced
cytotoxicity and cytokine secretion (Fig. 2b) (Li et al. 2014; Liu et al. 2013). In T
cells, TIGIT signaling has not been studied at the protein level. Nevertheless, TIGIT
engagement downregulates transcription of central components of the TCR sig-
naling pathway as well as the TCR complex itself, thereby inhibiting productive T
cell activation (Joller et al. 2011). In addition to its inhibitory effects on the TCR
signaling pathway, TIGIT engagement promotes T cell survival through the
induction of anti-apoptotic molecules (e.g., Bcl-xL) and receptors for pro-survival
cytokines such as IL-2, IL-7, and IL-15 (Joller et al. 2011). TIGIT thus not only
inhibits T cell activation but also promotes T cell survival and maintenance.

4.1.1 TIGIT in Effector Cells

The direct inhibitory function of TIGIT was first described in NK cells (Stanietsky
et al. 2009). Here, TIGIT inhibits NK cytotoxicity and IFN-c secretion and this
TIGIT-mediated inhibition is dominant over co-activation through CD226
(Stanietsky et al. 2009; Stanietsky et al. 2013). In human NK cells, expression of
TIGIT correlated with reduced cytokine production, degranulation, and cytotoxicity
(Wang et al. 2015). Importantly, TIGIT expression levels on NK cells determine the
effectiveness of inhibition of their cytotoxicity (Sarhan et al. 2016).
TIGIT-mediated inhibition of NK function thus is an important mechanism for
determining the threshold for NK activation. Furthermore, engagement of TIGIT
through CD155 plays an important role in dampening NK-mediated
immunopathology, as shown in a murine model of acute viral hepatitis (Bi et al.
2014).
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In effector T cells, TIGIT can directly inhibit T cell activation and proliferation.
Stimulation of T cells in the absence of APCs but in the presence of an agonistic
anti-TIGIT antibody inhibits proliferation of mouse as well as human T cells (Levin
et al. 2011; Joller et al. 2011). Furthermore, TIGIT stimulation inhibits IFN-c
production in human CD4+ T cells (Lozano et al. 2012). This T cell intrinsic
inhibitory role of TIGIT was also confirmed in vivo, as mice with a CD4+ T cell
specific loss of TIGIT developed augmented T cell responses marked by increased
levels of the pro-inflammatory cytokines IFN-c and IL-17 upon immunization
(Joller et al. 2011). Similarly, stimulation of CD8+ T cell with CD155 expressing
melanoma cells inhibits their IFN-c production in a T cell intrinsic manner, as
signaling through CD155 was not required to mediate the effect (Inozume et al.
2016). As seen for CD4+ T cells, in vivo, selective loss of TIGIT on T cells results
in increased IFN-c secretion by CD8+ T cells (Johnston et al. 2014). TIGIT thus
acts as a cell intrinsic inhibitor by dampening effector cell activation, by inhibiting
their proliferation and thereby limiting the effector cell pool, and finally by reducing
effector cell function and cytokine production.

4.1.2 TIGIT in Regulatory Cells

In addition to effector cells, TIGIT is highly expressed in regulatory cells, where it
promotes their suppressive function. In Tr1 cells (CD4+Foxp3−IL-10+), induction
of the regulatory cytokine IL-10 correlates with TIGIT expression (Burton et al.
2014). TIGIT is also a direct target of Foxp3 and is expressed in a subset of
predominantly natural CD4+Foxp3+ Tregs (Joller et al. 2014; Zhang et al. 2013).
TIGIT+ Tregs express higher levels of Treg signature genes, such as Foxp3, CD25,
and CTLA-4 and show enhanced demethylation in Treg-specific demethylated
regions (TSDR) leading to higher lineage stability (Joller et al. 2014; Fuhrman et al.
2015). Interestingly, while TIGIT+ Tregs are highly suppressive and stable, CD226
expression in Tregs is associated with lineage instability and decreased suppressive
capacity (Fuhrman et al. 2015). Engagement of TIGIT on Tregs directly induces
expression of the suppressive mediators IL-10 and Fgl2 (Joller et al. 2014).
TIGIT-dependent induction of Fgl2 confers superior suppressive capacity to
TIGIT+ Tregs and most importantly enables them to selectively suppress
pro-inflammatory Th1 and Th17 responses but not Th2 responses (Joller et al.
2014). In regulatory cells, TIGIT thus contributes to lineage stability and enhances
their inhibitory function through the direct induction of suppressive mediators.

4.2 Indirect Inhibition

Early studies suggested that TIGIT indirectly suppresses immune responses via
interacting with CD155 on DCs (Yu et al. 2009). TIGIT engages CD155 as a
homodimer, where each TIGIT molecule binds one CD155 molecule, thus
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assembling into a heterotetramer with a TIGIT homodimeric core (Stengel et al.
2012). TIGIT binding induces phosphorylation of the ITIM motif in the CD155
cytoplasmic tail resulting in recruitment of SHP-2 and phosphorylation of Erk (Yu
et al. 2009; Coyne et al. 2007). Overall, this leads to a decrease in IL-12p40 while
increasing IL-10 production in DCs (Yu et al. 2009). TIGIT thus inhibits T cell
responses indirectly by inducing tolerogenic DCs through engagement of CD155.

More importantly, TIGIT is also able to indirectly dampen immune responses by
enhancing and modulating the suppressive function of Tregs. TIGIT expressing
Tregs displays an activated phenotype and increased suppressive capacity com-
pared to their TIGIT− counterparts (Joller et al. 2014). TIGIT engagement in Tregs
induces suppressive mediators, which dampen T cell proliferation and mediate
pleiotropic immunosuppressive effects (Chan et al. 2003). TIGIT-dependent
induction of Fgl2 also confers Tregs with the ability to selectively dampen
pro-inflammatory type 1 and type 17, but not type 2 immune responses (Joller et al.
2014). TIGIT+ Tregs thus potently suppress activation and proliferation of effector
T cells in general, but also shape the effector response by shifting the balance away
from pro-inflammatory Th1/Th17 towards more anti-inflammatory, IL-10-
dominated responses.

5 Role in Diseases and Therapy

5.1 T Cell Exhaustion

The main function of co-inhibitory receptors is to maintain tolerance under
homeostatic conditions and to dampen excessive immune responses in order to
prevent immunopathology. In chronic infections, the pathogens and therefore also
the antigens persist and constitute a source of persistent antigenic stimulation. This
chronic activation is counterbalanced by an upregulation of co-inhibitory receptors,
which serve to keep the effector response in check and prevent immunopathology.
At the same time, this persistent high expression of co-inhibitory receptors can
constrain effector T cells to a degree where they become dysfunctional or exhausted
and are no longer able to promote pathogen clearance. Exhausted T cells show
impaired effector function (cytokine production, cytotoxicity) and are marked by
the sustained expression of multiple inhibitory receptors (reviewed in (Wherry and
Kurachi 2015)). PD-1 was the first inhibitory receptor identified to selectively mark
exhausted T cells and actively contribute to the dysfunctional state, as its blockade
was able to restore function in virus-specific T cells (Barber et al. 2006). It has since
become clear that several other co-inhibitory receptors are co-expressed with PD-1
and synergistically act to curb T cell responsiveness and function.

Chronic infection with LCMV serves as the prototypic model for studying T cell
exhaustion (Moskophidis et al. 1993). Here, Lag-3, Tim-3, and more recently also
TIGIT were shown to be co-expressed with PD-1 on exhausted virus-specific CD8+

T cells (Table 1.) (Jin et al. 2010; Blackburn et al. 2009; Richter et al. 2010;
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Johnston et al. 2014). The extent of exhaustion seems to correlate with the number
of co-inhibitory receptors expressed and while the expression of a single
co-inhibitory receptor is not indicative of exhaustion, co-expression of multiple
inhibitory receptors is a hallmark of exhausted T cells (Fig. 3.) (Doering et al.
2012). However, it is not clear whether the co-inhibitory molecules are
co-expressed on the same dysfunctional T cell or the co-inhibitory molecules are
progressively acquired in the population, which leads to the loss of effector func-
tions. The co-expression of inhibitory molecules also bears functional relevance as
blockade of a single co-inhibitory receptor does not or only poorly reverse
exhaustion, while co-blockade results in synergistic effects. This concept was
demonstrated for PD-1 and Lag-3 (Blackburn et al. 2009), PD-1 and Tim-3 (Jin
et al. 2010), and PD-1 and TIGIT (Johnston et al. 2014), where simultaneous
targeting of the two pathways was able to synergistically reverse exhaustion and
improve T cell function (Table 1.). Similar to their cooperative action in enforcing
T cell exhaustion during chronic LCMV infection in mice, inhibitory receptors are
also found to be co-expressed in chronic viral infections in humans such as HIV,
HBV, or HCV infection (Fromentin et al. 2016; Jones et al. 2008; Golden-Mason
et al. 2009; McMahan et al. 2010; Wu et al. 2012; Nebbia et al. 2012). In these
chronic viral infections, Tim-3 marks virus-specific dysfunctional CD8+ T cells and
Tim-3 blockade improves their function (Jones et al. 2008; Golden-Mason et al.
2009; McMahan et al. 2010; Wu et al. 2012; Nebbia et al. 2012). Similarly, TIGIT
expression correlates with parameters of HIV disease progression and combina-
tional blockade of TIGIT and PD-L1 restore CD8+ T cell function (Chew et al.
2016). Collectively, these data suggest that Tim-3, Lag-3, and TIGIT act in a
cooperative manner with PD-1 and have nonredundant functions. Their divers
expression patterns, binding partners, and signaling motifs all contribute to their
synergistic effects. However, whether co-blockade of Tim-3, Lag-3, or TIGIT will
have synergistic effect with each other independent of PD-1 is currently being

Table 1 Expression pattern and therapeutic effect on Tim-3, Lag-3, and TIGIT in chronic
infections and cancer

Expression Therapeutic targeting reverses
exhaustion

Tim-3 Lag-3 TIGIT Tim-3 Lag-3 TIGIT

Chronic
infection

LCMV x x x With
a-PD-1

With
a-PD-1

With
a-PD-1

HIV x x x x With
a-PD-L1

Cancer CD8+

TILs
x x x With

a-PD-1
with
a-PD-1

With
a-PD-1

CD4+

TILs
Not
tested

x Not
tested

With
a-TIGIT

With
a-Tim-3

Treg
TILs

x Not
tested

x
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tested. As such their therapeutic targeting alone or in combination bears the
potential of gradual or site specific restoration of function in exhausted T cells.

5.2 Cancer and Checkpoint Inhibitors

Chronic antigen exposure is a key feature shared between persistent infections and
cancer. Indeed, tumor-specific T cells resemble the dysfunctional effector T cells
present in settings of chronic infection in that they acquire expression of multiple
co-inhibitory receptors during tumor progression, leading to their functional
exhaustion (Fig. 3). Exhausted tumor-specific T cells express high levels of
CTLA-4 and PD-1 and recent immunotherapeutic advances have aimed at targeting

Function
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Fig. 3 Co-inhibitory receptors in chronic infections and cancer. Antigen persistence drives T cells
into a state of exhaustion/dysfunction characterized by hierarchical loss of cytokine production as
well as impairment of cytotoxicity. As T cells enter the state of T cell exhaustion they
progressively express PD-1 and upregulate Lag-3, Tim-3, and TIGIT
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these co-inhibitory receptors to reverse their dysfunctional phenotype, reinvigorate
tumor-specific T cell responses, and promote tumor elimination. The success of
therapies targeting CTLA-4 (Ipilimumab) and PD-1 (Prembrolizumab and
Nivolumab) has marked a major breakthrough in cancer therapy (Couzin-Frankel
2013; Gravitz 2013). Despite their successes, response rates for these therapies only
range around 20−30% (Hodi et al. 2010; Topalian et al. 2012) and at present,
combinatorial approaches are being explored to improve their efficacy. More
recently, the list of co-inhibitory receptors expressed on TILs has been extended to
include Tim-3, Lag-3, and TIGIT, which might represent additional therapeutic
targets for cancer immunotherapy.

Expression of Tim-3 was found on functionally exhausted cells in a broad
spectrum of both murine tumor models and cancer patients (melanoma, non-small
cell lung cancer, follicular B cell non-Hodgkin lymphoma) (Sakuishi et al. 2010;
Gao et al. 2012; Fourcade et al. 2010; Yang et al. 2012). Tim-3 positively correlates
with cancer severity and poor prognosis in different cancer settings (Gao et al. 2012;
Yang et al. 2012) and identifies a highly exhausted population of CD8+ TILs, which
fail to produce IL-2, TNF-a, or IFN-c (Sakuishi et al. 2010). Similar to observations
in chronic infections, Tim-3 is co-expressed with other co-inhibitory receptors,
most notably PD-1. While blockade of Tim-3 alone only shows minor effects,
co-blockade of Tim-3 with PD-1 is superior at improving antitumor effector
function and suppressing tumor growth than blockade of either pathway alone
(Sakuishi et al. 2010; Ngiow et al. 2011; Zhou et al. 2011). Similarly, Lag-3 is
co-expressed with PD-1 on dysfunctional CD4+ as well as CD8+ TILs and
co-blockade of both pathways shows synergistic effects in improving antitumor
immunity (Woo et al. 2012; Matsuzaki et al. 2010). TIGIT was shown to negatively
regulate antitumor responses as TIGIT deficiency results in significantly delayed
tumor growth (Kurtulus et al. 2015). Like Tim-3 and Lag-3, TIGIT is highly
expressed on human and murine TILs and shows synergistic effects with PD-1
(Johnston et al. 2014; Kurtulus et al. 2015; Chauvin et al. 2015). In murine tumors,
CD8+ TIGIT+ TILs co-express PD-1, Tim-3, and Lag3, where TIGIT marks the
most dysfunctional T cell population among the CD8+ TILs (Kurtulus et al. 2015).
Importantly, TIGIT was shown to not only synergize with PD-1 but also with Tim-3
as their co-blockade synergistically improved antitumor immunity (Kurtulus et al.
2015). Thus, in both chronic infections and in cancer PD-1, Tim-3, Lag-3, and
TIGIT are co-expressed on highly dysfunctional effector T cells and their cooper-
ative action seems to functionally contribute to T cell exhaustion (Table 1).

In addition to their inhibitory function on tumor-infiltrating effector cells,
co-inhibitory receptors also play a role in dampening antitumor responses through
their action on Tregs. Indeed, tumor-infiltrating Tregs have been shown to express
high levels of co-inhibitory receptors. While Tregs in peripheral lymphoid tissues
express only moderate levels of TIGIT and are mostly negative for Tim-3, the
majority of tumor-infiltrating Tregs express TIGIT and Tim-3 (Yan et al. 2013; Gao
et al. 2012; Kurtulus et al. 2015; Sakuishi et al. 2013). Both Tim-3+ and TIGIT+

Tregs have been shown to possess superior suppressive capacity in vitro and
express high levels Treg signature genes including Foxp3 (Sakuishi et al. 2013;
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Gautron et al. 2014; Joller et al. 2014; Sakuishi et al. 2013; Gupta et al. 2012).
Furthermore, TIGIT+ and Tim-3+ Tregs both display increased production of
suppressive mediators such as IL-10, perforin, or TGF-b, which contribute to their
superior suppression (Sakuishi et al. 2013; Joller et al. 2014; Kurtulus et al. 2015).
Highly suppressive Tregs are indeed a main driver in actively suppressing antitu-
mor responses (Nishikawa and Sakaguchi 2010) and we found that loss of TIGIT
on Tregs but not on CD8+ TILs was able to delay tumor growth and restore CD8+ T
cell function (Kurtulus et al. 2015). Hence, expression of TIGIT, and possibly also
Tim-3, on Tregs seems to play a dominant role in restraining antitumor responses
and may actively promote the dysfunctional phenotype observed in CD8+ TILs.

Taken together, enhanced expression of co-inhibitory receptors directly impairs
effector T cell responses and their concerted action synergistically contributes to the
dysfunctional T cell phenotype observed within the tumor microenvironment. In
addition, these co-inhibitory receptors also contribute to enhanced suppression
through Tregs present in the tumor tissue, further dampening the antitumor
response. The success of cancer immunotherapy targeting checkpoint inhibitors has
demonstrated that the enhanced expression of co-inhibitory receptors on both
effector and regulatory T cells represents a central obstacle for tumor elimination.
The synergistic effects of co-blockade of several co-inhibitory receptors seen in
preclinical cancer models and on patient-derived samples suggest that combination
therapy might greatly improve the low response rates observed in current
monotherapies and Tim-3, Lag-3, and TIGIT represent the most promising new
targets. As these novel checkpoint inhibitors and their ligands show distinct
expression patterns, personalized combination therapy bears the potential of
yielding optimal results depending on the type of cancer and the tissue affected.

5.3 Autoimmunity

Despite the striking success of therapies targeting the co-inhibitory receptors
CTLA-4 and PD-1 in several cancer indications, a sizable portion of patients (10
−20%) shows significant side effects, in particular autoimmune syndromes,
including colitis, pneumonitis, skin disorders, and hepatitis (Callahan et al. 2016;
Robert et al. 2015). Similarly, in certain settings of chronic infections, interference
with co-inhibitory pathways results in severe immune-mediated tissue damage that
can have detrimental consequences (Frebel et al. 2012; Hafalla et al. 2012;
Lazar-Molnar et al. 2010; Vaccari et al. 2012). Indeed, co-inhibitory receptors play
a central role in maintaining immune homeostasis and their loss, most notably of
CTLA-4 or PD-1, results in spontaneous, severe autoimmunity with loss of
CTLA-4 and a milder form of tissue inflammation with loss of PD-1 (Tivol et al.
1995; Waterhouse et al. 1995; Nishimura et al. 1999; Nishimura et al. 2001). Many
co-inhibitory pathways, including the Tim-3 and CD226/TIGIT pathways, have
been genetically linked to susceptibility to autoimmune diseases and their function
in regulating immune responses has been intensively studied in the context of
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autoimmune diseases (Kasagi et al. 2011; Qu et al. 2009; Wang et al. 2014; Song
et al. 2011; Hafler et al. 2009). However, deficiency in Tim-3, Lag-3, or TIGIT
alone does not predispose to autoimmunity unless the mice are on a permissive
background (Joller et al. 2011; Bettini et al. 2011; Okazaki et al. 2011; Lee and
Goverman 2013). While loss of Lag-3 was shown to accelerate type 1 diabetes in
NOD mice (Bettini et al. 2011; Okazaki et al. 2011), the function of Tim-3 and
TIGIT has most intensively been studied in the context of CNS autoimmunity. Loss
or blockade of either Tim-3 or TIGIT resulted in enhanced pro-inflammatory T cell
responses leading to exacerbated EAE (Monney et al. 2002; Sanchez-Fueyo et al.
2003; Levin et al. 2011; Joller et al. 2011). The inhibitory function of the receptors
is achieved through their direct inhibitory action on effector T cells as well as their
ability to indirectly dampen immune responses by promoting Treg-mediated sup-
pression and production of regulatory cytokines. An important common feature
among these co-inhibitory receptors is their association with the immunoregulatory
cytokine IL-10. In Tregs, IL-10 is almost exclusively found within the Tim-3+,
Lag-3+, and TIGIT+ Treg subsets and TIGIT ligation is able to directly induce
IL-10 production in Tregs (Sakuishi et al. 2013; Camisaschi et al. 2010; Joller et al.
2014). Furthermore, in Tr1 cells induced to mediate antigen-specific tolerance,
Tim-3, Lag-3, and TIGIT correlate with the expression of IL-10 (Burton et al.
2014). In DCs, ligation of CD155 by TIGIT induces IL-10 production and promotes
a tolerogenic phenotype (Yu et al. 2009). Finally, dysfunctional CD8+ TILs found
in melanoma co-express Tim-3, Lag-3, and TIGIT and show enhanced IL-10
production (Singer et al. 2016; Tirosh et al. 2016). These observations suggest that
expression of Tim-3, Lag-3, and TIGIT might be co-regulated to ensure optimal T
cell regulation through their cooperative function.

In contrast to CTLA-4 or PD-1, Tim-3 and TIGIT do not act as global inhibitors
of immune responses but specifically target certain aspects of the immune response
(Fig. 4.). Tim-3 is predominantly expressed on Th1 but not Th2 cells and inter-
action with its ligands galectin-9 or Ceacam-1 triggers cell death in Th1 and Tc1
cells, thereby specifically dampening Th1 responses (Huang et al. 2015; Zhu et al.
2005; Kang et al. 2015). The specificity of Tim-3-mediated inhibition is also
demonstrated by the fact that Tim-3-deficiency regulates Th1- but not Th17-driven
EAE (Lee and Goverman 2013). Similarly, TIGIT and its co-stimulatory counter-
part CD226 have differential effects on different types of immune responses. While
CD226 promotes Th1 and Th17 responses, TIGIT selectively inhibits production of
IFN-c and IL-17 but enhances Th2 cytokines (Burton et al. 2014; Yu et al. 2009;
Joller et al. 2011, 2014; Dardalhon et al. 2005; Lozano et al. 2012, 2013). TIGIT
selectively inhibits pro-inflammatory Th1 and Th17 responses through its action on
multiple cell types. In DCs, TIGIT ligation of CD155 inhibits IL-12 production and
thus interferes with polarization of naïve CD4+ T helper cells into Th1 cells during
priming (Yu et al. 2009). In effector T cells, loss of TIGIT results in upregulation of
the Th1 master transcription factor T-bet and enhanced production of IFN-c and
IL-17 (Joller et al. 2011; Lozano et al. 2012). Finally in Tregs, TIGIT directly
induces production of the suppressive mediator Fgl2, which enables TIGIT+ Tregs
to selectively suppress Th1 and Th17 responses (Joller et al. 2014). TIGIT and
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Tim-3 therefore specifically inhibit pro-inflammatory immune responses that drive
organ-specific autoimmunity. These co-inhibitory receptors hence seem to play a
particularly important role in maintaining peripheral T cell tolerance and preventing
autoimmunity.

6 Conclusion

Co-inhibitory receptors play a pivotal role in maintaining immune homeostasis and
preventing autoimmunity while at the same time permitting effective immune
responses to control cancer and eradicate pathogens. The family of co-inhibitory
receptors has grown from the potent, global inhibitor of immune responses,
CTLA-4, to include co-inhibitory receptors (Tim-3, Lag-3, and TIGIT) that show
more specialized functions in regulating T cell responses. These co-inhibitory
receptors and their ligands are highly expressed at tissue sites, where they regulate
ongoing effector T cell responses and maintain tissue tolerance. As such, Tim-3,
Lag-3, and TIGIT are highly expressed in T cells that are stimulated by persistent
antigen including pro-inflammatory T cells in autoimmune diseases, tumor-
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IL-10
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Fig. 4 The Tim-3 and TIGIT pathways specifically inhibit pro-inflammatory responses in
autoimmunity. Tim-3 is selectively expressed on Th1 and Tc1 cells, which drive tissue
inflammation and autoimmunity. Tim-3 regulates their response by inducing apoptotic cell death
or dysfunction by binding to its ligands. TIGIT expressed on Tregs induces IL-10 as well as Fgl2,
which selectively inhibit pathogenic Th1 and Th17 responses. TIGIT expressing effector and
regulatory T cells engage CD155 on APC thereby dampening IL-12 and enhancing IL-10 secretion
and thus inhibiting inflammatory responses
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infiltrating lymphocytes in cancer, and exhausted virus-specific T cells in chronic
infections. In fact, these T cells co-express multiple co-inhibitory receptors that
functionally synergize to dampen effector T cell responses to prevent
immunopathology. At the same time, the synergistic effects observed, when several
co-inhibitory receptors are targeted together, show that the inhibitory functions of
Tim-3, Lag-3, and TIGIT are not identical but that they have nuanced functions
even when expressed together on the population of “exhausted” or “dysfunctional”
T cells. Further knowledge on how expression and specialized function of these
receptors synergize and regulate effector functions of T cells will open up new areas
for therapeutic targeting of these co-inhibitory receptors in chronic human diseases.
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SOCS1: Regulator of T Cells
in Autoimmunity and Cancer

Subburaj Ilangumaran, Diwakar Bobbala and Sheela Ramanathan

Abstract SOCS1 is a negative feedback regulator of cytokine and growth factor
receptor signaling, and plays an indispensable role in attenuating interferon gamma
signaling. Studies on SOCS1-deficient mice have established a crucial role for
SOCS1 in regulating CD8+ T cell homeostasis. In the thymus, SOCS1 prevents
thymocytes that had failed positive selection from surviving and expanding, ensures
negative selection and prevents inappropriate developmental skewing toward the
CD8 lineage. In the periphery, SOCS1 not only controls production of T cell
stimulatory cytokines but also attenuates the sensitivity of CD8+ T cells to syner-
gistic cytokine stimulation and antigen non-specific activation. As cytokine stim-
ulation of CD8+ T lymphocytes increases their sensitivity to low affinity TCR
ligands, SOCS1 likely contributes to peripheral T cell tolerance by putting brakes
on aberrant T cell activation driven by inflammatory cytokines. In addition, SOCS1
is critical to maintain the stability of T regulatory cells and control their plasticity to
become pathogenic Th17 and Th1 cells under the harmful influence of inflamma-
tory cytokines. SOCS1 also regulates T cell activation by dendritic cells via
modulating their generation, maturation, antigen presentation, costimulatory sig-
naling, and cytokine production. The above control mechanisms of SOCS1 on T
cells, T regulatory cells and dendritic cells collectively contribute to immunological
tolerance and prevent autoimmune manifestation. On other hand, silencing SOCS1
in dendritic cells or CD8+ T cells stimulates efficient antitumor immunity. Thus,
even though SOCS1 is not a cell surface checkpoint inhibitor, its regulatory
functions on T cell responses qualify SOCS1as a “non-classical” checkpoint
blocker. SOCS1 also functions as a tumor suppressor in cancer cells by regulating
oncogenic signal transduction pathways. The loss of SOCS1 expression observed in
many tumors may have an impact on classical checkpoint pathways. The potential
to exploit SOCS1 to treat inflammatory/autoimmune diseases and elicit antitumor
immunity is discussed.
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1 Introduction

T lymphocytes play a central role in immune protection against pathogens and
provide immune surveillance against neoplastic cells from growing into
life-threatening tumors. They also play a key role in the pathogenesis of autoimmune
diseases. Physiologic and pathogenic activations of T cells require two essential
signals. Signal 1 is delivered via the T cell antigen receptor (TCR) following its
engagement by antigenic peptides presented by the MHC:peptide complex.
However, concomitant signaling via costimulatory receptors (mainly CD28 and
many others such as ICOS, CD27, 4-1BB/CD137, OX40/CD134, etc.) is also
required to achieve full activation, elicit cell proliferation, and develop effector
functions (Baxter and Hodgkin 2002; Chen and Flies 2013). In the absence of the
second signal, TCR-stimulated T cells undergo anergy, which can be prevented by
IL-2, an important product of costimulatory signaling (Acuto and Michel 2003;
Schwartz 2003; Wells et al. 2001). Besides these two essential signals, activated T
cells invariably get additional help from inflammatory cytokines (mainly type-I
interferons, IL-12 and IL-27 for CD8 T cells, and IL-1 for CD4 T cells), which
provide the third signal to amplify T cell responses (Ben-Sasson et al. 2009;
Curtsinger and Mescher 2010; Curtsinger et al. 2005b; Haring et al. 2006; Kolumam
et al. 2005). Indeed, loss of the cytokine-mediated signal could lead to impaired
effector functions and induction of tolerance (Curtsinger et al. 2003, 2005a; Mescher
et al. 2007). Several other cytokines including IL-2, IL-4, IL-6, IL-15, IL-17, and
IL-21 also contribute to cell proliferation, differentiation, acquisition of distinct
effector functions, prevention of exhaustion and generation of memory cells. Thus,
cytokine signals profoundly modulate the quality, type, and magnitude of the T cell
response toward pathogen-derived antigens, which also hold good for autoantigens
and tumor antigens (Cox et al. 2011).

