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ARTICLE INFO ABSTRACT

Keywords: Immune checkpoint inhibitors harness the power of the immune system to fight cancer. The clinical success
Cancer achieved with antibodies against the inhibitory T cell receptors PD-1 and CTLA4 has focused attention on the
ILCs possibility of manipulating other immune cells, in particular those involved in innate immunity. Here we review
NK cells the role of innate lymphoid cells (ILCs) and their contribution to tumor immunity. As the prototypical ILC, the
IS]E)lCZ proteins natural killer (NK) cell has an intrinsic ability to detect and kill cancer cells. NK cells are dependent on the
CIs cytokine interleukin (IL)-15 for their development and effector activity. We discuss the role of the Suppressor of
S0CS2 cytokine (SOCS) proteins in negatively regulating IL-15 and NK cell responses and the potential for targeting

these small intracellular regulators as new immune checkpoints.

1. Introduction

Immunotherapies that target inhibitory receptors on immune cells,
such as programmed cell-death protein 1 (PD1) and cytotoxic T-lym-
phocyte protein 4 (CTLA-4), have dramatically impacted patient out-
comes and the lives of many patients with otherwise untreatable disease
have been prolonged. However, as this new and exciting frontier ad-
vances it is apparent that some patients are refractory to treatment and
that not all cancers can be treated with the current immunotherapies
(reviewed in (Emens et al., 2017)). Further, after an initial response to
anti-PD1 therapy, tumors can acquire resistance associated with loss of
major histocompatibility complex (MHC)I expression, and inactivation
of antigen presentation or interferon (IFN) signaling (JAK1 and JAK2
inactivating mutations) (Zaretsky et al., 2016). The success and lim-
itations of the current immunotherapies have spurred the search for
alternative approaches and in particular, attention has turned to innate
lymphoid cells such as the natural killer (NK) cells, which as their name
suggests, possess an intrinsic ability to detect and kill transformed cells.

2. Innate lymphoid cell subsets

Innate lymphoid cells (ILCs) are a group of immune cells derived
from a common lymphoid progenitor (CLP) and are distinguished from
adaptive immune cells by the lack of classical features including various
lineage markers and recombined antigen-specific receptors.

Although the first members of the ILC family, the lymphoid tissue-
inducer (LTi) cells and NK cells were discovered more than 22 years ago
(Kiessling et al., 1975a; Herberman et al., 1975; Kiessling et al., 1975b;
Mebius et al., 1997), ILCs have only recently been recognized as a
highly diverse group of cells, essentially akin to a new population of
effector lymphocytes. They include NK cells and at least three different
ILC subsets (ILC1, ILC2, ILC3) that are distinguished by lineage-defining
transcription factors, their capacity to rapidly produce ‘signature’ cy-
tokines, along with other functional attributes (Fig. 1A). Many of these
subsets are highly enriched at mucosal sites (e.g. ILC3 and ILC2), whilst
other subsets are found predominantly in the blood or largely confined
to tissues (ILC1s and some NK cells). Similar to adaptive immune cells,
ILCs are involved in host resistance to pathogens and tumor ‘im-
munosurveillance’, but perhaps one of the most important and un-
expected roles of ILCs is in the maintenance of mucosal and tissue
homeostasis and in tissue repair (Monticelli et al., 2011).

Group 1 ILCs are generally characterized by their ability to secrete
IFN-y and reliance on the transcription factor T-bet (encoded by
Tbx21). This group includes both NK cells (CD49b*CD49a~) that ex-
press eomesodermin (Eomes) and tissue-resident ILC1s
(CD49b~CD49a ™) that generally lack Eomes expression. This distinc-
tion however, is not as clearly demarcated as initially thought. Group 2
ILCs depend on the transcription factors GATA-binding protein 3
(GATA3) for their development and maintenance and Rora during ac-
tivation and expansion (Hoyler et al., 2013; Hoyler et al., 2012;
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Fig. 1. Potential pro- and anti-tumorigenic functions of ILC subsets in cancer.

