2188

[esrurD

Xiaodong Yuan et al. DOI: 10.1002/€ji.202049033

REVIEW

Innate lymphoid cells and cancer: Role in tumor

progression and inhibition

Xiaodong Yuan®!, Faiz Rasul”12 ©, Bjérn Nashan! ©® and Cheng Sun’ 23

! Transplant & Immunology Laboratory, Division of Life Sciences and Medicine, Department of
Organ Transplantation Center, The First Affiliated Hospital of USTC, University of Science
and Technology of China, Hefei, Anhui, P R. China

2 Hefei National Laboratory for Physical Sciences at Microscale, The CAS Key Laboratory of
Innate Immunity and Chronic Disease, School of Basic Medical Sciences, Division of Life
Sciences and Medicine, University of Science and Technology of China, Hefei, Anhui, P R.
China

3 Institute of Immunology, University of Science and Technology of China, Hefei, Anhui, P R.
China

Innate lymphoid cells (ILCs), a critical component of the immune system, have recently
been nominated as emerging players associated with tumor progression and inhibition.
ILCs are classified into five groups: natural killer (NK) cells, ILC1s, ILC2s, ILC3s, and lym-
phoid tissue inducer (LTis) cells. NK cells and ILC1s are mainly involved in antitumor
activities due to their cytotoxic and cytokine production capabilities, respectively. The cur-
rent understanding of the heterogeneous behavior of ILC2s and ILC3s in tumors is limited
and incomplete. Mostly, their dual roles are modulated by their resident tissues, released
cytokines, cancer types, and plasticity. Based on overlap RORyt and cytokine expression,
the LTi cells were previously considered part of the ILC3s ontogeny, which are essential
for the formation of the secondary lymphoid organs during embryogenesis. Indeed, these
facts highlight the urgency in understanding the respective mechanisms that shape the
phenotypes and responses of ILCs, either on the repressive or proliferative side in the
tumor microenvironment (TME). This review aims to provide an updated view of ILCs
biology with respect to tumorigenesis, including a description of ILC plasticity, their inter-
action with other immune cells and communication with components of the TME. Taken
together, targeting ILCs for cancer immunotherapy could be a promising approach against
tumors that needs to be further study.
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Introduction

Innate lymphoid cells (ILCs) are considered a parallel lineage of
innate immune cells to conventional T and B cells [1]. Unlike
adaptive T and B lymphocytes, ILCs do not express somatically
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rearranged antigen receptors and, hence, do not possess any
degree of antigen specificity [2, 3]. However, ILCs secrete a sim-
ilar suite of inflammatory mediators as T lymphocytes [1, 2,
4, 5]. Compare to conventional T lymphocytes, ILCs develop
in the fetal and perinatal stages, mainly reside in nonlymphoid
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tissues, have slow turnover rate and fast cytokine dependent
activation in response to different stimuli [2]. ILCs are decorated
with a range of cell surface receptor that help ILCs to sense,
coordinate, and respond to respective stimuli generated by the
cells and tissues in which they reside [6]. In both humans and
mice, ILCs are present mainly in primary and secondary lym-
phoid organs, but also at barrier surfaces of the body includ-
ing the skin, lungs, and gut [1, 4, 5]. ILCs are grouped into
five categories depending on their developmental routes, which
are defined by lineage-specific transcription factors (TFs), acti-
vating modulators, and the cytokines they produce [1, 5]. ILCs
are classified into NK cells, ILC1s, ILC2s, ILC3s, and lymphoid
tissue inducer (LTi) cells [1, 7, 8]. ILCls respond to tumors
and viruses, ILC2s to extracellular parasites and allergens, and
ILC3s to the extracellular microbial community such as fungi and
bacteria [1].

NK cells, the founding member of the ILC family, express the
TFs eomesodermin (Eomes) and Tbx21 (T-bet) for their devel-
opment. NK cells have the highest cytotoxic activity among ILCs
and mirroring CD8" T cells. NK cells produce granzymes, IFN-y,
and perforin in response to external alarmins [9-11]. To define
their developmental route, ILCls also express T-bet, produce
IFN-y, but have less cytotoxic activity compared to NK cells. In
both humans and mice, ILC1ls express CD49a and TRAIL [1,
12]. In normal physiological conditions, ILC1s are rare in blood
and primary lymphoid tissues; in contrast, they reside in other
organs such as the liver, gut, and salivary glands [7]. However,
conventional (Lin~CD1277CD117 CRTH2 NKp46~) ILCls and
CD103"ILC1-like cells (ieILC1-like) are significantly increased in
the PBMCs and tumor microenvironment (TME) of some hema-
tological malignancies and solid tumor, respectively [13-16].
The development of ILC2s depends on the expression of GATA-
3, and in response to external stimuli, they produce cytokines:
IL-4, IL-5, IL-13, and IL-19 along with amphiregulin (an EGF).
ILC2s express CTHR2 and CD161 in both humans and mice [17].
Hence, ILC2s play a role in the type 2 inflammatory response
against pathologies associated with allergy and asthma [18, 19].
Generally, ILC2s are localized in mucosal tissues where they
are activated by different modulators such as IL-25 and IL-
33 [20]. The expression of RORyt and AHR is a trademark of
ILC3s. After maturation, they produce different cytokines, includ-
ing IL-17 and IL-22, along with lymphotoxin and granulocyte-
macrophage colony stimulating factor (GM-CSF). ILC3s are fur-
ther subdivided into NCRTILC3s and NCR™ILC3s depending upon
the expression of natural cytotoxicity receptors (NCRs) such as
NKp44 and NKp46 [1, 5, 6, 21, 22]. ILC3s present in the intes-
tine, interact with commensal flora enabling them to monitor
infections at mucosal barrier sites and this interaction is reg-
ulated by IL-22 [23, 24]. LTis have a functional resemblance
with NCRTILC3s and produce considerable amounts of IL-17
and IL-22, although their developmental path is different from
ILC3s and strictly depends on the expression of RORyt. LTis are
vital for the formation of LNs, which is regulated by the release
of lymphotoxins. In contrast to NCRs, LTis express CCR6 and
c-Kit [1, 25, 26].

© 2021 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH

HIGHLIGHTS

ILCs have been comprehensively studied during the last
decade, and now it is well established that they are crucial reg-
ulatory components of the immune system in different organs
and stress conditions, specifically in tumorigenesis and therapy
[27, 28]. Different groups have investigated the roles of ILCs
in tumors and TME. NK cells are considered specifically fit for
tumor cell removal due to their high cytotoxicity, as revealed
during multiple preclinical trials [29, 30]. Recently, our group
also reviewed the potential use of NK cell checkpoints as a
target for cancer immunotherapeutics. Together with a previ-
ously described concept of exhausted T cells [31], we discussed
the phenomenon of NK cell exhaustion. The upregulation of
inhibitory receptors on NK cells surface leads to exhausted NK
cells with poor cytotoxicity and compromised immune surveil-
lance. We detailed the latest progress in NK cell checkpoint
inhibitors and their clinical usage. In addition, we proposed
that NK cell immunotherapies might give a second chance
to ameliorate the limitations and nonresponsiveness of T-cell
immunotherapies [32]. In continuation of this review, and with
a prime interest in immunotherapeutics responsible for the mod-
ulation of ILCs reactions in the TME, it is essential to have an
indepth understanding of ILCs dynamicity in tumors and the
TME.

Here, in this review, we will present the current understanding
of the repressive and proliferative roles of ILCs in tumor biology.
In addition, we will elaborate how ILCs link themselves with their
environment and their communication with other immune cells,
tumor cells, and the diverse constituents of the TME. Finally, we
will discuss how these interactions lead to their pro- or antitu-
mor behaviors and potential checkpoints, which can be targeted
to develop new immunotherapies.