Regulating the amplitude and duration of the T cell response is essential to
minimize potential collateral damage to normal tissues while eliminating harmful
pathogens. This balance is achieved through several mechanisms acting at each of
the three nodes of the T cell activation cascade namely, the TCR, costimulatory
receptors and the cytokine receptors. These regulatory mechanisms may operate
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either in a cell-autonomous manner or be modulated following interaction of
activated T cells with ligands expressed on other cells. The signal 1 is negatively
regulated by downmodulation of the TCRf chain via CBL-mediated ubiquitination
as well as through protein tyrosine phosphatases and many other negative feedback
regulators that impact on the various components of the TCR signaling machinery
(Acuto et al. 2008; Baniyash 2004; Naramura et al. 2002; Stanford et al. 2012;
Wang et al. 2001). Induction of co-inhibitory receptors such as CTLA-4, PD-1,
LAG3, TIM3, etc., not only attenuate costimulatory signals by competing for
stimulatory ligands (B7-1/CD80, B7-2/CD86) but also inhibit various signaling
pathways downstream of TCR by engaging newly induced co-inhibitory ligands
such as PD-L1/CD274 that are expressed on antigen presenting cells (APC) and
cancer cells (Chen and Flies 2013; Paterson et al. 2009). The third signal provided
by cytokines could be regulated by several feedback negative regulatory mecha-
nisms; for example, the one involving suppressor of cytokine signaling (SOCS)
family proteins, of which CISH (CIS-1; cytokine-inducible SH2-containing protein
1) has also been recently implicated in modulating TCR signaling (Palmer et al.
2015; Palmer and Restifo 2009; Yasukawa et al. 2000; Yoshimura 2013;
Yoshimura et al. 2007).

The checks and balances imposed by the above control mechanisms tightly
regulate the temporal sequence, amplitude, and duration of T cell activation thereby
modulating the overall T cell response to ultimately benefit the host. Whereas the
loss of these control mechanisms invariably leads to autoimmune pathologies, the
tumor microenvironment exploits them to dampen antitumor T cell responses.
Indeed, the signal 2 of T cell activation influenced by costimulatory and
co-inhibitory signaling receptors, particularly CTLA4 and PD-1, is profoundly
modulated in autoimmunity and in cancer, earning these molecules the label
“checkpoint inhibitors”, even though the other regulatory nodes in the T cell
activation cascade can also function as important checkpoints to ensure appropriate
and adequate T cell response. Many of the “classical” checkpoint inhibitors that
impinge on the signal 2 of T cell activation cascade are reviewed elsewhere in this
volume. In this review, we will focus on the role of SOCS1 as an important
“non-classical” checkpoint regulator of T cell activation at multiple levels and its
implications to autoimmunity and cancer.

2 SOCS1-Dependent Regulation of Cytokine Signaling

Three laboratories independently discovered SOCS1 in 1997 as a negative regulator
of cytokine receptor signaling that inhibited the Janus kinase (JAK)-signal trans-
ducer and activator of transcription (STAT) pathway (Endo et al. 1997; Naka et al.
1997; Starr et al. 1997). SOCS1 shares structural similarity with the previously
known CISH and several other newly identified proteins designated SOCS2 to
SOCS7, which together constitute the SOCS family proteins (Alexander 2002;
Yoshimura et al. 1995). SOCS proteins contain a central SRC homology (SH2)
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domain and a conserved structural motif at the C-terminus called the SOCS box
(Fig. 1), which is also shared by several proteins outside the SOCS family
(Alexander 2002; Kile et al. 2002). The N-terminal region of SOCS proteins is
highly variable in length and largely accounts for the difference in their size that
range from 198 to 579 amino acids (Fujimoto and Naka 2003). The N-terminal
segment may harbor additional structural motifs such as the kinase inhibitory region
(KIR) adjacent to the SH2 domain of SOCS1 and SOCS3 (Nicholson et al. 1999;
Sasaki et al. 1999; Yasukawa et al. 1999), the N-terminal conserved motif (NTCR)
in SOCS4 and SOCS5 (Feng et al. 2012) or a nuclear localization signal (NLS) in
SOCS6 and SOCS7 (Hwang et al. 2007; Kremer et al. 2007; Martens et al. 2004).
SOCS1 also harbors a functional NLS between the SH2 domain and the SOCS box
(Baetz et al. 2008; Strebovsky et al. 2011).

Most SOCS proteins are induced following cytokine stimulation and inhibit
further signaling in a negative feedback manner that involves the SH2 domain and
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the SOCS box (Alexander 2002; Trengove and Ward 2013). The SH2 domain
facilitates binding to phosphorylated tyrosine residues on JAK kinases, receptor
chains and signaling proteins. The SOCS box, by virtue of its ability to interact with
a Cullin5, Elongin B and C, assembles an E3 ubiquitin ligase that facilitates
ubiquitination of the SOCS-interacting proteins and their degradation by protea-
somes (Babon et al. 2009; Ilangumaran et al. 2004; Okumura et al. 2012). While
most SOCS proteins attenuate cytokine signaling by promoting
ubiquitination-dependent turnover of receptor chains, and presumably the associ-
ated signaling molecules, SOCS1 and SOCS3 mediate their functions mainly by
inhibiting JAK kinase activity (Boyle et al. 2007; Yoshimura and Yasukawa 2012;
Zhang et al. 2001). At least a part of this selective mode of action might result from
reduced affinity of SOCS1 and SOCS3 toward Cullin5 compared to other SOCS
family members (Babon et al. 2009).

Structure–function studies on SOCS1 and SOCS3 have revealed the requirement
of the SH2 domain, adjacent N-terminal sequence (called extended SH2 domain or
ESS) and the KIR to inhibit JAK activity (Nicholson et al. 1999; Sasaki et al. 1999;
Yasukawa et al. 1999). It was initially proposed that while the SH2 domain binds
the phospho-Tyr residue within the activation loop of JAKs, the KIR sequence
occupies the substrate-binding pocket as a pseudosubstrate, thereby inhibiting
enzyme activity (Yasukawa et al. 1999). Structural analysis by nuclear magnetic
imaging of the tripartite complex formed by SOCS3, cytoplasmic domains of the
IL-6 receptor subunit gp130 and the catalytic JH1 domain of JAK2 indicated that
the SH2 domain interacts with gp130 while the KIR domain binds JH1 outside the
substrate-binding pocket of JAK1, JAK2 and TYK2 (but not JAK3, which lacks the
conserved GQM motif) and inhibit the kinase activity in a non-competitive manner
(Babon et al. 2012). However, subsequent studies on the crystal structure of
SOCS3-JAK2-gp130 ternary complex (SOCS322–185–JAK2JH1–gp130750–764)
showed that the KIR of SOCS3 occupies the substrate-binding groove of JAK,
supporting the original model proposed by Yasukawa and colleagues, without
affecting ATP binding to the catalytic site (Babon et al. 2014b; Kershaw et al. 2013;
Yasukawa et al. 1999). Like SOCS3, SOCS1 binding to cytokine receptors could
subsequently lead to inhibition of the JAKs bound to the receptor chains and signal
attenuation. Differences in the amino acid sequence surrounding the
phosphor-Tyr-binding groove of the SH2 domain may determine the specificity and
potency of SOCS1 and SOCS3 to inhibit different cytokines; for example, IFNc and
IL-2 family cytokines by SOCS1 and IL-6 by SOCS3 (Alexander et al. 1999;
Babon et al. 2014a; Croker et al. 2003; Marine et al. 1999; Sporri et al. 2001;
Wormald et al. 2006). Similarly, the ability of SOCS3 to inhibit STAT3 activation
downstream of IL-6 but not IL-10 receptor, and hence attenuate pro-inflammatory
but not anti-inflammatory STAT3 signaling, is determined by the ability of SOCS3
to bind IL-6 receptor but not the IL-10 receptor (Yasukawa et al. 2003). SOCS1
binding via SH2 domain to phosphorylated cytokine receptor chains will also result
in competition for other signal transducers such as STAT molecules from being
recruited to the receptor and become activated (Trengove and Ward 2013).
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Even though SOCS molecules were originally discovered as JAK-binding pro-
teins, SOCS1 was also shown to bind several receptor tyrosine kinases
(RTK) including c-KIT, FLT3, CSF-1R, and MET, and modulate downstream
signaling (Bourette et al. 2001; De Sepulveda et al. 1999; Gui et al. 2015; Kazi et al.
2014). Indeed, it has now become clear that the SOCS proteins can be grouped by
their ability to inhibit predominantly the JAK-STAT pathway (CISH, SOCS2) or
RTK signaling (SOCS6, SOCS7), or both (SOCS1, SOCS3, SOCS4, and SOCS5)
(Kazi et al. 2014; Trengove and Ward 2013). Non-receptor tyrosine kinases other
than the JAK family kinases such as TEC, SYK, and FAK have also been reported
to interact with and inhibited by SOCS1 (Liu et al. 2003; Matsuda et al. 2000; Ohya
et al. 1997).

While SOCS1-dependent regulation of the JAK-STAT pathway in vivo has been
well documented using mice and cells lacking SOCS1 (discussed below), most
studies on SOCS1-mediated inhibition of RTKs and NRTKS have been carried out
in cell line models. The potential implications of the latter in the immune system
also remain to be explored. For instance, HGF-induced MET signaling has been
implicated in several immune cell functions including T cell recruitment to the heart
during transplant rejection (Ilangumaran et al. 2016; Komarowska et al. 2015). As
SOCS1 is an indispensable regulator of MET signaling in hepatocytes and several
other RTKs, it will be worthwhile to investigate the role of SOCS1 (and other
SOCS proteins) in regulating RTK signaling in T cells and other immune cells.

3 Regulation of T Cell Activation and Homeostasis
by SOCS1

Early studies on SOCS1-deficient mice reported neonatal fatality from severe liver
damage and systemic inflammation that was accompanied by profound thymic
atrophy and marked depletion of T lymphocytes in spleen (Naka et al. 1998; Starr
et al. 1998). Subsequent studies that demonstrated SOCS1 as an indispensable
regulator of IFNc signaling also suggested a role for SOCS1 in regulating T cell
activation (Alexander et al. 1999; Marine et al. 1999). Perinatal death of Socs1-null
mice can be reversed not only by simultaneous ablation of the Ifng gene or neu-
tralization of IFNc but also by concomitant RAG deficiency that blocks T cell
development and causes peripheral T lymphopenia (Alexander et al. 1999; Marine
et al. 1999). Selective loss of TCRab+ T cells due to TCRa deficiency also pro-
longed viability of SOCS1-deficient mice, even though they eventually succumbed
to severe colitis (Chinen et al. 2006). Analysis of the T cell compartment in
Socs1−/−Ifng−/− mice revealed accumulation of CD8+ T cells and reduced
CD4/CD8 ratio (Cornish et al. 2003b; Ilangumaran et al. 2003a). SOCS1-deficient
CD8+ T cells display a CD44hi CD62Llo CD122hi Ly6chi phenotype, a character-
istic of memory CD8+ T cells and “memory-like” cells that arise from
cytokine-driven homeostatic expansion under conditions of T lymphopenia
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(Jameson 2002; Murali-Krishna and Ahmed 2000). CD44 is also upregulated fol-
lowing T cell activation; however, SOCS1-deficient CD8+ T cells do not display
other activation markers such as CD25 or CD69 (Ilangumaran et al. 2003a).
Socs1fl/−Lck-Cre mice lacking SOCS1 specifically in T cells did not develop lethal
inflammatory disease, but displayed all changes in the peripheral T cell compart-
ment caused by global SOCS1 deficiency, including enlarged lymph nodes,
increased frequency of CD8+ T cells and altered CD4/CD8 ratio, and elevated
CD44 expression on CD8 T cells, indicating that SOCS1 is a cell-intrinsic regulator
of CD8+ T cell activation and homeostasis (Chong et al. 2003).

In peripheral T cells, SOCS1 deficiency does not affect TCR-induced calcium
flux (Cornish et al. 2003a) or the proximal signaling events (our unpublished data).
On the other hand, SOCS1-deficient CD8+ T cells showed increased STAT5
phosphorylation, expression of the anti-apoptotic protein Bcl-xL and cell prolifer-
ation in response to IL-15, which promotes homeostatic expansion of memory
CD8+ T cells, or the autocrine T cell growth factor IL-2 (Cornish et al. 2003a;
Ilangumaran et al. 2003a). IL-7, which is critical for homeostatic expansion of naïve
T cells, induced strong STAT5 phosphorylation in SOCS1-deficient T cells but not
cell proliferation (Cornish et al. 2003a; Ilangumaran et al. 2003a). Following
adoptive transfer to Rag1−/− hosts, SOCS1-deficient CD8+ T cells underwent robust
homeostatic expansion that was markedly diminished in the absence of IL-7 or
IL-15 in the recipient mice (Cornish et al. 2003b; Davey et al. 2005; Ilangumaran
et al. 2003a; Ramanathan et al. 2006; Rodriguez et al. 2013). However, only the
loss of IL-15 prevented CD8+ T cell accumulation in SOCS1-deficient mice indi-
cating that SOCS1 is an important regulator of IL-15 signaling in these cells
(Ramanathan et al. 2006).

IL-15 deficiency in SOCS1-deficient mice also reversed the high CD44
expression on CD8+ T cells without affecting the CD122hi Ly6Chi phenotype,
suggesting that SOCS1 controls not only IL-15 but also other factors that contribute
to the activation of CD8+ T cells (Ramanathan et al. 2006). The CD8+ T cell
compartment in SOCS1-deficient mice still harbors a significant proportion of
CD44lo CD62Lhi CD122lo Ly6clo naïve cells (Ilangumaran et al. 2003a), indicating
that deregulated IL-15 signaling alone is not sufficient for the accumulation of
memory phenotype CD8+ T cells in SOCS1 knockout mice. Analysis of the phe-
notype of SOCS1-deficient CD8+ T cells expressing the male antigen-specific
transgenic TCR H-Y, which is one of the least reactive transgenic TCRs toward
environmental antigens, in non-lymphopenic and lymphatic setting shed light on
antigen non-specific activation of SOCS1-deficient T cells (Ramanathan et al.
2006). This study revealed that acquisition of the memory phenotype by
SOCS1-deficient CD8+ T lymphocytes did not require stimulation by cognate
antigen, but required the presence of other activated CD8+ T cells. As CD8+ T cells
from Socs1−/−Ifng−/− mice that proliferate in response to IL-15 in vitro also produce
abundant TNFa, it is possible that the effector molecules of activated
SOCS1-deficient CD8+ T cells may contribute, directly and indirectly (through
activation of other cell types), to stimulate other naïve CD8+ T cells. In support of
this possibility, Socs1fl/−LysM-Cre mice that seem to lack SOCS1 in myeloid cells
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as well as in T cells developed lethal inflammatory disease after four months of age
(Chong et al. 2005). CD8+ T cells from Socs1fl/−LysM-Cre, but not
Socs1fl/−Lck-Cre, mice were also reported to display CD44hi CD69hi CD25hi

CD62Llo activated cell phenotype, accompanied by elevated serum levels of IL-12,
suggesting that macrophage and dendritic cell-derived IL-12 could contribute to
antigen non-specific activation of SOCS1-deficient T cells. However, these findings
still do not adequately explain how the initial activation of naïve CD8+ T cells
occurs in SOCS1-deficient mice.

Further investigations on SOCS1-deficient CD8+ T cells led to the finding that
they can be activated in an antigen non-specific manner by combinations of
cytokines, particularly to IL-15 and IL-21, and that the availability of IL-21
markedly diminished the requirement of IL-15 needed for activation (Gagnon et al.
2007). Strikingly, wildtype CD8+ T cells also proliferated in response to syner-
gistic stimulation by IL-15 and IL-21, albeit to a significantly lower extent com-
pared to SOCS1-deficient cells (Gagnon et al. 2007; Zeng et al. 2005). In fact, naïve
CD44lo CD8+ T cells expressing polyclonal TCR or transgenic TCR such as H-Y or
P14 (specific to the glycoprotein antigen of lymphocytic choriomeningitis virus)
showed robust antigen-independent proliferation in the presence of IL-7 and IL-21,
and to a lesser extent to IL-15 and IL-21 (Gagnon et al. 2007). SOCS1 deficiency
did not augment the naïve CD8+ T cell response to IL-7 and IL-21, but increased
responsiveness to the IL-15 and IL-21 combination. Follow-up studies on wild type
CD8+ T cells revealed that IL-6, which activates STAT3 similarly to IL-21, could
substitute for IL-21 in inducing antigen-independent proliferation of naïve CD8+ T
cells (Gagnon et al. 2008). SOCS1 deficiency prolonged the IL-21-induced STAT3
activation in CD8+ T cells. Concomitant stimulation by IL-6 or IL-21 augmented
phosphorylation and DNA-binding activity of STAT5 induced by IL-7 or IL-15,
although mechanisms underlying this cytokine synergy in activating naïve CD8+ T
cells remain to be fully elucidated (Gagnon et al. 2008). These cytokine-stimulated
CD8+ T cells show increased TCR responsiveness to limiting concentrations of
antigenic peptides and, more importantly, toward altered peptide ligands with low
reactivity toward the TCR, in terms of cell proliferation, IFNc secretion, granzyme
B expression, and cytolytic functions (Gagnon et al. 2008; Ramanathan et al. 2011;
Rodriguez et al. 2013). Given that IL-6 and IL-15 are expressed by antigen pre-
senting cells and several other cell types following innate immune stimulation, it is
likely that SOCS1 may serve to restrain antigen non-specific activation of CD8+ T
cells by cytokines and, in that process, also induce their ability to respond to weakly
agonistic TCR ligands such as those derived from autoantigens (Fig. 2). In fact,
SOCS1-deficient CD8+ T cells fail to undergo homeostatic expansion in
TAP1-deficient hosts that express very low levels of MHC-I molecules, indicating
that, besides cytokine stimulation, TCR engagement is needed to stimulate
SOCS1-deficient CD8+ T cells (Davey et al. 2005).

The checkpoint function of SOCS1 in modulating TCR reactivity (via control-
ling cytokine responses) may serve two complementary purposes. First, SOCS1
expression may shape the CD8+ T cell response during infections by focusing the
response toward dominant antigens through reducing reactivity toward weak
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antigens. Second, SOCS1 may serve to prevent accidental stimulation of potentially
autoreactive cells, whose TCR sensitivity toward autoantigens might lie close to the
threshold needed for negative selection in the thymus. While the first possibility has
not been yet investigated in detail, there are several indirect and direct evidence that
support the second function. Indeed, SOCS1-null mice that express different
MHC-I or MHC-II restricted transgenic TCRs survive considerably longer than
those bearing a polyclonal TCR: OT-I (specific to ovalbumin, 6 weeks), P14
(4 weeks), Pmel-1 (specific to the melanocyte antigen gp100, 6 weeks) and H-Y
(females 8 weeks) and OT-II (5 weeks) (Cornish et al. 2003b; Ramanathan et al.
2006; Rodriguez et al. 2013). OT-I TCR transgenic mice survive a little longer in
RAG1 deficient background and die within 10 weeks even under germ-free con-
ditions (Cornish et al. 2003b; Ramanathan et al. 2006; Rodriguez et al. 2013). The
in vivo activation of SOCS1-deficient CD8+ T cells was studied following adoptive
transfer of SOCS1-deficient TCR transgenic CD8+ T cells into recipients expressing
the cognate antigen (Davey et al. 2005; Ramanathan et al. 2010; Rodriguez et al.
2013). This approach was necessary because the transgenic T cells are either
deleted by thymic negative selection in mice bearing the cognate antigen (OT-I cells
(Davey et al. 2005)), or systemic inflammation caused by SOCS1 deficiency pre-
cluded their analysis within the antigen-bearing host (P14 and Pmel-1 cells
(Ramanathan et al. 2010; Rodriguez et al. 2013)). These studies showed that
SOCS1-deficient TCR transgenic CD8+ T cells displayed potent antigen-specific
effector functions, recognized the tissues expressing the cognate antigen more
efficiently and caused severe autoimmune manifestation (autoimmune type 1 dia-
betes by OT-I and P14 cells, and cutaneous inflammation by Pmel-1 cells), indi-
cating that SOCS1 is necessary to control the pathogenicity of potentially
autoreactive CD8 T cells (Davey et al. 2005; Ramanathan et al. 2010; Rodriguez
et al. 2013).
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Fig. 2 Possible role of SOCS1 in preventing autoreactive CD8+ T cell activation. SOCS1
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Intriguingly, SOCS1-deficient CD8+ T cells expressing the transgenic TCR such
as P14 and Pmel-1 cells, and CD8lo H-Y transgenic TCR+ cells (that arise in male
H-Y mice in Rag-sufficient background) proliferate poorly to stimulation by cog-
nate antigens compared to SOCS1 sufficient cells but develop potent effector
functions (Ramanathan et al. 2006, 2010; Rodriguez et al. 2013). This propensity
for effector differentiation of SOCS1-deficient cells is not due to the loss of their
proliferation potential per se, as they undergo massive cell division following
cytokine stimulation. The molecular mechanisms underlying the decreased
antigen-induced proliferation of SOCS1-deficient CD8+ T cells remains to be
elucidated.

4 Role of SOCS1 in T Cell Development

The critical role of SOCS1 in regulating the CD8+ T cell compartment already
manifests during T cell development and maturation in the thymus, whereas Socs1−/−

mice show severe thymic atrophy and reduction in thymic cell numbers, these
abnormalities are not observed in Socs1−/−Ifng−/−mice (Alexander et al. 1999; Naka
et al. 1998). As IFNc is known to cause thymic atrophy, the macroscopic abnor-
malities observed in SOCS1-deficient thymus are caused mainly by uncontrolled
IFNc signaling (Alexander et al. 1999; Marine et al. 1999). SOCS1 is highly
expressed in thymocytes from wild type as well as IL-7R, JAK3, STAT5, or RAG2
deficient mice, indicating that Socs1 expression occurs early during T cell devel-
opment, even prior to the expression of rearranged TCRb chain and independently of
the IL-7-mediated signals (Marine et al. 1999). Hence, SOCS1 expression in thy-
mocytes is considered to be constitutive, although stem cell factor (Kit ligand), which
is critical for T lymphocyte development and induces the Socs1 gene in bone
marrow-derived mast cells (De Sepulveda et al. 1999; Waskow et al. 2002), could
contribute to Socs1 gene expression in T cell progenitors. Over expression of SOCS1
prevented fetal liver-derived hematopoietic progenitor cells from progressing beyond
the stage-I CD4−CD8− double negative cells (DN1; CD44+ CD25−) in fetal thymic
organ cultures (FTOC) (Trop et al. 2001). As DN1 thymocytes express c-KIT and
undergo IL-7-mediated expansion, this developmental arrest could result from
inhibition of both Kit and IL-7 receptor signaling by SOCS1 (De Sepulveda et al.
1999; Trop et al. 2001). DN cells rearrange the genes coding for TCRb, which
complexes with pre-TCRa to form the pre-TCR complex that delivers the signal for
progression through the DN4 (CD44− CD25−) stage and gives rise to CD4+CD8+

double positive (DP) cells. Intriguingly, engagement of the pre-TCR in DN3 (CD44−

CD25+) thymocytes profoundly diminishes Socs1 gene expression (Trop et al. 2001),
although the underlying mechanism remains unknown. Forced expression of SOCS1
in DN3 cells did not affect differentiation toward DP cells but markedly reduced their
number in FTOC (Trop et al. 2001). Consistent with the regulatory role for SOCS1 in
early T cell development, SOCS1 transgenic mice show a developmental block from
DN2 to DN3 stage and a marked reduction in cellularity (Fujimoto et al. 2000).
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Hence, it has been proposed that (i) SOCS1 expression in DN cells serves to limit
their expansion by IL-7 and Kit ligand and (ii) downmodulation of SOCS1 by
pre-TCR signaling would facilitate the selective expansion of DN3 cells that have
completed the b selection process.

Analyses of T cell developmental stages in Socs1−/− and Socs1fl/−Lck-Cre mice
did not reveal any obvious abnormality within the DN developmental stages
(Chong et al. 2003; Ilangumaran et al. 2003a), indicating that either SOCS1 is
dispensable for regulating the early DN developmental stages, or that the
SOCS1-deficient cells proceed rapidly through these stages in vivo without
allowing accumulation of the expanded DN cells. In agreement with the latter
possibility, the SOCS1-deficient thymi generate a greater number of CD8+CD4−

single positive (SP) thymocytes. Intrathymic transfer of SOCS1-deficient DN
thymocytes into the thymus of SOCS1 sufficient Rag1−/− mice or in FTOC cultures
results in an increased generation of CD8+ SP T cells, indicating that SOCS1 exerts
a cell-intrinsic regulatory role in developing thymocytes (Cornish et al. 2003b;
Ilangumaran et al. 2003b). Several lines of evidence indicate a critical regulatory
role for SOCS1 at the DP and CD8+ SP stages. Whereas DN and CD4+ SP cells
express the Socs1 gene only after exposure to cc cytokines, DP and CD8+ SP cells
show constitutive Socs1 gene expression (Ilangumaran et al. 2003b). Based on the
expression of a Cre-induced human CD4 as a reporter downstream of the Socs1
promoter, Chong et al. reported high SOCS1 expression in DP cells compared to all
other thymocyte subsets (Chong et al. 2003). SOCS1-deficient DP cells displayed
high sensitivity to IL-7 in terms of STAT5 phosphorylation, and purified DP cells
cultured in the presence of IL-7 gave rise to abundant CD8+ SP cells even in the
absence of TCR stimulation, implicating IL-7 in DP to SP differentiation (Chong
et al. 2003). Singer and colleagues observed that constitutive SOCS1 expression in
pre-selection DP cells (prior to positive selection), which express IL-7Ra, IL-4Ra
and cc, prevents them from responding to IL-7 or IL-4, thus contributing to the
smaller size of DP thymocytes (Yu et al. 2006). This study also showed that TCRab
signaling, which delivers the positive selection signal, downmodulates Socs1
expression in DP thymocytes via unknown mechanisms and restores their
responsiveness to IL-7 and IL-4, which induce the pro-survival gene Bcl2. It has
been proposed that SOCS1 may serve to actively suppress cytokine signaling to
prevent the rescue of CD4+CD8+ double positive (DP) thymocytes that are destined
to die by neglect through the induction of pro-survival factors by cytokines (Yu
et al. 2006). Increased IL-7 signaling in positively selected, SOCS1-downregulated
DP cells lead to induction of the transcription factor Runx3, which promotes CD8
lineage specification (Park et al. 2010).

