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Hepatocellular carcinoma (HCC) is one of the deadliest cancers worldwide and its
incidence continues to rise globally. Various causes can lead to its development such
as chronic viral infections causing hepatitis, cirrhosis or nonalcoholic steatohepatitis
(NASH). The contribution of immune cells to HCC development and progression has
been extensively studied when it comes to adaptive lymphocytes or myeloid populations.
However, the role of the innate lymphoid cells (ILCs) is still not well defined. ILCs are a
family of lymphocytes comprising five subsets including circulating Natural Killer (NK) cells,
ILC1s, ILC2s, ILC3s and lymphocytes tissue-inducer cells (LTi). Mostly located at epithelial
surfaces, tissue-resident ILCs and NK cells can rapidly react to environmental changes to
mount appropriate immune responses. Here, we provide an overview of their roles and
actions in HCC with an emphasis on the importance of diverse signaling pathways (Notch,
TGF-b, Wnt/b-catenin…) in the tuning of their response to HCC.
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INTRODUCTION

Hepatocellular carcinoma (HCC) accounts for up to 90% of all cases of primary liver cancers while
the intrahepatic cholangiocarcinoma represents roughly 10% (1, 2). HCC is one of the deadliest
cancers worldwide and its incidence continues to rise globally (3). Various causes can lead to the
development of an HCC. Chronic viral infections by hepatitis B virus (HBV) or hepatitis C virus
(HCV) still account for more than half its cases (4). However, antiviral therapies against HCV have
considerably been improved over the last decades and HCV clearance is effective is most patients
(5). HBV infection remains for life but can be prevented by vaccination (6). On the other hand,
cirrhosis is the highest risk for progression towards HCC with 40% of the patients developing liver
cancer. Cirrhosis can be alcohol-related or can result from metabolic syndrome-associated non-
alcoholic steatohepatitis (NASH). The latter is thought to become the most leading cause of HCC
and is already the fastest growing aetiology in western countries where the unbalanced food diets are
responsible for a rise in obesity (7).

HCC is frequently diagnosed at later stages and there is no curative therapy for an advanced
HCC. Thus, the early diagnosis is one of the biggest challenge (8). Over the past few years, the early
diagnosis of HCC has relied on surveillance with ultrasonography (US) and serological assessments
of alpha-fetoprotein (AFP). However, the specificity and sensitivity of US/AFP is not satisfactory
enough to detect early onset HCC. HCC is mostly treated with surgical resection and liver
org February 2022 | Volume 13 | Article 8469231
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transplantation (9, 10). Systemic therapies targeting the immune
system have emerged and offer an alternative to the conventional
therapies (11). Thus, it remains important to continue improving
our knowledge of the immune mechanisms in the context
of HCC.

The liver is an organ that contains a large number of immune
cells. The contribution of T and B lymphocytes to HCC (12–14)
as well as that of myeloid populations (15–18) have been
extensively studied but less is known about the involvement of
innate lymphoid cells (ILCs) in HCC. ILCs are the innate
counterpart of T lymphocytes but lack antigen receptors. They
are divided into five subsets based on their developmental
pathway, phenotype and function: NK cells, helper ILC1s,
ILC2s and ILC3s that mirror Th1, Th2 and Th17 lymphocytes,
and the lymphoid tissue-inducer (LTi) cells. Canonical signaling
pathways such as Notch, Wnt/b-catenin and TGF-b pathways,
were shown to be involved in ILC differentiation and functional
activation. Thus, in addition to discussing the roles of ILCs in the
Frontiers in Immunology | www.frontiersin.org 2
HCC context, this review aims at highlighting how these
signaling pathways might impact the functions of ILCs in liver
cancer and what therapeutic strategies could be considered.
PRESENTATION OF ILC SUBSETS

The current ILC nomenclature is based on their phenotype and
functions (19, 20). ILC1s and NK cells share a lot of similarities
with Th1 lymphocytes. They both produce type 1 cytokines such
as interferon gamma (IFNg) and tumor necrosis factor alpha
(TNFa) upon activation by interleukin (IL)-12, IL-15 and/or IL-
18 (Figure 1A). They are involved in immunity to intracellular
bacteria and viruses and play a protective role in cancer. They
both require the expression of the T-box transcription factor T-
bet however, NK cells also rely on eomesodermin (Eomes)
expression for development and function (21) (Figure 1A).
Contrary to most ILC1 subsets, liver ILC1s can exhibit
A B C

FIGURE 1 | Different ILC subsets and their pro- and anti-tumoral roles in hepatocellular carcinoma (HCC). *Most ILC1 subsets are non-cytotoxic however hepatic
ILC1s can secrete perforin and granzyme B. (A) Given their cytotoxic activity, liver NK cells and liver ILC1s appear as good candidates in the anti-tumor response.
Indeed, at the fibrosis stage, which precedes HCC development, NK cells exhibit a protective role by promoting macrophages towards an M1 phenotype. However,
in HCC, NK cells display an exhausted phenotype resulting from interaction with cancer-associated fibroblasts and/or myeloid-derived suppressor cells which
correlates with decreased patient overall survival. NK cells also convert to intermediate (int) ILC1s. (B) ILC2s are implicated at the fibrotic stage where they play a
detrimental role. IL-33-activated ILC2s produce IL-13 which activates hepatic stellate cells (HSCs) that start secreting collagen. At the HCC stage, ILC2s tend to
promote its progression by recruiting neutrophils. This effect is mediated by the loss of KLRG1 and increased secretion of CXCL2 and IL-13. (C) NKp46- ILC3s have
been shown to promote HCC through the IL-23/IL-17A axis. ILC3-produced IL-17A directly inhibits CD8+ T cell proliferation and cytotoxic activity which
subsequently lead to tumor growth.
February 2022 | Volume 13 | Article 846923
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cytotoxic activities like NK cells with the expression of TNF-
related apoptosis-inducing ligand (TRAIL) as well as granzyme b
and perforin (22). ILC2s mirror Th2 lymphocytes. They depend
on the expression of the transcription factors GATA-3 and
RORa (23, 24) and secrete type 2 cytokines such as IL-4, IL-5,
IL-9, IL-13 and amphiregulin (Areg) (25, 26) (Figure 1B). Their
activation is dependent on the cytokines IL-33, IL-25 and on the
thymic stromal lymphopoeitin (TSLP). They are essential in the
anti-helminth immune response but were shown to be
detrimental in asthma and allergy contexts. The role of ILC2s
in cancer is an emergent field of study with pro-tumor and anti-
tumor actions depending on the context (27, 28). Adult ILC3s
are enriched in the intestine, rely on the expression of retinoic
acid related orphan receptor (ROR)gt encoded by the RORc gene
and are activated by IL-23 and IL-1b. They produce Th17-related
cytokines namely IL-17A and IL-22 as well as GM-CSF
(Figure 1C). ILC3s are further divided into three subsets: one
that expresses the natural cytotoxicity receptor (NCR), first
discovered on NK cells and ILC1s, and the other one that does
not. NCR+ ILC3s arise from the NCR- ILC3s and mainly produce
IL-22 while the NCR- subset produces high amounts of IL-17A
(29, 30). ILC3s are involved in the defense against extracellular
pathogens and in intestinal homeostasis but were also shown to
play a role in chronic intestinal inflammation (31, 32). Patients
suffering from Inflammatory bowel disease (IBD) are at high risk
of developing cancer (33) and ILC3s are known to be central
players in the aggravation of IBD (34) which suggests that these
cells can also be involved in cancer progression.

