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Inhibition of immune checkpoint molecules, PD-1 and CTLA4, has been shown to

be a promising cancer treatment. PD-1 and CTLA4 inhibit TCR and co-stimulatory

signals. The third T cell activation signal represents the signals from the cytokine

receptors. The cytokine interferon-c (IFNc) plays an important role in anti-tumor

immunity by activating cytotoxic T cells (CTLs). Most cytokines use the Janus

kinase (JAK)/signal transducer and activator of transcription (STAT) pathway, and

the suppressors of cytokine signaling (SOCS) family of proteins are major nega-

tive regulators of the JAK/STAT pathway. Among SOCS proteins, CIS, SOCS1, and

SOCS3 proteins can be considered the third immunocheckpoint molecules since

they regulate cytokine signals that control the polarization of CD4+ T cells and

the maturation of CD8+ T cells. This review summarizes recent progress on CIS,

SOCS1, and SOCS3 in terms of their anti-tumor immunity and potential applica-

tions.

T cells and natural killer (NK) cells have been manipulated
therapeutically to promote endogenous anti-tumor immu-

nity. Cytotoxic T lymphocytes (CTLs), also known as CD8+

effector T cells, selectively recognize the antigen peptide pre-
sented on class I-MHC (or HLA) and kill antigen-expressing
cells. While NK cells kill transformed cells that have lost the
expression of class I-MHC. CD4+ helper T cells orchestrate
diverse immune responses that activate CTLs and innate
immune cells, including macrophages and dendritic cells, and
promote antibody production from B cells. For antitumor
immunity, Th1 cells that produce interleukin-2 (IL-2) and
interferon-c (IFNc) play a positive role, while CD4+ regulatory
T cells (Tregs) suppress anti-tumor immunity.
T cell activation is initiated through antigen recognition by

the T cell receptor (TCR) and co-stimulatory signals such as
CD28 (Fig. 1). 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 check-
point receptors that have been most actively studied in the
context of clinical cancer immunotherapy, cytotoxic T-lympho-
cyte-associated antigen 4 (CTLA4, also known as CD152) and
programmed cell death protein 1 (PD1, also known as

CD279), are both inhibitory receptors. PD1 recruits the tyro-
sine phosphatase, which inhibits TCR signaling, while CTLA4
inhibits CD28-medaited co-stimulatory signals. Clinical effica-
cies of the antibodies that block either of these receptors
proved that antitumor immunity can be enhanced by inhibiting
immune checkpoints. The expression and activation of immune
checkpoint proteins are important immune resistance mecha-
nisms of tumors. Multiple additional immune checkpoints rep-
resent promising targets for therapeutic blockade based on
preclinical experiments, and inhibitors for many of these are
under active development.
In addition to TCR and co-stimulatory signals, T cell activa-

tion requires the third signal: signals from the cytokine recep-
tors (Fig. 1). 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 reported.(1) IL-15 has been
shown to be necessary for memory T cell survival. Thus, nega-
tive regulators of the cytokine signaling must be important
immune checkpoint molecules that regulate anti-tumor immu-
nity. In this review, we will focus on the suppressors of cyto-
kine signaling (SOCS) family proteins and their relationship to
anti-tumor immunity. The future direction of the application of
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SOCS inhibitors for anti-tumor immunity enhancement will
also be discussed.

The JAK/STAT Pathway

Cytokines play several essential roles in the development,
differentiation, and function of myeloid and lymphoid cells.
Most cytokines, including interleukins, IFNs, and hematopoi-
etic growth factors, activate the janus kinase (JAK)/signal
transducer and activator of transcription (STAT) pathway.(2)