Whereas purified SOCS1-deficient DP cells fail to proliferate in response to
IL-7, IL-2 or IL-15 in vitro, CD8+ SP cells undergo robust proliferation following
incubation with IL-15 or IL-2 but not IL-7, despite showing prolonged
IL-7-induced STAT5 phosphorylation (Ilangumaran et al. 2003b). In agreement
with the role of SOCS1 in regulating cytokine-mediated CD8+ SP cell expansion,
only the CD8+ SP subset shows increased in vivo proliferation in SOCS1-deficient
thymus, which displays an enlarged medulla wherein the SP cells undergo
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maturation before emigration to the periphery (Chong et al. 2003; Ilangumaran
et al. 2010). Analysis of SOCS1-deficient thymus also lacking IL-7, IL-15 or both
implicated these two cytokines in increasing the number of CD8+ SP cells and
skewing the CD4:CD8 ratio (Ramanathan et al. 2006). Collectively these studies
suggest that SOCS1 regulates cytokine-mediated survival and/or differentiation of
the DP cell pool and expansion of CD8+ SP cells (Chong et al. 2003; Ilangumaran
et al. 2003b).

Intriguingly, restoration of SOCS1 expression specifically in T cells of mice in
which the Socs1 gene is ablated in all cells (Socs1−/−Tg) prevents lethality, but
thymocytes from these mice show accelerated maturation of DP toward CD4+ and
CD8+ SP cells (Hanada et al. 2003). Peripheral T cells in these mice also display
CD44hi activated phenotype. These observations suggest that the T cell develop-
mental abnormalities observed in SOCS1-deficient mice do not arise exclusively
from T cell-intrinsic defects. Thymus tissues from these mice contained increased
frequency of CD11c+CD11b+ dendritic cells (DC) that displayed MHC-II. As DCs
can produce the T cell stimulatory cytokine IL-15 in response to myriad stimuli
(Mattei et al. 2001), it is possible that SOCS1 may regulate T cell development also
in a T cell-extrinsic manner by controlling IL-15 availability within the thymic
microenvironment. This prediction remains to be tested.

Even though most studies on SOCS1 functions in T cells focused on CD8+ T
cells, SOCS1 might also regulate the CD4+ T cell compartment, which is more
apparent in the thymus than in the periphery. Thymic cellularity of Socs1−/−Ifng−/−

mice is comparable to that of Ifng−/− controls, yet the former harbored nearly twice
the number of CD4+ SP cells and six times more CD8+ SP cells (Ramanathan et al.
2006). Analysis of recent thymic emigrants revealed that increased numbers of
CD4+ T cells are exported from SOCS1-deficient thymi compared to CD8+ T cells
(Ilangumaran et al. 2010). As CD4+ SP cells in SOCS1-deficient thymi do not
undergo increased cycling, their increased generation likely results from accelerated
maturation from DP cells (Ilangumaran et al. 2010). In fact, IL-21 (another cc
cytokine) has been shown to expand the DP cell pool undergoing positive selection
in an in vitro T cell development model, and increase the number of DP, CD4+ SP,
and CD8+ SP cells in vivo following systemic administration (Rafei et al. 2013).
IL-21 has also been reported to promote T cell survival (Ostiguy et al. 2007). As
SOCS1 attenuates IL-21-induced STAT5 activation in CD8+ T cells (Gagnon et al.
2007), it is not unlikely that SOCS1 may regulate IL-21-mediated DP cell expan-
sion, and hence the loss of SOCS1 would increase CD4+ SP cell generation and
export. Notwithstanding the increased generation and export of CD4+ SP cells in
SOCS1-deficient mice, pronounced cytokine-driven expansion of CD8+ T cells
outnumber CD4+ T cells in the periphery.

Investigations into the role of SOCS1 in thymic selection have reported varying
findings. Using the staphylococcal enterotoxin B (SEB) model of negative selection
that specifically deletes TCRVb8+ thymocytes in FTOC, Chong et al. reported that
SOCS1 deficiency did not affect deletion of either CD4+ or CD8+ T cells bearing
TCRVb8 (Chong et al. 2003). Similarly, negative selection of CD8+ SP cells
expressing the male antigen-specific H-Y transgenic TCR in male mice was not
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affected by SOCS1 deficiency (Ramanathan et al. 2010). On the other hand, SOCS1
was reported to regulate both positive and negative selection of CD4+ T cells
expressing the MHC-II -restricted transgenic TCR AND, which is specific to the
pigeon cytochrome C (PCC) and the I-Ek molecule (Catlett and Hedrick 2005).
Loss of SOCS1 in Rag1−/−TcrAND mice resulted in the generation of CD8 SP cells
bearing the Va11+ transgenic TCR, accompanied by a reduction in the number of
CD4 SP cells. SOCS1 deficiency enabled the generation of these aberrant CD8+ SP
cells even in the absence of MHC-I molecules, but not in the absence of the
non-selecting H2d, suggesting that these cells were selected by MHC-II but diverted
toward the inappropriate lineage in the absence of SOCS1 (Fig. 3). Upon adoptive
transfer to mice bearing H2b/s, in which TcrAND T cells are positively selected by
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H2b and then negatively selected by H-2s, SOCS1-deficient TcrAND CD4+ and
CD8+ SP cells failed to undergo negative selection, suggesting that SOCS1 may
serve to control generation of potentially autoreactive T cells. The defective positive
and negative selection of TcrAND T cells caused by the lack of SOCS1 was
reversed by IFNc deficiency, demonstrating that SOCS1 shields developing thy-
mocytes from the deleterious effects of systemic inflammation (Catlett and Hedrick
2005).

Collectively, SOCS1 impacts on four T cell developmental checkpoints (Fig. 3):
(i) at the DN1-DN2 stage, to control signals delivered by SCF and IL-7; (ii) at the
DN3 stage, to block the expansion of thymocytes that have not succeeded the b
selection process; (iii) in DP thymocytes, to prevent cells that had failed the positive
selection from undergoing cytokine-driven survival and expansion; (iv) in
post-selection DP thymocytes, to ensure negative selection and prevent inappro-
priate developmental skewing toward the CD8 SP lineage. Even though SOCS1
deficiency would deregulate all these developmental stages, only the final outcome
—accumulation CD8+ SP cells—is discernible in SOCS1-deficient mice, presum-
ably due to dynamic transition of the immature developmental stages.

5 Regulation of Treg Plasticity and Function by SOCS1

Despite thymic negative selection, the mature T cell pool contains potentially
autoreactive T cells that can get activated in the periphery and become pathogenic.
These cells are regulated by peripheral tolerance mechanisms, in which regulatory
T cells (Treg) play a key role. Tregs inhibit activated T cells via direct contact and
through secreted cytokines such as TGFb and IL-10. The development of a
multi-organ inflammatory disease in SOCS1-deficient mice, characterized by
abundant mononuclear cell infiltration, could result not only from aberrant gener-
ation of potentially autoreactive T cells in the thymus and their activation by
cytokines in the periphery, but also from the loss of SOCS1-dependent control of
Treg stability and functions (Takahashi and Yoshimura 2014) (Fig. 4).

Most Tregs develop in the thymus from CD4+ SP cells that display high avidity
TCR interaction with autoantigens, and are called natural or thymus-derived Tregs
(nTreg or tTreg) (Hsieh et al. 2012; Ohkura et al. 2013). Under certain conditions,
naïve CD4+ T cells in the periphery can also give rise to Tregs, which are desig-
nated as induced or peripheral Tregs (iTreg or pTreg) (Schmitt and Williams 2013).
Both nTregs and iTregs are required to maintain tolerance and immune home-
ostasis. The Treg-specific transcription factor Foxp3 is an important regulator of
Treg development and functions. However, Foxp3 expression is not static even in
terminally differentiated Tregs. Following adoptive transfer to lymphopenic hosts or
under inflammatory conditions, Tregs may lose Foxp3 expression and regulatory
functions, become the so-called “exFoxp3” cells or “lapsed Tregs”, acquire Th1 or
Th17 effector-memory phenotype and exacerbate an inflammatory response
(Sakaguchi et al. 2013).
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The phenotypic and functional changes associated with such “Treg plasticity”
arise from modulation of the Foxp3 promoter activity in uncommitted Foxp3+ cells,
which constitute a small proportion of Foxp3+ cells, and their selective expansion
(Hori 2014; Komatsu et al. 2009; Takahashi and Yoshimura 2014). In addition to
the TCR signal-responsive Foxp3 promoter, three highly conserved non-coding
DNA sequences (CNS 1-3) regulate Foxp3 expression and Treg plasticity. The
TGFb-responsive CNS1 has Smad2/3 binding sites for induced by TGFb, while
CNS2 binds TCR-induced CREB and IL-2-induced STAT5, and CNS3 has binding
sites for c-Rel activated by TCR/CD28 co-stimulation. The CNS2 also harbors CpG
islands that are hypomethylated in committed Tregs, which is further enhanced by
IL-2 signaling (Chen et al. 2011). These Treg-specific demethylated regions
(TSDR) become strongly methylated in exFoxp3 cells (reviewed in Takahashi and
Yoshimura 2014). The stability of nTreg is regulated by stable expression of Foxp3,
and sustained by Smad2/3, STAT5, and NF-jB signaling pathways. Takahashi and
colleagues have shown that IFNc-induced STAT1 can destabilize Foxp3 expres-
sion, leading to conversion of nTregs into Th1 cells, and that SOCS1 plays an
essential role in preserving Treg functions by regulating the IFNc signaling path-
way (Takahashi et al. 2011).

Investigations into the Foxp3-regulated genes in Tregs led Rudensky and col-
leagues to identify miR155 and its target SOCS1 as key regulators of Treg
homeostasis (Lu et al. 2017a). Loss of miR155 resulted in fewer Treg cells in the
thymus and affected their homeostasis in the periphery. Mechanistically, loss of
miR155 causes marked increase in SOCS1 expression in Tregs, leading to
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Fig. 4 Regulation of T regulatory cells by SOCS1. SOCS1 controls homeostasis of nTregs by
regulating IL-2-mediated STAT5 signaling. SOCS1 also plays a crucial role in regulating Treg
plasticity by controlling their responsiveness to inflammatory cytokines that leads to loss of Foxp3
expression (exFoxp3 cells) and differentiation toward Th1 and Th17 cells. SOCS1 also controls the
Th1 differentiation pathway by inhibiting IFNc signaling. By regulating SOCS1 expression,
miR-155 exerts control over Treg homeostasis
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decreased sensitivity to their principal growth factor IL-2 and thus reducing their
homeostatic fit. In agreement, SOCS1 transgenic mice harbor fewer nTregs in the
thymus, whereas T cell-specific SOCS1-deficient (Socs1fl/fl Lck-Cre) mice harbor
significantly more of these cells in the thymus and spleen, and this increase occurs
independently of IFNc (Lu et al. 2017a; Zhan et al. 2009). Treg-specific SOCS1
knockout (Socs1fl/fl Foxp3-Cre) mice also harbors increased numbers of Foxp3+

CD4 T cells in thymus and spleen, indicating that SOCS1 exerts a cell-intrinsic
regulation of Treg development (Lu et al. 2010).

Despite increased generation of nTregs, SOCS1-deficient mice develop
IFNc-dependent Th1 type immune pathology (Alexander et al. 1999; Lu et al.
2010; Marine et al. 1999; Takahashi et al. 2011), suggesting defective functioning
of SOCS1-deficient Tregs in the periphery. Socs1+/− mice also develop severe
dextran sulfate sodium (DSS)-induced colitis compared to control mice, with fewer
Foxp3+ and more numerous IFNc+ CD4+ T cells in the intestinal lamina propria
(Horino et al. 2008). In addition, SOCS1-deficient CD4+ T cells display higher
sensitivity to IFNc-mediated blockade of Treg differentiation induced by
TCR/CD28 stimulation in the presence of TGFb (Horino et al. 2008). On the other
hand, T cell-specific SOCS1 knockout mice showed resistance to experimental
autoimmune encephalomyelitis (EAE), a Th17-mediated disease, due to the
requirement of SOCS1 to preserve Th17 cell differentiation by preventing Th1
skewing (Tanaka et al. 2008). All these observations suggested a complex regu-
lation of Th cell differentiation and Treg functions by SOCS1 in the periphery.
Yoshimura and colleagues elucidated the underlying mechanisms by addressing the
role of SOCS1 in regulating nTreg plasticity (Takahashi et al. 2011). In the classical
in vivo functional assay, Tregs from Socs1fl/fl Lck-Cre mice failed to suppress the
induction of colitis by wildtype CD4+ T cells in Rag1−/− mice, accompanied by
faster loss of Foxp3 and other markers of suppressive activity (CD25 and CTLA4)
compared to wildtype Tregs (Takahashi et al. 2011). In this setting, both the
Foxp3-maintaining and the Foxp3-losing fractions of SOCS1-deficient Tregs pro-
duced higher amounts of IFNc, despite maintaining IL-10 production.
SOCS1-deficient Tregs showed rapid methylation of the CNS2 region of the Foxp3
locus in vivo and in vitro, which was prevented by ablation of the Ifng gene,
indicating that SOCS1 is essential to thwart conversion of Tregs to IFNc producing
exFoxp3 cells. However, Socs1−/−Ifng−/− Tregs, which did not become exFoxp3
cells in lymphopenic mice, also failed to inhibit colitis induction. The inability of
Socs1−/−Ifng−/− Tregs to maintain their regulatory function was explained by their
propensity of differentiating toward pathogenic Th17 cells in the absence of IFNc.
In agreement with the role of SOCS1 modulating both Treg and Th17 differenti-
ation, transfection of naïve CD4+ T cells with pre-miR155 promoted, whereas
anti-miR155 inhibited, the development of Tregs and Th17 cells under the
respective polarizing conditions, accompanied by modulation of SOCS1 and its
targets STAT5 and STAT3 (Yao et al. 2012). Increased activation of STAT1 and
STAT3 in SOCS1-deficient Tregs, the former by IFNc and the latter presumably by
inflammatory cytokines, is believed to underlie their defective immune regulatory
function (Takahashi and Yoshimura 2014). The molecular mechanisms by which
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STAT1 and STAT3 destabilize Foxp3 expression and disrupt Treg stability are
unclear. Although cytokine-induced STAT molecules are the principal inducers of
Socs1, they synergize with TCR-stimulated NF-jB to upregulate SOCS1 expres-
sion in Tregs, as the deficiency of Ubc13, a ubiquitin conjugating enzyme involved
in activating IKK upstream of NF-jB, resulted in a similar loss of Treg function as
caused by SOCS1 deficiency (Chang et al. 2012). Hence, SOCS1 plays a crucial
role in protecting Tregs from converting to effector T cells under the harmful
influence of inflammatory cytokines (Fig. 4). In addition to becoming pathogenic
Th1 and Th17 cells themselves under inflammatory conditions, exFoxp3 cells can
provide help to activate naïve CD8 T cells (Bailey-Bucktrout et al. 2013; Komatsu
et al. 2014; Sharma et al. 2010), raising such a possibility in the activation of
potentially autoreactive CD8+ T cells in SOCS1-deficient mice.

6 Influence of SOCS1 on Antigen Presenting Cell
Functions

Early investigations into the lethal phenotype of SOCS1-deficient mice revealed
that SOCS1 is an important regulator of macrophage activation by innate immune
stimuli such as LPS and CpG DNA, and by IFNc. In response to these stimuli,
SOCS1-deficient macrophages produce abundant quantities of inflammatory
cytokines such as TNFa and IL-6, as well as IL-12, a key cytokine in promoting the
Th1 immune response (Kinjyo et al. 2002; Nakagawa et al. 2002). SOCS1-deficient
macrophages show increased ability to control M. tuberculosis via increased IFNc
production, which in turn relies on strong MyD88-dependent TLR2 activation and
enhanced IL-12 production (Carow et al. 2011). The heightened activation of
SOCS1-deficient macrophages by LPS via the toll like receptor 4 (TLR4), results
from increased activation of NF-jB and STAT1 (Kinjyo et al. 2002; Nakagawa
et al. 2002). SOCS1 blocks LPS-induced macrophage activation by promoting
ubiquitination and proteasomal degradation of the key signaling adaptor
MAL/TIRAP in the My88-dependent pathway, and possibly by interfering with the
key TLR4 signaling adaptor TRAF6 further downstream, thereby blocking NF-jB
activation (Kinjyo et al. 2002; Mansell et al. 2006). SOCS1 may also directly
inhibit NF-jB signaling by promoting ubiquitination and degradation of the
p65RelA component as shown in other cell types (Maine et al. 2007; Ryo et al.
2003). The same mechanisms likely underlie SOCS1-dependent regulation LPS
signaling in dendritic cells (DC), which also produce copious amount of IL-12 and
IFNc in the absence of SOCS1 (see below).

SOCS1 exerts control over differentiation of DCs and their functions in stimu-
lating T cell responses. Splenic DCs from SOCS1-deficient mice show an increased
frequency of CD8a+ conventional DCs, which are critical for cross-priming CD8+

T cells in vivo (Hanada et al. 2005; Heath and Carbone 2009; Tsukada et al. 2005).
This increment could arise from increased generation of these cells due to enhanced
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Flt3 and GM-CSF signaling caused by SOCS1 deficiency, as FLT3 is required for
the development of CD8a+ DCs and GM-CSF skews DC development away from
plasmacytoid DCs (Wu and Liu 2007). SOCS1 inhibits Flt3-induced mitogenic
responses and blocks GM-CSF signaling by promoting ubiquitination and protea-
somal degradation of the bc chain of the GM-CSF receptor (Bunda et al. 2013; De
Sepulveda et al. 1999). Expression of the Socs1 gene increases during culture with
GM-CSF and IL-4, and is further augmented by LPS (Jackson et al. 2004; Shen
et al. 2004). On the other hand, LPS-induced SOCS1 has been shown to block
GM-CSF-mediated DC differentiation from human CD14+ monocytes and murine
bone marrow precursors (Bartz et al. 2006). In addition to modulating DC gener-
ation, SOCS1 may control IL-15-dependent maturation and survival of DCs
(Dubois et al. 2005; Hanada et al. 2005). Intriguingly, CD8a+ DCs enriched from
spleen show much lower levels of SOCS1 expression than CD4+ or CD4−CD8− DC
subsets, which might underlie the intrinsically stronger ability of CD8a+ DCs to
stimulate Th1 responses, and its further augmentation by SOCS1 deficiency
(Hanada et al. 2005).

In response to TLR stimulation by LPS or CpG DNA, SOCS1-deficient DCs
produce abundant quantities of IL-12 as well as IFNc, which could contribute to the
Th1-type immunopathology observed in SOCS1-deficient mice (Hanada et al.
2005; Tsukada et al. 2005). In addition to the Th1 cytokines, SOCS1-deficient DCs
produce abundant quantities of the TNF family growth factors for B cells
BAFF/BLyS and APRIL, which likely contribute to the elevated levels of
autoantibodies in SOCS1-deficient mice (Hanada et al. 2003). Even though
SOCS1-deficient DCs do not efficiently support CD4+ T cell activation in vitro due
to increased induction of indoleamine-2,3-dioxygenase (IDO) by autocrine IFNc,
they may efficiently promote T activation in vivo wherein the use of IFNc by other
cells would diminish its availability to T cells (Hanada et al. 2005; Tsukada et al.
2005). This notion is supported by strong proliferation of allogeneic T cells cultured
with bone marrow-derived DCs (BMDC) from Socs1−/−Ifng−/− mice, and the
heightened ability of SOCS1-deficient and Socs1-silenced DCs to stimulate
IFNc-producing Th1 cells and CD8+ T cells in vivo (Evel-Kabler et al. 2006;
Hanada et al. 2003, 2005; Shen et al. 2004). In mice bearing a polyclonal TCR
repertoire, immunization with Socs1-silenced or SOCS1-deficient BMDCs that
were pulsed with antigenic peptides led to efficient activation antigen-specific CD8+

T cells, which displayed increased proliferation, IFNc and IL-2 production and
effector functions, and caused regression of tumors expressing the cognate antigen
(Evel-Kabler et al. 2006; Hanada et al. 2005; Shen et al. 2004). The ability of
Socs1-silenced DCs to activate antigen-specific CD8+ T cells in vivo was further
augmented by innate immune stimuli such as LPS that stimulate DC maturation
(Evel-Kabler et al. 2006; Shen et al. 2004).

The ability of SOCS1 to control T cell activation at the level of DCs may operate
via limiting and modulating their generation, maturation, antigen presentation,
expression of costimulatory signals, and production of cytokines. Of these,
increased production of IL-12 and IFNc by SOCS1-deficient DCs has been well
documented. The propensity for SOCS1-deficient DCs to produce copious amounts
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of IFNc is attributed to increased STAT1 signaling and expression of the Eomes
transcription factor (Hanada et al. 2005). Using DCs derived from mice lacking the
IL-12 subunit p35, or the IL-12Rb, Chen and colleagues have shown that SOCS1
regulates the quantity and duration of LPS-induced IL-12 production in DCs by
controlling autocrine IL-12 signaling (Evel-Kabler et al. 2006). Splenic DCs iso-
lated from SOCS1-deficient mice express elevated levels of costimulatory mole-
cules CD80, CD86 and CD40, and MHC class-II, although their expression levels
were not altered in Socs1-silenced BMDCs at steady state (Evel-Kabler et al. 2006;
Hanada et al. 2003). However, Socs1-silenced BMDCs exposed to Candida albi-
cans show increased expression of costimulatory molecules and MHC-II (Shi et al.
2015). A recent study has shown that constitutive SOCS1 expression in DCs
downmodulates MHC and costimulatory molecules, and that these DCs elicit T cell
hyporesponsiveness and facilitate the survival of allogeneic pancreatic islets (Lu
et al. 2017b). SOCS1 likely regulates the expression of MHC and costimulatory
molecules by regulating both TLR and autocrine IFNc signaling. Few studies have
addressed the influence of SOCS1 on antigen processing and presentation. As
SOCS1-deficient BMDCs show increased expression of several IFNc-responsive
genes at the basal level (Hanada et al. 2005), and IFNc is a key modulator of
MHC-I antigen processing pathway, it is quite likely that SOCS1 may regulate
antigen processing and presentation functions of DCs.

7 SOCS1 as an Immune Checkpoint Molecule

SOCS1 is critical to control aberrant activation of potentially autoreactive T cells
and preserve self-tolerance. This has been clearly demonstrated using
SOCS1-deficient mice harboring TCR transgenic CD8+ T cells (Davey et al. 2005;
Ramanathan et al. 2010). In mice expressing the cognate transgenic antigen in
pancreatic islets, SOCS1-deficient TCR transgenic CD8+ T cells cause autoim-
mune type-1 diabetes whereas SOCS1-sufficient cells do not. Similarly,
SOCS1-deficient mice harboring Pmel-1 TCR transgenic CD8+ T cells develop
reactivity toward the endogenous melanocyte antigen gp100 expressed in normal
keratinocytes of Rag1−/− mice, resulting in widespread cutaneous inflammatory
lesions (Rodriguez et al. 2013). Hence, even though the activated phenotype of
polyclonal CD8+ T cells in SOCS1-deficient cells might arise from antigen
non-specific activation by cytokines (Ilangumaran et al. 2003a; Metcalf et al. 2002;
Starr et al. 1998), this activated T cell pool may contain potentially autoreactive T
cells. In a mouse model of acute inflammatory arthritis induced by methylated
bovine serum albumin (mBSA) BSA, SOCS1-deficient mice develop severe disease
accompanied by not only increased myeloid cell infiltration but also an accumu-
lation of activated, mBSA-specific CD4+ T cells in the draining lymph nodes (Egan
et al. 2003). The systemic lupus erythematosus (SLE)-like syndrome that develops
in SOCS1-deficient mice does not occur in the absence of CD4+ T cells, suggesting
that the general inflammatory conditions caused by SOCS1 deficiency stimulate
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autoreactive CD4+ T cells that provide help to B lymphocytes (Fujimoto et al. 2004;
Hanada et al. 2003). Similarly, decreased activation of Th1 and Th17 cells in mice
lacking miR155 (and thus expressing more SOCS1), following immunization with
the myelin oligodendrocyte glycoprotein (MOG) peptide MOG35-55, could arise not
only from impaired Th cell differentiation, but also from impaired antigen-specific
T cell activation (Murugaiyan et al. 2011; O’Connell et al. 2010). Moreover,
adoptively transferred wild type CD4+ T cells undergo efficient activation in
Mir155−/− mice and cause disease, suggesting that the cytokine products of
SOCS1-deficient APC are sufficient to activate autoreactive CD4+ T cells
(O’Connell et al. 2010). Thus, SOCS1 deficiency either in T cells or loss of
SOCS1-dependent control of APCs could promote activation of autoreactive T
cells.