Role of ILCs during tumor progression

T cells kill tumor cells through synthesizing various biological
molecules such as FAS ligand, perforin, and granzymes [33].
However, in the last decades, accumulating evidences have docu-
mented that the multifaceted immunosuppressive processes ongo-
ing in the TME lead to T-cell dysfunction, which is implicated
in the multiple tumor development [34]. Like T cells, the anti-
tumor effects of NK cells are well-established and extensively
studied and reviewed in several publications [35-39]. In short,
the mechanism of NK cell-mediated antitumor effects is related
to their cytolytic activity and cytokine production. Similar to
NK cells, ILC1s are considered to be antitumor fighters due to
their considerable cytotoxic activity and ability to produce IFN-y,
although this cytotoxic capacity is lesser than NK cells [40]. How-
ever, emerging findings indicate protumor roles of ILC1s [12, 41,
42]. Of note, besides conventional (Lin-CD127*CD117 CRTH2~
NKp46~) ILCls that are expanded in PBMC of hematological
malignancies, a unique cluster of CD103"ILC1-like cells (ieIL.C1-
like) have been identified in the TME of a mouse model of
solid tumor [13-16, 43, 44]. Unlike CD127*ILC1s that can be
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Figure 1. Schematic representation of
the dynamic behaviour of ILCs in differ-
ent tumors and their interactions with
the TME. Loss of function of ILC1s was
associated with the tumor progression.
For instance, the decreased cytotoxicity
of ILC1s were reported in NSCLC (A), and
in AML(C), melanoma (D), and breast can-
cer (I) in the presence of IL-15 or TGF-
B. In the presence of IL-23, ILC1s transd-
ifferentiated into ILC3s which exhibited
tumor progression function through pro-
ducing IL-17 in SqCC (A) and inhibiting
CD4" or CD8" T cells in HCC (B). ILC2s
were found to facilitate tumor progres-
sion through interacting with MDSCs by
secreting IL-13 in APL (C), bladder (E) and
breast cancers (I), and with eosinophil
through IL-5 in the presence of IL-33 in
melanoma (D). In addition, ILC2s were
shown to inhibited the cytotoxicity of
NKs cell through CD73 in melanoma (D).
In pancreatic cancer (G), ILC2s exhibit
antitumor effect through attracting DCs
by secreting CCLS, which lead to increase
cytotoxic CD8" T cells in tumor microen-
vironment. Moreover, IL-33 was capable
of regulating ILC2s function in MM (C),
pancreatic cancer (G), and breast can-
cer (I) through binding to its receptor
ST2 on ILC2s. ILC2s might be associated
with immunosuppressive environment
in gastric cancer. For instance, increased
frequency of ILC2s was correlated with
Th1/Th2 imbalance, increase MDSCs and
M2 macrophages in gastric cancer tumor
tissue (H). The role of ILC3s is cancer type
dependent. In NSCLC (A), ILC3s inhibit
tumor progression through producing IL-
22, IL-8, TNF-a, and tertiary lymphoid
structures (TLSs) formation at tumor site.
In melanoma (D), IL-2R*ILC3s recognize
IL-12 secreted by tumor cells and upreg-
ulate adhesion molecules in tumor vas-
culature, such as ICAM and VCAM, which
lead to accumulated leukocyte in tumor
tissue. In pancreatic cancer (G), ILC3s
was associated with tumor progression,
migration, and invasion. Single-cell RNA
sequencing revealed that ILC1s express
activating receptors, such as Klrd1, Nerl,
Klrc2, and Klrblc, at an early stage of
CRC (F), and inhibitory receptors at a
late stage such as Klrel and Klra7. PD-
1high [1,C2s was found in advanced stage
of CRC and might be associated with
tumor progression. Moreover, upon TGF-
B stimulation, ILC3s transdifferentiated
into ILCregs in CRC, and deletion of IL-
10 in ILCregs suppressed tumor develop-
ment.

converted to ILC3s under stimulation of polarization cytokines, = The antitumor roles of ILCs

CD103* ILC1s seems to be refractory to such conversion [45].
In addition, the role of ILC2s and ILC3s in cancer immunity is
poorly understood [46-48]. In this part, we will discuss the anti-
and protumor roles of these helper ILCs during tumor progression
(Fig. 1).

© 2021 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH

In hematological malignancies

In PBMCs of chronic lymphocyte leukemia (CLL), the number
of ILCs were increased at diagnosis compared to age-matched
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healthy controls and progressively increased in patients with
higher lymphocyte counts and shorter time to first treatment [13].
Notably, upon stimulatory signals, the production of TNF-a in
Lin~"CRTH2 CD117 ILC1s was decreased in the presence of CLL
tumor cells in vitro, reflecting an immunosuppressive effect of CLL
cells and a distorted ILC1s function [13]. Similarly, an increased
number of Lin"CD127*T-bettILC1s and a concomitant remark-
able reduction of NCRTILC3 cells was reported in acute myeloid
leukemia (AML) compared to healthy controls while the levels
of ILC2 and NCRILC3 cells were comparable [14]. In this study,
ILCs from AML patients were functionally impaired in the pro-
duction of IFN-y and TNF-a or type 2 cytokines compared to
healthy controls [14]. A group of CD56"CD16 ILC1-like cells
possessing strong cytotoxicity were identified in AML [15]. The
cytotoxicity of these CD56TCD16~ILC1-like cells was impaired in
AML patients at diagnosis due to decreased expression of TRAIL,
NKp30, NKp80 and persistence of NKG2A, but was restored upon
remission and might be modulated by TGF-p1 (Fig. 1C) [15].

In lung cancers

ILC2s are developmentally and functionally dependent on IL-
33. In a mice xenograft model of lung cancer using TC1 and
A9 cell lines, IL-33 could elevate the frequency of tumor-
infiltrating ILC2s through inducing chemoattractants such as
CCL5, CXCL10, and CXCL12. To investigate the role of ILC2s in
the growth and metastasis of lung cancer, a mice model lack-
ing ILC2s was constructed and transplanted with TC1 and A9
cell lines. The results showed that ILC2s deficiency led to a sig-
nificantly increased tumor growth rate, a higher frequency of
circulating tumor cells (CTCs), and metastasis to distal organs
[49]. In non-small cell lung cancer (NSCLC) patients, a tumor-
suppressing role of ILC3s has been documented [50]. ILC3s
can recognize lung tumor cells and tumor-associated fibrob-
lasts via the NKp44 receptor and release IL-22, TNF-a, IL-
8, and IL-2 once activated. In addition, ILC3s isolated from
NSCLC tumor tissue showed LT-inducing properties and might
participate in the formation or maintenance of tertiary lym-
phoid structures (TLSs) or lymphoid aggregates at the tumor site
(Fig. 1A) [50].

In breast and melanoma-associated cancers

In the murine mammary tumor model polyoma middle T onco-
protein (PyMT), tumor growth elicits a group of innate lym-
phocytes expressing granzyme B, which is distinct from conven-
tional ILC1s and cytotoxic NK (cNK) cells and further identified as
TCR~NK1.1TCD49aM cells type 1-like ILCs (ILC1ls). In vitro and
in vivo experiments showed that this new type of ILC1s induces
cytotoxicity in tumor cells and inhibits tumor growth, respec-
tively. Moreover, in PyMT mice, IL-15 transgenic overexpression
led to TCR™NK1.17CD49aMILC1] expansion and decreased tumor
growth by expressing GzmB and GzmC as well as TRAIL, sug-

© 2021 The Authors. European Journal of Immunology published by
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gesting IL-15 participated in regulating the generation and innate
cytotoxicity of ILC1s (Fig. 1I) [16]. In melanoma lung metasta-
sis, IL-33 was shown to stimulate ILC2s to produce IL-5 which led
to eosinophil accumulation in the lungs and further inhibit the
lung metastasis of B16F10 (Fig. 1D) [51]. Recently, a subset of
NKp46™ ILC3 cells was identified and considered as a tumor sup-
pressor in a melanoma animal model [52]. When stimulated by
IL-12, injected into or secreted by the tumor mass, NKp46™ ILC3
cells exhibited a tumor-suppressive function independent of NK
cells through upregulating adhesion molecules in tumor vascula-
ture (such as ICAM and VCAM), which facilitate accumulation of
leukocyte in tumor tissue (Fig. 1D) [52].