Under specific circumstances, plasticity between the different
subsets was demonstrated in many studies. Cellular plasticity was
first described by Helen Blau in 1985 (35). In her studies, muscle
cell identity was regulated by extracellular factors. Cell identity
was no longer fixed but subjected to regulation by environmental
cues. In mice, CCR6- RORgt+ ILC3s can downregulate their
expression of Rorc to the benefit of Tbx21 coding for T-bet
during Salmonella enterica infection. These “ex-ILC3s” exhibit
ILC1-like properties with a T-bet-driven production of IFNg that
contributes to the protection of the epithelial barrier during the
infection (36). This conversion can also be dependent on
extrinsic signals such as the production of IL-12 by dendritic
cells and monocytes (37–39). Interestingly, the opposite
plasticity was shown as possible with an IL-23- and IL-1b-
mediated in vitro transdifferentiation of human ILC1s into
ILC3-like cells (39). ILC2s also displayed plastic properties in
several studies. In response to IL-12, human peripheral blood
ILC2s can upregulate T-bet expression and start producing IFNg
both in vitro and in vivo (40–42). In some studies, the expression
of GATA-3 and Type 2 cytokine production were maintained
giving a mixed ILC1/ILC2 phenotype to the cells (40, 42). In
another one, the Th2-related pathway was downregulated in
human ILC2s following in vitro culture with IL-1b and IL-12
(41). Interestingly, in vitro culture of human ILC2s with IL-4 was
able to prevent such conversion indicating its crucial role in
maintaining the ILC2 identity (41). The importance of these two
cytokines in ILC2 plasticity was corroborated by the fact that
ILC2 frequency is decreased in tissues from patients with severe
Frontiers in Immunology | www.frontiersin.org 3
chronic obstructive pulmonary disease (COPD) displaying an
IL-12 signature while patients with chronic rhinosinusitis with
nasal polyps (CRSwNP) displaying elevated eosinophil-derived
IL-4 showed accumulation of ILC2s (41).

In contrast to NK cells that can circulate throughout the body,
the other ILC subsets are mostly tissue-resident and are enriched
at the barrier surfaces where they maintain tissue integrity in the
steady-state. Thus, ILCs are considered as important players in
the immune response that can rapidly react to tissue disruption
or infection by the secretion of cytokines.
PRO- AND ANTI-TUMORAL ROLES OF
ILCs IN HCC

NK and ILC1s
In the liver, NK and ILC1s represent 30-50% of total
lymphocytes in humans and around 10% in mice. Murine liver
NK cells display a CD49a- CD49b+ T-bet+ Eomes+ phenotype.
They are located in the sinusoids and can recirculate. Mouse liver
ILC1s are characterized as CD49a+ CD49b- T-bet+ Eomes- and
are considered as liver-resident. In humans, liver NK cell
population comprises CD56dim and CD56bright subsets. The
CD56bright population express high levels of Eomes and could
thus be considered as conventional NK cells. However, they also
express residency markers such as CXCR6 and CD69 (43–45).
Human hepatic ILC1s were not successfully identified probably
due to a lack of specific marker. Nonetheless, Marquardt et al.
proved the existence of a unique subset of human liver CD56bright

NK cells expressing CD49a but not CD49b and whose lineage
depends on T-bet but not on Eomes. After in vitro stimulation,
these cells showed enhanced cytokine production but decreased
degranulation capacity compared to CD49a- NK cells (46). These
results suggest that CD56bright CD49a+ CD49b- NK cells could be
the human counterparts of mouse hepatic ILC1s.

In obesity-associated NASH mouse models, one of the most
rising cause for HCC, NK cells have contrasting roles depending
on the diet and the various parameters such as diet kinetics. In
methionine and choline deficient diet (MCD)-induced NASH,
NKp46+ NK1.1+ CD49b+ cell numbers are increased and were
shown to prevent fibrosis by polarizing infiltrating monocytes
towards M1 type macrophages in the liver (47, 48) (Figure 1A).
This suggest a protective role for NK cells keeping the disease
from progressing towards fibrosis and subsequently to HCC.
Nonetheless, other studies showed a detrimental role for NK cells
in the development of NASH. IL-15 knockout NK-deficient mice
displayed an attenuated NASH in response to high fat diet
(HFD) (49). Wang et al. showed that murine NK cells secrete
higher levels of pro-inflammatory cytokines in NASH which
subsequently activate hepatocytes through JAK/STAT and NF-
kB signaling. This induces hepatocyte damage and apoptosis
while NK cell depletion resulted in alleviation of the disease (50).

In HCC, the role of NK cells has been extensively studied
given their cytotoxic capacities. The number of infiltrating
CD56+ NK cells in the liver of patients suffering from HCC
was positively correlated with the overall survival and cancer cell
February 2022 | Volume 13 | Article 846923
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elimination suggesting a protective role (51, 52). However,
decreased numbers of NK cells are observed in HCC patients
(53, 54). NK cells also exhibit an exhausted phenotype with
alteration of their cytotoxic activity and IFNg production (53,
55). Several mechanisms are involved in the impairment of NK
functions (Figure 1A). In one study, patients with severe HCC
showed a correlation between the infiltration of monocytes to the
tumor and NK cell exhaustion. Co-cultures of NK cells with
these tumor-derived monocytes revealed that they can directly
regulate NK cells through the CD48/2B4 (CD244) axis. Blockade
of CD244 on NK cells prevented their dysfunction (55). In
another study, myeloid-derived suppressor cells (MDSCs)
present in the tumor of HCC patients were able to directly
inhibit NK cells function through a cell-to-cell contact involving
the cytotoxicity receptor NKp30 (15).

The role of ILC1s in HCC has been poorly studied. Contrary
to most ILC1 subsets, mouse liver ILC1s express perforin and
granzyme b. They are thus capable of lysing cells although they
remain less efficient than NK cells (22). In a fibrosarcoma model
where MCA1956 cell line was subcutaneously injected into mice,
an intermediate CD49a+ CD49b+ population was detected in the
tumor and named intermediate (int)ILC1s (56). These cells came
from the conversion of NK cells into ILC1-like cells, a process
which was mediated by TGF-b in vitro and in vivo (Figure 1A).
While NK cells were able to control tumor growth and
metastasis, ILC1s and intILC1s upregulated tumor progression
and resistance-related pathways with a higher expression of
inhibitory receptors (NKG2A, KLRG1) and the production of
PDGF-AB, a pro-angiogenic molecule. Moreover, NK-derived
intILC1s and ILC1s produce high amounts of TNFa while NK
cells mainly produce IFNg. Although TNFa was first discovered
as a rapid inducer of necrosis in tumor cells, it was later shown to
have contextual roles in cancer (57). In HCC, TNFa is known to
promote carcinogenesis via the activation of hepatic progenitor
cells (58). Thus, the conversion of NK cells into ILC1-like cells
likely favors the development of HCC.

Although, this demonstration was made in a fibrosarcoma
model, Gao et al. were able to reconstitute NK, intILC1s and ILC1s
in the livers of MCA1956-injected Rag gc-/- mice after intravenous
injection of TGF-b-responsive splenic NK cells. In the liver, TGF-
b is known to promote fibrosis and higher concentrations are
found in HCC patients-derived supernatants (59). This suggests
that NK conversion to intILC1s might take place in HCC and
impact its progression.