(A) Schematic showing the different innate lymphoid subsets and their functional roles. (B) NK cells effect tumor removal through a number of mechanisms including immunosurveillance
via registration of altered MHC class I ligand expression and lytic mechanisms to kill transformed cells. Simultaneously, cellular stress results in the upregulation of ligands for activating
NK cell receptors on the tumor cell. Both these events contribute to NK cell activation and the cytolytic effector functions that kill the target tumor cell. However, as the tumor progresses,
mutations may arise which upregulate ligands for inhibitory receptors and/or result in loss of ligands for activating receptors. In this way, the tumor evades NK cell immunosurveillance.
A major challenge is to identify the means to ‘activate’ NK cells. The role and impact of other ILC subsets is far less clear, with each subset potentially able to both promote the
development or escape of tumor cells and restrain tumor growth. Due to the continually changing nature of the tumor microenvironment, these roles are likely to evolve over time.
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Mjosberg et al., 2012; Wong et al., 2012). They mainly secrete the
cytokines IL-5 and IL-13, but also produce IL-4, IL-9 and amphiregulin
and have been implicated in tissue repair, helminth responses and al-
lergic inflammation (Fallon et al., 2006; Moro et al., 2010; Wilhelm
et al., 2011).

Group 3 ILCs are made up of multiple subsets, all of which depend
on the transcription factor Roryt, even at steady-state. These include LTi
cells, and two populations of ILC3s which differ in their expression of
the natural cytotoxicity triggering receptor 1, NCR (or NKp46, encoded
by Ncfl). NCR* ILC3s depend on T-bet and Notch signaling for their
development, whilst NCR™ ILC3s lack this requirement (Rankin et al.,
2013; Klose et al., 2013). At steady-state in man, NCR* cells comprise
~5% of lymphocytes but are fewer in mice. Nevertheless, NCR " ILC3s
found in mucosal tissues significantly outnumber classical NK cells
(Klose et al., 2014; Satoh-Takayama et al., 2008; Vonarbourg et al.,
2010; Sanos et al., 2009). ILC3s lack cytotoxic machinery such as per-
forin, granzyme B and molecules involved in triggering target killing
and instead secrete IL-17 and IL-22 to initiate pathways of immune
protection and tissue repair.

2.1. Involvement of ILCs in tumor defense

Immunosurveillance has long been thought to be the fundamental
role of NK cells, which can spontaneously kill cells that pose a danger to
the host (Guillerey et al., 2016; Morvan and Lanier, 2016). The devel-
opment of a malignancy, however, is associated with a diverse and
continuously changing spectrum of infiltrating cells, including different
types of ILCs which may play an ambiguous role in tissue repair vs.
driving tumor development. Furthermore, our interpretation of studies
establishing the dominant role of NK cells may be confounded by the
failure to recognize that early analyses didn’t account for NK cell di-
versity, nor did they distinguish other ILC1 subsets; necessitating a
renewed investigation of the ILC contributions to tumor immunity.

2.2. Potential tumorigenic and protective roles of other ILC subsets

Our current understanding of the contributions of non-NK cell ILCs
to tumor development is quite limited, particularly as we don’t fully
understand the temporal changes in the ILC types and phenotypes
within the tumor microenvironment that might be conducive to tumor
eradication. The cytokine profiles expressed by the different ILCs,
however, suggest that they may well drive particular stages of tumor
development, maintenance or elimination.

ILC1s, like NK cells, produce both IFN-y and TNF-a (Bernink et al.,
2013; Fuchs et al., 2013). IFN-y can significantly improve the anti-
tumor responses of macrophages, NK cells and T cells by augmenting
the expression of MHCI, driving the differentiation of Thl cells and
impairing tumor cell proliferation and angiogenesis. For example, it
was recently shown that NK1.17CD49a*CD103* ILC1-like cells ex-
panded in response to cellular transformation and could lyse tumor
cells in a granzyme B/TRAIL-dependent manner (Dadi et al., 2016).
This study, however, didn’t distinguish between the actions of ILCls
and cytotoxic T cells, thus the main effector population remains un-
clear. In a separate study, a similar ILC1 population which was regu-
lated independently from NK cells was implicated in tumor im-
munosurveillance (Dadi et al., 2016). T cells responding in this same
microenvironment acquired many similar features to ILC1 cells, in-
cluding the expression of NK1.1, CD49a and CD103. The two popula-
tions were thus designated as ‘unconventional type-1-like innate lym-
phoid cells’ and ‘type 1 innate-like T cells’. Both populations were
dependent on IL-15 and exhibited cytotoxicity in vitro and although
ILC1s accumulated during tumor formation, the contribution of each
cell type in vivo remains uncertain (Dadi et al., 2016).