In this pathway, cytokine binding results in cognate recep-
tors oligomerization, which initiates the activation of JAK
kinases (JAK1, JAK2, JAK3, and Tyk2). JAK3 is associated
with the IL-2 receptor c (common c chain), and is activated
by IL-2-related cytokines, such as IL-4, IL-7, IL-9 and IL-
15. The activated JAKs in turn phosphorylate the receptor
cytoplasmic domains, which creates docking sites for SH2-
containing signaling proteins. The STAT proteins are the
major substrates that are recruited to the receptors and acti-
vated by JAKs. For example, IFNc receptors activate JAK1
and JAK2, and then phosphorylate and activate STAT1,
while IL-6 binds to the complex of IL-6 receptor-a (IL6Ra)
chain and gp130, which mainly activate JAK1 and
STAT3.(3) An anti-inflammatory cytokine IL-10 also acti-
vates STAT3.(4) In case of T cells, STAT5 is mainly acti-
vated by IL-2, which promotes cell proliferation and
survival. Differentiation of the helper T cell subsets, Th1,
Th2, and Th17 requires STAT4 (activated by IL-12), STAT6
(by IL-4), and STAT3 (by IL-6 and IL-23), respectively. IL-
4 in combination with TGF-b has been shown to induce
Th9 in vitro.(5) IL-2/STAT5 is also essential for regulatory

T cell (Treg) development, and IL-21/STAT3 is essential for
follicular helper T (Tfh) cell differentiation,(6) and regulates
CD8+T cells.(7)

The CIS/SOCS Family: Molecular Mechanisms

Suppressors of cytokine signaling proteins and cytokine induci-
ble SH2-containing (CIS, also known as CISH) protein com-
pose a family of intracellular proteins(8–12) (Fig. 2). There are
eight CIS/SOCS family proteins: CIS, SOCS1, SOCS2,
SOCS3, SOCS4, SOCS5, SOCS6, and SOCS7, each of which
has a central SH2 domain, an amino-terminal domain of vari-
able length and sequence, and a carboxy-terminal 40-amino-
acid module known as the SOCS box.(13–15) The SOCS box
interacts with elongin B/C, Cullins, and the RING-finger-
domain-only protein RBX2, which binds E2 ubiquitin–trans-
ferase.(14) Thus, CIS/SOCS family proteins, as well as other
SOCS-box-containing molecules, function as E3 ubiquitin
ligases and mediate the degradation of proteins that are associ-
ated with these family members through their N-terminal and
SH2 regions.
The central SH2 domain determines the target of each SOCS

and CIS protein. The SH2 domain of SOCS1 directly binds to
the activation loop of JAKs.(11) The SH2 domains of CIS,
SOCS2, and SOCS3 bind to phosphorylated tyrosine residues
of the activated cytokine receptors (Fig. 2). SOCS3 binds to
gp130-related cytokine receptors. In addition to the general
SOCS-box function in this family, both SOCS1 and SOCS3
have a unique N-terminal motif that can inhibit JAK tyrosine
kinase activity directly through their “kinase inhibitory region”
(KIR). KIR has been proposed to function as a pseudosubstrate
of JAKs, and it is essential for the suppression of cytokine sig-
nals (Fig. 2).(16,17) The recent study of the ternary co-crystal
structure among SOCS3, the JAK2 kinase domain, and a frag-
ment of gp130 has supported this hypothesis (Fig. 3). The KIR
of SOCS3 occludes the substrate-binding groove on JAK2, and
biochemical studies show that it blocks substrate association.
SOCS3, and probably SOCS1, inhibit the catalytic activity of
JAK1, JAK2, and TYK2, but not JAK3, because the KIR and
a part of the SH2 domain interact with an evolutionarily con-
served “GQM” sequence that is present in all vertebrate forms
of JAK1, JAK2, and TYK2, but not JAK3, where it lines one
edge of the substrate-binding groove(18) (Fig. 3). The SH2
domain of SOCS3 binds to the phosphorylated gp130, while
that of SOCS1 binds to the activation-loop of JAKs.(17) Con-
sistently, suppression of type I IFN signaling by SOCS1 was
shown not to require any of the phosphorylation sites in the
IFNAR1 receptor.(19) SOCS1 and SOCS3 have been shown to
be concentrated in exosomes and microparticles, respectively,
for uptake by alveolar epithelial cells and subsequent inhibition
of STAT activation.(20) Secretion and transcellular delivery of
vesicular SOCS proteins were diminished by cigarette smok-
ing, suggesting a novel mechanism of dysregulated inflamma-
tion by smoking.