As discussed in the previous section, loss of SOCS1 expression in DCs or
antitumor T cells would boost antitumor CTL response. However, tumor cells often
lose SOCS1 expression and this may dampen antitumor immunity. In fact, SOCS1
has been extensively studied for its role as tumor suppressor in primary human
cancers and mouse models. Following the seminal finding that the SOCS1 gene
promoter is repressed by CpG methylation in hepatocellular carcinoma specimens
(Yoshikawa et al. 2001), numerous reported have shown similar findings in other
cancers including acute and chronic myeloid leukemia, breast cancer, glioblastoma,
ovarian cancer, etc., (reviewed in (Inagaki-Ohara et al. 2013; Sasi et al. 2014;
Trengove and Ward, 2013)). SOCS1 expression is also downmodulated by
microRNAs including miR155, miR19a, and miR30d in breast cancer, multiple
myeloma and prostate cancer (Jiang et al. 2010; Kobayashi et al. 2012; Pichiorri
et al. 2008). In melanoma and prostate cancer, SOCS1 protein expression correlates
with disease severity and metastasis (Chevrier et al. 2017; Huang et al. 2008).
Observations in SOCS1-deficient mice also support the tumor suppressor function
of SOCS1: Socs1−/−Ifng−/− mice that harbor activated T cells are more susceptible
to radiation-induced T cell leukemia (Metcalf et al. 2002). On the other hand, mice
lacking SOCS1 in all tissues except T cells spontaneously develop colorectal car-
cinoma, which is dependent on IFNc signaling in the colonic epithelium (Hanada
et al. 2006). Both Socs1−/−Ifng−/− mice and hepatocyte-specific SOCS1-deficient
mice show high susceptibility to chemically induced hepatocellular carcinoma
(Yeganeh et al. 2016; Yoshida et al. 2004). While hematological malignancies are
thwarted by SOCS1 mainly by putting brakes on JAK kinases, in epithelial cancers
SOCS1 blocks oncogenic receptor tyrosine kinase signaling and diverse signaling
molecules that are beyond the scope of this discussion. Clearly, increased tissue
inflammation in SOCS1-deficient tissues contributes to neoplastic transformation
and cancer growth (Inagaki-Ohara et al. 2013). However, it is possible that SOCS1
deficiency in cancer cells may also indirectly hinder antitumor immune response
through “adaptive immune resistance”, a process by which cancer cells inhibit
tumor antigen-specific T cells by exploiting IFNc produced by immune cells (Ribas
2015). Hence, even though loss of SOCS1-dependent control of IFNc signaling
would theoretically enhance antigen presentation in cancer cells, their increased
IFNc sensitivity can boost the expression of PD-L1 and IDO to hamper antitumor T
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cell response (McGray et al. 2014; Spranger et al. 2013). Thus, loss of SOCS1 in
cancer cells might exert an indirect checkpoint blockade on antitumor immunity. It
will be worth investigating how SOCS1 deficiency in tumor cells impacts on
antitumor immune responses.

8 Targeting SOCS1 in Autoimmunity and Cancer

Relieving the checkpoint functions of SOCS1 to boost antitumor immunity would
require its repression in APCs or antitumor T cells, whereas its functional recon-
stitution in inflammatory cells would be needed to promote its checkpoint functions
in case of auto-inflammatory diseases. As an intracellular signal regulator, SOCS1
differs from the cell surface receptor–ligand pairs of classical immune checkpoint
regulators (Mahoney et al. 2015). SOCS1 also lacks enzymatic activity, and thus is
not an ideal “druggable” target. Hence, approaches other than antibodies or small
molecule modulators are needed to modulate SOCS1 expression in target cells.

Johnson and colleagues developed a cell-penetrating derivative of the KIR
region of SOCS1 that functions as SOCS1 mimetic in inhibiting cytokine responses
(Ahmed et al. 2015). This SOCS1 mimetic has been shown to inhibit EAE by
suppressing MOG peptide-specific T cell activation and IL-17A production (Jager
et al. 2011). The SOCS1 KIR peptide also partially rescues the functional defects in
Ubc13 deficient Tregs, which fail to upregulate SOCS1 due to impaired NF-jB
signaling, in vitro and in vivo (Chang et al. 2012). Similar SOCS1 mimetic peptides
have been developed with the idea of using them in topical applications, especially
for cutaneous inflammatory conditions such as psoriasis (Madonna et al. 2013).
A cell-penetrating version of the full-length SOCS1 molecule (CP-SOCS1) has also
been reported that inhibits pro-inflammatory cytokine production in cell lines
(DiGiandomenico et al. 2009). Delivery through liposomes may be another option,
as SOCS1 released from alveolar macrophages has been shown to inhibit IFNc
signaling in airway epithelial cells (Bourdonnay et al. 2015). These SOCS1 delivery
approaches may be particularly useful in controlling inflammatory manifestations of
unknown etiology and hinder activation of potentially autoreactive cells.

SOCS1 can be exploited to boost antitumor T cell responses at least in two ways
(Fig. 5). As documented in animal models, silencing SOCS1 in DCs could be
exploited to stimulate antitumor T cell response in the setting of DC-based cancer
vaccines to improve their immunogenic potential (Anguille et al. 2014; Evel-Kabler
et al. 2006; Palucka and Banchereau 2012; Shen et al. 2004). An alternative
approach could use SOCS1 gene silencing in T cells in the setting of adoptive cell
therapy to select for poly-specific antitumor CD8+ T cells from tumor-infiltrating
lymphocytes (TIL) (Ji et al. 2015; Palmer and Restifo 2009; Rosenberg and Restifo
2015). As SOCS1-deficient CD8+ T cells show increased cytokine responsiveness
and cytokine pre-stimulation increases antigen sensitivity (Ramanathan et al. 2010,
2011), lowering SOCS1 expression in TILs would facilitate the cytokine-mediated
expansion of CD8+ T cells and also would allow selection of those bearing low
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avidity TCR toward unknown tumor neoantigens. On the other hand, tackling the
possible adaptive immune resistance in SOCS1-deficient tumors would require
restoration of SOCS1 function. While the SOCS1 mimetic KIR peptide inhibits
cancer cells in vitro, SOCS1 gene therapy has shown promise in suppressing tumor
growth (Flowers et al. 2005; Liu et al. 2013; Natatsuka et al. 2015; Souma et al.
2012). However, as the feasibility of delivering SOCS1 to all cells of primary
cancer could be uncertain, combinatorial checkpoint therapy using anti-PD-1 or
anti-PDL1 antibody and IDO inhibitors (Mahoney et al. 2015) would be a more
practical approach to deal with the adaptive immune resistance in SOCS1-deficient
tumors.
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vaccines or for ex vivo selection and expansion of antitumor CTLS for adoptive cell therapy
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Abstract The family of protein tyrosine phosphatases (PTPs) includes 107 genes in
humans that are diverse in their structures and expression profiles. The majority are
present in immune cells and play various roles in either inhibiting or promoting the
duration and amplitude of signaling cascades. Several PTPs, including TC-PTP
(PTPN2) and SHP-1 (PTPN6), have been recognized as being crucial for main-
taining proper immune response and self-tolerance, and have gained recognition as
true immune system checkpoint modulators. This chapter details the most recent
literature on PTPs and immunity by examining their known functions in regulating
signaling from either established checkpoint inhibitors or by their intrinsic proper-
ties, as modulators of the immune response. Notably, we review PTP regulatory
properties in macrophages, antigen-presenting dendritic cells, and T cells. Overall,
we present the PTP gene family as a remarkable source of novel checkpoint inhi-
bitors wherein lies a great number of new targets for immunotherapies.
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1 Protein Tyrosine Phosphatases and the Mammalian
Immune System

Tyrosine phosphorylation has been central to our understanding of cellular signaling.
The discovery of protein tyrosine kinases (PTK) adding phosphate moieties on
tyrosine residues over 40 years ago, the subsequent discovery of the existence of
protein domains able to recognize and interact specifically with phosphorylated
tyrosine residues, and finally the discovery of the protein tyrosine phosphatase
(PTP) completed the recognition of a highly dynamic system regulating signaling in
mammalian cells (Lim and Pawson 2010). These three molecular components of
tyrosine signaling permit the qualitative and quantitative regulation of numerous
cellular pathways implicated in almost all cellular physiological events, from mitosis
and differentiation, cell migration and cell–cell interactions to cell death. Evolution
has conveyed great diversity to both PTK and PTP gene families. With 90 PTK
genes and 107 genes, the positive and negative interactions of these family members
provide diverse mechanisms and pathways that can be modulated to control intrinsic
signaling cascades. The transmembrane proteins serving as entry and exit point into
cells and their signaling pathways are also conducted by diverse gene families,
including membrane-associated members of the PTK and PTP families, but also by
several complex families such as cytokine and chemokine receptors, G coupled
receptors, nuclear receptors, and other transmembrane proteins.
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1.1 The Protein Tyrosine Phosphatase Gene Family

Although the PTKs are extremely well known, the PTPs have received less
attention in part because of their more difficult enzymology and substrate identi-
fication. Initially identified in 1988 by N. Tonks’ laboratory (Charbonneau et al.
1988), the PTP family gene tally was reported to consist of 107 members (Alonso
et al. 2004). More recently, additional enzymes seemingly dephosphorylating
phosphotyrosine residues were added to reach 125 genes (Alonso and Pulido 2016).
The family includes various subgroups based on their target specificity (unique to
p-tyr, or dual PTPs that recognize p-ser/p-thr/p-tyr, or even enzymes that act on
phospholipids, phospho-sugars, and other molecules). Typical members of this
superfamily of structurally related enzymes are defined by a highly conserved
catalytic domain of approximately 200–240 amino acids, which includes the active
site signature sequence [HCXXGXXR] encompassing an invariant cysteine
(Cys) residue that is critical for PTP activity (Tonks 2006) (for more details on the
gene family, see Alonso et al. (2004) and http://ptp.cshl.edu). A short video
depicting the mechanism of enzymatic activity was published by Feldhammer et al.
(2013).

For many years, PTPs were seen as housekeeping enzymes whose general
function was to counter that of tyrosine kinases on their given substrates. However,
over the past decades, our laboratory and others have presented ample evidence that
these enzymes can act in a very exact manner (Tonks 2013). Among others, (i) They
can dephosphorylate not only specific tyrosine-phosphorylated substrates, but even
target precise phosphotyrosine sites embedded in a string of p-tyr modifications on
the same targeted protein (Stuible et al. 2008). (ii) PTPs do not simply downregulate
other protein activities, but can also influence specific signaling pathways positively
or negatively (Dubé et al. 2005; Elchebly et al. 1999). (iii) They work in coordi-
nation with other proteins (adaptor proteins, kinases, as well as other
serine/threonine and tyrosine phosphatases) to influence particular pathways and cell
behavior (Xu and Qu 2008; St-Pierre and Tremblay 2012; Pike et al. 2014).
Therefore, this family represents a diverse and important gene family, where its
members are key factors in cell and animal homeostasis. It is also clear that among
many functions, they play crucial roles as “checkpoint” regulators in either allowing
or disallowing tyrosine kinase-dependent signaling in multiple pathways.

1.2 Protein Tyrosine Phosphatases in Immunity

The important roles associated with tyrosine kinases and tyrosine phosphorylation
in immune cell signaling is paralleled by the presence of tyrosine phosphatases in
these as well. Indeed, CD45, known as the leucocyte common antigen, was iden-
tified early on in the PTP field to contain tyrosine phosphatase domains
(Charbonneau et al. 1988; Tonks et al. 1984) and was found to be highly expressed

Mining the Complex Family of Protein Tyrosine Phosphatases … 193

http://ptp.cshl.edu


in T and B cells (Ledbetter et al. 1988). A first comprehensive account of PTP gene
expression in immune cells was reported by Arimura and Yagi (Arimura and Yagi
2010), who demonstrated that out of the 107 enzymes, between 58 and 76 PTPs
were expressed in the most common immune cell lineages, and an additional 12
were expressed in specific lineages. This analysis may be modified based on the
threshold of expression of these different PTP RNAs and suggests that approxi-
mately 86 different PTPs are present in the immune system with the remaining 21
being either specific to non-immune tissue or present at very low levels in
hematopoietic cells.

1.3 Regulation of Protein Tyrosine Phosphatases

At first glance, this impressive tally of PTP expression in immune cells creates a
complex landscape of tyrosine phosphorylation modulation. However, other regu-
latory steps also influence PTP activities, such as post-transcriptional modifications
that occur on PTP gene transcripts. For example, most of the PTP gene family
transcripts are differentially spliced, giving rise to different forms of PTP proteins.
Like the two PTPN2 (encodes for TC-PTP) mRNAs that are localized either to the
nucleus or the endoplasmic reticulum (Bussieres-Marmen et al. 2014), these
alternatively spliced mRNAs result in important variations in their final enzyme
structures and activities (Julien et al. 2011). Furthermore, in immune cells and other
tissues, several receptor PTPs undergo alternative splicing events that generate
variable extracellular domains, as was demonstrated for CD45, and also leads to
different forms of catalytic domains of the receptor PTPs (Zikherman and Weiss
2008).

More recently, studies on the PTP4A1, PTP4A2, and PTP4A3 enzymes
demonstrated another level of regulation, as they are exquisitely dependent on
protein synthesis for their regulation. Namely, PTP4A2 translation is linked to
intracellular Mg2+ and glucose levels. Mg2+ concentration inversely influences
PTP4A2 mRNA available to be translated. Similar to some bacterial magnesium
transporters such as MgtA (Cromie and Groisman, 2010), PTP4A2 may possess
riboswitch-like motif(s) in its 5’ noncoding RNA that responds to low levels of this
specific cation to promote its translation and maintain physiological levels in highly
metabolically active cells (Hardy et al. 2015; Gungabeesoon et al. 2016; Uetani
et al. 2017).

Finally, PTP members have been reported to present a great number of
post-translational modifications. Most are phosphorylation events on tyrosine,
serine, and threonine residues. For instance, the SHP-1 and SHP-2 PTPs are
themselves regulated by intramolecular interactions of their SH2 domain to specific
tyrosine residues that can either promote or impede their enzymatic activity as well
as their protein–protein interactions (Pandey et al. 2017). Moreover, other modi-
fications such as glycosylation, sumoylation, and ubiquitination have also been
reported and studied in the context of tyrosine phosphatase activity (Tonks 2013).
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2 The Concept of Immune Checkpoints and PTPs

To control the vast array of signaling pathways that serve to monitor, induce, and
repress immune responses, a series of immune-specific genes have been identified.
Working as antigen-presenting complexes, co-stimulatory and co-inhibitory mole-
cules, they induce key inflexion points in the immune system function. Herein, we
review the activities of several protein tyrosine phosphatases in different immune
cell lineages, which if targeted by small molecules or biologicals will lead to
directed positive or negative changes in the immune response. Already, many PTPs
have been recognized to possess immune modulatory functions and can thus be
included inside the more common immune checkpoint regulators currently used in
cancer immunotherapy. Their usefulness as checkpoint targets also manifests
through their capacity to exert their action in a dose-dependent manner. Hence, they
offer outstanding opportunities as additional tools in the control of the innate
immune response—a future for cancer immunotherapy that will be of great value in
the management of many diseases.

3 Protein Tyrosine Phosphatases as Immune Checkpoint
Regulators in Monocytes and Macrophages

3.1 Background

Monocytes are a type of nucleated white blood cell which are precursors of several
immune cells, predominantly dendritic cells, and tissue macrophages, which serve
as the first line of defense of innate immunity (Murphy et al. 2008; Murphy and
Weaver 2017). As such, modulating the expression of genes that regulate their
activity and function would be an optimal method of controlling the immune
response. Following an insult as is the case during tumor cell development or the
onset of inflammation, circulating monocytes can differentiate into either inflam-
matory monocytes or macrophages. Inflammatory monocytes then produce various
pro-inflammatory cytokines, which lead to the recruitment of other immune cells to
the site of inflammation (Murphy and Weaver 2017). On the other hand, macro-
phages can exist either as resident macrophages in most tissues or evolve from
differentiated or mature monocytes. Key to the innate immune response, macro-
phages are the predominant type of phagocytic cell. They secrete a plethora of
cytokines and chemokines such as IL-1b, IL-6, IL-12, TNF-a, and CXCL8 to
attract additional immune cells and initiate a local pro-inflammatory cascade
(Murphy and Weaver 2017).

Macrophage functions are regulated by several classes of enzymes, notably
PTKs and PTPs. Several PTPs, including PTP1B, SHP-1, SHP-2, and PTPN22,
negatively regulate macrophage differentiation, activation, and polarization due to

Mining the Complex Family of Protein Tyrosine Phosphatases … 195



their dephosphorylation of PTKs and other signaling substrates. These various
functions make them ideal targets for macrophage-based cancer immunotherapy.

3.2 PTP Expression in Macrophages

As stated above, the immune cell PTP transcriptome has been well characterized,
with over 64 PTP-encoding genes being expressed in all immune lineages (Arimura
and Yagi 2010). On the other hand, 12 PTPs were found to be expressed in
peritoneal macrophages but not in all other immune cell lineages: Ptprm, Ptpro,
Ptpn21, Dusp3, Dusp13B, Dusp23, Ssh3, Mtmr7, Eya4, Dusp9, Dusp26, Epm2a,
with Dusp3 being the most highly expressed PTP gene in macrophages. In addition,
6 PTPs are commonly expressed between peritoneal macrophages and bone
marrow-derived immature DCs: Ptpro, Dusp3, Ssh3, Dusp26, Epm2a, and Mtmr7
(Arimura and Yagi 2010). Interestingly, peritoneal macrophage stimulation with
pro-inflammatory lipopolysaccharide (LPS) leads to an alteration of PTP expres-
sion. For example, Ptprj and Mtmr7 are increased upon LPS stimulation, whereas
Dusp7 and Cdc25b are decreased (Arimura and Yagi 2010), indicating a role for
pro-inflammatory stimuli in the expression of PTPs in macrophages.

3.3 PTP Regulation of JAK/STAT Signaling
and the Pro-inflammatory Response

Multiple studies have identified PTPs as important negative checkpoint regulators
of signaling pathways that are essential for the transcriptional regulation and
activity of macrophages. Most importantly to date, the family of janus kinase
(JAK) and signal transducers and activators of transcription (STAT) proteins were
shown to act as critical negative regulators of immune responses, resulting in the
modulation of key cytokine signaling pathways. For instance, CD45 is a negative
regulator of cytokine signaling in peritoneal macrophages upon IFN-a stimulation
through regulation of the TYK2-STAT1/STAT3 axis (Irie-Sasake 2000). SHP-1 is
similarly an IFN-a-induced negative regulator of JAK/STAT signaling.
SHP1-deficient mice present hyperphosphorylation of JAK1, but not of TYK2
(David et al. 1995). Pike et al. have also demonstrated that PTP1B is a negative
regulator of the IL-10-induced transcriptional program in macrophages through the
JAK1-TYK2-STAT3 signaling pathway (Pike et al. 2014). Inhibition of PTP1B in
peritoneal macrophages leads to STAT3 hyperactivation, which then shuttles to the
nucleus and controls cytokine signaling by upregulating the expression of a ple-
thora of anti-inflammatory genes, such as Etv3, Bcl3, Zfp36, Sbno2, and Nfil3.
Furthermore, IL-10 stimulation of PTP1B-deficient macrophages causes an increase
of IL-4ra at the cell surface as well as inhibition of LPS-induced macrophage
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activation (Pike et al. 2014), both of which are important for macrophage activation
and polarization toward the anti-inflammatory and tumor-promoting M2 macro-
phage type. This highlights the crucial role for PTP1B as a negative checkpoint
regulator of IL-10-STAT3 cytokine signaling in macrophages and their induction of
anti-inflammatory signals. Other groups demonstrated that the absence of PTP1B in
myeloid cells provides protection against LPS-induced inflammation due to the
systemic increase in IL-10 and STAT3 hyperphosphorylation (Grant et al. 2014).
Interestingly, such an induction in IL-10-STAT3 signaling causes increased
expression of the suppressor of cytokine signaling 3 (SOCS3), which acts as a
negative feedback regulator of the pro-inflammatory IL-6-STAT3 signaling path-
way (Pike et al. 2014; Croker et al. 2003). As such, SOCS3 is proposed to be a
major factor in reducing inflammation through regulation of pro-inflammatory
cytokine signaling, particularly in activated macrophages (Lang et al. 2003). By
inhibiting PTP1B, SOCS3 may be hyperactivated upon IL-10 stimulation and
negatively regulate pro-inflammatory cytokine signaling, acting as a critical
dampening checkpoint system for the pro-inflammatory response in macrophages.

3.4 Regulation of Macrophage Activation and Polarization
by PTPs

Macrophages can be activated and polarized into subsets that trigger different
immune responses to tackle various infectious agents as well as tumor cells. Several
PTPs have been demonstrated to negatively regulate macrophage activation, such as
the protein phosphatase SHP-2, which negatively regulates IL-4-induced macro-
phage activation through the regulation of the JAK1-JAK3-STAT6 signaling
pathway (Barron and Wynn 2011; Tao et al. 2014). On the other hand, PTPN22
negatively regulates IFN-c-induced macrophage activation through the regulation
of JAK1/2 and STAT1 signaling pathways, leading to the subsequent induction of
IFNg activation sites (Chang et al. 2013; Kozicky and Sly 2015). PTPN22 recip-
rocally acts as a positive regulator of pro-inflammatory M2 macrophage activation
upon IL-4 and IL-13 stimulation in a STAT6-dependent manner (Chang et al.
2013). Similarly, SHP-1 and PTP1B negatively regulate LPS-induced macrophage
activation through the regulation of the NF-jB signaling pathway (Kozicky and Sly
2015).

Considering that macrophages are the predominant immune cell type in most
cancers and wound sites, understanding that their polarization status is important for
tumor progression has led to important breakthroughs for macrophage-based cancer
immunotherapy (Mills et al. 2016). More specifically, studies have shown that
converting M2 or tumor-promoting macrophages to the pro-inflammatory and
anti-tumor M1 macrophage subset leads to tumor regression (Mills et al. 1992;
Ruffell and Coussens 2015; Beatty et al. 2011). Further studies have demonstrated
that STAT6 is a predominant regulator of macrophage polarization toward the
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tumor-promoting M2 subset, while NF-jB and interferon regulatory factors (IRFs)
are the main transcriptional regulators of the pro-inflammatory M1 macrophages
(Covarrubias et al. 2015; Davies et al. 2013; Murray and Wynn 2011). In addition,
tumor-associated macrophages (TAMs) have a different signature than either their
pro- or anti-inflammatory counterparts, yet they express molecular factors like
PD-L1 and PD-L2 that induce inhibitory immune checkpoint receptors to regulate
processes like T cell activation (Mantovani et al. 2017). For this reason, TAMs are
often targets of checkpoint blockage immunotherapies (Mantovani et al. 2017),
emphasizing the importance of regulating the inflammatory status of macrophages
and re-educating TAMs and M2 macrophages to the antitumor M1 macrophage
type as the first step toward effective cancer immunotherapies. Consequently, it is
essential to identify factors that negatively regulate macrophage activation and
polarization to improve the efficacy of macrophage-based cancer immunotherapy.

In conclusion, the inhibition of several PTPs in macrophages leads to an
upregulation of the anti-inflammatory gene transcriptome and signaling pathways,
negatively regulates pro-inflammatory cytokine signaling as well as modulates
macrophage activation and polarization. Hence, as they are exquisite checkpoint
regulators, targeting these PTPs to promote a pro-inflammatory response and to
reprogram these macrophages towards a pro-inflammatory M1 subset will be
essential to develop efficient macrophage-based immunotherapies.

4 PTPs as Negative Immune Checkpoint Regulators
of Dendritic Cell Function

4.1 Background

Identification of novel tumor-associated antigens (TAAs) has been a critical
development in tumor-specific immunotherapies for the treatment of patients with
solid cancers. Therapeutic strategies based on dendritic cells (DCs) loaded with
either recombinant TAA, tumor cell lysate, or transfected with viral vectors
expressing TAA peptides, function through the activation of tumor-specific T cells
and consequently the generation of an antitumor response (CTL- and
LAK-mediated cytotoxicity) (van Beek et al. 2014). An increasing number of
preclinical and clinical studies using DC-based therapies as a single treatment or
combined with other therapeutic approaches reinforce the importance of DCs as
preferential inducers of antitumor immunity with low toxicity. However, in the past
two decades, DC-based therapies have faced several obstacles in the treatment of
advanced cancer patients, characterized by a low response rate (below 15%) and
only a slight increase in survival (Constantino et al. 2017; Garg et al. 2017;
Anguille et al. 2014).

DC-based immunotherapies are compromised by immunosuppressive tumor
microenvironments (Frey and Monu 2008). Cancer patients display a significant
increase of immature myeloid DCs which consistently induce T cell tolerance or
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anergy, affecting the development of an effective antitumor response while favoring
tumor growth and metastasis (Gabrilovich 2004). Thus, DC immunotherapy
effectiveness depends on several important factors, including the nature of the
antigens used to prime patient DCs as well as DC maturation and activation status.
(Nicolette et al. 2007). The use of mature instead of immature DCs overcomes
potential complications arising from the ability of immature DCs to induce regu-
latory T cells, which would lead to an immunosuppressive effect rather than the
priming of the antitumor response (Dhodapkar et al. 2001). Therefore, it is
mandatory to identify negative checkpoint regulators of DC maturation and func-
tion in order to boost the efficacy of cancer immunotherapies.

4.2 PTP Expression in DCs

A number of PTPs exert negative effects by dephosphorylating and inactivating
receptor-associated tyrosine kinases essential for DC activation and maturation
(Pawson 2004; An et al. 2006; Ramachandran et al. 2011).

The expression profile of PTPs can vary depending on the DC subset (e.g.,
plasmacytoid versus myeloid DCs) and maturation state. Bone marrow-derived
immature DCs share the expression of 64 PTP genes with the other immune cell
lineages and share 6 PTP genes (Ptpro, Dusp3, Ssh3, Dusp26, Epm2a, and Mtmr7)
with peritoneal macrophages. Ptpro is the most highly expressed PTP-encoding
gene in bone marrow-derived immature DCs. The expression profile of PTP genes
varies over time upon maturation stimulus (Amura and Yagi 2010). Most impor-
tantly, the quality of DC stimulus that initially triggers the activation of a specific
set of receptors highly influences the PTP expression profile. For instance, PTP
gamma expression is induced by LPS, CD40L, or TNFa maturation stimuli in a
subset of monocyte-derived DCs (DC-SIGN+) and is co-localized with MHC class
II molecules on the cell surface (Lissandrini et al. 2006).

4.3 PTP Regulation of TLR and Cytokine Receptor Signals
in DCs

Protein tyrosine phosphorylation affects several crucial components of toll-like
receptor (TLR) signaling pathways (An et al. 2006; Ramachandran et al. 2011;
Akira and Takeda 2004). TLRs are members of a larger family that includes the
interleukin-1 receptors (IL-1Rs). The cytoplasmic tails of TLRs and IL-1Rs contain
a conserved region of approximately 200 amino acids that is known as the
Toll/IL-1R (TIR) domain. TIR domains comprise three conserved boxes, which are
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crucial for signal transduction. Ligand engagement by TLRs promote conforma-
tional changes required for the recruitment and activation of a number of adaptor
molecules and kinases, including MyD88 (myeloid differentiation primary-response
protein 88), IRAK1 and 4 (IL-1R-associated kinases 1 and 4), TRAF6
(tumor-necrosis-factor-receptor-associated factor 6), TAK1 (transforming growth
factor b, TGF-b-activated kinase), TAB1, and TAB2 (TAK1 and 2-binding pro-
tein). These events lead to the activation of mitogen-activated protein kinases
(MAPKs) and NF-jB signaling pathways and the subsequent expression of
pro-inflammatory cytokines and DC maturation (Akira and Takeda 2004) (Fig. 1).