The apparent plasticity between ILC1 and ILC3 phenotypes adds an
unanticipated complication to unravelling the role of different ILCs in
tumorigenesis. IFNy-producing ILC1-like cells that have previously
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exhibited an ILC3 signature may fulfil a cytotoxic role in response to IL-
12 and thus form a tumor-repressive subset (Eisenring et al., 2010).
NKp46* CD56*CD3~ ILCs have been described in man that exhibit
low cytotoxicity but produce IL-22 and show an expression profile that
overlaps with NK cells (Crome et al., 2017). These ILCs are purported to
suppress T cell expansion as the addition of activating NKp46 anti-
bodies to in vitro cultured tumor infiltrating lymphocytes abrogated the
ILC suppression. Whether this reveals the essential function of the
regulatory ILCs or addresses the role of NKp46 in cell-cell interactions
in these cultures is not clear. Indeed, the function of these ILCs will
need to be further examined in vivo as current assertions are largely
extrapolated from in vitro analyses.

The inherent plasticity of ILC populations is further illustrated by a
recent study showing NK cells can be converted into CD49a™ CD49b™
ILC1 intermediate and CD49a™ CD49b~ ILC1 populations, in response
to TGFp in the tumor microenvironment (Gao et al., 2017). The in-
ability of these ILC1 populations to control tumor cell growth highlights
the evolution of tumors to evade the immune response (Gao et al.,
2017).

3. Natural Kkiller cells

NK cells can spontaneously kill cells that are infected with a pa-
thogen or exhibit markers of ‘foreignness’ such as tumor cells. Indeed,
the lytic functions of NK cells mediated via granzyme B and perforin
have dominated investigations of their role in anti-cancer defense
(Voskoboinik et al., 2006). However, multiple other mechanisms that
induce target cell apoptosis exist, including Fas/FasL and TRAIL/TRAIL
receptor triggering. In addition, NK cells can regulate multiple cell
types, including dendritic cells, through the secretion of cytokines (e.g.
IFN-y and TNF-a) and other growth factors. Although NK cells are
armed to rapidly kill cells without the requirement for prior sensitiza-
tion or antigen, regulation of this capacity is effected by the activatory
(e.g. NKG2D, NKp30, NKp44, 2B4, DNAM-1 and CD16) (Vivier et al.,
2008; Martinet et al., 2015; Martinet and Smyth, 2015; Yokoyama and
Plougastel, 2003; Huntington et al., 2013) and MHC class I-mediated
inhibitory receptors (e.g. various Ly49 receptors, leukocyte im-
munoglobulin-like receptors, KLRG1) (Robbins et al., 2002; Colonna
et al., 1997; Cosman et al., 1997) (Fig. 1B).

As an innate immune cell armed with intrinsic cell killing ability,
NK cells have been the subject of intense interest as an im-
munotherapeutic target. Tumor infiltrating NK cells are associated with
improved patient prognosis and survival for a variety of different can-
cers (Coca et al., 1997; Ishigami et al., 2000; Takanami et al., 2001;
Villegas et al., 2002). These data are supported by a seminal 11-year
prospective cohort study conducted in Japan which found an inverse
correlation between increased cancer incidence and existing NK cell
cytotoxicity (Imai et al., 2000).

NK cells possess a number of characteristics that make them parti-
cularly attractive. Unlike T cells, NK cells don’t require an adaptive
immune response to kill and the absence of the TCR means there is no
associated risk of graft-versus-host disease (GVHD). Their lack of clonal
expansion may also limit toxicity due to excessive cytokine production.
However, NK cells within the tumor microenvironment are subject to
the same suppressive factors that dampen down receptors on T cells,
often resulting in a quenching of their capacity to eliminate tumor cells.
Approaches that augment the anti-cancer effector properties by by-
passing receptor downregulation are a major focus for potential im-
munotherapies.