ILC2s
ILC2s represent less than 5% of all ILCs in the liver at
homeostasis and have been poorly studied in the context of
liver diseases. However, it was demonstrated that they play a
major role in liver fibrosis (60, 61). Their frequency is increased
in fibrotic livers from mice and humans. In mice, the
accumulation and activation of liver ILC2s was mediated
through the IL-33/ST2 axis. Activated ILC2s start producing
IL-13 which binds to its receptor IL-13Ra on hepatic stellate cells
(HSCs) and triggers their differentiation from “quiescent” to
“activated” cells leading to collagen deposition (60) (Figure 1B).
In patients, the number of ILC2s is correlated to the severity of
Frontiers in Immunology | www.frontiersin.org 4
the fibrosis (61). Given that liver fibrotic patients are at high risk
of developing cancer, this suggests a detrimental role for ILC2s in
the HCC development.

This was confirmed in a recent study by Xu et al. where the
abundance of ILC2s in the tumor area of HCC patients liver is
correlated with poor prognosis (62). When looking closely at
the phenotype, they identified a subset of ILC2s, enriched in the
tumor tissue but absent in the non-tumoral area, lacking the
expression of killer cell lectin-like receptor subfamily G member
1 (KLRG1), a known marker for mature and activated ILC2s.
KLRG1 interacts with cadherins and particularly E-cadherin. Co-
cultures of murine hepatic ILC2s with Hepa1-6 cells resulted in
significant decrease in KLRG1 levels. Hepa1-6 cells do not
express E-cadherin but overexpression of its Cdh1 gene
maintained KLRG1 expression in ILC2s (62). These
experiments suggest that the loss of KLRG1 on ILC2s in HCC
can be accounted for by a decrease in E-cadherin expression at
the surface of hepatocytes. KLRG1- ILC2s isolated from HCC
patients produced significant higher levels of IL-13 and CXCL2
and CXCL8, two chemokines known to recruit neutrophils. All
those observations were confirmed in a c-Myc/NRas-induced
murine HCC model where hepatic KLRG1- ILC2s produced
CXCL2 and IL-13 at higher levels. Klrg1 knockout (ILC2-
CRISPR-KLRG1) and Klrg1-overexpressing (ILC2-PCDH-
KLRG1) murine ILC2s were generated to assess its specific role
in HCC. Klrg1 overexpression in ILC2s led to a decrease in Cxcl2
and Il-13 mRNA levels whereas Klrg1 knockout enhanced their
expression. Neutrophils recruitment was also increased with the
use of conditioned medium of Klrg1-deficient ILC2s in a
chemotaxis assay (62). An immunosuppressive profile was
induced in recruited neutrophils via the upregulation of Arg1,
coding for Arginase 1. This increase was likely mediated by IL-13
produced by ILC2s as CXCL2 deficiency did not affect Arg1
expression. Altogether, these results showed that ILC2s, which
downregulate KLRG1 in the HCC tumor microenvironment,
promote HCC via CXCL2-dependent neutrophil recruitment
and IL-13-driven immunosuppression (Figure 1B).

ILC3s
Although rare in the liver, ILC3s might have substantial effects
on the development of HCC. ILC3s are subdivided into NCR+

ILC3s that represent the main source of intrahepatic IL-22 and
NCR- ILC3s that largely produce IL-17A (29, 30). The pro-
tumorigenic role of IL-17A was studied. To note, IL-17A can also
be secreted by Th17 T cells and gd T cells. A significant reduction
in tumor growth was observed in IL-17A-deficient mice in
heterotopic models of HCC. Conversely, intravenous injection
of recombinant IL-17A led to an increase in tumor volume.
Mechanistically, IL17-A suppresses the cytolytic activity and
cytokine production of CD8+ T cells and promotes the
recruitment of MDSCs through the CXCL5/CCR2 axis (63).
Although the Vg4 gd T cells were responsible for the IL-17A
secretion, this study marked the importance of this cytokine in
HCC development. In another study, the same team showed that
in mice, IL-17A-producing NCR- ILC3s also participate to the
progression of HCC in an IL-23-dependent manner by directly
regulating CD8+ T cell proliferation and enhancing their
February 2022 | Volume 13 | Article 846923
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apoptosis (Figure 1C). However, Vg4 gd T cells and ILC3s do not
operate at the same stage of the disease. In IL-23-stimulated
mice, ILC3s are the main producers of IL-17A at 1 week after
intravenous injection of Hepa1.6 cells while CD4+, CD8+ and gd
T cells become the main IL-17A-producing populations from the
second week after injection (64). These results were confirmed in
an orthotopic surgical HCC model. Thus, hepatic ILC3s are early
responders through the IL-23/IL-17A axis in the context of HCC
and seem to promote the progression of the disease.

Interestingly, in a study on human fibrotic livers, a decrease in
NKp44- ILC3s was observed at the most severe stages of the
disease. Since cirrhotic patients have the greatest risk at
developing HCC, this observation questions the actual impact
NCR- ILC3s might have on HCC (65).

NCR+ ILC3s are even rarer in the liver than their NCR-

counterparts. Their implication in HCC has not been studied yet
even though IL-22 has been presented with controversial roles in
hepatocytes, either promoting their regeneration (model of Con-
A induced hepatitis) (66) or their proliferation in the diethyl-
nitrosamine (DEN)-induced mouse HCC model (66–68). In
both cases, the effect is mediated by the activation of the
STAT3 pathway. Thus, NCR+ ILC3s could potentially
participate to HCC aggravation via their secretion of IL-22.
SIGNALING PATHWAYS INVOLVED IN
HCC: IMPACT ON ILCs

During HCC, there is remodeling and reactivation of numerous
signaling pathways. We selected the signaling pathways that are
the most conserved in development and could then occur both
on hepatocytes and immune subsets such as ILCs.

Notch Pathway
The Notch signaling is one of the most evolutionary conserved
pathways. It controls cell fate decision, development and
function of numerous cell types including immune cells, and it
enables direct cell-to-cell communication (69). First studied in
Drosophila melanogaster, the Notch pathway displays more
complexity in mammals with four heterodimeric receptors
(Notch 1-4) that can all bind to five ligands (Jagged 1 and 2,
and Delta like ligands 1, 3, 4) with variables affinities (70). When
a receptor engages one of its ligands, the extracellular domain is
cleaved by ADAMmetalloproteases while the Notch intracellular
domain (NICD) undergoes serial proteolytic cleavages by the
gamma secretase which leads to its translocation to the nucleus
of the responding cell (69–71). There, it binds to the
transcription factor like recombination signal binding protein
for immunog lobul in Jk reg ion (RBP-Jk) . His tone
acetyltransferases (HAc) among other members of the MAML
family are recruited leading to the formation of the NICD/
MAML/RBP-Jk activation complex. The latter is responsible
for the signaling cascade that enables the transcription of
Notch target genes (69–71).

Although Notch is mostly known for its roles in embryonic
development and adult tissue homeostasis, it has also been
Frontiers in Immunology | www.frontiersin.org 5
shown to be involved in cancer with pro- or anti-
tumorigeneric effects. In HCC, numerous studies have
underlined its carcinogenic action. Overexpression of Notch
correlated with a decreased overall survival and aberrant
expression is found in 30% of HCC patients (72). Notch 3 can
regulate the activation of HSCs in the context of fibrosis and its
overexpression in HSC leads to an increase in the expression of
a-SMA and collagen I (73). Notch signaling can also be activated
through IL-6/STAT3 axis leading to the acquisition of stem-like
characteristics by HCC cells (74). However, Notch impact on
HCC through its activation of immune cells has been
poorly studied.