Fig. 1 PTP-mediated regulation of TLR signaling pathway. After ligand binding, TLRs undergo
the conformational changes that induce the recruitment of downstream signaling molecules and
transcription factors implicated in the regulation of DC functions. Several PTPs such as SHP-1,
SHP-2, CD45 and PTP1B have been shown to act as negative regulators by dephosphorylating
tyrosine residues on adaptor proteins and protein tyrosine kinases downstream TLR signaling.
SHP-1 inhibits IRAK1, limiting the activation of NF-jB signaling pathways downstream of TLR4,
whereas SHP-2 inhibits TRIF-dependent activation of TBK1 signals and their target gene
expression. In turn, PTP1B might inhibit TLR signaling via suppression of both
MyD88-dependent and TRIF-dependent (MyD88-independent) pathways in macrophages and
DCs and therefore suppress the production of proimflammatory cytokines. (Adapted from Akira
and Takeda2004). Drawed by Noriko Uetani.
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Furthermore, TLR engagement induces the expression of TAM PTKs, a family
of receptor tyrosine kinases (containing TYRO3, AXL, and MERTK) that are
immune checkpoint proteins expressed and involved in the regulation of
antigen-presenting cell (APC) activation. These receptors recognize two cognate
ligands, protein S (PROS1) and growth-arrest-specific 6 (GAS6). Both ligands
contain gamma carboxylated glutamic acid (Gla) residues and are able to bind to
phosphatidylserine (PtdSer). As such, these ligands link PtdSer-exposing apoptotic
cells to TAM receptor expressing cells (Stitt et al. 1995; Anderson et al. 2003).

TAM signaling inhibits intratumoral DC activation by usurping the
pro-inflammatory IFNAR-STAT1 signaling pathways to induce SOCS1 and
SOCS3 expression. In turn, SOCS proteins promote the degradation of adaptor
molecules implicated in the regulation of TLR, type I IFN, and JAK-STAT sig-
naling pathways (Rothlin et al. 2007). In physiological conditions, cognate ligands
taken up by APCs, such as DCs, trigger TAM inhibitory signals to promote T cell
tolerance to self and avoid damage to host tissue. However, in the context of cancer,
the persistent expression of these negative checkpoint molecules provokes func-
tional exhaustion and impairs both T cell activation and antitumor immunity
(Wherry and Kurachi 2015). Therefore, the identification of PTPs implicated in the
regulation of TAM receptor signaling in DCs would uncover therapeutic targets to
improve the efficacy of DC-based vaccines for cancer immunotherapy.

4.4 PTPs as Regulators of DC Maturation and T Cell
Differentiation

Recent studies have identified several PTPs as important negative checkpoint
regulators of signaling pathways fundamental for DC maturation and function
(Watson et al. 2016). In particular, the JAK-STAT pathways are essential regulators
of the immune response and cytokine signaling. Specifically, JAK-STAT pathways
control DC differentiation, maturation, activation, and DC-dependent induction of
TH1-cell differentiation (Lugo-Villarino et al. 2003; Li and Watowich 2013; Arima
et al. 2010). Early phases of DC differentiation, as well as the commitment of
common lymphoid progenitors (CLPs) and common myeloid progenitors (CMPs)
to the DC lineage, strictly depend on STAT3 activation as a regulatory checkpoint
(Laouar et al. 2003). DC differentiation inversely correlates with STAT3 activation,
as mature DCs show low levels of STAT3 activation. STAT3 hyperactivation
results in the inhibition of DC maturation and activation in response to diverse
stimuli (Kitamura et al. 2005; Hoentjen et al. 2005). On the other hand, STAT1 and
STAT4 phosphorylations increase in mature and fully functional DCs with potent
antigen presentation capacity for T cell activation and cytokine production. Two
tyrosine phosphatase-specific enzymes PTP1B and TC-PTP restrict DC activation
by acting as important negative checkpoint regulators of the JAK/STAT signaling
pathway. Indeed, our group has reported that downregulation of these two PTPs
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induces a more immunogenic DC phenotype via STAT1 and STAT4 hyperacti-
vation, leading to robust antigen-specific T cell activation and antitumor responses
(Penafuerte et al. 2017).

Other PTPs, such as SHP-1 and the phosphatases that regulate Akt activation
(PTEN and SHP-1) have also been identified as negative checkpoint regulators of
DC activation. SHP-1 is recruited to the immunoreceptor tyrosine-based inhibitory
motif (ITIM) of the inhibitory receptor FccRII leading to the inhibition of MAPK
activation, which consequently impairs DC responsiveness to immune complexes.
Both PTEN and SHP-1 attenuate PI3K/Akt signaling, which affects the antigen
uptake and presentation capacity of DCs. Hence, the inhibition of these PTP
activities enhances DC-mediated immunity and potentiates their antitumor prop-
erties (Carmi et al. 2016).

4.5 PTP Regulation of Cell Migration and Vesicle
Transport

The actin-filament assembly and disassembly required for vesicle transport and cell
migration is tightly regulated by a complex network of mechano-sensing proteins,
including focal adhesion kinase (FAK), Src, extracellular signal-regulated kinase
(ERK), p130CAS, paxillin, and myosin light-chain kinase (MLCK) (Faure-Andre
et al. 2008; Bar-Sagi and Hall 2000). Protein tyrosine phosphorylation and
dephosphorylation events promote the formation and disassembly of focal adhe-
sions (sites of contact between the extracellular matrix and the cytoskeleton) to
allow cell motility. In particular, the protein tyrosine phosphatases SHP-2, PTP1B,
PTPRF (LAR), and PTP-PEST have been implicated in the regulation of cell
spreading, migration, and focal adhesion formation in several cell types (Yu et al.
1998; Arregui et al. 1998; Angers-Lousteau et al. 1999).

In conclusion, the inhibition of PTP activity enhances pro-inflammatory cyto-
kine production, chemokine receptor signaling, DC survival, and antigen-specific T
cell stimulation. Still, the existing knowledge on the role of PTPs in the regulation
of DC functions is limited. Specifically, more efforts are needed to systematically
explore the phosphatome expression in DCs as well as the detailed function of PTPs
in DC maturation, antigen presentation, and regulation of negative checkpoints.

5 PTPs as Components of Inhibitory Signaling in T Cells

5.1 PTPs as Transducers of Checkpoint Signals in T Cells

CD4 and CD8 T cells are essential players in the adaptive immune response, being
effectors and predominant coordinators of immune system decisions. The interac-
tions between CD4 T cells and DCs not only decide if a response occurs, but also
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the type of response initiated, either humoral, cytotoxic, or both. Given the right
cues, CD8 T cells will differentiate into cytotoxic T cells (CTLs), essential effectors
of the adaptive cytotoxic immune response. Blocking of T cell interactions with
inhibitory ligands present on either DCs or target cells is the mechanistic basis for
the already approved checkpoint inhibitor therapies involving CTLA-4 and PD-1.

Due to their modulatory nature, immune checkpoints are signals based mainly
on the inhibition of activating receptors. By this definition, PTPs are presumed to be
an integral part of checkpoint function. Although an extensive amount of literature
is available on CTLA-4 and PD-1, other inhibitory members of the CD28 family or
other receptor families recruiting PTPs are considered good candidates for future
therapeutic interventions. Here, we will describe the up-to-date knowledge of the
PTPs involved in these pathways (Fig. 2).

Fig. 2 Protein tyrosine phosphatases and inhibitory checkpoint signals in T cells. Checkpoint
receptors as CTLA-4, PD-1, BTLA, SLAM family of receptors and TIGIT recruit the phosphatases
SHP-1 and/or SHP-2 to regulate the TCR phosphotyrosine dependent activating signals (right
side). The TCR-activated kinase Lck is also a target of the phosphatase TC-PTP. The combined
action of the phosphatases PTP-1B and TC-PTP dephosphorylating pro-inflammatory JAK and
STAT signals promotes a balance shift towards the prevalence of anti-inflammatory signals from
cytokines such as IL-10 (left side). The adaptor proteins SAP and EAT-2 can reverse the inhibitory
signals of SLAM family receptors acting as “natural” checkpoint inhibitors. Drawed by Noriko
Uetani.
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5.2 PTPs in CTLA-4 Signaling

CTLA-4 engagement by its ligands B7.1 and B7.2 counterbalances activating
CD28 signals. However, whether the mechanism involves the recruitment of PTPs
is not yet clear. Early work on CTLA-4 showed reduced tyrosine phosphorylation
of essential components of the TCR signaling machinery (CD3f and LAT) when
CTLA-4 is co-engaged with the TCR by antibody crosslinking (Marengère et al.
1996). In the same study, SHP-2 was identified in immunoprecipitates of CTLA-4
in primary T cells and cell lines.

Later studies have supported the role of PTPs in the inhibitory activity of
CTLA-4 (Lee et al. 1998; Guntermann and Alexander 2002), yet it is not clear
whether the phosphatase responsible is SHP-1 or SHP-2. The short cytoplasmic
domain of CTLA-4 contains two potential sites for tyrosine phosphorylation, motifs
Y201VKM and Y218FIP. Only the tyrosine at position 218 was found to be able to
interact with the SH2 domain of both SHP-1 and SHP-2 (Marengère et al. 1996;
Guntermann and Alexander 2002), but PTP activity was observed only in precip-
itates containing SHP-1 (Guntermann and Alexander 2002). This observation, in
conjunction with the fact that SHP-2 is associated with increased ERK phospho-
rylation in T cells (Frearson and Alexander 1998), opposes available data on the
function of CTLA-4 (Calvo et al. 1997; Guntermann and Alexander 2002) and
suggests that SHP-1 is responsible for the PTP activity associated with CTLA-4.

Co-engagement of CTLA-4 with TCR and CD28 reduces Ca2+ flux and IL-2
secretion. Schneider et al. showed that the contact time and area of T cell interaction
with APCs is also reduced. In addition, CTLA-4 stimulated cells showed more
motility, suggesting the CTLA-4 signals inhibit the formation of a mature
immunological synapse (IS) and maintain T cells in a naive phenotype by inhibiting
early kinase activity (Schneider et al. 2008).

5.3 PTPs in PD-1 Signaling

The mechanism by which PD-1 inhibit T-cell activation is elegantly described by
Yokosuka et al. (Yokosuka et al. 2012). Phosphorylated PD-1 co-localizes with the
activated TCRmachinery, transiently bringing SHP-2 to the immunological synapse.
Its activity interferes with the phosphorylation of essential components of the TCR
machinery such as VAV and PLCc1. As a result, the actin cytoskeleton changes
coordinated by phosphorylated VAV do not take effect, inhibiting the gathering of
TCR complexes into bigger clusters required for signal amplification. Similarly,
inhibition of PLC-c1 activity is responsible for the reduction of downstream Ca2+,
PKC-h, and MAPK signaling as well as inhibiting cytokine secretion and activation.

The intra-cytoplasmic domain of PD-1 differs from that of the main receptors of
the CD28 family as it contains two well-defined motifs known to recruit inhibitory
signals, an ITIM in the tyrosine at position 223 and an ITSM at tyrosine position

204 C. Penafuerte et al.



248 (Bakdash et al. 2013). SHP-1 and SHP-2 recruitments by ITIM motifs are a
well-known mechanism for the modulation of phosphotyrosine signaling. Studies
conducted regarding the association of these PTPs with PD-1 tyrosine motifs found
that although SHP-2 interacts with the PD-1 cytoplasmic domain, this interaction
was dependent on phosphorylation at position 248, but independent of the con-
servation of the ITIM at position 223 (Okazaki et al. 2001). Later, it was demon-
strated that a similar mechanism can be observed in T cells (Latchman et al. 2001).
SHP-1 has also been found to precipitate with the intracellular domain of PD-1 at
both phosphotyrosine motifs. However, the association at either site does not seem
to be relevant to the phosphatase activity or the biological function of PD-1 ligation
(Sathish et al. 2001). Although the tyrosine at position Y248 fulfills the consensus
sequence of an ITSM, recruitment of SHP-2 is likely the inhibitory mechanism of
PD-1, as other ITSM downstream effectors, such as the adaptor SAP or the inositol
phosphatase SHIP, do not to interact (Chemnitz et al. 2004).

5.4 Other Inhibitory Molecules of the CD28 Family

The therapeutic success obtained with blockers of the CTLA-4 and PD-1 pathways
promoted the search for new potential checkpoint signals. Several other members of
the CD28-B7 family have been described to promote inhibitory signals, and, of
those, BTLA can intrinsically modulate the activation of T cells.

BTLA is a receptor homologous to CTLA-4 and PD-1, sharing similar features
like ITIM and ITSM motifs, as well as being known to recruit inhibitory phos-
phatases, suggesting a regulatory role for BTLA (Watanabe et al. 2003). Indeed, the
phosphorylated tyrosine residues can bind SHP-2 and subsequent engagement of
BTLA reduces the secretion of IL-2 in activated T cells (Watanabe et al. 2003).
Like PD-1, BTLA co-localizes with the TCR in the immunological synapse (Wu
et al. 2007) and has been found to inhibit intratumoral T lymphocytes (ITLs)
(Fourcade et al. 2012). However, BTLA expression in ITLs has been proposed as a
marker of good prognosis (Paulos and June 2010). Transcriptional profiling of
activated T cells demonstrated that the genetic footprint after BTLA crosslinking
resembled more that of the co-activation receptor ICOS than the profiles obtained
by stimulating either CTLA-4 or PD-1 (Wakamatsu et al. 2013). More recently, it
was shown that CD8+BTLA+ ITLs proliferate more and produce more IL-2 than
their CD8+BTLA− counterparts (Haymaker et al. 2015). Increased levels of phos-
phorylated Akt were found in the BTLA+ TILs, suggesting an activating role for
BTLA through the recruitment of Grb2 by a third phosphotyrosine motif. The exact
mechanism by which BTLA favors inhibitory or activating signals is still unknown,
limiting its potential use in a clinical setting.
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5.5 Other ITIM-Containing Receptors

TIGIT is a novel inhibitory receptor of the PVR family. Together with the acti-
vating receptor DNAM, the inhibitory receptor CD96 and the ligands CD112 and
CD155, TIGIT forms an analogous system to the one comprised
CD28/CTLA-4/B7.1/B7.2 molecules (Liu et al. 2017). By antagonizing DNAM
signals, TIGIT becomes an excellent candidate for checkpoint inhibition in NK and
CD8 T cells. TIGIT recruits inhibitory signals through a single ITIM motif, which
in NK cells is known to be recognized by the SH2 domain of b-arrestin, thus
recruiting SHIP1 and reducing the degradation of phosphorylated IjBa (Li et al.
2014). In T cells, TIGIT co-ligation with CD3 and CD28 inhibits proliferation and
IFN-c secretion, opposing DNAM signaling (Lozano et al. 2012). Whether SHP-1
or SHP-2 are involved is not yet known.

5.6 ITSM Signaling

Recruitment of SHP-2 by the ITSM motif of PD-1 is essential for its inhibitory
function. Several other immune receptors families contain this tyrosine motif,
including CD31, SIRP-a, siglecs, and the SLAM family of receptors (Shlapatska
et al. 2001). ITSM functions are complex and can generate both activating and
inhibitory signals. Of importance as modulators of T cell activation is the SLAM
family of receptors (Veillette et al. 2009). These receptors and a small family of
adaptors which mainly associate with them, the slam-associated protein
(SAP) family, are noticeable since mutations are associated with lymphoprolifer-
ative and autoimmune diseases (Veillette et al. 2013; Cunninghame Graham et al.
2008). This family is very rich in intracellular ITSM motifs, and most of them are
known to recruit inhibitory molecules including SHP-1 and SHP-2.

5.7 SAP Family of Adaptors as “Natural” Checkpoint
Inhibitors

The vast recruitment of inhibitory molecules by the SLAM family ITSM give them
an important role in immune system regulation. However, ITSM phosphotyrosine
motifs have the potential to recruit activating signals as well. In the SLAM family
of receptors, this functional switch is controlled by the expression of the SAP
family adaptors SAP and EAT-2 (Veillette et al. 2009). Although in most SLAM
receptors adaptor binding will turn them into co-activating molecules, the case of
SLAM where SAP association helps the recruitment of SHIP adds to signal com-
plexity (Latour et al. 2001). From extensive in vitro and mouse studies, it is
hypothesized that expression of these adaptors is important in the control of
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hematopoietic malignancies by CD8 T cells and NK cells (Pérez-Quintero et al.
2014; Dong et al. 2012). Ectopic expression of these adaptors is a potential strategy
to delay tolerance for malignancies of hematopoietic origin.

5.8 JAK/STAT Regulation by PTP1B and TC-PTP

Cytokines are the most important soluble factors modulating the immune response.
Cytokine receptors belong to the tyrosine kinase family and signals generally
require the activation of the JAK family of tyrosine kinases and the JAK-dependent
tyrosine phosphorylation of the downstream STAT transcription factors.

The tyrosine phosphatases PTP1B and TC-PTP are highly homologous (70%
homology) non-receptor PTPs known to target the JAK-STAT pathway (Pike and
Tremblay 2016). By means of a substrate-trapping mutant form of PTP1B, the
kinases JAK2 and TYK2 were initially identified as targets of these enzymes.
Dephosphorylation of these kinases and downstream transcription factors STAT1
and STAT3 negatively regulate IFN-a and IFN-c signaling (Myers et al. 2001).
Later studies found that PTP1B can directly bind the cytoplasmic domain of the
IL-4 receptor, regulating downstream signaling by reducing STAT6 phosphoryla-
tion (Lu et al. 2008). In general, PTP1B-deficient mice show signs of inflammation
and are prone to autoimmune disease (Berdnikovs et al. 2012). However, the
cell-specific consequences of PTP1B deficiency vary. Deficient B cells proliferate
more and older mice show a larger production of auto-antibodies (Medgyesi et al.
2014), while deficient macrophages are more sensitive to IL-10 inhibition (Pike
et al. 2014). The T cell intrinsic role of PTP1B is not known, and because of its
extensive effects on hematopoiesis and other components of the immune system
interacting with T cells, the development of a cell-specific mutant is of high
relevance.

TC-PTP deficiency leads to premature death in mice due to severe immune
defects (You-Ten et al. 1997). Similarly to PTP1B, TC-PTP is a negative regulator
of inflammation (Wiede et al. 2017). In T cells, TC-PTP regulates cell activation
and proliferation by targeting the dephosphorylation of tyrosine 418 of the kinase
LCK which, when phosphorylated, enhances its kinase activity (Wiede et al. 2011).
Besides acting directly on TCR signals, TC-PTP targets JAK1 and JAK3 in a
murine T cell line, leading to a reduced expression of STAT5. In the same study, it
was found that TC-PTP regulates the STAT1 phosphorylation (Heinonen et al.
2009). When deleted in an inducible fashion in adult mice to overcome its lethal
effects, mice developed a T cell-dependent autoimmune disease, with increased
numbers of T follicular helper (Tfh) cells and germinal center (GC) B cells (Wiede
et al. 2017). However, whether the defect observed is intrinsic to T cells is still
unknown. Because of its double role in regulating TCR and cytokine signals, the
intrinsic effects of TC-PTP inhibition in T cells are of clinical value and have the
potential to enhance T cell activity.
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Even considering the widespread distribution and intracellular location, phar-
macological inhibition of PTP1B and TC-PTP is a potential mechanism for
checkpoint inhibition. This may be particularly useful in cancer immunotherapies
involving the ex vivo manipulation of cellular products like the chimeric antigen
receptor-T (CAR-T) cell-based therapies. One of the main difficulties with CAR-T
therapies is the variability and low responsiveness of CAR-T cells resulting from
the multiple differentiation states of the T cells isolated for production
(Golubovskaya and Wu 2016). By targeting multiple activating pathways, inhibi-
tion of TC-PTP and PTP1B can restore T cell differentiation to cell types associated
with better CAR-T responses, such as central memory T cells.

6 Conclusion

The scope of regulation provided by the multiple members of the PTP family brings
forth a great number of opportunities to modulate them at immune system check-
points. Among more than 80 different members of this family that are expressed in
the immune system, we have described some of the most critical ones that, by their
action, can significantly influence the function and efficiency of the immune system.
This potential is unfortunately tempered by the lack of small molecule PTP inhi-
bitors currently in the pharmacopeia. Indeed, in spite of much effort and investment
in this field, and although several have been moving through clinical trials in
different disease applications, not a single PTP inhibitor is currently approved for
the clinic. Yet, novel approaches seeking allosteric inhibitors (Chen et al. 2016),
antibody modulation, and novel small molecule inhibitors indicate that we must be
optimistic that the pharmacology of PTPs will soon be resolved.

We and others have also taken the position that, because of their sequence
similarity functional redundancies and poor inhibitor availability, we could better
address their targeting as checkpoint inhibitors through a cell therapy approach. As
we showed in the case of dendritic cell cancer vaccines (Penafuerte et al. 2017),
ex vivo inhibition of PTP1B and TC-PTP provides a remarkable improvement in
the efficacy of antigen presentation machinery and simultaneously in the availability
of the MHC complex and co-stimulatory molecules. Cell-based therapeutics are
increasingly being use into novel clinical regimens. Combine with our growing
understanding of the immune system, they open diverse and original approaches in
treating cancers and other human diseases.

The future usage of PTP modulators to improve immune responses is a treasure
chest that remains to be opened. Therefore, there is an important need for better
characterization of PTP function since we have just begun to study a handful of
PTPs that are expressed in immune cells. The recent advances on identifying PTP
inhibitors as novel immune checkpoints, will no doubt offer promising therapeutic
applications in restoring and improving functional innate resistance to cancer.
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Immune Regulation by Ubiquitin Tagging
as Checkpoint Code

Peng Zeng, Jieyu Ma, Runqing Yang and Yun-Cai Liu

Abstract The immune system is equipped with effective machinery to mobilize its
activation to defend invading microorganisms, and at the same time, to refrain from
attacking its own tissues to maintain immune tolerance. The balance of activation
and tolerance is tightly controlled by diverse mechanisms, since breakdown of
tolerance could result in disastrous consequences such as the development of
autoimmune diseases. One of the mechanisms is by the means of protein ubiqui-
tination, which involves the process of tagging a small peptide ubiquitin to protein
substrates. E3 ubiquitin ligases are responsible for catalyzing the final step of
ubiquitin–substrate conjugation by specifically recognizing substrates to determine
their fates of degradation or functional modification. The ubiquitination process is
reversible, which is carried out by deubiquitinating enzymes to release the ubiquitin
molecule from the conjugated substrates. Protein ubiquitination and deubiquitina-
tion serve as checkpoint codes in many key steps of lymphocyte regulation
including the development, activation, differentiation, and tolerance induction. In
this chapter, we will discuss a few E3 ligases and deubiquitinating enzymes that are
important in controlling immune responses, with emphasis on their roles in T cells.
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1 Introduction

Immune tolerance is a state of hypo- or unresponsiveness of the adaptive immune
system to self- or even nonself-antigens to avoid excessive immune responses, and
is divided into central tolerance and peripheral tolerance (Sakaguchi et al. 2008).
Central tolerance is induced during the processes of T and B cell development in
the thymus and bone marrow, respectively. The major mechanisms to establish the
central tolerance are through clonal deletion, receptor editing, and generation of
naturally occurring or thymus-derived regulatory T (tTreg) cells (Abbas et al.
2013). In contrast, peripheral tolerance occurs after the mature T and B cells
entering the peripheral lymphoid tissues, and keeps the self-reactive T and B cells
which have escaped central tolerance under control. Several tolerance mechanisms
are involved in this process, including ignorance, apoptosis, suppression by tTreg
cells and peripherally induced regulatory T (pTreg) cells, anergy induction, or the
balance of T helper (Th) cell subsets (Soyer et al. 2013; Walker and Abbas 2002).
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Immune tolerance is the key mechanism to maintain tissue homeostasis. Deficits in
central or peripheral tolerance can have disastrous consequences, such as the
development of numerous autoimmune diseases such as type 1 diabetes, inflam-
matory bowel disease, multiple sclerosis, and systemic lupus erythematosus.
However, immune tolerance can be counterintuitive in that tumor cells or pathogens
can escape the immunological surveillance of the hosts (Zou 2006).

Protein ubiquitination is a highly ordered enzymatic cascade in which ubiquitin
is tagged onto the lysine site of a substrate covalently (Park et al. 2014). This
cascade involves E1, E2, and E3 enzymes. Initially, the ubiquitin activating enzyme
E1 activates the ubiquitin by forming the high-energy isopeptide bond between E1
active cysteine and the ubiquitin C-terminal glycine residue (Fig. 1). Then, the
activated ubiquitin is transferred onto E2 ubiquitin conjugating enzyme through
similar isopeptide bond. Eventually, E3 ligases catalyze the isopeptide bond
between the lysine of a substrate and active glycine of the ubiquitin. E3 ligases fall
into three subfamilies: the homologous to the E6-associated protein C terminus
(HECT) domain containing E3s; the really interesting new gene (RING) domain
containing E3s; and the U-box containing E3s. The signature of HECT-type E3s is
that they can transfer the ubiquitin from E2 onto themselves with isopeptide bond
and then load the ubiquitin onto protein substrates. Unlike HECT-type E3s, the
RING-type E3s directly promote the transferring of ubiquitin from E2 to substrates.

Ubiquitination has multiple functions that are dependent on different chain
linkages (Komander and Rape 2012). There are at least 10 kinds of chain linkages:
mono-ubiquitination, linear poly-ubiquitination, K6-, K11-, K27-, K29-, K33-,
K48-, and K63-linked poly-ubiquitination, and mixed-linkage poly-ubiquitination
depending on which lysine (or methionine) has been utilized for the isopeptide
bond formation. K48-linkaged poly-ubiquitination marks the substrates for pro-
teasomal degradation, whereas linear chains and K63-poly-ubiquitin chains can act
as the platform to facilitate protein complex formation. K63-, mono-, and K33-
linkaged poly-ubiquitination can also mediate the lysosomal-dependent proteolysis
of substrates.