The adoptive transfer of both autologous and allogeneic NK cells has
been tested in clinical trials and shown to be safe (Locatelli et al., 2014;
Rezvani and Rouce, 2015). However, efficacy in this setting appears to
be limited, possibly due to the short lifespan of NK cells in vivo and
because they are still subject to inhibition by suppressive factors in the
tumor environment. Leukemic cell lines such as the NK92 line which
was derived from a malignant non-Hodgkin’s lymphoma, have been
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widely used as an allogeneic therapy. Use of these transformed cell lines
necessitates irradiation of cells prior to use, which in turn, contributes
to the limited persistence in vivo. Efforts to counteract this and boost the
activity of NK cells include engineering them to express activating re-
ceptors and chimeric antigen receptors (CARs) which either express
tumor antigens or activating ligands (reviewed by Rezvani and collea-
gues (Rezvani et al., 2017)). Recent strategies include the generation of
cord blood-derived NK cells which express CAR-CD19 (for B cell lym-
phoma), IL-15, CD16 and an inducible caspase 9; the latter so that cells
can be pharmacologically killed post-transfusion (Liu et al., 2017). The
co-administration of NK enhancing cytokines such as IL-15 has also
been trialed with mixed results and this approach is discussed in more
detail below.

3.1. IL-15 regulation of NK cell development and activity

NK cell homeostasis and function requires exposure to cytokines
such as IL-2, IL-12 and IL-15. IL-15 is critical not only for NK cell de-
velopment, but also for NK cell proliferation, survival and effector
function. It is primarily produced by dendritic cells and monocytes in
response to IFN in the tumor microenvironment and high intratumoral
IL-15 levels are associated with increased disease-free survival in col-
orectal cancer (Mlecnik et al., 2014).

IL-15 is a four-a-helical bundle cytokine belonging to the IL-2 fa-
mily (IL-2, IL-4, IL-7, IL-9, IL-15, IL-21). It is uniquely pre-assembled
together with its cognate receptor (IL-15Ra) in the golgi and expressed
on the surface of cells such as monocytes and dendritic cells for trans-
presentation to adjacent NK cells and CD8 memory T cells; signaling is
initiated on IL-15 binding to the IL-2 receptor complex, which is com-
prised of  and y subunits (Mortier et al., 2008). IL-2 also signals
through this complex, however it binds first to a specific IL-2R subunit
(IL-2Ra) on the surface of the target cell (Fig. 2). IL-2 and IL-15 have
both overlapping and unique activities; for instance, IL-2 is required for
maintaining Tregs in the periphery and IL-15 contributes to the main-
tenance of memory T cells. These cytokine-specific actions can partly be
explained by differential expression of the respective a-chains, whilst
the relatively high affinity of IL-15 for IL-15Ra and its persistence in the
local cellular environment may alter the kinetics or strength of signal
generated (Waldmann, 2015). All other family members signal through
a heterodimeric complex consisting of a ligand-specific alpha-chain and
the common gamma chain (y.) (Fig. 2) (Liao et al., 2013).

The importance of IL-15 for NK cell development and function is
underscored by the severely reduced NK cell numbers in II-2r~/~ mice

IL-4 IL-7 IL-9
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(Suzuki et al., 1997) and the absence of NK cells in H-Zry_/ ~ mice
(DiSanto et al., 1995). The severity of these phenotypes is greater than
the reduced NK cell function found in II-277~ mice (Kundig et al.,
1993), and no doubt stems from effective loss of both IL-2 and IL-15
signaling. Administration of neutralizing IL-15 antibodies to rhesus
macaques resulted in loss of peripheral NK cells, evidence that the role
of IL-15 in maintaining NK cell population is conserved in primates
(DeGottardi et al., 2016).

IL-15 signaling is initiated by activation of the JAK1 and JAK3
tyrosine kinases that are constitutively associated with the IL-2R and
IL-2Ry subunits, respectively. The activated JAKs phosphorylate tyr-
osine residues within the receptor subunits which then act as docking
sites for secondary signaling molecules such as STAT3 and STAT5 and
other SH2-containing proteins such as GRB2 and Shc. STATS5 is the
predominant STAT activated by IL-15 and is critical for NK cell devel-
opment and survival; NK cell-specific deletion of the Stat5 gene in mice
results in an almost complete loss of NK cells (Eckelhart et al., 2011).
The STATS transcriptional program induces expression of the SOCS
family proteins, the critical negative regulators of JAK-STAT signaling.