In gastrointestinal linked tumors

The liver is rich in Group 1 ILCs including intrahepatic NK cells
or tissue-resident NK cells and ILC1s [53, 54]. In hepatocellu-
lar carcinoma (HCC), the absolute number and immunosurveil-
lance function of Group 1 ILCs were suppressed, which led to
tumor progression [42]. Turchinovich et al. showed that pro-
totypic hepatic CD3¢”NK1.1T CD62L"ILC1s expressing NKp46
might exert tumoricidal activity when producing TRAIL (Fig. 1B)
[55]. Previously, TRAIL has been shown to possess proapoptotic
function and contribute to the suppression of tumor growth and
metastasis in vitro and in vivo [56, 57]. In primary human pan-
creatic ductal adenocarcinoma (PDAC), ILC2s infiltration was
observed in pancreatic cancer (PC) tissues, and this higher ILC2s
frequency correlated with longer survival [58]. Notably, ILC2s
expansion was accompanied by enhanced intratumoral CD8" T-
cell cytokine production capacity, CD103* expression in DCs, and
programmed cell death protein 1 (PD-1) upregulation. The study
also revealed that recombinant IL-33 (rIL33) treatment promotes
ILC2s to produce CCL5 which recruit CD103* DCs into tumours.
In a PDAC animal model, combining rIL-33 with aPD-1 dramat-
ically expanded ILC2s in tumors and enhanced tumor control,
demonstrating an antitumor effect of ILC2s (Fig. 1G) [58].

The protumor roles of ILCs

In hematological malignancies

The phenotypic and functional alterations of ILC2s are associated
with the progression of hematological malignancies [43, 59-61].
In acute promyelocytic leukemia (APL), CRTH2*NKp30+ILC2s
were activated and released IL-13, consequently driving the
expansion and the immune suppressive function of IL-13Ral™
monocytic myeloid-derived suppressor cells (M-MDSCs) (Fig. 1C)
[60]. In animal models of multiple myeloma (MM), ILC2s express-
ing KLRG1" were identified in the liver and spleen of 112rg~/~
Rag2~/~ mice reconstituted with BM ILC2s or IL-33-treated WT
mice [43]. In the presence of IL-33 combined with IL-12 and IL-
18, KLRG1M ILC2s were shown to promote MM progression and
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inhibit type 1 immunity in Rag-deficient mice, indicating a sub-
set of ILC2s are deficient in tumor immunosurveillance (Fig. 1C)
[43]. In anaplastic large cell lymphoma (ALCL), gene expression
analysis revealed that primary ALCL showed a gene expression
pattern characteristic for ILC3s, implying that a minor subfraction
of ALCL might originate from ILC3 [61].

In lung-associated cancers

In peripheral blood samples of NSCLC, Eomes downregulation
in NKp46TNK1.1" group 1 ILCs was associated with increased
NSCLC advancement [40]. This Eomes group 1 ILCs sub-
set shares phenotypic similarities with ILCls. Moreover, these
Eomes! ILC1s possessed reduced cytotoxicity and IFN-y pro-
duction compared with Eomes™ cells, suggesting that the low
Eomes levels in ILC1s might be associated with decreased can-
cer immunosurveillance (Fig. 1A) [40]. ILC1ls were converted
into ILC3s in the pulmonary squamous cell carcinomas (SqCC)
TME [62]. The increased frequency of ILC3s and decreased per-
centage of ILC1s was associated with shortened patient survival,
indicating that ILC3s might promote SqQCC tumor progression
(Fig. 1A) [62]. A potential protumor role of ILC2s was reported
in an animal model with transplantation of Lewis lung cancer
(LLC) cells [63]. In this study, an increase in ILC2s frequency was
observed and associated with type II cytokines, such as IL-4, IL-
5, and IL-13, in tumor-bearing mice fed on vitamin A-deficient
diet and led to a lower survival rate, larger tumor size, and
alternatively activated macrophages (AAMs) in the lung tissues
(Fig. 1A) [63].

In breast and melanoma-related tumorigenesis

In human breast cancer, the number of ILC2s was reported to be
higher in malignant, compared to benign tissue, indicating that
ILC2s might be associated with tumor progression [64]. Jovanovic
et al. reported that ILC2s trigger tumor progression and metasta-
sis through producing IL-13 in the presence of IL-33 expressed by
CD45" leucocytes and tumor cells in the mammary carcinoma,
sustaining an immunosuppressive milieu with increased TGF-p1
producing MDSCs and reduced the number of IFN-y expressing
NKp46™ cells in tumor-bearing mice (Fig. 1I) [65]. Increased fre-
quency of ILC3s was observed in the human breast cancer TME
and had a positive correlation with an increased likelihood of LN
metastasis [66]. In their mouse model, CCL21 was responsible
for recruiting ILC3s into tumors, which induced the production
of CXCL13 by the TME stromal cells. CXCL13 also promoted the
ILC3-stromal cells interaction, and production of the cancer cell
motile factor RANKL. Moreover, depletion of ILC3s resulted in
decreased LN metastasis [66].

Several studies indicated an immunosuppressive or impaired
immunosurveillance role of ILC1s and ILC2s in melanoma [67-
70]. Gao et al. reported that the TGF-f signaling pathway was
capable of converting CD49a~ CD49b*"Eomes™NK cells into inter-
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mediate ILC1s cells with CD49a*CD49b"Eomes'intILC1ls and
CD49a*CD49b~Eomes™ ILCls phenotypes [67]. Their results
showed that intIL.C1ls and ILCls were unable to control local
tumor growth and metastasis, partially due to TNF produced
by ILCls (Fig. 1D) [67]. Similarly, deficiency of SMAD4, a
signal transducer of the canonical TGF-f signaling pathway,
promoted NK cell transformation to an ILCl-like gene signa-
ture and expressed an inhibitory receptor, which is associated
with uncontrolled melanoma cell metastasis [68]. Regarding
the role of ILC2s in melanoma leading to lung metastasis, IL-
33 dependent lung-resident activation of ILC2s was associated
with increased lung metastases and mortality [70]. Functionally,
ILC2s activation was accompanied by local suppression of IFN-
y production and cytotoxic function of lung NK cells [70]. In
another study, IL-33 injection significantly promoted the expan-
sion of ILC2s in Ragl™~ mice bearing melanoma cells [69].
The increased frequency of ILC2s expressing immunosuppres-
sive ectoenzyme CD73 which can inhibit the activation and cyto-
toxicity of NK cells, ultimately accelerated the time to tumor
occurrence and the time until tumors reached their end stage
(Fig. 1D) [69].