Ubiquitination is a reversible process that is carried out by the deubiquitinating
enzymes (DUBs) (Sun 2008). Even though there are over 600 E3 ligases, *100
DUBs are found in the human genome (Nijman et al. 2005). Based on their
structure similarity, DUBs are divided into six families: ubiquitin C-terminal
hydrolases (UCHs), ubiquitin-specific proteases (USPs), Machado-Joseph disease
protein domain proteases (MJDs), ovarian-tumor proteases (OTUs), JAMM
(JAB1/MPN/Mov34 metalloenzyme) (Nijman et al. 2005), and monocyte chemo-
tactic protein-induced protein (MCPIP) family (Fraile et al. 2012). DUBs decon-
jugate the ubiquitin from substrates by specifically cleaving the isopeptide bond
between them, or change the existing ubiquitin chains into another K-linked
ubiquitin chains and alter the signaling on substrates (Wertz et al. 2004). Similar to
ubiquitination, deubiquitination is a highly organized process that is regulated by
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many mechanisms at multiple levels such as transcriptional regulation or post-
transcriptional modifications, subcellular localization, or protein–protein
interactions.

Numerous studies have documented the critical roles of E3 ligases and DUBs in
many aspects of immune regulation. In this chapter, we have selected some key
enzymes to discuss their roles in ubiquitin–protein conjugation or deconjugation as
checkpoint codes in immune regulation such as T cell activation and differentiation,
anergy induction, and Treg development and function.

(a)

(b)

Fig. 1 Ubiquitin codes and the immune regulation, a The cascade of ubiquitination catalyzed by
E1, E2, and E3 enzymes to form different forms of ubiquitin modification, which are reversed by
deubiquitinating enzyme DUBs. b Selective E3 ligases and DUBs discussed in this chapter and
their roles in controlling immune homeostasis by balancing Treg and T helper cells
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2 Cbl-b as a Key Regulator in T Cells

2.1 Cbl-b in T Cell Receptor Signaling

Cbl-b, derived from Casitas B-lineage lymphoma proto-oncogene-b, belongs to the
family of RING-type E3 ligases that have three homologues including c-Cbl, Cbl-b,
and Cbl-c. Cbl-b contains a tyrosine kinase binding (TKB) domain in the N ter-
minus, a RING finger domain in the middle, and proline-rich domains and an
ubiquitin-binding associated (UBA) domain in the C terminus. The TBK domain
functions as a docking site for phosphorylated tyrosine-containing proteins such as
Syk and Zap70 kinases. The RING finger domain binds to E2–ubiquitin complex
for the ubiquitin conjugating onto substrates. The UBA domain on the C terminus
can bind with ubiquitin and ubiquitin-like domains of proteins (Lutz-Nicoladoni
et al. 2015; Loeser and Penninger 2007).

Cbl-b-deficient mice display hyper-proliferation of effector T cells and hyper-
production of interleukin-2 (IL-2) even without CD28 costimulation (Bachmaier
et al. 2000; Chiang et al. 2000). Loss of Cbl-b can rescue the dysfunction of CD28−/−

T cells such as T cell proliferation, IL-2 production, and activation of GDP/GTP
exchanger factor Vav1. Aged Cbl-b-deficient mice develop autoimmune responses
such as autoantibody production, T and B lymphocyte infiltration into multiple
tissues. Cbl-b suppresses Vav1-CDC42-Wiscott Aldrich syndrome protein (WASP)
signaling pathway upon T cell receptor (TCR)/CD3 engagement (Krawczyk et al.
2000). Cbl-b-deficient T cells show TCR clustering upon anti-CD3 antibody treat-
ment, as Cbl-b is the negative regulator for lipid raft aggregation and TCR clustering.
However, Cbl-b deficiency does not restore the calcium mobilization and transac-
tivation of nuclear factor of activated T cells, cytoplasmic 1 (NFATc1) after TCR
stimulation. WASP is phosphorylated after the TCR engagement. Cbl-b, cooperating
with c-Cbl, mediates the ubiquitination-dependent down-regulation of WASP after
recognizing its tyrosine phosphorylation (Reicher et al. 2012; Watanabe et al. 2013).
Cbl-b binds to and mediates non-proteolysis ubiquitination on Crk-L, which inter-
rupts the interaction of Crk-L with C3G. As the GEF exchange activity of C3G is
vital for Rap-1 activation, Cbl-b-deficient T cells show hyperactivation of the small
GTPase Rap-1 and further enhance LFA-1 clustering which determines the cell
adhesion strength (Zhang et al. 2003).

To figure out the specific mechanism that how Cbl-b negatively regulates Vav1
activation, we find that Cbl-b can bind with and catalyze the ubiquitination of the
p85 regulatory subunit of phosphatidylinositol 3-kinase (PI3 K), which catalyzes
PIP2 lipid into PIP3, and PIP3 promotes the GDP/GTP exchange activity of Vav1
by binding into its pleckstrin homology (PH) domain. The interaction between
Cbl-b and PI3 K requires the C-terminal proline-rich region in Cbl-b and the SH3
domain in PI3 K subunit p85 (Fang et al. 2001). Moreover, the ubiquitination on
p85 subunit of PI3 K mediated by Cbl-b does not lead to protein degradation, but
blocks the recruitment of p85 toward CD28 as well as TCRf. Cbl-b-deficient T cells
uncouple CD28 costimulation from T cell proliferation and IL-2 production and
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these can be reversed by PI3 K inhibitor treatment (Fang et al. 2001). Moreover,
Cbl-b cooperates with Itch to mediate the non-proteolytic K33-linkaged
poly-ubiquitination on CD3f which dampens the association with and activation
of Zap70 (Huang et al. 2010).

Meanwhile, CD28 costimulation stimulates the ubiquitination and protein
degradation of Cbl-b to regulate the optimal T cell activation (Zhang et al. 2002).
Besides, upon CD3 stimulation, SHP-1 binds with and dephosphorylates Cbl-b, and
then blocks the ubiquitination of Cbl-b. CD28 costimulation dampens this inter-
action (Xiao et al. 2015). CTLA4-B7 interaction is essential for Cbl-b up-regulation
at both transcriptional and translational levels after Cbl-b degradation induced by
CD28 costimulation (Li et al. 2004).

By using fluorescence in situ hybridization assay to show protein tyrosine
phosphorylation, Cbl-b protein and protein ubiquitination are colocalized with
TCRf in the immunological synapse (Wiedemann et al. 2005). In fact, Cbl-b and
c-Cbl cooperatively promote TCR down-modulation upon TCR engagement as a
comparison between wild-type and Cbl-b−/−c-CblF/FLckcre T cells (Naramura et al.
2002). NFjB signaling is hyperactivated in CD4+CD8+ thymocytes in Cbl-b/c-Cbl
double-knockout (DKO) mice. Pre-TCR protein level and pre-TCR signaling are
also augmented in Cbl-b/c-Cbl DKO mice (Huang et al. 2006). The absence of
Cbl-b and c-Cbl “licenses” both the CD4+ and CD8+ lineage T cell developments
even in the MHC-I- and II-deficient mice. Recently, Cbl-bF/F mouse strain has been
developed and Cbl-bF/Fc-CblF/FCD4cre mice display multi-organ autoimmune
phenotype similar to the phenotype of Cbl-b−/−c-CblF/FLckcre mice (Goetz et al.
2016).

Loss of Cbl-b leads to the defect in the TGF-b-induced Foxp3 expression and
effector T cells to Treg cell transition, which may be relevant to the unrespon-
siveness of TGF-b signaling and reduction of Smad2 phosphorylation (Wohlfert
et al. 2006). Cbl-b-deficient effector T cells show in vitro resistance to the sup-
pressive function of Treg cells and TGF-b, which contributes to the autoimmune
response in Cbl-b-deficient mice (Wohlfert et al. 2004). Furthermore, Cbl-b inhibits
TGF-b receptor signaling by interacting with SMAD7 and down-regulating
SMAD7 through degradation (Gruber et al. 2013).

Cbl-b deficiency restores the defective antiviral antibody production and the
formation of follicular dendritic cell (FDC) clusters in CD28-deficient mice.
However, Cbl-b deficiency does not rescue the germinal center formation in
CD28-deficient mice as loss of Cbl-b fails to rescue the cytokine production such as
IL-4, IFN-c, and the expression of activation surface markers like ICOS and OX40
(Krawczyk et al. 2005). In addition, loss of Cbl-b suppresses apoptosis in Th1 cells
but not Th2 cells (Hanlon et al. 2005).

Although the E3 ligase activity of Cbl-b has been proved to be essential for its
negative regulation of T cells in vivo (Paolino et al. 2011), Cbl-b negatively reg-
ulates T cell activation through blocking the association between Pten and Nedd4,
preventing the ubiquitination on Pten mediated by Nedd4 and augmenting the
production of PIP3 and Akt activation (Guo et al. 2012). Loss of Cbl-b also
uncouples the activation of NFjB signaling but not the MAPKs, AP-1, and NFAT
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from CD28 costimulation. Cbl-b deficiency upregulates the activation of PI3K/Akt
and PKCh under the stimulation of CD3. Cbl-b inhibits the protein complex for-
mation of PKCh, CARMA-1, Bcl10, MALT-1, IKKb, and IKKc, which eventually
regulates the activation of NFjB (Qiao et al. 2008). Cbl-b is shown to be ubiqui-
tinated and negatively regulated by Nedd4 (Yang et al. 2008). The ubiquitination of
Cbl-b upon the stimulation of T cell receptor is dependent on the kinase activity of
PKCh and Cbl-b deficiency can rescue the activation of PKCh-deficient T cells
(Gruber et al. 2009).

2.2 Cbl-b in T Cell Anergy

Anergy is a hyporesponsive state of T cells, which can be induced through TCR
triggering without the appropriate costimulation. In vitro, anergy can be induced by
stimulation of the T cells with anti-CD3 antibody, mitogen concanavalin A, ion-
omycin, peptides presented by chemically fixed antigen-presenting cells (APCs),
inefficient APCs (such as small resting B cells), and even artificial planar lipid
bilayers. In vivo, anergy is achieved by systemic administration of superantigens,
adoptively transferring TCR transgenic T cells expressing cognate antigen as a
self-antigen, or by delivering soluble peptide antigen into TCR transgenic mice
(Zheng et al. 2008). Both mRNA and protein levels of Cbl-b are up-regulated in
ionomycin-induced anergic T cells. Cbl-b knockout T cells are resistant to anergy
induction (Heissmeyer et al. 2004). The enhanced accumulation of Cbl-b in central
supramolecular activation clusters (cSMACs) is also observed (Doherty et al.
2010). Cbl-b induces the ubiquitination of PLCc-1 and inhibits its phosphorylation
(Jeon et al. 2004). The loss of Cbl-b prevents the anergy induction in vivo and
in vitro. Moreover, repeated peptide challenge of Cbl-b-deficient mice leads to
severe lethality, which also implies that Cbl-b-mediated anergy induction is vital for
the tight control of the immune responses. In addition, Cbl-b catalyzes the
mono-ubiquitination of CARMA-1 and prevents the CARMA-1/Bcl10/MALT-1
complex formation in anergic natural killer T cells upon stimulation with
a-galactosylceramide (Kojo et al. 2009). As PKCh is also modified with
mono-ubiquitination in anergic T cells (Heissmeyer et al. 2004), deltex1, another
E3 ligase, promotes mono-ubiquitination of PKCh and thus causes the degradation
of PKCh by lysosomal pathway in anergic T cells and Cbl-b is also regulated by
deltex1 through the degradation of PKCh (Hsu et al. 2014).

2.3 Cbl-b in T Cell Subsets

Genetic deletion of Cbl-b causes the clonal expansion of CD4+ T cells and pro-
motes the IL-2, CD25, and CD71 expressions. The absence of Cbl-b restores the
activation of PLCc-1, AKT, and ERK (Zhang et al. 2008), and Cbl-b restrains the
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proliferation of self-reactive CD4+ T cells (Hoyne et al. 2011; St Rose et al. 2009).
Cbl-b deficiency promotes the Th2 and Th9 cell differentiations in the in vitro
differentiation system (Qiao et al. 2014). Additionally, loss of Cbl-b leads to the
elevated levels of STAT6 and IRF4. Cbl-b promotes the ubiquitination and
degradation of STAT6 upon IL-4 ligation and TCR/CD28 costimulation. In the
OVA/Alum-induced asthma mouse model, Cbl-b deficiency augments Th2- and
Th9-related immune responses.

The proper function of cytotoxic T cells (CTLs) ensures the effective antiviral
immune response and antitumor activity, whereas the dysfunctional CTLs can cause
the virus infection-induced autoimmunity or exhaustion of CTLs in cancer
surveillance. Inactivation of Cbl-b increases the cell surface expression levels of
TCR and CD8, decreases antigen-stimulated down-modulation of cell surface TCR
level, and enhances the IFN-c production (Shamim et al. 2007). However, Cbl-b
deficiency does not affect the CTLs-mediated cytotoxicity and clonal expansion of
CTLs. After infection with moderate dose of LCMV, the down-regulation of
virus-specific CTLs is delayed in Cbl-b-deficient mice compared with control mice
(Ou et al. 2008). Moreover, in the LCMV infection-induced diabetes model, Cbl-b
deficiency leads to higher incidences and faster kinetics of disease development
(Gronski et al. 2004). Moreover, Cbl-b also plays an inhibitory role in the activation
and cytotoxicity of cd T cells (Yin et al. 2013).

2.4 Cbl-b in Anti-tumor Immunity

Cbl-b-deficient mice show significant rejection of inoculated EG7 and EL4 lym-
phomas compared with wild-type mice. This efficient antitumor activity may due to
CD28-independent hyper-proliferation, IL-2 and IFN-c cytokine production,
resistance against TGF-b treatment, and enhanced CD8+ T cell infiltration in tumor
tissues (Chiang et al. 2007). Moreover, adoptive transfer of Cbl-b knockout CTLs
also effectively eradicates the inoculated EG7 tumors. Cbl-b inactivation confers
rejection of TC-1 tumor cell line inoculation and ultraviolet B-induced skin
malignancies, which is correlated with the resistance to Treg-mediated suppression
and enhanced activation and tumor infiltration (Loeser et al. 2007). More strikingly,
even after pre-injecting the TC-1 tumor cell line into Cbl-b-deficient mice and
keeping the tumor cell-experienced mice for 1 year, these mice show more effective
tumor rejection than the same aged un-experienced wild-type and Cbl-b-deficient
mice after the inoculation of tenfold higher dose of TC-1 tumor cells. Even though
adoptive transfer of Cbl-b-deficient CD8+ T cells is effective for the tumor infil-
tration and eradication, they are not active for all tumor phenotypes, especially for
the tumor with profound barriers (Yang et al. 2009). The antitumor activity of IL-7
is also partially involved the repressive effect of Cbl-b (Pellegrini et al. 2009).
Blockade of the ligation of PD-L1/PD-1 on CD8+ T cells decreases the expression
of Cbl-b (Karwacz et al. 2011). Thus manipulating the expression of Cbl-b could be
a promising strategy for the adoptive cell transfer therapy against multiple
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cancerous diseases (Hinterleitner et al. 2012; Shi et al. 2014; Stromnes et al. 2010;
Zhou et al. 2014).

3 The E3 Ligase Itch in T Cell Regulation

Itch is a member of the HECT E3 ligase family. Itch is identified by genetic
mapping of the mice-bearing mutations in agouti locus causing hair color changes,
and one of the mice, called itchy mice, shows constant skin itching and multi-organ
inflammation (Hustad et al. 1995; Perry et al. 1998). The Itch protein consists of a
PKC-related C2 domain at N terminus, four WW domains in the middle, and a
HECT ligase domain at the C terminus. The C2 domain of Itch can bind calcium
ions and phospholipids, which is related to the cytosolic membrane location of Itch.
The WW domains recognize and bind with proline-rich motifs such as PPxY and
PPLP, which determine the substrate specificity. The HECT domain of Itch con-
tains E2–ubiquitin-binding region, and a catalytic active cysteine residue, which
mediates the transfer of the activated ubiquitin from the E2–ubiquitin complex and
catalyzes the subsequent isopeptide bond formation between the lysine residue of
the substrate and the glycine of ubiquitin (Aki et al. 2015).

3.1 Itch in Th2 Cells

Itch-deficient T cells are biased toward Th2 differentiation in vitro and Itch-deficient
mice produce more IL-4 and Th2-biased IgG1 and IgE in vivo (Fang et al. 2002).
Mechanistically, Itch binds with and mediates the ubiquitination-dependent
degradation of JunB. Furthermore, upon anti-CD3/CD28 stimulation, JNK is
activated by MEKK1 and mediates the phosphorylation-dependent activation of
Itch and promotes Itch-mediated ubiquitination-dependent degradation of JunB and
c-Jun (Gao et al. 2004). Itch is present in an inactive state via the binding of HECT
domain with self-proline-rich region inside the WW domains. JNK induces the
serine/threonine phosphorylation of Itch, which leads to the conformational change
of Itch structure from an auto-inhibitory state to an activated state (Gallagher et al.
2006). The direct interaction of MEKK1 with Itch has also been reported to pro-
mote the E3 ligase activity of Itch (Enzler et al. 2009). Beyond the serine/threonine
phosphorylation mediated by JNK, Itch can also be modified with tyrosine phos-
phorylation mediated by Fyn upon T cell stimulation (Yang et al. 2006). This
modification blocks the recruitment of and subsequent degradation of JunB. Nedd4
family interacting protein 1 (Ndfip1), an E3 ligase adaptor protein, also promotes
the ubiquitination and degradation of JunB by interacting with Itch (Oliver et al.
2006). In addition, Ndfip1 have Itch-dependent and Itch-independent roles in the
immune responses (Ramon et al. 2011). In summary, Itch-mediated JunB ubiqui-
tination and degradation is tightly regulated in T cells.
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Itch-deficient mice are resistant to the high-fat diet-induced obesity (Marino
et al. 2014). M2 macrophages induced by IL-4 resolve the obesity-related inflam-
mation in adipose tissue. As Itch deficiency leads to Th2-biased T cell differenti-
ation and high amount of IL-4 production, Th2/M2 macrophage polarization
protects Itch-deficient mice from obesity-related insulin resistance and metabolic
dysfunction.

3.2 Itch in Tfh Differentiation

Follicular T helper (Tfh) cells are one of the specialized T cell subsets which are
localized in B cell follicles and provide help for B cells to promote their maturation,
germinal center formation, Ig gene recombination, and high-affinity antibody pro-
duction. Tfh cells are characterized by the expression of cell surface molecules
including CXCR5, PD1, SAP, and ICOS, the cytokine IL-21, and the master
transcription factor Bcl6 (Crotty 2011). We have found that Itch deficiency leads to
the defective differentiation of Tfh cells and weakens germinal center responses and
IgG responses upon LCMV infection (Xiao et al. 2014). Mechanistically, Itch
mediates the ubiquitination and degradation of Foxo1. Consistently, Foxo1 plays a
negative role in regulating Tfh differentiation (Stone et al. 2015).

3.3 Itch in Th17 Differentiation

Mice lacking the E3 ligase Itch develop spontaneous colitis and colitis-associated
colorectal cancer (Kathania et al. 2016). The local source of cytokine IL-17 in the
colonic lamina propria lymphocytes is mainly derived from Th17 cells, innate
lymphoid cell 3 (ILC3), and cdT cells. Itch can bind with RORct, the master
transcription factor of Th17, and ILC3 cells and promote the K48-linkaged ubiq-
uitination and degradation of RORct (Kathania et al. 2016). Thus, Th17 and ILC3
cells lacking Itch show elevated RORct protein levels. Itch-deficient mice show
augmented IL-17 production in all these cells, which eventually causes the colon
inflammation. Ndfip1, which is the adaptor protein for Itch, is also shown to block
the differentiation of Th17 cells (Layman et al. 2017). Mice lacking Ndfip1 show
increased IL-17 production and augmented RORct expression levels.

3.4 Itch in T Cell Anergy

Similar to Cbl-b, both mRNA and protein levels of Itch are elevated in
ionomycin-induced anergic T cells (Heissmeyer et al. 2004). Ionomycin stimulation
and homotypic cell adhesion induce cytoplasm-to-cell membrane translocation of
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Itch, which promotes the mono-ubiquitination and lysosomal degradation of PLCc-1.
In addition, the degradation of PKCh is increased in Itch-deficient T cells during
anergy induction. Moreover, Itch-deficient mice are resistant to anergy induction in
an airway inflammationmodel (Venuprasad et al. 2006). The elevated protein level of
JunB in Itch-deficient T cells prevents the anergy induction and causes excessive Th2
cytokine production and severe airway inflammation in Itch−/− mice.

As described above, Itch cooperates with Cbl-b to regulate T cell activation via
targeting the proximal TCR signaling (Huang et al. 2010). Briefly, Itch cooperates
with Cbl-b and provokes the K33-linkaged poly-ubiquitination of CD3f, and then
blocks the recruitment of Zap70 (Huang et al. 2010). Itch and Nedd4 also mediate
the ubiquitination and lysosomal degradation of BCL10 upon T cell activation, and
thus negatively regulate the NFjB signaling (Scharschmidt et al. 2004).

4 Control of Treg Cells by Ubiquitination

4.1 Treg Cells in Immune Tolerance

CD4+CD25+ Treg cells are defined as a subset of CD4+ T cell populations, which
play critical roles in immune tolerance; they are involved in preventing autoimmune
responses and, at the same time, facilitating tumorigenesis and blocking beneficial
antitumor immunity (Zou 2006). X-linked transcription factor Fork-head box P3
(Foxp3) is the master transcription factor for the development, maintenance, and
function of Treg cells. Foxp3 deficiency or mutations results in severe autoimmunity
and multiple organ inflammations in both mouse and human. Furthermore, retroviral
transduction of Foxp3 in naïve CD4+ T cells converts them toward a regulatory T
cell phenotype, which highly express Treg surface markers CD25, cytotoxic T
lymphocyte-associated antigen 4 (CTLA-4), and glucocorticoid-induced tumor
necrosis factor receptor family-related gene (GITR) (Fontenot et al. 2003; Gavin
et al. 2007; Hori et al. 2003).

As described above, Treg cells are divided into two subpopulations: tTreg cells,
which are generated from thymus, and pTreg cells which are induced in the
periphery from naïve CD4+ T cells in the presence of IL-2 and TGF-b (Abbas et al.
2013). Both of them exhibit suppressive function in the immune response. Treg
cells express several surface markers to exert their functions. For example, CTLA4
and lymphocyte activation gene 3 (LAG3) on Treg cell surface facilitate their
interactions with DCs, leading to the inhibition of DC maturation, which in turn
limits effector T cells responses (Wing et al. 2008; Liang et al. 2008); Neuropilin 1
(Nrp1) expressed by tTreg cells is reported to promote interaction duration between
Treg cells and immature DCs, which restricts access of the effector cells to APCs
(Sarris et al. 2008). Treg cell stability can also be maintained by Nrp1–Sema4a
interaction (Delgoffe et al. 2013). In addition, by producing immunosuppressive
cytokines IL-10, IL-35, and TGF-b (Collison et al. 2009; Murai et al. 2009;
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Fahlen et al. 2005), tTreg cells can suppress conventional T cell activation. Thus,
cytokine-dependent suppression is another way of Treg cells to control immune
tolerance. Moreover, activated Treg cells can also kill the effector T cells in a
granzyme- and perforin-dependent manner (Cao et al. 2007).

4.2 VHL

von Hippel–Lindau (VHL) is a component of VHL-elongin C/elongin B super-
family of E3 ubiquitin ligase complex that includes VHL, elongin B, and C, cullin2
and Ring box protein 1(Rbx1), and belongs to multi-subunit Ring-type E3 ligases
(Kamura et al. 1999; Jackson et al. 2000). VHL, defined as a tumor suppressor, is
mutated in most of the human sporadic renal cell carcinomas (Kaelin and Maher
1998). VHL plays a key role in cellular oxygen sensing by targeting hypoxia-
inducible factor (HIF) for ubiquitination. Under normoxic conditions, HIF1a and
HIF2a are hydroxylated by prolyl hydroxylase enzymes (PHDs), are then recog-
nized by the VHL E3 ubiquitin ligase complex, and are targeted to ubiquitination
and proteasomal degradation. Under hypoxic conditions, PHDs are inactive, thus
resulting in HIFa stabilization, and the induction of the HIF-dependent transcrip-
tional activity (Maxwell et al. 1999; Jaakkola et al. 2001; Ivan et al. 2001).

Th17 and pTreg arise from common CD4+ T cells and share a common
requirement of TGF-b for their induction. Two studies demonstrated that the
oxygen sensor HIF1a plays an important role in regulating the balance of Th17 and
Treg differentiation (Dang et al. 2011; Shi et al. 2011). Th17 differentiation induces
the up-regulation of HIF1a in a STAT3-dependent manner, which, in turn, directly
regulates the transcription of RORct and drives the expression of the RORct target
genes such as the key effector cytokine IL-17A. Furthermore, HIF1a promotes
Foxp3 degradation both under Th17- and pTreg skewing conditions, and lack of
HIF1a enhances Treg differentiation (Dang et al. 2011). Similar results are shown
that mTOR-dependent HIF1a expression is a metabolic checkpoint to regulate
Th17 and Treg balances in the homeostasis (Shi et al. 2011). HIF1a deficiency
protects mice from experimental autoimmune encephalomyelitis (EAE) and
autoimmune neuroinflammation.

However, two other groups reported that HIF1a can also positively regulate
Foxp3 transcription (Ben-Shoshan et al. 2008; Clambey et al. 2012). In vitro studies
demonstrated that both HIF1a and Foxp3 are up-regulated under hypoxic condi-
tions. Moreover, hypoxia maintains the suppressive function of CD4+CD25+ `T
cells. Retroviral transduction of HIF1a in vivo results in the elevated expression of
Foxp3 in Treg cells (Ben-Shoshan et al. 2008). Another study showed that HIF1a
directly binds to the Foxp3 promoter and hypoxia induces Fopx3 transcription in
the presence of TGF-b (Clambey et al. 2012). In addition, the intrinsic expression
of HIF1a in Treg cells is required for their suppressive function in controlling the
inflammatory bowel disease.
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VHL is the most well-studied E3 ligase component that regulates HIF1a
degradation. Conditional deletion of VHL in Foxp3+ Treg cells results in
Th1-dominant autoimmunity (Lee et al. 2015); furthermore, VHL-deficient Treg
cells fail to prevent the effector T cell-induced colitis, but convert them into IFN-c
producing Th1-like cells. HIF1a can directly bind to the promoter of IFN-c to
promote the pro-inflammatory cytokine production. Finally, ablation of IFN-c or
HIF1a in VHL-deficient Treg cells rescues the Th1 like status and enhances the
suppressive function of Treg cells.