Patients with mutations in II-2ry and Jak3 suffer from severe com-
bined immune deficiencies (SCID) and lack T lymphocytes and NK cells
as a result of loss of signaling by the IL-2 family cytokines (Macchi
et al., 1995; Noguchi et al., 1993; Russell et al., 1995). The lack of
circulating NK cells in these patients can be primarily attributed to loss
of IL-15 signaling, further evidence that the importance of IL-15 for NK
cell development translates to humans (Jouanguy et al., 2013). Simi-
larly, there are rare reports of patients with Stat5B mutations who, in
addition to growth hormone-related defects, have immunodeficiencies
associated with reduced NK cell numbers (Bernasconi et al., 2006;
Pugliese-Pires et al., 2010).

4. The suppressor of cytokine signaling (SOCS) proteins

There are eight canonical SOCS proteins characterized by a central
SH2 domain and a C-terminal SOCS box motif (Hilton et al., 1998).
They can be differentiated by the presence of a short (CIS, SOCS1, 2, 3)
or long, N-terminal region (SOCS4, 5, 6, 7; 270-385 residues). The
SOCS box motif recruits an E3 ubiquitin ligase complex consisting of
Elongins B and C, RING box 2 (Rbx2) and the scaffold Cullin-5 (Zhang
et al., 1999). Broadly speaking the SOCS proteins can be thought of as
adaptors that target an SH2-bound protein for ubiquitination and
consequently, proteasomal degradation (Linossi and Nicholson, 2012).

SOCS1 and SOCS3 contain a unique kinase-inhibitory region (KIR)

Fig. 2. Schematic showing receptor complexes acti-
vated by IL-2 family cytokines.

All IL-2 family cytokines bind to a specific alpha
chain (a) and then signal through interaction with
the common gamma (y) chain. In addition, IL-2 and
IL-15 share the IL-2Rf subunit, with IL-15 uniquely
o trans-presented together with its alpha subunit on

IL-21

the surface of adjacent cells. The associated JAK1

JAK3

and JAK3 protein kinases are activated and phos-
phorylate the receptor cytoplasmic domains, which
recruits the STAT transcriptional activators. The
predominant STAT protein activated by each cyto-
kine is highlighted in bold, but this will vary from
cell type to cell type.
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which interacts with a GQM amino acid motif on JAK1, JAK2 and JAK3,
partially blocking the substrate binding site, resulting in the inhibition
of JAK catalytic activity (Babon et al., 2012; Sasaki et al., 1999). SOCS3
and CIS also contain a unique unstructured insertion within the SH2
domain, which does not disrupt the SH2 fold. In SOCS3 this has been
shown to be a true PEST motif (rich in proline, glutamic acid, serine and
threonine) and regulates SOCS3 stability (Babon et al., 2006). The
function of the insertion in CIS is unknown.

4.1. SOCS proteins act as immune checkpoints in tumor immunity

CIS was first discovered by Yoshimura and colleagues as a cytokine-
inducible SH2-containing protein (Yoshimura et al., 1995). While CIS
was induced by a number of cytokines and was able to inhibit signaling
from the same cytokines when overexpressed (Yoshimura et al., 1995;
Aman et al., 1999; Matsumoto et al., 1997; Dif et al., 2001), deletion of
the gene encoding CIS (Cish) appeared to have very little impact in vivo
(Marine et al., 1999). A second Cish-deficient mouse strain was pre-
disposed to pulmonary inflammation and showed increased suscept-
ibility to experimental allergic asthma, as a consequence of enhanced
IL-2/STAT5S and IL-4/STAT6 signaling (Yang et al., 2013). Although
regulation of the IL-2Rf/y. complex was implied, the protein/s targeted
by CIS were not identified in this study. Recently, several laboratories
(including ours) have since highlighted a role for CIS as an intracellular
regulator in CD8 T cells and NK cells which restrains anti-tumor im-
munity.

Cish is a STATS response gene and is transcriptionally upregulated
by IL-2 and IL-15 in both T cells and NK cells (Delconte et al., 2016).
Expression is also rapidly induced in response to TCR signaling (Li
et al., 2000; Palmer et al., 2015). Cish-deficient CD8 T cells show en-
hanced expansion on TCR engagement; this IL-2-independent response
was suggested to occur via CIS targeting PLCy-1 for proteasomal de-
gradation. Further, adoptive transfer of Cish-deficient CD8 cells was
protective in a subcutaneous B16 melanoma model (Palmer et al.,
2015). Paradoxically, this is in stark contrast to the enhanced TCR
signaling and responses observed in Cish-transgenic CD4 cells (Li et al.,
2000). The discrepancy between these studies remains unresolved, but
might indicate differential expression of CIS target proteins. Alter-
natively, high CIS levels might “mop up” the E3 components, limiting
the activity of other SOCS box proteins.