Notch signaling is not directly implicated in NK development
as its abrogation does not prevent the formation of mature NK
cells in the bone marrow (75, 76). Its role in ILC1 remains
unknown although Notch is not required for early ILC
commitment (77). However, Notch can influence NK and
ILC1 functions by modulating the expression of the
transcription factor T-bet, necessary for both NK and ILC1
maturation and activation (Figure 2). Indeed, it was shown
that around half the hepatic ILC1 and NK cells express Notch1
and/or Notch2 (78). Using models such as the IL7RCre RBP-Jkflox

mouse strain, where the Notch pathway is defective in lymphoid
cells and their progenitors, the deficiency in RBP-Jk was directly
correlated to a shift in the T-bet/Eomes expression balance with
the first being decreased and the second increased. Moreover, the
levels of CD49a were decreased in RBP-Jk-deficient ILC1s and
this was specifically linked to Notch1 signaling as hepatic ILC1s
from Il7RCre Notch2flox mice were not affected (78). Liver NK
and ILC1s were also shown to have enhanced cytokine
production and cytolytic activity with better control of initial
stage of hepatic tumor in the absence of Notch signaling in these
heterotopic models (78) (Figure 2). By regulating their functions,
Notch signaling pathway could thus be considered as one of the
factors influencing NK cell exhaustion and tumor progression
in HCC.

Notch was proposed as essential for adult ILC2 development
from both murine bone marrow CLPs and human progenitors
(79). But Notch is also involved in ILC2 plasticity towards ILC3-
like cells. ILC2s can be divided into resident ILC2s and
inflammatory ILC2s (iILC2s), defined as the KLRG1high

circulating subset. ILC2s produce Th2 cytokines while iILC2s
can express low amount of RORgt, in addition to high levels of
GATA-3, to produce IL-17A along with Th2 cytokines (80).
iILC2s have been shown to be major inducers in airway
inflammation after challenging mice with house dust mite (81).
In vivo injections of antibodies targeting Notch1 and/or Notch2
showed that Notch could favor the plasticity towards RORgt-
expressing ILC2s. Furthermore, the NICD/MAML/RBP-Jk
activation complex can directly bind to the Rorc locus which
drives the ILC3 differentiation (81) (Figure 2). Thus, Notch
signaling is possibly required for iILC2 generation. Since KLRG1-

ILC2s were implicated in HCC progression, the generation of
KLRG1high ILC2s could appear as beneficial. However, iILC2 role
has not been clearly defined in HCC making it difficult
to conclude.
February 2022 | Volume 13 | Article 846923
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In the case of the ILC3s, Notch was shown as essential for the
differentiation of NCR- ILC3s into NCR+ ILC3s (Figure 2). This
process of maturation is driven by T-bet and Notch2 signaling
(36). Indeed, in mice lacking RBP-Jk or Notch2 expression, the
numbers of intestinal NKp46+ ILC3s were dramatically
decreased (36, 82). Moreover, in vitro culture of NKp46- ILC3s
on Notch ligand expressing OP9-DL1 stromal cells led to the
generation of NKp46+ ILC3s. However, when cultured on OP9
stromal cells alone, the same cells were not able to differentiate
(83). T-bet deficiency also prevented NKp46- ILC3s from giving
rise to NKp46+ ILC3s regardless of the stromal cells used (83).
Notch is thus required for the generation of IL-22 producing
NCR+ ILC3s. Use of Ncr1 fate mapping mice revealed a
heterogeneity among NCR- ILC3 precursors with some of
them having transitionally expressed Ncr1. In vitro culture for
9 days of NCR+ ILC3s on OP9 stromal cells did lead to 40% of
the cells losing their expression of Ncr1 (83). Thus, they
concluded that Notch is not only necessary for the production
Frontiers in Immunology | www.frontiersin.org 6
of NCR+ ILC3s but also to maintain the expression of Ncr1 and
consequently maintain their identity.

TGF-b Pathway
Transforming growth factor (TGF)-b is a pleiotropic cytokine
involved in many biological processes from cell fate and
differentiation to proliferation, migration and apoptosis. In the
canonical TGF-b signaling pathway, a molecule of active TGF-b
engages the monomeric type II receptor (TGF-bRII) which in
turn recruits the serine/threonine kinase type I receptor (TGF-
bRI) and triggers its cross-phosphorylation (84). The
heteromeric complex that is formed is able to phosphorylate
SMAD2 and SMAD3 proteins. This enables them to form a
transcriptional complex with SMAD4 that regulates the
expression of target genes by binding to their regulatory
regions. Non-canonical signaling pathways involving other
factors exist and participate to the diversity of TGF-b
biological roles. Notably, the TGF-b receptor complex can also
FIGURE 2 | Roles of Notch, TGF-b and Wnt/b-catenin signaling pathways in ILC plasticity and functions. The Notch signaling pathway was implicated in balancing
the T-bet/Eomes expression as well as decreasing cytokine production and cytolytic activities in NK cells and ILC1s thus impacting their phenotypes and functions.
The Notch signaling is required for the generation of iILC2s, the KLRG1high subset, via the binding of the NICD/MAML/RBP-Jk activation complex to the Rorc locus.
It is also required for the transdifferentiation of NCR- ILC3s into their NCR+ counterparts. The TGF-b signaling acts antagonistically and favors the production of NCR-

ILC3s either from NCR+ ILC3s or from ILC2s via the downregulation of IL1RL1 and the upregulation of IL23R. It was also shown to promote the transdifferentiation
of NK cells into intermediate CD49a+ CD49b+ ILC1s in different tumor models. The TGF-b signaling is also involved in decreased NK cytotoxicity by downregulating
the activating receptor NKG2D. The Wnt/b-catenin signaling pathway was mostly shown to have an impact on NK cells by promoting their differentiation and
functional activation.
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transduce its signal through mitogen-activated protein kinases
(MAPKs), phosphatidylinositide-3 (PI-3) kinase, Rho family
GTPases or TNF receptor-associated factor 4/6 (TRAF4/6).
Some of their downstream molecules can however interact
with the SMAD proteins such as the collaboration of JNK/p38/
ERK with SMADs in the regulation of proliferation and cell
death (85, 86). TGF-b-mediated activation of TRAF proteins can
induce the NF-KB pathway, involved in many inflammatory
responses (87, 88). Thus, TGF-b can signal through a great
diversity of pathways enabling it to have a substantial variety
of roles.

However, TGF-b is most known for its immunosuppressive
properties which in cancers can lead to tumor immune-evasion
and disease aggravation. In HCC, TGF-b is highly expressed in
the liver but its role in tumor development and progression is
stage-dependent (89). In the early onset of the disease, TGF-b
tends to have an anti-tumor role with the restriction of
hepatocyte proliferation. But TGF-b is also strongly associated
with liver fibrosis/cirrhosis (90, 91). It is massively produced by
HSCs and liver sinusoidal endothelial cells and induces the
activation of hepatic Treg cells (92, 93). TGF-b also promotes
the generation of pro-inflammatory Th17 cells through the
activation of SMAD2/3 in naïve CD4+ T cells (94). Moreover,
it was shown to induce a shift fromM1 towards M2macrophages
and to inhibit the cytotoxic activity of CD8+ T cells via the
suppression of their IFNg secretion (95, 96). However, its impact
on ILC populations in HCC is still not known.