In gastrointestinal and urological cancers

In PBMCs of patients with gastric cancer, the increased fre-
quency of ILC2s has been reported to be associated with Th2 cell-
mediated immunity, upregulation of MDSCs and M2 macrophages
(Fig. 1H) [71]. Of note, ILC2s related genes, mRNAs, or cytokine
molecules, such as RORa, GATA3, T1/ST2, IL-17RB, CRTH2, IL-
33, and IL-5, were also increased in the peripheral blood of
patients with gastric cancer. These results indicated that a polar-
ized ILC2s phenotype exists in the gastric cancer microenviron-
ment and might play an immunosuppressive role in gastric can-
cer development [71]. In cholangiocarcinoma (CCA), Li et al.
demonstrated that IL-33 induced ILC2s to produce IL-13, which
promoted cholangiocyte hyperplasia [72]. Notably, activation of
the IL-33/ILC2s/IL-13 arm was shown to induce CCA with liver
metastases upon constructive activation of AKT and YAP in bile
ducts [72].

Helicobacter hepaticus (H. hepaticus) enriched in the intestine
from mice models is associated with the development of HBV-
infected HCC [73]. Helicobacter hepaticus activated ILCs express-
ing IL-17 and IFN-y, exacerbates tumorigenesis in HBV-associated
HCC [73]. A subset of NCRILC3s has been identified and may
contribute to HCC development in the presence of IL-23 [74].
Functionally, IL-23 induced the expansion of NCR™ILC3s and
promoted the differentiation of NCR™ILC3s from ILC1s. Notably,
NCR™ILC3 initiated IL-17 production upon IL-23 stimulation and
directly inhibited TNF-a production in CD4* T cells and the immu-
nity of CD8*T cells by promoting lymphocyte apoptosis and lim-
iting their proliferation (Fig. 1B) [74]. In patients with PC, IL-
22 and ILC3s were remarkably increased in the PBMCs and can-
cer tissues, and the receptor of IL-22 was upregulated in PC cells
[75]. Statistically, the increased frequency of ILC3s was positively
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correlated with tumor metastasis and vascular invasion [75]. In
vitro experiments showed that IL-22 secreted by ILC3s promoted
the proliferation, invasion, and migration of PC cells (Fig. 1G)
[75].

In the last decade, the role of ILCs in inflammation-related
tumorigenesis of gut cancer has been enthusiastically investigated
[76-81]. A group of IL-177IL-22% colonic innate lymphoid cells
(cILCs) in bacteria-induced colon cancer was described, which
were phenotypically distinct from LTi and NK-22 cells [78]. Deple-
tion of these IL-171IL-227¢ILCs in mice with dysplastic inflam-
mation prevented the development of invasive colon cancer, indi-
cating a tumor-promoting function of some specific ILCs [78]. In
addition, it has been proposed that the IL-23/IL-23R*ILC3s/IL-
17 cascade is associated with gut tumorigenesis under a long-
term inflammation process in the gut. Moreover, ILC3s/IL-22 shut-
tle has been confirmed to be associated with promoting colitis-
associated cancers [78, 81].

Recently, Wang et al. performed single-cell RNA sequencing to
analyze the role of ILC subgroups in the tumor immunity of col-
orectal cancer (CRC) (Fig. 1F) [41]. Their results showed that
ILC1s express activating receptors, such as Klrd1, Ncr1, Klrc2, and
KlrbIc, at an early stage of CRC, and inhibitory receptors, such
as Klrel and Klra7, at a late stage of CRC. Moreover, tumor-
infiltrating ILC1s in advanced CRC patients were at lower fre-
quencies, and the production of IFN-y was remarkably decreased
upon IL-12 plus IL-18 stimulation in vitro. Hence, their results
indicated that tumor-infiltrating ILC1s undergo functional con-
version during CRC progression. Furthermore, tumor-infiltrating
ILC2s were shown to be heterogeneous in CRC tumors and were
categorized into three groups, termed ILC2-A (PD-1'°% ILC2s),
ILC2-B, and ILC2-C (PD-1Mgh ILGC2s) [41]. Among these groups,
ILC2-Cs which highly express HS3ST1 and PD-1, predominate
in the late stage of CRC [41]. In vitro and in vivo experiments
showed that deletion of HS3ST1 or PD-1 in the ILC2-C subset sig-
nificantly suppressed tumor growth [41]. Previously, a regulatory
subpopulation of ILCs expressing IL-10 was identified as regula-
tory innate lymphoid cells (ILCregs) [82]. In CRC, ILC3s were
reported to transdifferentiate into ILCregs upon TGF-f stimula-
tion, and deletion of IL-10 in ILCregs suppressed tumor develop-
ment, indicating a tumor-promoting role of ILCregs during CRC
progression [41].

In non-muscle-invasive bladder cancer (NMIBC), intravesi-
cal instillations with the Bacillus Calmette-Guérin (BCG) were
applied to prevent tumor recurrence and progression. Cheva-
lier et al. reported that the BCG vaccine-induced an infiltration
of neutrophils, T cells, M-MDSCs, and ILC2s in NMIBC patients
(Fig. 1E) [83]. Notably, ILC2 frequency positively correlates with
M-MDSC frequency, and patients with a T cell-to-MDSC ratio
less than one showed dramatically lower recurrence-free sur-
vival than those with a ratio greater than one [83]. In vitro,
upon BCG or tumor cell stimulation, ILC2s were able to produce
IL-13 which in turn recruited and induced a suppressive func-
tion in M-MDSCs through the IL-13 receptor al. Hence, these
results indicate an immunosuppressive function of the ILC2/IL-
13/MDSC axis in NMIBC patients receiving BCG therapy, which

© 2021 The Authors. European Journal of Immunology published by
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might be a reason for the failure of current BCG therapies
[83].

Together with NK and ILC1 cells, both ILC2s and ILC3s can
integrate antitumor responses, but the mode of ILC2s and ILC3s
mainly depends on the stimuli generated by their resident tissue
microenvironments. For example, the primary melanoma growth
restriction is managed by the lung resident ILC2s subgroup with
the release of IL-5 [51]. Interestingly, the NCR*ILC3 population
activated by IL-12 was also reported to be involved in the control
of this tumor type [39]. In contrast, the roles of ILCs were also
shown to promote tumor growth in both in-vivo and in-vitro tumor
models. Indeed, IL-22 producing ILC3s promote tumor growth in
the pancreas and gut [75, 78, 80], as do IL-13 releasing ILC2s
in breast cancer and leukemia [60, 65]. Aside from these exam-
ples, CCL21 mediated migration of RORytTILC3s at tumor sites
can enhance LN metastasis by altering the local population of
chemokines in the TME [66].

We have briefly summarized in this section the current knowl-
edge of the involvement of ILCs in tumor progression or inhibi-
tion. Taken together, similar to T cells, which are divided into
many subtypes and their dysregulation leads to tumor develop-
ment, increasing evidence has proved that helper ILCs are a plas-
tic population with multidimensional roles in tumor immunity
(Table 1), but further investigations underlying the mechanisms
used by these cells are still necessary. ILCs behaviors are modu-
lated by their communication with the different residents of the
TME [28]. Therefore, in the next section, we further reveal the
interaction of ILCs with other immune cells (myeloid cells, DC
cells, T and B cells), modulators (cytokines) of the TME, and
tumor cells.

ILCs shape other immune cells in the TME

In cancer development, the immune system serves as a double-
edged sword. On one side, it inhibits tumor growth by restricting
angiogenesis via the release of different cytokines, specifically by
the release of IFN-y, antibodies, and natural cytotoxicity-assisted
phagocytosis, antibody-dependent cell cytotoxicity, and comple-
ment activation [84-86]. Whereas, on the other side, signaling
cascades leading to an immunosuppressive environment favor
tumor growth [84, 87]. Here, we will discuss the potential
interactions of ILCs with other immune cells and the resultant
responses.