Genetic deletion of Cish didn’t impact on NK cell homeostasis
however, it did enhance IL-15 signaling responses in cultured NK cells,
leading to increased proliferation, production of IFNy and effector
proteins and killing of target cells (Delconte et al., 2016). This corre-
lated with increases in IL-2R[ levels, phosphorylated and total JAK1
and downstream signaling. The CIS-SH2 domain bound with high af-
finity to a phosphopeptide corresponding to the JAK activation loop
and in vitro, inhibited JAK1 kinase activity. Consistent with previous
studies, CIS also interacted with peptides derived from the IL-2Rf,
supporting the hypothesis that CIS interacts at multiple points within
the IL-15 receptor complex, efficiently blocking further kinase activity
and targeting the receptor complex, including the associated JAK ki-
nases, for proteasomal degradation (Delconte et al., 2016) (Fig. 3).
Importantly, Cish~/~ mice were dramatically protected in various ex-
perimental and spontaneous metastasis models and the adoptive
transfer of Cish™’~ NK cells was sufficient to confer protection
(Delconte et al., 2016).

A number of questions remain unresolved. For instance, why would
CIS target different proteins in NK and CD8 T cells? And why would
CIS, rather than SOCS1 (which is also induced by IL-15 and interacts
with JAK1 and the IL-2Rf (Delconte et al., 2016; Sporri et al., 2001;
Cornish et al., 2003)) be the critical regulator of IL-15 signaling in NK
cells, particularly when SOCS1 regulates IL-15 in CD8T cells
(Ilangumaran et al., 2003)? The converse also holds true — why is it
that SOCS1 (Cornish et al., 2003), but not CIS, regulates IL-2 signaling
in CD8T cells? Much of this could be explained by differential

44

Molecular Immunology 110 (2019) 40-47

expression of the two proteins; currently we are hampered by the lack
of tools to quantitatively compare absolute levels. Alternatively, there
may be additional activation steps, such as post-translational mod-
ification, that are required to fully active CIS and/or SOCS1 or which
regulate their turnover. Finally, given that CIS lacks the KIR region
found in SOCS1 and SOCS3, exactly how CIS inhibits JAK1 activity is
also unclear. This will no doubt be better understood as we gain a
structural understanding of the binding interfaces between SOCS and
their target proteins.

These studies reveal an unequivocal role for CIS as an immune
checkpoint in mice. Critically, we now need to confirm that the role of
CIS is functionally conserved in human immune cells. If it is, CIS in-
hibitors could be developed as a novel immunotherapy with the po-
tential to synergistically enhance the effector activity of both CD8 T
cells and NK cells.

SOCS2 also appears to have a role in various cancers (Letellier and
Haan, 2016). Although it was initially discovered as a key regulator of
growth hormone, prolactin and IGF signaling (Metcalf et al., 2000),
further investigation suggests that its targets and functions are more
diverse, with roles in neurodevelopment, Th1/Th2 immunity, sepsis
and diabetes. Although reports are often conflicting, SOCS2 may limit
tumor growth, with low Socs2 expression correlating with advanced
disease in a number of cancers (Letellier and Haan, 2016).

SOCS2 has also been implicated in regulating NK cell-mediated
tumor immunity and appears to limit NK cell differentiation in-
dependently of effector function, with Socs2-deficient (Socs2~/~) mice
exhibiting increased numbers of NK cells in the bone marrow and
spleen. Consistent with this, Socs2~/~ mice were protected in the ex-
perimental B16 melanoma lung metastasis model (Kim et al., 2017).
Although the authors demonstrated an increased NK cell presence in
Socs2~/~ lungs, they did not definitively demonstrate that enhanced in
vivo anti-tumor immunity was due to the increased NK cell number
(Kim et al., 2017). Indeed, a recent study by Nirschl et al. (Nirschl et al.,
2017), suggests that IFNy-induction of SOCS2 in migratory dendritic
cell (DC)s dampens the adaptive immune response, limiting T cell im-
munity and raising the possibility that enhanced antigen presentation
by DCs could contribute to the in vivo response attributed to Socs2™/~
NK cells (Kim et al., 2017). The relative contribution of these findings to
various tumor models needs to be clarified and further work is required
to understand the proteins targeted by SOCS2. The protein target/s in
DCs were not identified, whilst Kim et al., suggested that SOCS2 could
directly regulate JAK2 (Kim et al., 2017). Interestingly, within the ca-
nonical SOCS family, CIS and SOCS2 share the highest amino acid
homology across their SH2 domains, yet appear to exert quite specific
cellular effects, despite being induced by an overlapping set of cyto-
kines. This points to an underlying level of specificity which as yet, we
don’t understand.