For NK cells to display anti-tumoral role, recognition and
targeting of tumor cells are essential. One of the main
mechanisms by which NK cells recognize cancerous cells is the
engagement of their activating receptors with the ligands
expressed at the surface of target cells. The most studied
activating receptor is NKG2D that can bind to several ligands
(MICA, MICB, ULBP1-6), usually highly upregulated by tumor
cells (97, 98). The role of TGF-b in decreasing NKG2D
expression on NK cells has been widely studied. Some studies
showed that in cancer patients, plasma levels of TGF-b were
negatively correlated with the level of expression of NKG2D on
circulating NK cells (99, 100). In vitro incubation of NK cells
with plasma from patients led to a downregulation of NKG2D
while the expression was restored with the addition of
neutralizing anti-TGF-b antibody (99). Incubation with
recombinant TGF-b1 also specifically reduced NKG2D surface
expression impairing NK cell cytotoxicity (101). Other studies
showed that TGF-b was also responsible for a decrease in
NKp30, DNAM-1, granzyme A and perforin expressions and
that this was mediated by SMAD2/3 signaling (102, 103).
Treatment with the TGFbRI kinase inhibitor Galunisertib
(104) or neutralizing anti-TGF-b1 antibody (105) restored the
expression of these specific transcripts. Altogether, these results
show that TGF-b-mediated NKG2D downregulation participates
to the inhibition of NK cytotoxicity in cancer (Figure 2).

However, TGF-b has recently emerged as a driver in ILC
plasticity. Several studies revealed the implication of TGF-b in
multiple cancer diseases into generating a pro-angiogenic NK
population (106–108). CD56+ NK cells from patients with non–
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small cell lung cancer (NSCLC) or squamous cell carcinoma
(SCC) showed enhanced production of vascular endothelial
growth factor (VEGF) and placental growth factor (PIGF)
(108). In vitro culture of peripheral blood CD56+ NK cells
from healthy donors with TGF-b resulted in the upregulation
of VEGF and PIGF highlighting the essential role of this cytokine
in polar i z ing NK ce l l s towards a pro-angiogen ic
phenotype (108).

In 2017, Gao et al. went further in describing how TGF-b
mediated the conversion of NK cells into intILC1s and ILC1-like
cells in several cancer models (56) (Figure 2). Given that the
tumor-infiltrating NK cells produce large amounts of IFNg which
is one of the key cytokines to inhibit tumor growth and that
intILC1s and ILC1s mainly produce the pro-angiogenic molecule
PDGF-AB and pro-tumorigenic cytokine TNFa (58), TGF-b
signaling is considered as prone to favor tumor immune
evasion. Additionally, using single-cell RNA sequencing and
flow cytometry analysis of liver ILCs from HCC patients,
another study revealed the presence in the tumor area of an
NK-like population with a mixed NK/ILC1 phenotype. TGF-b
mRNA levels were found to be significantly increased in the tumor
area (109). These results suggest that TGF-b signaling could be
involved in HCC progression by promoting NK conversion into
ILC1-like cells. In another study, liver-derived TGF-b was shown
to sustain the Eomeshi T-betlow phenotype in human liver NK cells
(110). Given that the CD49a+ CD49b- cells that might be
considered as human counterparts of ILC1s are T-bet+Eomes-,
the role of TGF-b in NK conversion to ILC1-like cells remains to
be confirmed in patients.

TGF-b was also found to drive the plasticity of ILC2s and
ILC3s. Recent studies revealed that human ILC2s cultured in
presence of TGF-b, IL-1b and IL-23 can transdifferentiate into
IL-17A-producting ILC3-like cells (111, 112). TGF-b is not
necessary as in vitro culture of ILC2s with IL-1b and IL-23 can
lead to IL-17A production. However, when TGF-b is added to
the medium, the secretion of IL-17A is dramatically increased
while that of IL-5 is decreased. This was explained by the
substantial upregulation of IL23R in the presence of TGF-b as
well as the reduced mRNA expression of IL1RL1, the gene coding
for the IL-33 receptor ST2 (Figure 2). By increasing the response
to IL-23 and decreasing the one to IL-33, TGF-b promotes the
conversion of ILC2s into ILC3s that produce the pro-
inflammatory IL-17A cytokine.

TGF-b was also shown to have a direct action on ILC3s to
promote the NCR- phenotype (Figure 2). In the same study that
revealed an essential role for Notch signaling in NCR+ ILC3
generation, TGF-b was shown to act in opposition (83). TGF-b
signaling impairs the differentiation of NCR- ILC3s in NCR+

ILC3s in vitro and in vivo. But it can also drive the reverse
conversion of NCR+ ILC3s into NCR- ILC3s as in vitro culture of
NCR+ ILC3s that express a constitutive active form of TGF-bRI
leads to a decreased expression of Ncr1 and decreased numbers
of NCR+ cells (83). Given that NCR- ILC3s secrete higher
amounts of IL-17A and were implicated in HCC progression,
we can speculate that TGF-b may participate to liver
tumorigenesis by mediating ILC2 and ILC3 plasticity.
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Wnt/b-catenin Pathway
The Wnt/b catenin signaling pathway is a highly conserved
pathway that controls embryonic development, cell
proliferation, differentiation and fate determination (113). In
mammals, 19 genes coding for different Wnt proteins are
expressed (114, 115). The latter are lipid-modified in the
endoplasmic reticulum and are then transported from the
Golgi to the cell membrane thanks to the chaperone Wntless
(116). Once secreted, the Wnt proteins can interact with the
Frizzled (FZD) receptor at the surface of the responding cell. The
FZD are associated with coreceptors, either LRP5/6 or the ROR/
RYK complex. Binding to the FZD/ROR/RYK usually leads to
the activation of the Wnt/b-catenin-independent pathway while
interaction with FZD/LRP5/6 usually results in the activation of
the canonical Wnt/b-catenin signaling pathway (117). The b-
catenin is a protein found in the cytoplasm of cells. In the
absence of interaction between Wnt and FZD, it is ubiquitinated
by the b-catenin destruction complex, composed of the casein
kinase 1 (CK1), the GSK-3b, the adenomatous polyposis coli
(APC) and AXIN1, leading to its subsequent degradation by the
proteasome (113, 114, 118). However, upon binding of Wnt to
FZD, the scaffolding DVL protein is recruited to the FZD
intracellular domain which leads to the inhibition of GSK-3b
(119). The b-catenin is thus stabilized and can translocate to the
nucleus where it promotes the transcription of target genes (120).

Although Wnt/b-catenin signaling is known to take part in
many essential biological processes, its dysregulation was shown
to be involved in HCC development (121, 122). One study also
revealed how in HCC, tumor-derived Wnt ligands polarize
tumor-associated macrophages (TAM) towards an M2
phenotype contributing to tumor progression (123).