NK cells and ILC1s

Currently, there are few reports on the interaction of ILC1s and
adaptive immunity [88]. In certain scenarios, the accumulation
of ILC1s in the chronically inflamed gut after conversion from
ILC3s in response to different cytokines, including IL-12 or IL-15,
was reported [45, 89]. These ILCls, in response, produce excess
amounts of IFN-y that recruit macrophages and neutrophils to
initiate tissue injuries [28, 90]. In a murine tumor model, NK
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Table 1. ILC phenotypes, functions and clinical correlations in different tumors

Eur. J. Immunol. 2021. 51: 2188-2205

ILC
type

Tumor
type

Clinical status/tumor
progression

Phenotype

Function/mechanism Organism

References

ILC1 CLL Lin"CRTH2 CD117~ Poor clinical outcome

AML Lin"CD127+ T-bet™ Poor clinical outcome

CD16-CD127%c-
Kit~CRTH2-CD56™

Poor clinical outcome

NSCLC CD45*Lin~c-kit”CRTH2~
CD127+CD56"T-

bettEomes!®

Associated with
tumor progression
both in human and
mice

TCR~-NK1.1+CD49ahl Inhibited tumor

growth

Breast
Cancer

Melanoma CD49atCD49b~Eomesint Unable to control
local tumor growth

and metastasis

CRC Lin~CD45tCD127

TNK1.1tNKp46+*

NA

The cytotoxicity of this

Expresses higher level

ILC1s expresses high

Impaired function due to Human
disturbed TNF-a
production.

Impaired in the
production of IFN-y or
type 2 cytokines.

Impaired cytotoxicity; the Human
cytotoxicity of this
subset is regulated by
TRAIL, NKp30, NKp80,

NKG2A and is KIR
independent; TGF-g1
and AhR ligands might
impair their
cytotoxicity in AML.

Human

Human and

subset is positively mice
associated with Eomes
expression; impaired
cytotoxicity due to less
IFN-y production.

Expresses high levels of
GzmB, GzmC, and
TRAIL and exhibit
cytotoxicity towards
tumor cells;
constitutive IL-15
overexpression is able
to expand this subset.

Mice

Mice
inhibitory
immunological
checkpoint receptors,
such as CTLA-4, CD96
and LAG-3, and
produces more myeloid
growth factor GM-CSF
and TNF compared to
tumor NK cells; TGF-B
drives the conversion of
NK cells into ILC1s.
Mice
levels of activating
receptors (Klrd1, Ncr1,
Klrc2, Klrblc), and
inhibitory receptors
(Klrel, KIra7) at the early
and late stage of CRC,
respectively, while the
production of IFN-y in
ILC1s from late stage of
CRC is remarkably
decreased.

[13]

[14]

[15]

[40]

[16]

[67]

[41]
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Table 1. Continued
ILC Tumor Phenotype Clinical status/tumor Function/mechanism Organism References
type  type progression
ILC2 APL Lin~CD127+CRTH2*cKit~/* Increases in the ILC2s are increased and Human and [60]
PBMC of APL hyperactivated through mice
patients; the interaction of
associated with CRTH2 and NKp30 with
increased APL elevated tumor-derived
mice mortality. PGD2 and B7HS6,
respectively; in turn,
ILC2s activates
M-MDSCs via
producing IL-13.
MM Lin"CD127+CD25+KLRG1M  Have no effect on the IL-33-inducing circulating Mice [43]
growth and KLRG1M ILC2s inhibits
dissemination of protective type 1
myeloma cells immune responses
against MM.
Metastatic Lin~ST2*CD127tCD90.2"  Lacking of ILC2s IL-33 induces ILC2s Mice [49]
lung associated with accumulation in tumor,
cancer tumor growth and which in turn mediate
metastasis tumor
immune-surveillance
by cooperating with
DCs to promote
adaptive cytolytic T-cell
responses.
LLC ICOS*ST+ Promotes tumor Enhances the type II Mice [63]
growth cytokine levels;
increases AMM.
Melanoma CD11b-CD11c NK1.1 Promotes tumor IL-33 promoted the Mice [69]
TFceRIT growth expansion of ILC2s,
CD257CD457CD90.2+ which in turn inhibited
NK activation and
cytotoxicity through
expressing the
immunosuppressive
ectoenzyme CD73.
CD45+tCD3"B220"NK1.1 Promotes lung IL-33-denpendent ILC2s ~ Mice [70]
“Lin"CD127+*RORyt™ metastases and activation suppresses
GATA3™ mortality the production of IFN-y
and cytotoxicity of lung
NK cells, which might
be reliant on
IL-5-induced lung
eosinophilia.
PDAC CD25+CD127 Correlated with IL-33 induces ILC2s Human and [58]
TST2* GATA3* longer survival in activation to prime mice
PDAC patients; CD8* T cells; ILC2s
ILC2s inhibits stimulates
pancreas-specific tissue-specific cancer
tumor growth in immunity by recruiting
PDAC mice. intratumoral dendritic
cells and partially
contribute to the
efficacy of PD-1
pathway blockade.
(Continued)
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Table 1. Continued

Eur. J. Immunol.

2021. 51: 2188-2205

ILC
type

Clinical status/tumor
progression

Tumor
type

Phenotype

Function/mechanism

Organism

References

Gastric Lin~ICOS*IL-17RB*

Cancer

Increased frequency
in patients with
gastric cancer.

Promotes breast
cancer progression

Breast Lin~Sca-1*ST+

Cancer

CD45"Lin~CD56~CD127
+CRTH2*cKit /-

Enriched in human
breast cancer
tissue

NMIBC

Lin~CD127*CRTH2" Poor clinical outcome

CCA Lin~ST2* Promote
cholangiocyte
hyperplasia and
cholangiocarci-
noma with liver

metastases

CRC Lin~CD45tCD127%ST2

+KLRG1+PD1high

Promotes tumor
growth

ILC3  NSCLC Lin~

CD127*CD117+tNKp44+

Accumulates in stage
I/II NSCLC than in
more advanced
tumor stages and
correlates with the
density of
intratumoral
tertiary lymphoid
structures.

Contributes to Human
immunosuppressive
microenvironment and
closely related to the
upregulation of MDSCs
and M2 macrophages in
gastric patients.

IL-33 induces ILC2s
activation, which might
influence
immunosuppressive
functionality of MDSCs
through producing
IL-13.

ILC2s highly expressed
PD-1 in comparison to
circulating ILCs in
peripheral blood.

ILC2s recruits
immunosuppressive
cells, including
M-MDSCs and
monocytes, through
producing IL-13,
especially in the
presence of BCG or
tumor cells.

Releases high levels of
IL-13 that promotes
cholangiocyte
hyperplasia;
IL-33/ILC2/IL-13 circuit
associated with
constitutive activation
of AKT and YAP in bile
ducts lead to
cholangiocarcinoma
with liver metastases.

Expresses high levels of
PD-1 and HS3ST1,
deletion PD-1 or
HS3ST1 suppressed
tumor development
and proliferation.

Produces IL-22, TNF-q,
IL-8, and IL-2, and
activates endothelial
cells; recognize lung
tumor cells via NKp44;
possesses lymphoid
tissue inducing
properties.