4.3 SHARPIN

The linear ubiquitin chain assembly complex (LUBAC) is composed of three
subunits: the heme-oxidized iron-responsive element-binding protein 2 ubiquitin
ligase-1 (HOIL-1), HOIL-1-interacting protein (HOIP), and a third SHANK-
associated RH domain-interacting protein (SHARPIN) subunit. In the LUBAC
complex, HOIP is the main catalytically active subunit, which promotes the gen-
eration of linear ubiquitin chains (Ikeda et al. 2011). The LUBAC complex par-
ticipates in multiple signaling pathways and plays an important role in diverse
physiological functions. Notably, the LUBAC complex generates linear ubiquitin
chains to facilitate the interaction between receptor interacting protein 1 (RIP1) and
IKK complex, leading to the activation of the downstream NFjB and MAPK
pathways, and the expression of pro-inflammatory and prosurvival-related genes
(Haas et al. 2009).

SHARPIN has a putative ubiquitin-binding NPL4 zinc-finger domain (NZF),
which binds to ubiquitin, and an ubiquitin-like domain (UBL) which binds to HOIP
(Gerlach et al. 2011). SHARPIN-deficient mice show diminished Treg numbers and
attenuated Treg suppressive function (Park et al. 2016). SHARPIN is
self-ubiquitinated in the NZF domain via the K63-linked ubiquitin chains, and then
binds to TCRf, leading to the inhibition between TCRf and Zap70, and thus
controls Treg development via thymic negative selection. Similar results are
reported by another group (Redecke et al. 2016). Interestingly, SHARPIN-deficient
Tregs exhibit robust IL-17 production (Park et al. 2016), a key pro-inflammatory
cytokine of Th17. Therefore, SHARPIN may also regulate the balance between
Treg and Th17 through regulating the TCR signaling.

In addition to SHARPIN, the two other RING-type E3 ligases HOIL1 and HOIP
in the LUBAC complex also play a role in late thymocyte differentiation, Treg cell
development, and homeostasis (Teh et al. 2016). By using the Rbck1 fl/fl CD4cre,
Rnf31 fl/fl CD4cre, and Sharpin−/− mice, which delete HOIL1, HOIP, and
SHARPIN, respectively, it was shown that the percentage and cell numbers of
thymic Foxp3+ Treg cells are markedly diminished in all three strains, demon-
strating that all three LUBAC components are essential for Treg development. In
addition, specific deletion of HOIP in Foxp3+ Treg cells in Rnf31 fl/fl Foxp3cre mice
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suggested that HOIP acts in a cell-intrinsic manner to maintain peripheral Treg cell
stability (Teh et al. 2016).

4.4 Itch

Itch-deficient naïve T cells are resistant to TGF-b-induced Treg differentiation and
Foxp3 expression (Venuprasad et al. 2008). These deficient mice are unable to
suppress airway inflammation. Mechanistic studies showed that Itch modulates the
conjugation of mono-ubiquitination to the transcription factor TGF-b-inducible
early gene 1 product (TIEG1), which enhances TIEG1 nuclear localization and
transcriptional activation of Foxp3, and promotes Foxp3 expression. Thus, Itch
mediates ubiquitin-dependent, proteasome-independent transcriptional activation
pathway to positively regulate Treg differentiation and allergic responses.

Ndfip1 is needed for Itch to modulate the degradation of JunB, and this modi-
fication prevents JunB driving Th2 cytokine production (Oliver et al. 2006). Ndfip1
interacts with Itch after T cell stimulation and promotes Itch activation.
Furthermore, Ndfip1−/− mice develop severe inflammatory disease. T cells derived
from Ndfip1−/− mice are defective in converting into pTreg cells in vivo and in vitro
and produce type 2 cytokine IL-4 (Beal et al. 2011). Eventually, TGF-b-dependent
Ndfip1 expression promotes the degradation of JunB mediated by E3 ligase Itch
and silences IL-4 production, thus promoting Foxp3 transcription and pTreg
differentiation.

Itch not only regulates Treg cells differentiation but also mediates the balance of
Treg cells and Th2 cells. Foxp3-restricted Itch-deficient mice display severe lung
inflammation. In spite of the comparable frequency and intact suppressive activity
of Itch-deficient Treg cells, this selective deficiency results in uncontrolled type 2
inflammation (Jin et al. 2013), due to the accumulation of Th2 key transcription
factors GATA3 and STAT6 in Treg cells.

4.5 Cbl-b

As described earlier, Cbl-b has been implicated in multilayered T cell homeostasis.
Our previous work identified that Cbl-b is required for Foxp3 transcription in pTreg
differentiation through the PI3 K-AKT pathway to regulate Foxo1 and Foxo3a
phosphorylation (Harada et al. 2010). Cbl-b was later reported to partially rescue
the defective development of tTreg cells in CD28−/− mice. The authors demon-
strated that Cbl-b binds to Foxp3 together with Stub1, a U-box domain type E3
ubiquitin ligase, to target Foxp3 to ubiquitination and degradation (Zhao et al.
2015), suggesting a direct role for Cbl-b to modulate tTreg differentiation.
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4.6 GRAIL

Gene related to anergy in lymphocytes (GRAIL) encoded by Rnf128 is a
RING-type E3 ligase which is important for the T cell anergy induction and
immune tolerance (Anandasabapathy et al. 2003; Heissmeyer and Rao 2004;
Heissmeyer et al. 2004). GRAIL is unregulated in both tTreg and pTreg cells.
Furthermore, forced expression of GRAIL protein in CD4+T cells promotes them to
convert into a regulatory phenotype in the absence of detectable Foxp3 expression
(MacKenzie et al. 2007). GRAIL-deficient mice are resistant to immune tolerance
induction and are sensitive to autoimmune diseases. Naïve T cells lacking GRAIL
are hyperactivated and over-proliferative, whereas Treg cells from the
GRAIL-deficient mice are defective in maintaining the suppressive capacity,
associating with the increased IL-21 production. At the molecular level, GRAIL
modulates the ubiquitin-dependent degradation of TCR–CD3 complex and regu-
lates the NFATc1 transcription factor expression, which is important for IL-21
production (Nurieva et al. 2010). These data indicated that the GRAIL acts as an
essential regulator of T cell tolerance by regulating naïve T cell anergy and
maintaining Treg cell stability and suppressive function.

4.7 TRAF6

Tumor necrosis factor (TNF) receptor-associated factor 6 (TRAF6) has an
N-terminal RING finger domain and acts as an adaptor protein to mediate protein–
protein interaction through processing the K63-linked non-proteolytic
poly-ubiquitination. TRAF6 regulates multiple signaling pathways such as
NFjB, MAPK, or PI3K-AKT pathway, or pathways downstream of the TNF
receptor superfamily, the Toll-like receptor (TLR) family, TGF-b receptor, IL-17
receptor, and TCR signaling (Walsh et al. 2015).

TRAF6-deficient mice exhibit thymic atrophy, severe osteopetrosis, defective
lymph node organogenesis, dramatically reduced Treg cell numbers in thymus, and
compromised development of medullary thymic epithelial cells (mTECs) (Naito
et al. 1999; Akiyama et al. 2005), indicating the critical role for TRAF6 in the
regulation of central self-tolerance and autoimmune diseases. In addition, T
cell-specific deletion of TRAF6 in the TRAF6fl/fl CD4cre mice develops systemic
inflammatory disease characterized by hyperactivation of CD4+ T cells, but
unimpaired Treg cell development (King et al. 2006). However, TRAF6-deficient T
cells are resistant to suppression by normal Treg cells and exhibit hyperactivation of
PI3K-AKT pathway compared with wild-type T cells (King et al. 2006). In addi-
tion, TRAF6-deficient T cells are resistant to anergy induction in vivo and in vitro
(King et al. 2008), further indicating that TRAF6 is essential for peripheral toler-
ance induction.
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However, another study demonstrated that TRAF6-deficient mice show a huge
decrease in Treg numbers in thymus, but with unchanged Foxp3 expression (Shimo
et al. 2011). Moreover, in vivo mixed fetal liver transfer assay indicates that TRAF6
deficiency specifically impairs the development of Foxp3+Treg cells from
hematopoietic cells in the recipient thymus. However, TRAF6 does not affect the
pTreg polarization from naïve T cells. Similarly, TRAF6-deficient T cells also
generate normal numbers of pTreg cells under pTreg skewing conditions (Cejas
et al. 2010). Therefore, TRAF6 may have the biological function only in tTreg
development but not in pTreg cells.

To further analyze the cell-intrinsic function of this E3 ligase in Treg devel-
opment and function, TRAF6 fl/fl Foxp3cre mice are generated (Muto et al. 2013).
These mice develop allergic skin diseases, arthritis, and lymphadenopathy char-
acterized by hyperactivation of Th2 cells and impaired suppressive function of Treg
cells in vivo. Moreover, TRAF6-deficient Treg cells are more easily converted into
non-Treg cells when adoptively transferred into Rag1−/− recipient mice. These data
suggested that TRAF6 is essential for maintaining Treg stability through inhibiting
Th2-related gene expression.

5 Deubiquitinase A20 in Immune Regulation

5.1 A20 Functions in Lymphoid Cells

A20 is first linked to TNF and IL-1 signaling termination (Song et al. 1996). Later,
a genetic study confirmed its roles in downstream of TNF, IL-1, and LPS signals
(Lee et al. 2000). The importance of A20 is further demonstrated by A20−/− mice
which show severe inflammation in multi-organs and hypersensitivity to NFjB
activation in immune cells (Lee et al. 2000). Multiple immune cell functions are
regulated by A20. Lack of A20 impairs T cell survival and proliferation, partly due
to the pro-necroptotic RIPK1–RIPK3 complex accumulation in cytoplasm
(Onizawa et al. 2015). Mice with exclusive ablation of A20 in B cells display
increased GC formation, excessive production of autoantibodies, and
pro-inflammatory cytokine IL-6 (Chu et al. 2011, 2012; Tavares et al. 2010;
Hovelmeyer et al. 2011). Additionally, the levels of IL-4, IgE in the serum, and the
cell numbers of mast cells and eosinophils are significantly increased upon sensi-
tization in mice lacking A20 in B cells (Li et al. 2016).

A20 is located in a susceptibility locus related to inflammatory bowel disease
(Lee et al. 2000). Interestingly, mice lacking A20 both in intestine epithelial cells
(IECs) and in myeloid cells, but not in either alone, spontaneously develop colitis
(Vereecke et al. 2014). In addition, IECs derived from mice deficient in A20 in
myeloid cells show much more apoptosis in a cytokine-dependent manner, which
may suggest that A20 assists IECs to resist cell death induced by excessive
cytokines from A20-deficient myeloid cells.
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Lymphocyte priming by APCs is one of the important steps to control immune
responses. A20 has been found to properly regulate the priming actions on mac-
rophages or DCs. A20 fl/flCd11c-cre mice show aberrant activation of lymphocytes
and colitis development (Hammer et al. 2011). The raised level of activation
markers like CD80 86 and CD40 and the abnormal production of pro-inflammatory
cytokines are associated with A20 deficiency in macrophages or DCs (Kool et al.
2011; Song et al. 2008), which in turn promote effector CD4+ T cell differentiation
(Wang et al. 2012; Song et al. 2008). What is surprising is that disrupting A20 in
DCs alone resembles the feature of systemic lupus erythematous in mice (Kool
et al. 2011), which show elevated double-strand DNA antibody production and
splenomegaly. Constitutive NFjB and JNK signaling activations in DCs may be
responsible for their survival and inappropriately activation of other lymphocytes
(Kool et al. 2011).

A20 also plays a crucial role in maintaining the hematopoietic stem cell pool,
which is illuminated by different genetic models (Nakagawa et al. 2015; Nagamachi
et al. 2014). Lack of A20 causes anemia and lymphopenia, and increases IFN-c
production, which is identified as the major cause of inflammation in A20−/− mice
(Nakagawa et al. 2015).

5.2 A20 Functions in Non-lymphoid Cells

A20 also plays an important anti-inflammatory role in various non-lymphoid cells.
It has been shown that A20 expression on lung epithelial cells is linked to DC
recruitment and type-2 immune responses during chronic endotoxin intake (Schuijs
et al. 2015). In addition, A20-silencing in THP1 cells and enterocytes disrupts
LPS-induced tolerance (Hu et al. 2014; Wang et al. 2009). Moreover, A20 protects
mice from the damage of EAE, since A20 deficiency in neuroectodermal cells
increased immune cell infiltration and pro-inflammatory gene expression (Wang
et al. 2013). The anti-inflammatory function of A20 is also elucidated in
pristine-induced lupus nephritis mice model, in which A20 overexpression allevi-
ates the lupus inflammation and injury in the kidney (Li et al. 2015).

5.3 The Role of A20 in TNF-Induced NFjB Activation

Molecular studies have revealed that A20 is a bipartite ubiquitin-editing enzyme
with DUB and E3 ligase functions. Both OUT and ZF domains are important for
A20 to terminate the TNF-induced NFjB activation (Wertz et al. 2004; Lu et al.
2013). Upon TNF stimulation, A20 is recruited into TNF receptor complex and
relieves the K63 ubiquitin chains from RIP1 by its OUT domain. Next, A20 utilizes
its ZF4 domain to catalyze K48-linked poly-ubiquitin chain formation on RIP1 to
promote the degradation of RIP1 (Wertz et al. 2004).
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RING finger protein 11(RNF11), Itch, and Tax1-binding protein 1 (TAX1BP1)
have been reported as the adaptor proteins for A20 complex (Shembade et al. 2008,
2009). The two ZF domains and PPXY motifs on TAX1BP1 provide a platform for
RIP1, Itch, and A20 interaction (Shembade et al. 2008). The human T cell leukemia
virus type I oncoprotein Tax serves as a negative regulator of A20 by disrupting
A20 and its adaptor protein interaction. The effect of Tax on A20 is dependent on
its association with cell adhesion molecule CADM1, which initiates the phospho-
rylation on TAX1BP1 by IKKa and then interferes the association of TAX1BP1
with A20, thus promoting NFjB signaling (Pujari et al. 2015).

Another substrate of A20 is NFjB essential modulator (NEMO). A20 is
recruited to NEMO and LUBAC in a TNF-inducible manner. It then prevents
NEMO binding to LUBAC utilizing its ZF7 motif, which has high affinity to linear
ubiquitin chains (Verhelst et al. 2012). Rhomboid domain containing 3 (Rhbdd3)
facilitates A20 recruitment to NEMO via K27-linked poly-ubiquitin chains at its
K268 residue (Liu et al. 2014). Breaking the link between NEMO and A20 causes
severe inflammation. A NEMO truncation, which is defective in binding to A20,
triggers skin and intestine inflammation. CD14+ and CD4+ cells derived from
NEMO-truncated patients produce higher pro-inflammatory factors IL-1b and TNF
(Zilberman-Rudenko et al. 2016).

5.4 A20 Functions in Other Signaling Pathways

TNF or TNF receptor 1 deficiency fails to mitigate the spontaneous inflammation in
A20 knockout mice, suggesting that A20 plays a key role in TNF-independent
pro-inflammatory signals (Boone et al. 2004). Several evidences support that A20
mediates TLR signaling transduction: A20-deficient macrophages are hyperreactive
to TLR ligand stimulation (Boone et al. 2004); TLR4-MyD88 signaling activation
is partly responsible for arthritis pathogenesis in mice with A20 deficiency in
myeloid cells (A20myel−KO mice) (Matmati et al. 2011); MyD88 deficiency rescues
the cachexia, T cell hyperactivation, and lethality phenotype in A20−/− mice (Turer
et al. 2008). At the molecular level, A20 deubiquitylates TRAF6 and then termi-
nates the TLR signaling (Boone et al. 2004). More detailed mechanistic study
demonstrates that by promoting the ubiquitination and degradation of E2 enzymes
Ubc13 and UbcH5c, A20 and its adaptor protein TAX1BP1 inhibit E2/E3 complex
formation, and thus inactivate the E3 ligase activities of TRAF2, TRAF6, and
cellular inhibitor of apoptosis protein-1 (cIAP1), and mediate TLR signaling ter-
mination (Shembade et al. 2010). Similar to A20−/− mice, patients with germ line
mutation in A20 develop systemic inflammation, characterized by higher
pro-inflammatory cytokine production and spontaneous NLRP3 inflammasome
activation (Zhou et al. 2016). A20 restricts pro-IL-1b ubiquitination to suppress
NLRP3 inflammasome activity (Duong et al. 2015).

Besides that, A20 regulates nucleotide-binding oligomerization domain con-
taining 2 (NOD2) signaling. A20-deficient cells are hypersensitive to muramyl
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dipeptide stimuli (Hitotsumatsu et al. 2008). Moreover, JAK-STAT signaling is
important for enteritis development in A20myel−KO mice (De Wilde et al. 2017).

In addition to its ubiquitin-editing ability to attenuate inflammatory responses,
A20 can also exert catalytic-independent activity to regulate signaling transduction.
Through binding to cIAP1 by ZF7 motif, A20 breaks the association between
TRAF2 and TRAF3, which abolishes the stability of NFjB-inducing kinase NIK,
an important regulator of non-canonical pathway(Yamaguchi et al. 2013).

5.5 Regulation of A20

The activity of A20 is monitored by different mechanisms including transcriptional
gene expression, post-transcriptional modification, and proteasome-mediated
degradation. At the transcription level, A20 gene expression is repressed by tran-
scription repressor DREAM through binding to downstream regulatory elements,
but is enhanced by the transcription factor USF1 (Tiruppathi et al. 2014); Orphan
nuclear receptor ERRa strengthens A20 promoter activity (Yuk et al. 2015);
Reactive oxygen species boosts A20 expression by increasing the H3K4me3
modification on its promoter region (Li et al. 2013). At the post-transcription level,
RNA-binding protein 1 (RC3H1) down-regulates the level of A20 by targeting
A20 UTR region (Murakawa et al. 2015). Phosphorylation at A20 serine 381
residue by IKKb elevates its cleavage ability for the K63 poly-ubiquitin chains
(Wertz et al. 2015; Hutti et al. 2007). At the regulation of protein level, A20 is
cleaved by protease MALT1 upon TCR stimulation (Duwel et al. 2009; Coornaert
et al. 2008).

6 CYLD

6.1 CYLD in NFjB Signaling

Cylindromatosis (CYLD) is originally discovered as a tumor suppressor product
and is broadly mutated in familial cylindromatosis, multiple familial trichoepithe-
lioma, and Brooke–Spiegler syndrome (Bowen et al. 2005). Structural studies have
demonstrated that CYLD encompasses three cytoskeletal-associated
protein-glycine-conserved (CAP–GLY) domains and one deubiquitinase catalytic
motif (Bignell et al. 2000). In vitro biochemical studies show that CYLD prefers to
cleave K63-linked and linear, rather than K48-linked, poly-ubiquitin chains
(Komander et al. 2009). The substrates of CYLD are very diverse, such as NEMO,
RIPK2, and Bcl3 (Massoumi et al. 2006; Kovalenko et al. 2003; Wex et al. 2015),
with most of them being involved in NFjB signaling. Hence, CYLD has been
pointed out to be an important factor in coordinating NFjB signaling.
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6.2 CYLD in T Cell Development

CYLD−/− mice show reduced numbers of mature CD4+ and CD8+ thymocytes and
peripheral T cells (Reiley et al. 2006). The effect of CYLD on thymocyte devel-
opment starts from the CD4 and CD8 double-positive stage, because thymocyte
development at double-negative stage shows no obvious change. Lack of CYLD
impairs proximal TCR signaling in that effective Lck and Zap70 association
requires CYLD to trim the K48 and Lys 63-linked poly-ubiquitin chains from Lck.
In the absence of CYLD, the accumulation of ubiquitin chains on the active form of
Lck results in reduced Zap70 phosphorylation by Lck (Reiley et al. 2006).

Mice harboring a catalytically inactive mutation of CYLD display similar
defective T cell phenotype as CYLD−/− mice. However, CYLD-truncated mice do
not exhibit defective proximal TCR signaling (Tsagaratou et al. 2010). Instead,
constitutive NFjB signaling activation might be the major cause for the effect on T
cell development, since ablation of NEMO rescues the defect (Tsagaratou et al.
2010). Paradoxically, mice with exon 2 and 3 deletions of CYLD display normal T
cell development (Zhang et al. 2006). The reasons for these inconsistent and even
contradictory findings remain unknown.

CYLD also affects T cell development through an indirect pathway by regulating
the development of mTECs, which serve as the gatekeeper to get rid of
auto-reactive T cells. In mice with a short-splice variant of CYLD (sCYLD), which
lacks exons 7 and 8 and loses the binding sites for TRAF2 and NEMO, their
mTECs fail to develop from immature into mature stage and cause the impairment
of T cell negative selection (Reissig et al. 2015).

6.3 CYLD in Lymphocyte Function

CYLD is an important molecule in maintaining T cell activation and homeostasis.
Lack of CYLD has been connected with hyperreactive activation and excessive
pro-inflammatory cytokine production in T cells (Reissig et al. 2012; Reiley et al.
2007). Transferring CYLD−/− T cells into Rag−/− recipient mice aggravates colitis
development. The mechanism of CYLD in controlling T cell activation is by
inhibiting TAK-1 ubiquitination, which abolishes the downstream JNK and IKKb
signaling pathway (Reiley et al. 2007). Another indirect evidence suggesting the
role of CYLD in regulating T cell activation is that T cell activation is impaired in
MALT-1 deficient T cells (Mc Guire et al. 2013). In the absence of MALT1
proteolytic activity, CYLD may persist in cells and control T cell activation.

CYLD-deficient mice display decreased immature NKT cells, due to the survival
defect of immature NKT cells (Lee et al. 2010). CYLD-deficient NKT cells exhibit
defective IL-7 response and ICOS expression, both of which are important for NKT
survival (Lee et al. 2010). In addition, constitutive IKKb activation and IjBa
degradation in CYLD-deficient B cells result in B cell hyperplasia, lymphoid organ
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enlargement, and accumulation of marginal zone B cells (Jin et al. 2007). Mice
carrying sCYLD mutation also display B cell hyperplasia phenotype like CYLD−/−

mice. CYLD−/− B cells highly express activation markers such as CD21, CD23,
CD80, and CD86 (Jin et al. 2007), whereas sCYLD-containing B cells show high
content of nuclear Bcl-3 and increased levels of Bcl-2 expression (Hovelmeyer
et al. 2007). Furthermore, DCs derived from sCYLD mice contain a larger amount
of nuclear RelB and express elevated costimulatory molecules and pro-
inflammatory cytokines, but the mechanisms of sCYLD regulation in DCs still
need further investigation (Bros et al. 2010).

6.4 CYLD Function in Treg Cells

CYLD negatively regulates Treg generation in the thymus and peripheral lymphoid
tissues. Treg cells carrying the sCYLD mutant exhibit reduced CD25 and CTLA-4
expression and partly lose their suppressive function (Reissig et al. 2012).
Consistent with this observation, Treg cells from sCYLD mice fail to inhibit the
colitis development initiated by transferring naïve T cells into RAG−/− recipients
(Reissig et al. 2012). However, it is also shown that CYLD mutation with exon4
deletion only affects pTreg cell generation, but not influences their suppressive
function in vitro (Zhao et al. 2011). The inducible pTreg cells from CYLD-deficient
CD4+ T cells display strong p38, TAK-1, and AP-1 activation upon TGF-b stim-
ulation. By deubiquitinating the K63 chain at K360 and 374 residues of Smad7,
CYLD negatively modulates TAK-1 activation and downstream AP-1 signaling and
thus controls the development of Treg cells (Zhao et al. 2011).

7 Concluding Remarks

In this chapter, we have discussed a few E3 ligases and DUBs in the regulation of
immune responses. These modifying enzymes catalyze differential ubiquitin chain
formation on their protein substrates via using various lysine residues of the
ubiquitin moiety, which serves as checkpoint codes during T cell development and
differentiation (Fig. 2). There have been significant progresses in this field of
research, including the discoveries of many profound immunological phenotypes
due to the genetic deficiency or mutation of these enzymes, the manifestation of
affected T cells including Th1, 2, 9, and 17, Tfh, and Treg cell subtypes, or at
different stages or states including the early development in the thymus, naïve T cell
activation, anergy induction, or T cell subset differentiation. Particularly, the
ubiquitin system plays an essential role in tolerance induction to maintain immune
homeostasis, and dys-regulation of immune tolerance can cause harmful responses
to self-tissues, but benefits antitumor or antiviral immunity. Molecular and bio-
chemical studies have helped to identify target proteins for ubiquitin conjugation or
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deconjugation, which further elucidate the molecular mechanisms by which E3
ligases or DUBs control the development and function of lymphocytes.

Looking forward, it becomes obvious that we face many obstacles and chal-
lenges. For one thing, we are still at a very early stage of deciphering the com-
plexity of the ubiquitin system, given the enormous numbers of both E3 ligases and
DUBs, with only a fraction of them having been characterized so far. In addition, it
is still unclear what determines the specificity of substrate recruitment, the fate of a
ubiquitinated substrate, and the crosstalk with other post-translational modifica-
tions. In the context of immune regulation, we would be eager to know how a
particular E3 ligase or DUB functions under conditions of different stimuli or in
various environmental cues, or what will be the impact of such regulation on the
magnitude of a particular immune response. In addition, systemic analysis using
cutting-edge proteomic techniques, large-scale gene-silencing, gene expression and
epigenetic profiling, and deep sequencing technology will allow us to gain a global
view of the networks controlled by ubiquitination or deubiquitination, in combi-
nation with different models of inflammation and tumorigenesis. Importantly, how
the observations in murine models will be implicated in humans in health and
diseased conditions will require much more efforts for investigation. Further, elu-
cidating the detailed cellular and molecular mechanisms will eventually help to
identify potential targets for therapeutic intervention in human immunologic dis-
eases and cancer.
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Fig. 2 Checkpoint regulation of T cells by E3 ligases and DUBs. Some of the key E3 ligases
including Cbl-b, Itch, GRAIL, SHARPIN, VHL, and the deubiquitinase CYLD are presented.
They catalyze the ubiquitin conjugation or deconjugation by targeting protein substrates for
differential ubiquitin chain formation. Such modifications serve as codes at different checkpoints of
T cell development, activation, and differentiation
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MicroRNA in Immune Regulation

Cheng-Jang Wu and Li-Fan Lu

Abstract The immune system protects us from enormously diverse microbial
pathogens but needs to be tightly regulated to avoid deleterious immune-mediated
inflammation and tissue damage. A wide range of molecular determinants and
cellular components work in concert to control the magnitude and duration of a
given immune response. In the past decade, microRNAs (miRNAs), a major class
of small non-coding RNA species, have been extensively studied as key molecular
players in immune regulation. In this chapter, we will discuss how miRNAs
function as negative regulators to restrict innate and adaptive immune responses.
Moreover, we will review the current reports regarding miRNAs in human
immunological diseases. Finally, we will also address the emerging roles of other
non-coding RNAs, long non-coding RNAs (lncRNAs) in particular, in the regu-
lation of the immune system.
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1 Introduction

Since the first microRNA (miRNA), lin-4, was discovered in Caenorhabditis ele-
gans by the laboratories of Victor Ambros and Gary Ruvkun in 1993 (Lee et al.
1993; Wightman et al. 1993), these small non-coding RNA species have been
extensively studied for their roles in post-transcriptional regulation of gene
expression. Like other protein encoding genes, primary miRNA transcripts are first
transcribed in the nucleus but are sequentially processed by a microprocessor
complex, which contains the RNase III Drosha and the double-stranded RNA
binding protein DGCR8 in mammals and Pasha in other species, into a charac-
teristic *60 nucleotide stem-loop structure, named precursor-miRNA
(pre-miRNA) (Lee et al. 2003; Han et al. 2006; Denli et al. 2004; Gregory et al.
2004). The pre-miRNAs are then exported via exportin 5 (Lund et al. 2004; Yi et al.
2003) into the cytoplasm, where the hairpin of pre-miRNA is further processed by
the evolutionarily conserved RNase III enzyme Dicer to generate mature miRNAs
(Bernstein et al. 2001; Hutvagner et al. 2001). These mature miRNAs are capable of
being incorporated into the RNA-induced silencing complex (RISC) where they
interact with the core component Argonaute protein (Hutvagner and Zamore 2002;
Lingel et al. 2003; Liu et al. 2004). Once assembling with mature miRNA and
engaging the targets, active RISCs recognize complementary messenger RNA
(mRNA) transcripts for degradation or translational silencing (Jing et al. 2005;
Song et al. 2004; Liu et al. 2004). By modulating the expression level of their target
genes, miRNAs have been found to regulate almost all biological processes
including cell growth, differentiation, and apoptosis in both plants and animals
(Ameres and Zamore 2013). As is the case for non-immune cells, the role of
miRNA-mediated gene regulation in the immune system in recent years has become
a focus of intense investigation.