CIS and Anti-Tumor Immunity

CIS was discovered as an inducible gene in response to vari-
ous cytokines including EPO, IL-2, IL-3, and IL-5, which
mostly activate STAT5.(10,11) CIS does not possess the KIR
and cannot inhibit JAK tyrosine kinase activity directly. How-
ever, CIS binds to phosphorylated cytokines receptors, such as
the EPO receptor, IL-2 receptor, IL-3 receptor b chain, pro-
lactin receptor, and the growth hormone (GH) receptor, which

Fig. 1. T cell immune checkpoints for anti-tumor immunity. There are
three major T cell activation signals, signal 1, signal 2 and signal 3. Sig-
nal 1 is MHC-antigen-peptide complex-TCR signal that activate tyrosine
kinases including ZAP70. Signal 2 is the co-stimulatory signals from
CD28, in which mostly PI3 kinase is involved. Signal 3 is the cytokine
receptor signals that activate the JAK/STAT pathway. T cell activation
by TCR, co-simulators, and cytokines is blocked by (1) PD-1, (2) CTLA4,
and (3) SOCS.
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mostly activate STAT5.(10,11,21–23) Thus, CIS is believed to
suppress STAT5 by masking STAT5-binding phosphotyrosine
motifs on the receptors, and also by inducing ubiquitin/protea-
some-dependent degradation of the activated receptors(24,25)

(Fig. 3). However, recent studies using Cish (encodes CIS pro-
tein)-deficient mice have suggested that CIS is a negative feed-
back regulator of IL-4 rather than IL-2, although the precise
biochemical mechanism remains to be clarified.(26)

CIS has been shown to be an important immune checkpoint
molecule for adoptive cancer immunotherapy. Genetic deletion
of Cish in CD8+ T cells enhances their expansion and func-
tion, resulting in pronounced and durable regression of estab-
lished tumors.(27) Another recent paper suggest that CIS is a
critical negative regulator of IL-15 signaling in NK cells and
that deletion of Cish enhances anti-tumor immunity.(28) CIS
was rapidly induced in response to IL-15, and deletion of Cish
rendered NK cells hypersensitive to IL-15, as evidenced by
enhanced proliferation, survival, IFN-c production, and cyto-
toxicity toward tumors. In this study, CIS has been shown to
selectively interact with the tyrosine kinase JAK1, inhibiting
its enzymatic activity and targeting JAK1 for proteasomal
degradation. Cish-deficient mice were resistant to melanoma,
prostate, and breast cancer metastasis in vivo, and this was
intrinsic to NK cell activity. These papers suggest possibilities
for new cancer immunotherapies directed at blocking CIS
function.

SOCS1 and T Cells

SOCS1 can inhibit nearly all cytokines using JAKs because it
binds to and directly inhibits JAKs except for JAK3. Thus,

SOCS1 specificity is regulated by its inducible expression.
SOCS1 plays an essential negative regulatory role in IFN-c,
IL-2, IL-4, IL-7, and IL-15 functions in T cell.(29) SOCS1-defi-
cient mice showed an aberrant CD4/CD8 ratio, implicating the
role of SOCS1 in thymic T cell development.(30,31) SOCS1 is
involved in maturation and proliferation of CD8+ T (CTL)
cells. In SOCS1-knockout mice, the number of CTLs has
increased and showed CD44highCD62Lhigh central memory
type characteristics partly due to higher responses to IL-17 and
IL-15.(32,33) IL-21 induces SOCS1 expression in CD8+ T
cells,(7) and in the absence of SOCS1, IL-21 dramatically
potentiates IL-7- and IL-15-induced proliferation in CD8+ T
cells.
SOCS1 plays critical roles in the helper T cell (Th) subset