The Wnt/b-catenin pathway was shown to be involved in NK
cell differentiation. Exposure of human thymic CD34+CD1a-

progenitors toWnt3a that signals through the b-catenin led to an
increased production of NK cells compared to untreated samples
(124) (Figure 2). Moreover, the blockade of Wnt signaling via
DKK1, a known inhibitor of Wnt/b-catenin, in human CD34+

hematopoietic progenitors led to a significant decrease in NK cell
generation (125). Another study showed that b-catenin-deficient
mice have decreased NK cell numbers with an action of b-
catenin on the expression of the antiapoptotic protein Bcl2 (126).
However, theWnt/b-catenin pathway could also be implicated in
NK cell function and cytotoxic activity. In one study, blockade of
DKK2, another inhibitor of the b-catenin pathway, led to an
enhanced activation of NK cells (Figure 2). Using a colorectal
cancer mouse model, they injected 5F8, a molecule specifically
preventing the binding of DKK2 to LRP5. It resulted into a
decrease in the numbers of cancerous intestinal polyps. This
suggests that DKK2 promotes tumor progression in this model.
And this effect could be partly mediated by NK cells whose
cytotoxic activity is enhanced in the absence of DKK2. Indeed,
administration of 5F8 led to significant increases in Gzmb, CD69,
IFNg and NKp46 gene expression (127). Although set in the
colorectal cancer model, this study underlines the importance of
Wnt/b-catenin signaling pathway in NK-driven anti-tumoral
Frontiers in Immunology | www.frontiersin.org 8
response. It can thus be hypothesized that Wtn-b-catenin
could also regulate NK cell activation in HCC.

Implication of Wnt proteins in the differentiation and/or
function of helper ILCs has not been studied yet. Several
studies underpinned the role of the transcription factor TCF-1
in ILC2 and ILC3 differentiation. However, TCF-1 is not only a
Wnt/b-catenin signaling target gene but is also a downstream
target gene of the Notch pathway. One study showed that b-
catenin-deficient hematopoietic progenitors, Lin−Sca-1+c-Kit+

(LSK) cells, can develop normally in vivo into ILC2 while
Notch-inhibited LSK cells fail to produce ILC2s. This suggests
that Wnt-b-catenin pathway might not be involved in ILC2
differentiation as the Notch signaling (128).
CONCLUSION

ILCs are emergent actors in the field of cancer research. Here, we
have summarized their roles in HCC and underlined the potential
impact the Notch, TGF-b and Wnt/b-catenin signaling pathways
might have on their response. The cytotoxic NK cells remain to this
day the most studied cells however, helper liver ILCs are being
increasingly scrutinized as their tissue residency characteristics
position them as chronically exposed to this specific
tolerogenic environment.

Another highlight of ILCs is their ability to transdifferentiate
from one subset to another. Although this plasticity is mostly
driven by the presence of specific interleukins, Notch signaling and
TGF-b pathways are major actors in this process and can even
harbor antagonist roles. Wnt/b-catenin signaling pathway impact
has been poorly investigated but one can expect future research to
uncover its role in ILCs in cancer and most specifically in HCC.

Further studies are needed to clarify the roles of these
signaling pathways in immune cells, and in particular ILCs, in
HCC as many studies have been performed in other cancer
models. This will provide new insights into the molecular
mechanistic underlying the response of ILCs and subsequently
allowing new immunotherapeutic strategies to emerge in order
to specifically target these signaling pathways in ILCs.
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46. Marquardt N, Béziat V, Nyström S, Hengst J, Ivarsson MA, Kekäläinen E,
et al. Cutting Edge: Identification and Characterization of Human
Intrahepatic CD49a+ NK Cells. J Immunol Baltim Md 1950 (2015) 194
(6):2467–71. doi: 10.4049/jimmunol.1402756

47. Tosello-Trampont A-C, Krueger P, Narayanan S, Landes SG, Leitinger N,
Hahn YS. NKp46(+) Natural Killer Cells Attenuate Metabolism-Induced
Hepatic Fibrosis by Regulating Macrophage Activation in Mice. Hepatol
Baltim Md (2016) 63(3):799–812. doi: 10.1002/hep.28389

48. Fan Y, ZhangW,Wei H, Sun R, Tian Z, Chen Y. Hepatic NK Cells Attenuate
Fibrosis Progression of Non-Alcoholic Steatohepatitis in Dependent of
CXCL10-Mediated Recruitment. Liver Int (2020) 40(3):598–608.
doi: 10.1111/liv.14307

49. Cepero-Donates Y, Lacraz G, Ghobadi F, Rakotoarivelo V, Orkhis S,
Mayhue M, et al. Interleukin-15-Mediated Inflammation Promotes Non-
Alcoholic Fatty Liver Disease. Cytokine (2016) 82:102–11. doi: 10.1016/
j.cyto.2016.01.020

50. Wang F, Zhang X, Liu W, Zhou Y, Wei W, Liu D, et al. Activated Natural
Killer Cell Promotes Nonalcoholic Steatohepatitis Through Mediating JAK/
STAT Pathway. Cell Mol Gastroenterol Hepatol (2021) 13:257–74.
doi: 10.1016/j.jcmgh.2021.08.019

51. Chew V, Chen J, Lee D, Loh E, Lee J, Lim KH, et al. Chemokine-Driven
Lymphocyte Infiltration: An Early Intratumoural Event Determining Long-
Term Survival in Resectable Hepatocellular Carcinoma. Gut (2012) 61
(3):427–38. doi: 10.1136/gutjnl-2011-300509

52. Chew V, Tow C, Teo M, Wong HL, Chan J, Gehring A, et al. Inflammatory
Tumour Microenvironment is Associated With Superior Survival in
Hepatocellular Carcinoma Patients. J Hepatol (2010) 52(3):370–9.
doi: 10.1016/j.jhep.2009.07.013

53. Cai L, Zhang Z, Zhou L, Wang H, Fu J, Zhang S, et al. Functional
Impairment in Circulating and Intrahepatic NK Cells and Relative
Mechanism in Hepatocellular Carcinoma Patients. Clin Immunol Orlando
Fla (2008) 129(3):428–37. doi: 10.1016/j.clim.2008.08.012

54. Fathy A, Eldin MM, Metwally L, Eida M, Abdel-Rehim M. Diminished
Absolute Counts of CD56dim and CD56bright Natural Killer Cells in
Peripheral Blood From Egyptian Patients With Hepatocellular Carcinoma.
Egypt J Immunol (2009) 16(2):17–25.

55. Wu Y, Kuang D-M, Pan W-D, Wan Y-L, Lao X-M, Wang D, et al.
Monocyte/macrophage-Elicited Natural Killer Cell Dysfunction in
Hepatocellular Carcinoma is Mediated by CD48/2B4 Interactions. Hepatol
Baltim Md (2013) 57(3):1107–16. doi: 10.1002/hep.26192

56. Gao Y, Souza-Fonseca-Guimaraes F, Bald T, Ng SS, Young A, Ngiow SF,
et al. Tumor Immunoevasion by the Conversion of Effector NK Cells Into
Type 1 Innate Lymphoid Cells. Nat Immunol (2017) 18(9):1004–15.
doi: 10.1038/ni.3800
Frontiers in Immunology | www.frontiersin.org 10
57. Balkwill F. Tumour Necrosis Factor and Cancer. Nat Rev Cancer (2009) 9
(5):361–71. doi: 10.1038/nrc2628

58. Jing Y, Sun K, Liu W, Sheng D, Zhao S, Gao L, et al. Tumor Necrosis Factor-
a Promotes Hepatocellular Carcinogenesis Through the Activation of
Hepatic Progenitor Cells. Cancer Lett (2018) 434:22–32. doi: 10.1016/
j.canlet.2018.07.001

59. Dituri F, Mancarella S, Cigliano A, Chieti A, Giannelli G. TGF-b as
Multifaceted Orchestrator in HCC Progression: Signaling, EMT, Immune
Microenvironment, and Novel Therapeutic Perspectives. Semin Liver Dis
(2019) 39(1):53–69. doi: 10.1055/s-0038-1676121