2 miRNAs in the Immune System

Even though our understanding of miRNA biogenesis and its overall cellular
function was initially established based on discoveries in nematodes and plants (Lee
et al. 1993; Baulcombe 2004), accumulating evidence has demonstrated that
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miRNAs also have a crucial role in controlling all aspects of immune responses
(Mehta and Baltimore 2016). The importance of miRNA in immune cells was first
demonstrated in studies where key components in miRNA biogenesis were dis-
rupted. To this end, conditional deletion of Dicer during early B cell development
leads to a dramatic block at the pro- to pre-B transition (Koralov et al. 2008).
Subsequent studies using mice with Dicer ablated specifically in peripheral acti-
vated B cells further demonstrated that miRNAs are also required for germinal
center B cell formation and the generation of the antibody diversity (Xu et al. 2012).
Interestingly, unlike what has been reported in B cell differentiation, Dicer ablation
in early T cell progenitors did not exhibit any substantial alterations in thymic T cell
development with the exception of reduced thymic cellularity (Cobb et al. 2005).
Nevertheless, the specificity of the role of miRNA in peripheral T cells is much
more apparent, as T cells lacking Dicer failed to differentiate into multiple helper T
cell lineages and exhibited aberrant effector T cell function (Muljo et al. 2005).
Moreover, when Dicer or Drosha ablation was restricted to regulatory T (Treg) cell
lineage, mice developed highly aggressive autoimmunity comparable to those
devoid of a functional Foxp3 gene (Zhou et al. 2008; Liston et al. 2008; Chong
et al. 2008), suggesting an indispensable role of miRNA in controlling Treg cell
biology.

To date, more than hundreds of miRNAs have been reported to be differentially
expressed in immune cells. Distinct miRNA signatures not only were found in
individual immune cell lineages but could also be detected in the same cell subsets
that are in different developmental stages. For example, whereas miR-139 is highly
expressed in Pro- and Pre-B cells, elevated levels of miR-28, miR-320 and
miR-148a are detected in germinal center (GC) B cells and plasma cells, respec-
tively (Kuchen et al. 2010). Moreover, expression of miRNAs in immune cells can
also be dynamically regulated in response to a variety of stimuli, such as antigens
recognized by T or B cell receptors, proinflammatory cytokines, and microbial
components that trigger Toll-like receptors (O’Connell et al. 2007; Taganov et al.
2006; Cobb et al. 2006). To this end, a recent study reported that T cell activation
induces proteasome-mediated degradation of Argonaute, and subsequently causes a
global down-regulation of mature miRNAs (Bronevetsky et al. 2013). It was sug-
gested that activation-induced miRNA down-regulation confers effector functions
to helper T cells via relaxing the repression of genes that direct T cell differentia-
tion. Finally, hierarchical clustering analysis of miRNA profiling clearly separated
cells of the immune system from other tissues. Taken together, these results implied
certain miRNAs might play a specific role in controlling development and effector
functions of the immune system (Kuchen et al. 2010), and that miRNAs need to be
tightly regulated as aberrant expression of miRNAs often leads to dysregulated
innate and adaptive immunity.
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3 miRNAs as Negative Regulators of Immune Responses

3.1 miRNA in Adaptive Immunity

While studies of mice with B or T cell-specific deletion of the entire miRNA
pathway seemed to suggest that miRNAs generally play a positive role in promoting
adaptive immunity as discussed in the previous section, many miRNAs have been
identified as important negative regulators in restricting B and T cell responses
(Fig. 1). For example, miR-150, a miRNA that is predominantly expressed in
mature B cells was shown to control multiple B cell populations through regulating
the expression level of transcription factor c-Myb (Xiao et al. 2007).

Fig. 1 miRNAs negatively regulate adaptive immune cells. Specific miRNAs expressed by B or
T cells repress key target genes that are involved in adaptive immune responses. Tfh cell,
T follicular helper cell; Th cell, T helper cell; Treg cell, regulatory T cell
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Genetic ablation of miR-150 resulted in the expansion of B1 cells, one of the
subsets of mature B cells, in spleen and peritoneal cavity. While the numbers of
follicular B cells were not significantly altered, upon immunization elevated anti-
body responses could be easily detected (Xiao et al. 2007). Compared to miR-150,
miR-210, a miRNA that is highly induced upon B cell activation, appears to play an
even larger role in functioning as a negative feedback regulator to restrain B cell
responses; deletion of miR-210 leads to the development of age-associated
autoantibodies (Mok et al. 2013). In contrast, while miR-142 was shown to target B
cell-activating factor receptor (BAFF-R), a molecule that is critical for B cell
proliferation and survival, hypogammaglobulinemia phenotype was detected in
mice devoid of miR-142 despite having increased follicular B cell numbers (Kramer
et al. 2015). Similarly, despite the fact that activation-induced cytidine deaminase
(AID), a potent enzyme critical for somatic hypermutation and class-switch
recombination (CSR), has been shown to be a bona fide miR-155 target where lack
of AID regulation by miR-155 led to defective affinity maturation (Teng et al. 2008;
Dorsett et al. 2008), miR-155-deficient mice actually exhibited reduced germinal
center function and failed to generate high-affinity IgG1 antibodies (Rodriguez et al.
2007). Together, these results suggested that other miR-142 or miR-155 targets are
likely responsible for their respective effects on humoral immunity and further
demonstrate the complex nature of miRNA-mediated immune regulation.

Like B cell, activated T cells also express increased level of miR-155; mice
devoid of miR-155 displayed increased lung airway remodeling, and
miR-155-deficient CD4+ T cell cells are intrinsically biased toward Th2 differen-
tiation in vitro. Mechanistically, it was shown that miR-155 can inhibit Th2
responses through modulating the level of c-Maf, a transcription factor known to
promote Th2 immunity (Rodriguez et al. 2007). In addition to miR-155, we and
others have recently demonstrated that miR-24 and miR-27, two members of the
miR-23 cluster family, collaboratively limit Th2 responses and associated immune
pathology through targeting IL-4, GATA3 as well as other Th2-related genes in
both direct and indirect manners (Cho et al. 2016; Pua et al. 2016). While miR-23
does not seem to play any role in Th2 regulation, it is indispensable for restraining
activation-induced necrosis of CD4+ T cells by enforcing intracellular reactive
oxygen species (ROS) equilibrium through targeting cyclophilin D, a regulator of
ROS escape from mitochondria (Zhang et al. 2016). In addition to Th2 regulation,
miRNAs have also been implicated in regulating other Th lineages. To this end,
miR-29 was shown to control Th1 responses by repressing multiple genes associ-
ated with Th1 differentiation and function including both T-bet and Eomes, two
transcription factors known to induce IFN-c production and IFN-c itself (Ma et al.
2011; Steiner et al. 2011). On the other hand, hypoxia-induced miR-210 was
reported to negatively regulate Th17 responses through restricting the expression of
HIF-1a, a key transcription factor that promotes Th17 polarization under limited
oxygen (Wang et al. 2014). Similarly, Th17 differentiation and the resultant
pathogenesis of experimental autoimmune encephalomyelitis (EAE), a mouse
model of multiple sclerosis, could be suppressed by miR-20b via targeting RORct
and STAT3, two key Th17 transcription factors (Zhu et al. 2014). Finally,
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miR-146a has highly induced in T follicular helper (Tfh) cells, a specialized Th cell
subset required for humoral immunity, and can act as a post-transcriptional brake to
control Tfh cell and corresponding GC B cell responses by regulating ICOS-ICOSL
axis (Pratama et al. 2015).

In addition to its role in Tfh cells, miR-146a has also been shown to function as a
key molecular regulator to confer suppressor function to Treg cells. In the absence
of miR-146a-mediated regulation of STAT1, mice succumbed to spontaneous
IFN-c-dependent Th1-mediated immunopathology (Lu et al. 2010). On the other
hand, albeit dispensable for Treg cell suppressor function, Foxp3-dependent
miR-155 ensures Treg cell competitive fitness through targeting SOCS1 (Lu et al.
2009, 2015). Moreover, our recent work also demonstrated that miR-27 controls
multiple aspects of Treg cell biology and suggests that excessive expression of
miR-27 in Treg cells resulted in a breakdown of Treg cell-mediated immunological
tolerance (Cruz et al. 2017). Together with the aforementioned studies in which the
entire miRNA pathway was ablated in Treg cells, these results suggested that
miRNAs are able to mediate their regulatory effects on the immune system indi-
rectly through maintaining optimal Treg cell function and homeostasis (Zhou et al.
2008; Liston et al. 2008; Chong et al. 2008).

3.2 miRNA in Innate Immunity

Similar to what was described in the adaptive immune system, significant progress
has been made over the past decade in characterizing individual miRNAs that
control the function of innate immune cells (Fig. 2). Among them,
miRNA-mediated regulation of myeloid cell function is best characterized. Both
miR-146 and miR-155 were identified in macrophages in response to LPS activa-
tion (Taganov et al. 2006; O’Connell et al. 2007). Between these two miRNA,
miR-146a serves as a negative regulator to limit inflammatory responses by tar-
geting TRAF6 and IRAK1 (Taganov et al. 2006; Boldin et al. 2011). During virus
infection, miR-146a expression is also upregulated in macrophages in
RIG-I-dependent manner, and its function negatively regulates type I interferon
(IFN) production through repressing IRAK2 (Hou et al. 2009). While miR-155 is
generally considered as a positive player in mediating inflammatory responses as it
can directly repress SOCS1 and SHIP1 (Androulidaki et al. 2009; O’Connell et al.
2009), two known inhibitory molecules affecting multiple signaling pathways,
miR-155 can also down-modulate TLR/IL-1 inflammatory pathway via targeting
TAB2 (Ceppi et al. 2009). Moreover, protein kinase Akt1, which is activated by
LPS in macrophages, positively regulates let-7e, a miRNA that can inhibit TLR4
expression to control endotoxin sensitivity and tolerance (Androulidaki et al. 2009).
In addition to direct TLR4 targeting, miR-21, another miRNA induced by LPS can
also act as a negative feedback regulator of TLR4 signaling by targeting PDCD4, a
proinflammatory protein required for LPS-induced death (Sheedy et al. 2010).
Finally, miRNAs can also restrict DC function by directly suppressing the
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production of proinflammatory cytokines. To this end, NOD2-induced miR-29
expression in human dendritic cells (DCs) was shown to inhibit IL-23 expression
by repressing IL-12p40 directly and IL-23p19 indirectly via targeting ATF2 (Brain
et al. 2013).

Besids myeloid cell subsets, much experimental evidence has also pointed to
miRNAs as important negative regulators for other innate immune cells. For
example, miR-223 has been shown to function as a cell intrinsic negative modulator
of neutrophil activation and killing. Mice lack of miR-223 developed spontaneous
inflammatory lung pathology and exhibited exaggerated tissue damage upon LPS
treatment (Johnnidis et al. 2008). Moreover, miR-27a*, miR-378, and miR-30e

Fig. 2 miRNAs negatively regulate innate immune cells. For miRNAs expressed in different
innate immune cell populations, their key target genes are shown. NK, natural killer
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have all been shown to act as negative regulators of NK cell cytotoxicity by
silencing perforin and granzyme (GzmB) expression (Kim et al. 2011; Wang et al.
2012). Finally, miRNAs can also regulate immune responses by targeting in
non-innate immune cells. To this end, miR-146a expression was shown to be
induced by TLR2 stimulation in human keratinocytes. miR-146a can then serve as a
potent negative feedback regulator to prevent further TLR2-induced inflammatory
responses (Meisgen et al. 2014). Collectively, the aforementioned studies not only
provide important insights into miRNA-mediated immune regulation but also offer
the molecular basis to understand the precise role of miRNAs in the pathogenesis of
human immunological diseases.

4 miRNAs in Human Immunological Diseases

As summarized in the previous sections, studies employing genetically manipulated
mice with in vitro experimental approaches and in vivo disease models have helped
us to gain valuable knowledge of miRNA function in regulating immune responses.
However, it is also important to study miRNA in the context of human immuno-
logical diseases. Indeed, numerous studies have shown the correlation between the
expression of several miRNAs and immune related disorders, such as autoimmu-
nity, hypersensitive diseases, and hematopoietic malignancies.

4.1 miRNA in Autoimmunity and Hypersensitivity Diseases

Abnormal expression of miRNAs has been associated with many autoimmune
diseases (Table 1). One of the best examples is systemic lupus erythematosus
(SLE), a multifaceted autoimmune disease with a strong genetic predisposition,
characterized by enhanced type I interferon signaling. To this end, it has been
reported that peripheral blood mononuclear cells (PBMCs) isolated from SLE
patients express reduced miR-146a. The amount of miR-146a was shown to neg-
atively correlate with the clinical disease activity and type I interferon levels in
patients. It was suggested that lack of miR-146a-mediated regulation of STAT1 and
IRF5 led to the excessive production of type I interferon (Tang et al. 2009).
Moreover, sequencing analysis of single-nucleotide polymorphisms (SNPs) in SLE
patients identified a genetic variant in the miR-146a promoter region that is func-
tionally significant in downregulating the expression of miR-146a by altering its
binding affinity for Ets-1 (Luo et al. 2011). In addition to miR-146a, diminished
expressions of both miR-125a and miR-155 were also reported in patients with SLE
(Zhao et al. 2010; Lashine et al. 2015). While elevated level of RANTES in the
absence of optimal miR-125a-mediated regulation was considered to promote the
disease, increased expression of protein phosphatase 2A (PP2A) in juvenile SLE
patients with reduced miR-155 was thought to be responsible for enhanced
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pathogenesis. On the other hand, elevated levels of miR-21 and miR-148a were
detected in circulating CD4+ T cells from SLE patients. Both of these two miRNAs
are able to upregulate autoimmune-associated methylation-sensitive genes such as
CD70 and LFA-1 through promoting DNA hypomethylation and by repressing the
expression of RASGRP1 and DNA methyltransferase 1 (DNMT1), respectively
(Pan et al. 2010).

Like SLE, multiple sclerosis (MS) has also been linked to the aberrant expres-
sion of many miRNAs. For example, the expression level of miR-326 has been
shown to be highly correlated with disease severity in MS patients (Du et al. 2009).
Mechanistically, miR-326 promotes Th17 cell induction through targeting Ets-1, a
known negative regulator of Th17 differentiation. Moreover, increased miR-27,
miR-128, as well as miR-340, were detected in CD4+ T cells of patients with MS. It
was shown that through repressing BMI1, a molecule that stabilizes GATA3,
miR-27b inhibits Th2 differentiation and promotes proinflammatory Th1 autoim-
mune responses (Guerau-de-Arellano et al. 2011). Following up this study, miR-27
was further shown to dampen TGFb signaling, leading to impaired Treg cells and
enhanced susceptibility to developing multiple sclerosis (Severin et al. 2016).
Besides these two autoimmune diseases, abnormal miRNA expression has also
been associated with other autoimmune inflammation including rheumatoid arthritis
(RA), psoriasis and type I diabetes (Li et al. 2010; Stanczyk et al. 2008; Lu et al.
2014; Sonkoly et al. 2007; Sebastiani et al. 2011).

In addition to autoimmunity, dysregulated miRNAs also contribute to the
development or pathogenesis of hypersensitivity diseases like asthma. miRNA
profiling analysis of human airway-infiltrating T cells revealed that miR-19a, a
member of the miR-17-92 cluster, was greatly upregulated in CD4+ T cells isolated
from asthmatic airways compared with cells from healthy subjects. Mechanistically,
miR-19a was shown to repress multiple genes including PTEN, SOCS1, and
TNFAIP3, leading to specific augmentation of Th2 responses and associated

Table 1 miRNAs involved in human immunological diseases

Immune disease miRNA Target

Systemic lupus miR-21 RASGRP1

Erythematosus miR-125a KLF13

miR-146a IRF5, STAT1, Ets-1

miR-148a DNMT1

miR-155 PP2A

Multiple sclerosis miR-27b BMI1, TGFBR1, and SMAD4

miR-326 Ets-1

Type 1 diabetes miR-326 Ets-1, VDR

Rheumatoid arthritis miR-146a FAF1

miR-155 MMP-3

miR-223 IGF-1

Psoriasis miR-203 SOCS-3

Asthma miR-19a PTEN, SOCS1, and TNFAIP3
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immune pathology (Simpson et al. 2014). Together, more and more studies have
revealed a causative role of miRNA in the development of many human
immunological diseases.

4.2 miRNA in Blood Cancer

As one of the major functions of miRNAs is to regulate cell differentiation and
proliferation, it is not surprising that when dysregulated miRNAs can drive the
development of malignancies of the immune system (Table 2). miRNAs can either
act as tumor suppressors or function as oncomirs to promote or prevent tumori-
genesis. As tumor suppressors, miR-15a and miR-16 were shown to inhibit the
development of B cell chronic lymphocytic leukemias (B-CLL) through targeting
Bcl-2, and that in more than 50% of B-CLL patients a region encoding miR-15a
and miR-16 was found to be deleted (Cimmino et al. 2005; Calin et al. 2002).
miR-28 was also identified as a tumor suppressor and is significantly downregulated
in Burkitt lymphoma. Oncogene Myc was shown to negatively regulate miR-28
expression leading to the uncontrolled proliferation of certain B cell subsets
(Schneider et al. 2014). Another example is miR-29b whose expression is dereg-
ulated in primary acute myelogeneous leukemia (AML). Restoration of miR-29b in
AML cell lines was able to induce apoptosis and dramatically reduce tumori-
genicity, pointing to a clear tumor suppressor role (Garzon et al. 2009).

In contrast to the aforementioned roles of miRNA in preventing tumorigenesis,
many miRNAs also exhibit oncogenic activity in hematologic malignancies. For
example, the miR-17-92 cluster, which is located in a region of DNA that is
frequently amplified in human B cell lymphomas, has been shown to promote
malignancy of immune cells (He et al. 2005; Tagawa and Seto 2005; Inomata et al.
2009; Lu et al. 2010). In addition to miR-17-92 cluster, miR-155, another

Table 2 miRNAs involved in human blood cancer

miRNA Blood cancer Target

Tumor suppressors

miR-15a/miR16-1 B cell chronic lymphocytic leukemia Bcl-2

miR-28 Burkitt lymphoma MAD2L1,
BAG1

miR-29b Acute myelogeneous leukemia MCL-1

OncomiRs

miR-17-92 B cell lymphomas c-myc

miR-125b Myeloid and B cell leukemia IRF4

miR-155 Burkitt’s lymphoma, diffuse large B cell lymphomas,
Hodgkin’s lymphomas, and NK cell lymphoma

PTEN,
PDCD4, and
SHIP1

miR-223 T cell acute lymphoblastic leukemia FBXW7
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well-characterized oncomir, has also been shown to be expressed at higher levels in
many different types of B cell lymphomas including Hodgkin’s lymphoma,
DLBCL, Burkitt’s lymphoma as well as NK cell lymphoma (Eis et al. 2005;
Kluiver et al. 2005; van den Berg et al. 2003; Metzler et al. 2004; Yamanaka et al.
2009). On the other hand, miR-223 was shown to be upregulated in human T cell
acute lymphoblastic leukemia (T-ALL) in a TAL1-dependent manner (Mansour
et al. 2013). It is thought that miR-223 promotes T-ALL through repressing a tumor
suppressor, FBXW7. Finally, elevated levels of the oncomir, miR-125b, has been
reported in a variety of human neoplastic blood disorders and could potentially
induce myeloid- and B cell leukemia by inhibiting IRF4 (So et al. 2014). The
miRNA signatures identified from these clinical studies not only provide great
value as prognostic parameters for cancer progression but might also serve as
potential novel therapeutic targets to treat human hematopoietic malignancies.

5 Other Non-coding RNAs

Like miRNAs, many other non-coding RNA (ncRNA) species including long
non-coding RNAs (lncRNAs) have also been identified as important gene regula-
tors in the immune system (Fig. 3). Since the first lncRNA H19 was reported in
1990 (Brannan et al. 1990), extensive investigation in lncRNA-mediated gene
regulation has demonstrated that lncRNAs can regulate gene expression in various
biological processes, including immune responses (Ponting et al. 2009). LncRNAs
are transcribed by RNA polymerase II, 5’-capped, polyadenylated, and undergo
splicing similar to that for mRNAs (Guttman et al. 2009). They can function both in
cis to regulate the gene expression in close genomic proximity at the site of tran-
scription, or in trans to target distant transcriptional activators or repressors
(Ponting et al. 2009). Moreover, since lncRNAs usually contain multiple modular
domains that can either interact with proteins or form complementary pairs with
nucleotides, these molecules could connect DNA, RNA, and proteins and be
involved in nearly all stages of gene regulation (Guttman and Rinn 2012).

A Recent report suggests that up to two third of transcribed genes across all cell
types in humans are classified as lncRNAs (Iyer et al. 2015). In T cells, a lncRNA,
NRON (non-coding RNA, repressor of NFAT) was shown to form a large cyto-
plasmic RNA-protein scaffold complex that can repress the transcriptional activa-
tion of NFAT-responsive genes via regulating NFAT nuclear trafficking
(Willingham et al. 2005; Sharma et al. 2011). Moreover, another lncRNA,
lncRNA-CD244, whose expression has been shown to be driven by CD244 sig-
naling upon Tuberculosis (TB) infection, is able to inhibit cytokine production by
CD8+ T cells by mediating histone H3K27 trimethylation at promoter regions of
IFN-c and TNF-a (Wang et al. 2015). On the other hand, in Th17 cells, rather than
inhibiting their effector function, a lncRNA, lncRNA Rmrp was shown to interact
with a complex of RORct and an RNA helicase, DDX5, to activate
RORct-dependent Th17-relative gene transcription (Huang et al. 2015).
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As for the role of lncRNAs in the innate immune cells, a TLR signaling induced
intergenic lncRNA, lncRNA-Cox2, was reported to repress the expression of many
critical inflammatory genes in macrophages through forming a complex with
heterogeneous nuclear ribonucleoprotein (hnRNP) A/B and A2/B1 (Carpenter et al.
2013). In addition to lncRNA-Cox2, lncRNA-EPS was also recently identified as a
key regulator in controlling macrophage inflammatory responses. Mice with
lncRNA-EPS deficiency exhibited enhanced inflammation and lethality upon LPS
challenges. Mechanistically, lncRNA-EPS was shown to limit the expression of
immune response genes (IRGs) by controlling nucleosome positioning through
interacting with hnRNP L (Atianand et al. 2016).

Finally, the link between lncRNA and human autoimmune diseases has also
been demonstrated. Genome-wide association studies (GWAS) of celiac disease
patients identified five SNPs in a region encoding a lncRNA, lnc13. Biopsies from
celiac disease patients appeared to have substantially lower amounts of lnc13
compared with healthy donors. Further studies have shown that lnc13 is primarily
expressed in the nucleus of human macrophages from the lamina propria. Like the
aforementioned lncRNAs, lnc13 was also shown to repress many inflammatory
genes through interaction with a hnRNP, hnRNP D in particular, as well as Hdac1

Fig. 3 Non-coding RNAs in the immune system. The schematic describes miRNAs (blue font)
and lncRNAs (red font) that have key roles in controlling immune responses. CLP, common
lymphoid progenitor; CMP, common myeloid progenitor; GMP, granulocyte–monocyte progen-
itor; MPP, multipotent progenitor
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and chromatin. It was thus suggested that decreased levels of lnc13 in intestinal
tissue from patients with celiac disease likely contributes to the observed inflam-
mation in this autoimmune disorder (Castellanos-Rubio et al. 2016). Despite the
great efforts made to study lncRNA biology, unlike miRNAs, it remains a major
challenge to functionally evaluate a lncRNA as the sequence of the transcript lends
no insight into how it may actually work within a given cell type. Nevertheless, it is
evident that lncRNAs exhibit important regulatory functions in controlling immune
responses as well as other biological processes.

6 Concluding Remarks

Over a decade of intense scrutiny into the role of miRNAs in the immune system,
there is little doubt that miRNAs function as crucial gene modulators that would
impact almost all facets of immune responses in both physiological and patho-
logical settings. While miRNAs do not completely turn off (or in some cases, turn
on) the expression of their targets, they can act by repressing genes involved in
positive-feedback regulatory circuits or by regulating a set of genes that are in a
shared pathway or protein complex. As such, even relatively small changes in gene
expression introduced by miRNAs could cause major biological consequences.
From impairment of immune functions to the pathogenesis of a variety of
immunological diseases, the fact that dysregulation of individual miRNAs in the
immune system has repeatedly been demonstrated to have profound physiological
effects further supports this notion. Moreover, beyond gaining further molecular
insights into miRNA-mediated gene regulation in immunological research, recent
advances in modulating miRNA function by miRNA mimics or antisense
oligonucleotides have shown promise in miRNA-targeted therapeutics. With
increasing knowledge of miRNA biology and the development of novel approaches
for efficient delivery of miRNA modifying agents to specific immune cell subsets,
we are confident that manipulating miRNA pathways will soon become a viable
option to treat a wide array of human immunological diseases.
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