differentiation. SOCS1�/�CD4 na€ıve T cells differentiated into
Th1, even under non-skewing conditions, while Th17 differen-
tiation was strongly suppressed.(34) This Th17 suppression by
SOCS1 deficiency is probably a result of hyper-production and
enhanced signal transduction of IFN-c. STAT3 activation was
reduced in SOCS1-deficient T cells, mostly because of upregu-
lation of SOCS3 gene expression, which can account for
reduced IL-6 responses and Th17 differentiation.(34) In addi-
tion, SOCS1�/� T cells are less responsive to TGF-b, although
the mechanism has not been clarified.(34)

SOCS1 also plays an important role in the regulation of reg-
ulatory T cells (Tregs), which has been shown to regulate anti-
tumor immunity.(35) SOCS1 has been reported to play an
important role in Treg cell integrity and function by protecting
Tregs from a harmful effect of excessive inflammatory cytoki-
nes at inflammatory conditions.(36) SOCS1-deficient Tregs
easily lose Foxp3 expression and are converted into Th1- or
Th17-like effector cells, probably because of STAT1 and
STAT3 hyperactivation. We have shown that SOCS1-defi-
ciency in Tregs resulted in strong enhancement of anti-tumor
immunity (Takahashi et al., unpublished data). In humans, a
negative correlation between SOCS3 and Foxp3 levels has
been reported.(37)

SOCS1 is a target of miRNA-155 and miR-146a in
Tregs.(38–40) Lu et al. showed that during thymic differentia-
tion of Tregs, upregulation of Foxp3 is associated with high
miR155 expression, which in turn promotes the competitive fit-
ness and proliferative potential of Treg cells by inducing
SOCS1 downregulation. In this case, IL-2 signal is enhanced
by SOCS1 downregulation. miR-155 deficiency also attenuates
liver ischemia-reperfusion injury through upregulation of
SOCS1, which was associated with promotion of M2 macro-
phage polarization and suppression of Th17 differentiation.(41)

SOCS1 and Anti-Tumor Immunity

SOCS1 is now considered to be an immune checkpoint molecule
for anti-tumor immunity, because SOCS1 negatively regulates
signaling of IFN-c and IL-12, essential cytokines for anti-tumor
immunity. Previously, we and others showed that SOCS1-
silenced DCs induce stronger anti-tumor immunity.(42–44) Mye-
loid cell-specific SOCS1-deficient mice were resistant to tumor
growth in an IFN-c dependent manner(45) (Fig. 4). In CD8+ T
cells, even though SOCS1-deficiency caused defective expan-
sion following in vivo antigen stimulation,(46) SOCS1-silenced
CD8+ T cells showed stronger anti-tumor activity.(47) Because
SOCS1 is an important target of miRNA-155, miRNA-155 over-
expression reduced SOCS1 expression levels, thereby enhancing
antitumor responses. Indeed, enforced SOCS1 expression in
CD8+ T cells phenocopied with the miRNA-155 deficiency,

Fig. 2. General mechanism of the action of CIS, SOCS1, and SOCS3.
Cytokine stimulation activates the JAK-STAT pathway, leading to the
induction of CIS, SOCS1 and/or SOCS3. SOCS1 binds to the JAKs and
inhibits catalytic activity, SOCS3 binds to JAK-proximal sites on cyto-
kine receptors and inhibits JAK activity, and CIS blocks the binding of
STATs to cytokine receptors and induces receptor degradation.
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whereas SOCS1 silencing augmented tumor eradication.(47) In
addition, higher levels of miR155 facilitates tumor growth mod-
ulating myeloid-derived suppressive cells (MDSC) through
SOCS1 repression.(44) These observations indicate that SOCS1
is a key regulator of anti-tumor immunity in both DCs and
CD8+ T cells.