60. McHedlidze T, Waldner M, Zopf S, Walker J, Rankin AL, Schuchmann M,
et al. Interleukin-33-Dependent Innate Lymphoid Cells Mediate Hepatic
Fibrosis. Immunity (2013) 39(2):357–71. doi: 10.1016/j.immuni.2013.07.018

61. Gonzalez-Polo V, Pucci-Molineris M, Cervera V, Gambaro S, Yantorno SE,
Descalzi V, et al. Group 2 Innate Lymphoid Cells Exhibit Progressively
Higher Levels of Activation During Worsening of Liver Fibrosis. Ann
Hepatol (2019) 18(2):366–72. doi: 10.1016/j.aohep.2018.12.001

62. Xu X, Ye L, Zhang Q, Shen H, Li S, Zhang X, et al. Group-2 Innate Lymphoid
Cells Promote HCC Progression Through CXCL2-Neutrophil-Induced
Immunosuppression. Hepatol Baltim Md (2021) 74(5):2526–43.
doi: 10.1002/hep.31855

63. Ma S, Cheng Q, Cai Y, Gong H, Wu Y, Yu X, et al. IL-17A Produced by gd T
Cells Promotes Tumor Growth in Hepatocellular Carcinoma. Cancer Res
(2014) 74(7):1969–82. doi: 10.1158/0008-5472.CAN-13-2534

64. Liu Y, Song Y, Lin D, Lei L, Mei Y, Jin Z, et al. NCR- Group 3 Innate
Lymphoid Cells Orchestrate IL-23/IL-17 Axis to Promote Hepatocellular
Carcinoma Development. EBioMedicine (2019) 41:333–44. doi: 10.1016/
j.ebiom.2019.02.050

65. Forkel M, Berglin L, Kekäläinen E, Carlsson A, Svedin E, Michaëlsson J, et al.
Composition and Functionality of the Intrahepatic Innate Lymphoid Cell-
Compartment in Human Nonfibrotic and Fibrotic Livers. Eur J Immunol
(2017) 47(8):1280–94. doi: 10.1002/eji.201646890

66. Radaeva S, Sun R, Pan H, Hong F, Gao B. Interleukin 22 (IL-22) Plays a
Protective Role in T Cell-Mediated Murine Hepatitis: IL-22 is a Survival
Factor for Hepatocytes via STAT3 Activation. Hepatology (2004) 39
(5):1332–42. doi: 10.1002/hep.20184

67. Jiang R, Tan Z, Deng L, Chen Y, Xia Y, Gao Y, et al. Interleukin-22 Promotes
Human Hepatocellular Carcinoma by Activation of STAT3. Hepatol Baltim
Md (2011) 54(3):900–9. doi: 10.1002/hep.24486

68. Park O, Wang H, Weng H, Feigenbaum L, Li H, Yin S, et al. In Vivo
Consequences of Liver-Specific Interleukin-22 Expression: Implications for
Human Liver Disease Progression. Hepatol Baltim Md (2011) 54(1):252–61.
doi: 10.1002/hep.24339

69. Sandy AR, Jones M, Maillard I. Notch Signaling and Development of the
Hematopoietic System. Adv Exp Med Biol (2012) 727:71–88. doi: 10.1007/
978-1-4614-0899-4_6

70. Andersson ER, Sandberg R, Lendahl U. Notch Signaling: Simplicity in
Design, Versatility in Function. Dev Camb Engl (2011) 138(17):3593–612.
doi: 10.1242/dev.063610

71. Baron M. An Overview of the Notch Signalling Pathway. Semin Cell Dev Biol
(2003) 14(2):113–9. doi: 10.1016/s1084-9521(02)00179-9

72. Villanueva A, Alsinet C, Yanger K, Hoshida Y, Zong Y, Toffanin S, et al.
Notch Signaling is Activated in Human Hepatocellular Carcinoma and
Induces Tumor Formation in Mice. Gastroenterology (2012) 143(6):1660–
9.e7. doi: 10.1053/j.gastro.2012.09.002

73. Chen Y-X, Weng Z-H, Zhang S-L. Notch3 Regulates the Activation of
Hepatic Stellate Cells. World J Gastroenterol (2012) 18(12):1397–403.
doi: 10.3748/wjg.v18.i12.1397

74. Xiong S, Wang R, Chen Q, Luo J, Wang J, Zhao Z, et al. Cancer-Associated
Fibroblasts Promote Stem Cell-Like Properties of Hepatocellular Carcinoma
Cells Through IL-6/STAT3/Notch Signaling. Am J Cancer Res (2018) 8
(2):302–16.

75. Ribeiro VSG, Hasan M, Wilson A, Boucontet L, Pereira P, Lesjean-Pottier S,
et al. Cutting Edge: Thymic NK Cells Develop Independently From T Cell
Precursors. J Immunol Baltim Md 1950 (2010) 185(9):4993–7. doi: 10.4049/
jimmunol.1002273

76. Chaves P, Zriwil A, Wittmann L, Boukarabila H, Peitzsch C, Jacobsen SEW,
et al. Loss of Canonical Notch Signaling Affects Multiple Steps in NK Cell
February 2022 | Volume 13 | Article 846923

https://doi.org/10.1016/j.immuni.2015.06.019
https://doi.org/10.1084/jem.20151750
https://doi.org/10.1038/ni.3444
https://doi.org/10.1038/ni.3447
https://doi.org/10.1002/eji.201646559
https://doi.org/10.1038/srep26157
https://doi.org/10.1016/j.jaut.2015.08.011
https://doi.org/10.4049/jimmunol.1402756
https://doi.org/10.1002/hep.28389
https://doi.org/10.1111/liv.14307
https://doi.org/10.1016/j.cyto.2016.01.020
https://doi.org/10.1016/j.cyto.2016.01.020
https://doi.org/10.1016/j.jcmgh.2021.08.019
https://doi.org/10.1136/gutjnl-2011-300509
https://doi.org/10.1016/j.jhep.2009.07.013
https://doi.org/10.1016/j.clim.2008.08.012
https://doi.org/10.1002/hep.26192
https://doi.org/10.1038/ni.3800
https://doi.org/10.1038/nrc2628
https://doi.org/10.1016/j.canlet.2018.07.001
https://doi.org/10.1016/j.canlet.2018.07.001
https://doi.org/10.1055/s-0038-1676121
https://doi.org/10.1016/j.immuni.2013.07.018
https://doi.org/10.1016/j.aohep.2018.12.001
https://doi.org/10.1002/hep.31855
https://doi.org/10.1158/0008-5472.CAN-13-2534
https://doi.org/10.1016/j.ebiom.2019.02.050
https://doi.org/10.1016/j.ebiom.2019.02.050
https://doi.org/10.1002/eji.201646890
https://doi.org/10.1002/hep.20184
https://doi.org/10.1002/hep.24486
https://doi.org/10.1002/hep.24339
https://doi.org/10.1007/978-1-4614-0899-4_6
https://doi.org/10.1007/978-1-4614-0899-4_6
https://doi.org/10.1242/dev.063610
https://doi.org/10.1016/s1084-9521(02)00179-9
https://doi.org/10.1053/j.gastro.2012.09.002
https://doi.org/10.3748/wjg.v18.i12.1397
https://doi.org/10.4049/jimmunol.1002273
https://doi.org/10.4049/jimmunol.1002273
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Bourayou and Golub Signaling Pathways in ILCs
Development in Mice. J Immunol Baltim Md 1950 (2018) 201(11):3307–19.
doi: 10.4049/jimmunol.1701675