We again need to consider the relevance of these findings to human
tumor immunity. The study by Nirschl et al. (Nirschl et al., 2017),
elegantly demonstrated conservation of the Socs2 signature in mela-
noma infiltrating human CD11c+ mononuclear phagocytes. However,
the impact of deleting Socs2 in human DCs still needs to be investigated.
Other studies have suggested that loss of SOCS2 expression correlates
with disease progression, although in many instances it may be a
prognostic marker, rather than contributing to the etiology of disease
and the specific levels of SOCS2 in tumor versus immune cells requires
further investigation.

5. Concluding remarks

Historically, SOCS proteins have not been attractive therapeutic
targets. SOCS1 and SOCS3 are important negative regulators of in-
flammatory signaling and to be beneficial, agents would need to en-
hance (rather than inhibit) SOCS activity — a hard task for an in-
tracellular protein. In addition, the SH2 domains and SOCS box-
associated E3 ligases are functionally conserved across the family. The
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Fig. 3. CIS is an immune checkpoint that regulates
IL-15 signaling.

A) In response to IL-15 stimulation, receptor-asso-
ciated JAK 1 and JAK3 undergo auto- and/or trans-
phosphorylation and phosphorylate tyrosine residues
within the receptor subunits. These create docking
sites for the STAT-SH2 domains. Tyrosine phos-
phorylation of STAT dimers enables their transloca-
tion to the nucleus, promoting transcription of target
genes that drive NK cell survival, proliferation and
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B) Cish is also a transcriptional target of STATS.
Induced expression of CIS inhibits JAK-STAT5 sig-
naling by binding to the IL-2Rf and JAKs, targeting
them for proteasomal degradation in a classic nega-
tive feedback loop to limit NK cell proliferation, cy-
totoxicity and survival.

Proteasomal
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studies highlighted here suggest that inhibition of CIS and SOCS2 could
be a useful treatment modality in cancer, either in hematological ma-
lignancies or in the context of enhancing immune surveillance post-
surgery. Used in combination with current immunotherapies, SOCS
inhibitors may help combat the development of resistance and tumor
escape. Alternatively, SOCS inhibitors could be used to expand and
activate allogeneic NK cells prior to adoptive transfer.

The real challenge lies with the inherent difficulty in targeting SH2
domains. SH2 domains not only share a common mode of binding to
phosphotyrosine-containing sequences, which makes achieving speci-
ficity difficult, but this is compounded by the challenge of delivering
compounds which mimic the negative charge equivalent to a phos-
phate, across the cell membrane. To date, no SH2 inhibitor has pro-
gressed to the clinic, however the development of specific inhibitors of
the STAT3 and STAT5-SH2 domains which display in vivo activity
(Cumaraswamy et al., 2014; Zhang et al., 2012; Auzenne et al., 2012),
suggest that this is an achievable aim.

The context and specificity of JAK inhibitors also needs to be con-
sidered and their use approached with caution. In various breast cancer
models, JAK1/2 inhibition was shown to have the dual effect of limiting
STAT signaling in both the tumor cells and infiltrating immune cells,
with the net result an increase in metastatic disease that correlated with
reduced NK cell maturation and functionality (Bottos et al., 2016).
Further, STAT inhibition may also impact on tumor vascularization, by
relieving STAT repression of VEGFA production in NK cells (Gotthardt
et al., 2016). These bystander effects on infiltrating immune cells could
potentially be countered by administration of either IL-15 (Bottos et al.,
2016) or agents (such as SOCS inhibitors) that enhance the response to
IL-15.
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