SOCS3; Essential Regulator for STAT3-Related Cytokines

SOCS3 is highly specific for several key cytokines that are
related to the gp130 family, because the SOCS3-SH2 domain
has a high affinity for phosphorylated gp130. Tissue-specific
conditional tissue deletion of SOCS3 demonstrated a non-
redundant ability to inhibit signaling from IL-6 and also from
LIF, leptin, and G-CSF.(8) In SOCS3-deficient macrophages,
IL-6 functions like IL-10, which is a potent inhibitory regual-
tor of macrophages and DCs.(48) This is probably due to sus-
tained activation of STAT3 in the absence of SOCS3 because
the IL-10 receptor does not have SOCS3-binding sites. Macro-
phages expressing mutant gp130 that are unable to bind
SOCS3 displayed sustained STAT3 activation and anti-inflam-
matory effects in response to IL-6. However, mice lacking
SOCS3 in the skin or mice carrying a gp130 mutant develop
exacerbated inflammation, chronic disease, and cancer.(49)

Thus, the biological functions of the IL-6/STAT3 pathway are
strictly dependent on cell types.

SOCS3 and Cancer

SOCS3 is believed to be an anti-oncogene. Reduced SOCS3
expression has been observed in various human cancers and is
associated with constitutive STAT3 activation.(49) Recently, we
reported that stomach-specific deletion of SOCS3 resulted in the
development of gastric tumors, and this was dependent on lep-
tin.(50) A SOCS3 SNP was reported to be associated with human
gastric cancer.(51) Similarly, gp130 mutant mice carrying the
Y757F mutantation, which loses its binding ability to SOCS3,
developed gastric tumors.(52) In this case, IL-11 and TGFb have

been shown to play important roles.(53) Loss of SOCS3 also pro-
moted pancreatic cancer driven by the oncogenic Ras muta-
tion.(54) SOCS3 mutation (or variant) in the SH2 domain was
discovered in a patient with polycythaemia vera.(55) In addition,
many previous reports demonstrated that STAT3 activation in
tumor-associated immune cells might promote immunosuppres-
sive environment by mediating the generation of immune sup-
pressor cells, including myeloid-derived suppressors (MDSCs)
and Treg cells and/or by inducing production of immune sup-
pressive factors, such as VEGF, IL-10, and IL-6.(56–58)

However, to our surprise, deletion of SOCS3 in myeloid
cells using LysMCre-SOCS3-flox (cKO) mice showed reduced
melanoma metastasis.(59) In a subcutaneous transplantation
model of B16F10 melanoma cells, tumor sizes were not signif-
icantly different, and SOCS3-cKO mice survived longer than
wild-type (WT) mice did. SOCS3-deficient macrophages stim-
ulated with tumor lysates in vitro exhibited prolonged STAT3
phosphorylation and produced a smaller amount of TNFa and
IL-6, and a larger amount of monocyte attractive chemokine,
MCP2/CCL8 than WT macrophages did. MCP/CCL8 was
induced via STAT3 and suppressed tumor metastatisis in WT
mice. We also observed a significant reduction of tumor size
of subcutaneously transplanted MC38 colon adenocarcinoma
cells in T cell-specific SOCS3-cKO mice (Mise-Omata et al.,
unpublished data). Thus, the targeted inhibition of SOCS3
activity in macrophages as well as in T cells may be therapeu-
tic for the suppression of tumor growth and/or metastasis. Nev-
ertheless, as discussed above, there are some contradictory
reports for the role of SOCS3 in anti-tumor immunity. Thus
further study is necessary to determine the usefulness of
SOCS3 suppression for cancer treatment.