Mice

Human

Human

Mice

Mice

Human

[71]

[65]

[64]

(83]

[72]

[41]

[50]
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Table 1. Continued
ILC Tumor Phenotype Clinical status/tumor Function/mechanism Organism References
type  type progression
SqCC CD3~CD117TRORyt*t Associated with Promotes IL17-mediated =~ Human [62]
short survival of tumor cell proliferation.
patients with SqCC
Melanoma NKp46TRORyt* Represses Induces upregulation of ~ Mice [52]
subcutaneous adhesion molecules in
tumor growth the tumor vasculature
and resulted in more
leukocyte infiltration.
Breast CD3~CD11c B220-CD127  Correlates with Stimulated the Human and [66]
cancer TCD90.2"NKp46~ lymphatic tumor production of the mice
cell invasion and CXCL13 by TME stromal
draining LN cells, which in turn
metastasis promoted ILC3-stromal
interactions and
production of the
cancer cell motile
factor RANKL.
PC Lin"CD127TCRTH2 c-Kit"  Correlates with Promotes the Human [75]
NKp44* tumor distant proliferation, invasion,
metastasis and and migration of PC cell
vascular invasion lines by secreting IL-22
in PC patients to activate AKT
signaling
CRC B220~CD3~NK1.1-CD45" Promotes tumor Reduced IL-22 production Mice [81]
CD90.2* RORyt™" growth in ILC2s in Card9
deficient mice.
Lin~CD457CD127tRORyt~  Promotes tumor ILC3s transdifferentiate Mice [41]

growth

into IL-10-producing
ILCregs during CRC
progression in the
presence of TGF-B.

ALCL, anaplastic large cell lymphoma; AHR, aryl hydrocarbon receptor; AML, acute myeloid leukemia; APL, acute promyelocytic leukemia; CCA,
Cholangiocarcinoma; CRC, colorectal cancer; DC, dendritic cell HCC, hepatocellular carcinoma; ILCregs, regulatory innate lymphoid cells; LLC, Lewis
lung cancer; LN, lymph node; MDSCs, myeloid-derived suppressor cells; MM, multiple myeloma; NA, not available; NK, natural killer cell; NMIBC,
non-muscle-invasive bladder cancer; NSCLC, non-small cell lung cancer; PBMC, peripheral blood mononuclear cells; PC, pancreatic cancer; PDAC,
pancreatic ductal adenocarcinoma; SqCC, Squamous Cell Carcinomas; ST2, IL-33 receptor. TME, tumor microenvironment;

cells were shown to be involved in employing classical type 1
DCs. The group revealed that the TME mediated compromised
interaction among NK and DC cells via release of PGE,, leading
to impaired cytotoxicity of NK cells towards tumor cells [91].
The polarization of Thl in LNs was also reported to be facili-
tated by NK cells via the secretion of IFN-y [92, 93]. In lung
carcinoma, activation of NK cells led to increased infiltration of
highly activated T cells and resulted in tumor suppressive out-
comes [94]. Association of LIGHT, a member of the TNF super-
family, with NK cells resulted in activation of CD8* T cells in the
TME [95].

ILC2s

In tumorigenesis, the anti- or protumor activity of ILC2s is
attributed to the cytokines produced by ILC2s, their interaction

© 2021 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH

with other immune cells, and molecules expressed by tumor
cells [96]. For instance, ILC2s was significantly increase in the
PBMC of gastric cancer patients and positively correlated with the
mRNA expression of arginase-1 (Arg-1) and iNOS, indicating a
correlation of increased ILC2s frequency with the upregulation of
MDSCs [71]. Via the release of PGD2 and the expression of B7H6,
APL blasts attract CRTH2*NKp30*ILC2s and induce their activa-
tion and IL-13 release, which in turn drives the expansion and
the immune suppressive function of IL-13Ra™M-MDSCs through
upregulating Arg-1 and iNOS in M-MDSCs [60]. In addition, ILC2-
derived IL-13 was able to suppress the proliferation of CD3*T cells
in vitro as well [60]. In line with this findings, IL-13 produced by
ILC2s upon BCG stimulation in vitro recruited and induced a sup-
pressive function in M-MDSCs, indicating the potential involve-
ment of an ILC2s/IL-13/MDSC axis in BCG treatment failure in
bladder cancer [83]. In melanoma, IL-33-induced ILC2s expressed
immunosuppressive ectoenzyme CD73 that was able to facilitate
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tumor growth through suppressing the cytotoxicity of NK cells
[69]. ILC2s infiltration was associated with low intratumoral T to
Tregs ratio in both primary and metastatic tumors of lung and led
to tumor immunosuppression initiated by Kras pathway and Treg
cells [97]. In contrast, IL-5 produced by ILC2s is necessary for the
infiltration of eosinophil into the lung, preventing tumor metas-
tasis [51]. In addition, it has been proposed that ILC2s might
be capable of facilitating antigen presentation and the recogni-
tion of tumor cells by T cells [49, 96]. In PDAC, ILC2s expansion
was accompanied by enhanced intratumoral CD8" T-cell cytokine
capacity and CD103*DCs [58]. Saranchova et al. revealed
that tumor-infiltrating ILC2s cooperated with DCs to promote
adaptive cytolytic T-cell responses, limiting tumor metastasis
[49].

ILC3s

Regarding ILC3s and adaptive immunity, in a mouse model
of bacteria induced CRC, a subset of Lin"IL-22*ILCs accu-
mulated during cancer development and induced myeloid
cell recruitment through the production of IL-22 [78]. In
another mouse model of melanoma highly expressing CCL21,
CD3"CD4"RORgt*LTi cells were found to be associated with
CD11b*CD11c F4/80 Gr1MehMDSCs. Nevertheless, whether this
phenomenon was required for the CCL21-enhanced tumor growth
remains unclear [98]. Liu et al. showed that NCR™ILC3s
highly expressing MHC 1 significantly inhibited the prolifer-
ation of CD8TT cells and promoted their apoptosis in in
vitro coculture experiments [74]. Whereas, tumor-infiltrating
NKp44+tNCRTILC3s were proved to be a unique and innate source
of IL-2 which is a crucial growth factor for the clonal expan-
sion of tumor-specific lymphocytes [50]. In addition, a regulatory
ILC3-like group in humans was shown to restrict the activity of a
tumor-associated subgroup of T cells through expressing NKp46
[99]. In another in vitro experiment, a mutualism was reported
between B cells and ILC3s. The production of IL-15 by B cells
was induced by tonsillar and circulating ILC3s in humans which
promoted the expression of CD40L on ILC3s surface. This partic-
ular subset of ILC3s was found to be responsible for prolonged
survival, proliferation, and the cytokine production ability of B
cells [100]. Moreover, ILC3s are capable of receiving an activat-
ing signal by DCs through the activating receptor DNAX acces-
sory molecule 1 (DNAM-1) and in turn act as early and effec-
tive activator of DCs. Although the interaction between ILC3s
and DCs in tumor immunity remains unclear, the results high-
light an advance in understanding of ILC3-activating signals as
well as their interactions with other players of innate immunity
[101].

In summary, ILCs modulate adaptive immune cells in the TME,
particularly T-cell responses through the release of cytokines or
direct interactions with T cells or accessory cells [60, 61, 74,
95, 102]. ILCs also monitor tumor infiltration and downstream
responses of B cells, MDSCs, DCs, and eosinophils [49, 51, 60,
98, 100].

© 2021 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH
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Plasticity of ILCs and tumor immunotherapy
Plasticity of ILCs in the TME

In inflammatory conditions and the TME, the phenotypes and
functional capacities of ILC subsets can change in response to
external signals (Fig. 2) [48, 102-105]. For example, Bernink
et al. demonstrated that ILC1s differentiate to ILC3s upon release
of IL-2, IL-23, and IL-1B, and dependent on the TF RORyt in
inflamed intestinal tissue [106]. CD14"DCs were shown to pro-
mote polarization of ILC3s to ILC1s in vitro [106]. In an animal
model of HCC, ILC1s were induced to differentiate into ILC3s phe-
notypes by expressing IL-17 and RORyt in the presence of IL-23
[74]. Similarly, SQCC tumor cells were shown to produce IL-23
promoting IL17-mediated tumor growth by converting ILC1s into
ILC3s, thereby shortening patient survival [62]. In addition, ILC3s
may convert into NK cells in the presence of IL-15 and IL-12.
Intriguingly, the TF AHR was shown to prevent the conversion of
ILC3s to NK cells [107, 108]. Aiolos and Ikaros are two TFs impor-
tant for the regulation of lymphocyte function [103]. Selective
degradation of Aiolos and Ikaros by lenalidomide inhibited ILC1s
and NK cells differentiation characterized by suppressed expres-
sion of ILC1s- and NK cell-related transcripts (LEF1, PRF1, GRZB,
CD244, NCR3, and IRF8) and increased expression of the ILC3s-
related TF Helios and ILC3s transcripts (TNFSF13B, IL22, NRP1,
and RORC) [103].