Design of SOCS Inhibitors and Application for Promoting
Anti-Tumor Immunity

Since deletion or suppression of SOCS1 and SOCS3 in either
T cells or myeloid cells enhanced anti-tumor immunity, SOCS
inhibitors could be ideal drugs that target an immune check-
point controlled by cytokines. Since SOCS is an intracellular
molecule, inhibitors should be membrane-permeable small
compounds. As mentioned, the N-terminal region containing
KIR of SOCS1 and SOCS3 is essential for the tight binding to
JAK’s GQM region and for the inhibiton of the tyrosine kinase
activity.(18) We have shown that a KIR-mutant SOCS1 func-
tions as a dominant negative form not only for SOCS1 but also
for SOCS3(60) (Fig. 5). Thus, to suppress SOCS-JAK interac-
tion, inhibition of the SH2 domain-phosphotyrosine interaction
is not always necessary. Compounds capable of blocking the
interaction between KIR and GQM KIR could be drugs that
enhance JAK activity by preventing the function of SOCS1
and SOCS3 (Fig. 6). Such compounds may protect dephospho-
rylation and inactivation of JAKs by limiting SOCS1 binding
to the kinase activation loop. Such compounds will be devel-
oped by in silico drug design because the interactions between
KIR and GQM have already beenresolved at atomic levels.

Concluding Remarks

Over the past two decades, following the discovery of the
SOCS family proteins, we have extended our understanding of
the structure and function of these proteins. Therapeutic anti-
tumor effects of SOCS1 inhibition have been demonstrated by
using SOCS anti-sense oligonucleotide and shRNA. We now
understand that the SOCS-JAK interaction is a potentially

Fig. 3. Structure of the complex of JAK2 and SOCS3, and pg130
phosphopetide. SOCS3 binds the kinase domains of JAK1, JAK2, and
TYK2 and inhibits its catalytic activity by blocking the substrate-bind-
ing site with its kinase inhibitory region. SOCS3 remains bound to
gp130 while in complex with JAK (beige). Regions for GQM motif and
KIR are highlighted. The figure is from Babon JJ, Varghese LN, and
Nicola NA. Inhibition of IL-6 family cytokines by SOCS3. Semin Immu-
nol. 2014; 26: 13–19.(61) Permission was obtained from Dr. Babon.
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Fig. 4. Anti-tumor activity of myeloid cell-specific
SOCS1 conditional knockout (cKO) mice. WT,
SOCS1-cKO, IFNc�/� and SOCS1�/� IFNc�/� mice
were subcutaneously challenged with B16
melanoma cells. Kaplan–Meier survival curves are
depicted as time after tumor challenge. Data are
modified from Hashimoto et al. Silencing of SOCS1
in macrophages suppresses tumor development by
enhancing antitumor inflammation. Cancer Science.
2009; 100: 730–736.(45) Copyright (c) (2009) AY.

Fig. 5. Effects of KIR mutations on IFNc-STAT1
activation. Transgenic thymocytes loading a point
mutation in KIR domain which does not interact
with JAK GQM motif exhibited prolonged STAT1
activation induced by IFNc stimulation. This
research was originally published in the Journal of
Biological Chemistry [A mutant form of JAB/SOCS1
augments the cytokine-induced JAK/STAT pathway
by accelerating degradation of wild-type JAB/CIS
family proteins through the SOCS-box. J Biol Chem.
2001; 276: 40746–54].(60)

Fig. 6. Model of the effect of a SOCS inhibitor for
JAK tyrosine kinase activity. A hypothetical SOCS
inhibitor which blocks interaction between KIR
region of SOCS1 and GQM motif of JAK will inhibit
the action of KIR, therefore the substrate is
accessible to the catalytic pocket of JAK.
Furthermore, binding of SOCS1-SH2 domain may
protect dephosphorylation of JAK’s “kinase
activation loop”; therefore, the kinase activation
will be prolonged.

© 2017 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.

Cancer Sci | April 2017 | vol. 108 | no. 4 | 578

Review Article
SOCS and immune checkpoints www.wileyonlinelibrary.com/journal/cas



druggable target as an immune checkpoint modulator. Devel-
opment of SOCS inhibitors, based on a structural analysis of
the JAK/SOCS complex is highly desirable for cost-effective
tumor therapy.
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