TGF-B is known to be a potent immunosuppressive cytokine of
the TME [109]. Several studies have demonstrated that NK cells
could convert to an ILC1-like phenotype in the presence of TGF-B
[67, 68, 110]. Previously, Pikovskaya et al. showed that ectopic
expression of TF Eomes induces cNK-like properties in ILC1s in
mice [111]. It has also been reported that Notch signaling gov-
erns the conversion of NCR™ ILC3 into NCR* ILC3 by sustaining
T-bet expression. Conversely, TGF-§ could convert NKp46™ ILC3
into NKp46~ILC3 by opposing Notch signaling [105]. Moreover,
TGF-B has been implicated in the conversion of ILC3s into ILCregs
in CRC [41]. The conversion of ILC2s to ILC1s is well documented
in inflammatory conditions [17, 112, 113]. It has been proposed
that IL-1p and IL-12 are two major cytokines that determine the
transdifferentiation of ILC2s into ILC1s [105]. In addition, human
ILC2s stimulated with IL-1, IL-23, and TGF-B acquired pheno-
type of ILC3s. Conversely, ILC3s can convert back to ILC2s in
the presence of IL-4 [48, 114, 115]. Collectively, these reports
demonstrate broad-range plasticity between nearly all ILC types,
and the respective cytokines of the inflammation milieu and TME
that serve as key regulators in governing this plasticity. Keeping in
view the emerging concept of immunotherapy, it is imperative to
investigate the impact of ILC plasticity when considering ILCs as
a target for cancer immunotherapy.

ILCs and cancer immunotherapy

Strategies for improving cancer immunotherapy through target-
ing NK cells have been well reviewed and reported elsewhere,
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Table 2. Potential cytokines and immune checkpoints in cancer immunotherapy of targeting ILCs

Cell type Function Cytokines, inhibitors, Clinical status
or mAbs available

Immune checkpoints

PD-1 ILC2s, ILC3s A negative regulator of ILC2s; Pembrolizumab, Blocking antibody against PD-1
expressed on ILC3s [123, 125] nivolumab, etc. approved by FDA in oncology.
PD-L1 ILC2s Expressed on ILC2s [127] Atezolizumab, Blocking antibody against PD-L1
avelumab, etc. approved by FDA in oncology.
TIM-3 ILC3s Expressed on human decidual =~ Sym023, TSR-022 Blocking antibody against TIM-3 in
ILC3s [125] oncology are in clinical trials such

as in adult primary liver cancer,
NSCLC and Melanoma, etc.

LAG-3 ILC1s Involved in the conversion of Sym022, BMS 986016  Blocking antibody against LAG-3 in
NKs to ILC1s in tumors [67] oncology are in clinical trials, such

as in glioblastoma and melanoma.

TIGIT ILC1s, ILC3s Involved in the conversion of BGB-A1217, IBI939, Blocking antibody against TIGIT in
NKs to ILC1s in tumors [126] COM902 oncology are in clinical trials.

KLRG1 ILC1s, ILC2s, Identified in ILC2s in lungand  ABC008 Blocking antibody against KLRG1 is

ILC3s CRC and an activation marker in clinical trial of inclusion body
on ILC1s, ILC2s, and ILC3s [43, myositis.
64]

NKG2A ILC1s Decreased degranulation and Monalizumab Blocking antibody against NKG2A in
impairment cytotoxic oncology is in clinical trials.
functions [15]

CTLA-4 ILC1s, ILC2s Impaired in IFN-y secretion [41] AK104 Blocking antibody against CTLA-4 in

oncology is in clinical trials.

Cytokines

IL-2 ILC2s, ILC3s The a-subunit of the IL-2 Recombinant human IL-2 treatment approved by FDA in
receptor, CD25, is expressed IL-2 metastatic melanoma and renal
by ILC2s and ILC3s [120] cell carcinoma.

IL-12 ILC2s, ILC3s Lead to immunodeficiency of Ustekinumab Tested in clinical trials for
ILC2s and tumor-suppressive inflammation diseases.
function of ILC3s [43, 52];

IL-15 ILC1s, ILC3s Lead to ILC1s expansion and Recombinant human Tested in clinical trials for cancer,
the conversion of ILC3s to NK IL-15 such as refractory metastatic
cells [16, 104] malignant melanoma and

metastatic renal cell cancer,
recurrent non-small cell lung
carcinoma, etc.

IL-23 ILC3s Induces the expansion of Ustekinumab Tested in clinical trials for
NCR-ILC3s [74] inflammatory bowel diseases.

IL-33 ILC2s Lead to activation of ILC2s and  IL-33, vaccination Blocking antibodies against
elevate the frequency of against IL-33, IL-33/ST2 axis in allergic
tumor-infiltrating ILC2s in soluble ST2, inflammatory diseases are in
lung cancer; promote MM Itepekimab etc. clinical trials.
progression [43, 49, 58, 72]

TGF-B ILC1s, ILC2s, Convert NK cells to ILC1s, Vactosertib, Inhibitors of the serine/threonine

ILC3s convert ILC3s into ILCregs, galunisertib, etc. kinase TGF-B receptor type 1
ILC2s acquire a phenotype of (TGFBR1) are currently in clinical
ILC3s [41, 67, 115] trials.

CTLA-4, cytotoxic T-lymphocyte antigen 4; KLRG1, killer cell lectin-like receptor G1; LAG-3, lymphocyte-activation gene 3; PD-1, Programmed cell
death protein 1; PDL-1, programmed cell death ligand 1; TIGIT, T-cell immunoglobulin and ITIM domain; TIM-3, T-cell immunoglobulin and mucin
domain 3.
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IL-23 or IL-1B, TGF-B

CD117, CCR6
TF:RORM
IL- 4
IL-12 or IL-1B
) IL-12 or IL-15
X TF:AHR

IL-2,IL-23 or IL-18
TF:RORAt

CD14°DC
Retinoic acid

TGF-B

CD14*DC
IL-12

— In normal or inflammatory conditions

—> In tumor

Figure 2. Schematic illustration of the plasticity of ILCs in inflammatory or tumor conditions. In inflammatory or tumor environments rich in
TGF-B, NK cells convert to an ILC1-like phenotype through decreasing Eomes expression. In inflamed intestinal tissue, ILC1s differentiate to ILC3s
upon release of IL-2, IL-23, and IL-18 and dependent on RORyt [106]. In line with this finding, ILC1s were induced to differentiate into the ILC3s
phenotype in the presence of IL-23 in tumors [62, 74]. Moreover, TGF-B has been implicated in the conversion of ILC3s into ILCregs in CRC [41]. In
vitro, CD14*DCs promoted the polarization of ILC3s to ILC1s [106]. ILC3s may convert into NKs in the presence of IL-15 and IL-12; conversely, the
transcription factor AHR prevented the conversion of ILC3s to NK cells [107, 108]. Notch signaling governs the conversion of NCR™ILC3s into NCR*
ILC3s by sustaining T-bet expression; conversely, TGF-g could convert NKp46*ILC3s into NKp46~ILC3s by opposing Notch signaling [105]. IL-1p and
IL-12 are involved in the transdifferentiation of ILC2s into ILC1s [105]. ILC2s stimulated with IL-18, IL-23, and TGF-p acquired the phenotype of ILC3s;
conversely, ILC3s can convert back to ILC2s in the presence of IL-4 [48, 114, 115]. AHR, aryl hydrocarbon receptor; CCR, C-C-chemokine receptor; DC,
dendritic cell; EOMES, eomesodermin; IL, interleukin; ILC, innate lymphoid cell; ILCregs, regulatory innate lymphoid cells; NCR, natural cytotoxicity

receptor; NK, natural killer cell; TFs, transcription factors.

including modification of the expression of inhibitory and acti-
vating NK cell receptors, restoring NK cell antitumor activity, and
transplantation of engineered NK cells with improved cytotoxic
capacities [32, 35, 37, 39, 116]. However, approved or exper-
imental cancer therapies targeting other helper ILCs are rarely
reported [117]. Nevertheless, ILCs express many surface markers
or immune checkpoints and are stimulated by different cytokines
in common with T cells, NK cells, and other immune cells [47,
118]. Therefore, cytokine-based immunotherapies and immune
checkpoint inhibitors probably impact ILC responses in tumorige-
nesis.

Candidate cytokines that might be used for immunotherapies
targeting ILCs include TGF-B, IL-33, IL-23, and IL-2. TGF-B has
been implicated in modulating the plasticity of ILCs, consequently
affecting the status of tumor immunity [68, 109, 110]. In addi-
tion, the IL-33/ILC2s cascade has been shown to play a pro- or
antitumor role depending on the tumor type [49, 69, 72]. More-
over, IL-23 secreted by HCC has been reported to induce ILC3s

© 2021 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH

expansion, leading to an immunosuppressive environment and
tumor progression [74]. However, the complexity of the TME may
make it challenging to target cytokines for immunotherapies [47].
For instance, IL-2-based immunotherapy has been used in curing
melanoma with success in a small fraction of patients due to unfa-
vorable toxicity profiles of different immune cells [119]. As an
activation marker, CD25, the a-subunit of the IL-2 receptor, was
highly expressed by ILC2s and ILC3s in humans [120]. ILC2s and
ILC3s were shown to either promote or inhibit melanoma progres-
sion depending on the tumor context [117]. Therefore, it would
be of interest to further investigate the functions of these ILCs
during the process of IL-2-based immunotherapies for melanoma.

The upregulation of immune checkpoints has been described
as one of the hallmarks of T-cell exhaustion and drugs targeting
these immune checkpoints have been developed and used in clin-
ical treatment to improve T-cells antitumor function [34]. Similar
to T cells, ILCs have been shown to overexpress T cells- related
inhibitory receptors, including PD-1, T-cell immunoglobulin and
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mucin domain 3 (TIM-3), lymphocyte-activation gene 3 (LAG-3),
CTLA-4, and T-cell immunoglobulin and ITIM domain (TIGIT),
which could be potential targets for immunotherapy through
modulating antitumor function of ILCs (Table 2). PD-1 has been
identified as a marker of ILC committed progenitors, which can
generate ILCls, ILC2s, ILC3s, and a small fraction of circulating
NK cells [121, 122]. Taylor et al. demonstrated that PD-1 is a neg-
ative regulator of KLRG11ILC2s in both mice and humans with
helminth infections [123]. Their study showed that PD-1 selec-
tively inhibits the proliferation of KLRG1*ILC2s via modulating
STATS function [123]. PD-1- and ILC2s-mediated tumor immunity
has been reported in PC [58]. In an animal model of PDAC, com-
bining rIL-33 with aPD-1 (a blocking antibody of PD-1), dramat-
ically promoted ILC2 expansion in tumors and enhanced tumor
control [58]. These studies indicated that targeting PD-1 could
influence type 2 responses in cancer patients [124]. Moreover,
PD-1 is reported to be expressed by ILC3s and regulates the pro-
duction of cytokines, including IL-22, IL-8, and TNF-q, in ILC3s
induced by IL-23 in human decidua [125]. The results indicate
that the expression or function of PD-1 in ILC3s may play a role in
maintaining immune tolerance during pregnancy [125]. However,
the functional role of PD-1 expression on ILC3s in tumor immuno-
surveillance modulation remains unclear and merits further inves-
tigation. TIM-3 and LAG-3 are also reported to be expressed on
ILC1s but not on ILC2s and ILC3s; in addition, TIGIT is expressed
on both ILC1s and ILC3s [126]. Blocking antibodies against TIM3,
LAGS3 and TIGIT have been in used in clinical trials and described
elsewhere [47, 117]. In addition, KLRG1 has been detected on
ILC1s, ILC2s, and ILC3s in breast and gastrointestinal cancer tis-
sues [64]. Recently, NKG2A has been found to be highly expressed
by ILC1s in AML patients [15]. Upon engagement with HLA-E on
leukemic targets, ILC1s expressing high levels of NKG2A are char-
acterized with decreased degranulation and impaired cytotoxic
functions [15]. CTLA-4, another checkpoint molecule, has been
reported to be expressed by ILCls and ILC2s [41]. ILC1ls with
higher expression of CTLA-4 resulted in impaired ability to secrete
IFN-y but not TNF-a. The excess of TNF-a and VEGF secreted by
ILC1s may be associated with protumoral and proangiogenic phe-
nomena [67]. Hence, the use of therapeutic antibodies against
these immune checkpoints expressed by ILCs would be of interest
for developing novel immunotherapy methods against cancer.

Conclusions

The impact of ILCs on the immune microenvironment during
tumor development, growth, and metastasis has been investigated
in recent years. It has become clearer that different ILC subsets
display either pro- or antitumor roles. These roles depend on the
extensive communication between ILCs and the TME, including
direct ILC-tumor cell interactions, ILC-mediated modulation of
the vasculature, the stroma, and the ECM, innate-adaptive lym-
phocyte crosstalk, and transdifferentiation of ILC members among
themselves. The specific antitumor effects and mechanisms of
different ILCs need to be confirmed by further indepth experi-
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ments in the future. Currently, the main problems that need to be
addressed are that ILCs definition requires many combined mark-
ers and these markers are not exclusively expressed in ILCs but
also in other cells. There is no decisive marker that specifically
defines individual ILC subsets in humans and mice [105]. In the
future, a key or exclusive indicator that defines each group of ILCs
will help the development of ILC-related immunotherapy. The use
of novel techniques, such as single-cell RNA sequencing and fluo-
rescence live-cell imaging, will empower us to specifically define
individual ILC subsets in tumor tissues. Due to the characteristics
of ILCs integrated in tissues, the analysis of the spatial transcrip-
tome and integration analysis of the combination of the spatial
transcriptome and single-cell transcriptome can better describe
the spatial location and role of ILCs in tumor tissues.

The modulation of the phenotypes and functions of ILCs
in the TME is an emerging and promising strategy for can-
cer immunotherapies. ILCs are covered with surface makers or
immune checkpoints common with those of T cells, indicating that
immunotherapies targeting T cells may affect the phenotypes and
functions of ILCs, which may lead to treatment failure or can-
cer regression and vice versa. Indeed, the use of specific genetic
manipulations selectively targeting specific ILC subgroups without
disturbing the adaptive immunity will support the idea to explore
a clearer picture of their roles in tumorigenesis. Therefore, further
investigations aided with improved experimental tools followed
by clinical studies are obligatory to specifically address the value
of ILCs in tumor immunity and therapy. Ultimately, the success to
failure ratio of these efforts will deepen our understanding of ILC
plasticity and dynamics in the TME. Although immunotherapies
targeting helper-like ILCs have just emerged and are being inves-
tigated in several trials on nontumor diseases, we anticipate that
future studies will further drive new innovative treatments.
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