77. Possot C, Schmutz S, Chea S, Boucontet L, Louise A, Cumano A, et al. Notch
Signaling is Necessary for Adult, But Not Fetal, Development of Rorgt(+)
Innate Lymphoid Cells. Nat Immunol (2011) 12(10):949–58. doi: 10.1038/
ni.2105

78. Perchet T, Petit M, Banchi E-G, Meunier S, Cumano A, Golub R. The Notch
Signaling Pathway Is Balancing Type 1 Innate Lymphoid Cell Immune
Functions. Front Immunol (2018) 9:1252. doi: 10.3389/fimmu.2018.01252

79. Wong SH, Walker JA, Jolin HE, Drynan LF, Hams E, Camelo A, et al.
Transcription Factor Rora is Critical for Nuocyte Development. Nat
Immunol (2012) 13(3):229–36. doi: 10.1038/ni.2208

80. Huang Y, Guo L, Qiu J, Chen X, Hu-Li J, Siebenlist U, et al. IL-25-
Responsive, Lineage-Negative KLRG1(hi) Cells Are Multipotential
‘Inflammatory’ Type 2 Innate Lymphoid Cells. Nat Immunol (2015) 16
(2):161–9. doi: 10.1038/ni.3078

81. Zhang K, Xu X, Pasha MA, Siebel CW, Costello A, Haczku A, et al. Cutting
Edge: Notch Signaling Promotes the Plasticity of Group-2 Innate Lymphoid
Cells. J Immunol Baltim Md 1950 (2017) 198(5):1798–803. doi: 10.4049/
jimmunol.1601421

82. Chea S, Perchet T, Petit M, Verrier T, Guy-Grand D, Banchi E-G, et al.
Notch Signaling in Group 3 Innate Lymphoid Cells Modulates Their
Plasticity. Sci Signal (2016) 9(426):ra45. doi: 10.1126/scisignal.aaf2223

83. Viant C, Rankin LC, Girard-Madoux MJH, Seillet C, Shi W, Smyth MJ,
et al. Transforming Growth Factor-b and Notch Ligands Act as
Opposing Environmental Cues in Regulating the Plasticity of Type 3
Innate Lymphoid Cells. Sci Signal (2016) 9(426):ra46. doi: 10.1126/
scisignal.aaf2176

84. Lee MK, Pardoux C, Hall MC, Lee PS, Warburton D, Qing J, et al. TGF-b
Activates Erk MAP Kinase Signalling Through Direct Phosphorylation of
ShcA. EMBO J (2007) 26(17):3957–67. doi: 10.1038/sj.emboj.7601818

85. Perlman R, Schiemann WP, Brooks MW, Lodish HF, Weinberg RA. TGF-b-
Induced Apoptosis is Mediated by the Adapter Protein Daxx That Facilitates
JNK Activation. Nat Cell Biol (2001) 3(8):708–14. doi: 10.1038/35087019

86. Yoo J, Ghiassi M, Jirmanova L, Balliet AG, Hoffman B, Fornace AJ, et al.
Transforming Growth Factor-b-Induced Apoptosis is Mediated by Smad-
Dependent Expression of GADD45b Through P38 Activation. J Biol Chem
(2003) 278(44):43001–7. doi: 10.1074/jbc.M307869200

87. Costanza B, Umelo IA, Bellier J, Castronovo V, Turtoi A. Stromal
Modulators of TGF-b in Cancer. J Clin Med (2017) 6(1):E7. doi: 10.3390/
jcm6010007

88. Fionda C, Stabile H, Cerboni C, Soriani A, Gismondi A, Cippitelli M, et al.
Hitting More Birds With a Stone: Impact of TGF-b on ILC Activity in
Cancer. J Clin Med (2020) 9(1):143. doi: 10.3390/jcm9010143

89. Chen J, Gingold JA, Su X. Immunomodulatory TGF-b Signaling in
Hepatocellular Carcinoma. Trends Mol Med (2019) 25(11):1010–23.
doi: 10.1016/j.molmed.2019.06.007

90. Lin T-H, Shao Y-Y, Chan S-Y, Huang C-Y, Hsu C-H, Cheng A-L. High
Serum Transforming Growth Factor-b1 Levels Predict Outcome in
Hepatocellular Carcinoma Patients Treated With Sorafenib. Clin Cancer
Res Off J Am Assoc Cancer Res (2015) 21(6):3678–84. doi: 10.1158/1078-
0432.CCR-14-1954

91. Yamazaki K, Masugi Y, Sakamoto M. Molecular Pathogenesis of
Hepatocellular Carcinoma: Altering Transforming Growth Factor-b
Signaling in Hepatocarcinogenesis. Dig Dis Basel Switz (2011) 29(3):284–
8. doi: 10.1159/000327560

92. Zaiss DMW, van Loosdregt J, Gorlani A, Bekker CPJ, Gröne A, Sibilia M,
et al. Amphiregulin Enhances Regulatory T Cell-Suppressive Function via
the Epidermal Growth Factor Receptor. Immunity (2013) 38(2):275–84.
doi: 10.1016/j.immuni.2012.09.023

93. Carambia A, Freund B, Schwinge D, Heine M, Laschtowitz A, Huber S, et al.
TGF-b-Dependent Induction of CD4+CD25+Foxp3+ Tregs by Liver
Sinusoidal Endothelial Cells. J Hepatol (2014) vol:594–9. doi: 10.1016/
j.jhep.2014.04.027

94. Martinez GJ, Zhang Z, Reynolds JM, Tanaka S, Chung Y, Liu T, et al. Smad2
Positively Regulates the Generation of Th17 Cells. J Biol Chem (2010) 285
(38):29039–43. doi: 10.1074/jbc.C110.155820
Frontiers in Immunology | www.frontiersin.org 11
95. David CJ, Massagué J. Contextual Determinants of Tgfb Action in
Development, Immunity and Cancer. Nat Rev Mol Cell Biol (2018) 19
(7):419–35. doi: 10.1038/s41580-018-0007-0

96. de Gramont A, Faivre S, Raymond E. Novel TGF-b Inhibitors Ready for
Prime Time in Onco-Immunology. Oncoimmunology (2017) 6(1):e1257453.
doi: 10.1080/2162402X.2016.1257453

97. Guerra N, Tan YX, Joncker NT, Choy A, Gallardo F, Xiong N, et al. NKG2D-
Deficient Mice Are Defective in Tumor Surveillance in Models of
Spontaneous Malignancy. Immunity (2008) 28(4):571–80. doi: 10.1016/
j.immuni.2008.02.016

98. Zingoni A, Molfetta R, Fionda C, Soriani A, Paolini R, Cippitelli M, et al.
NKG2D and Its Ligands: ‘One for All, All for One,’”. Front Immunol (2018)
9:476. doi: 10.3389/fimmu.2018.00476

99. Lee J-C, Lee K-M, Kim D-W, Heo DS. Elevated TGF-b1 Secretion and
Down-Modulation of NKG2D Underlies Impaired NK Cytotoxicity in
Cancer Patients. J Immunol Baltim Md 1950 (2004) 172(12):7335–40.
doi: 10.4049/jimmunol.172.12.7335

100. Han B, Mao F-Y, Zhao Y-L, Lv Y-P, Teng Y-S, DuanM, et al. Altered NKp30,
NKp46, NKG2D, and DNAM-1 Expression on Circulating NK Cells Is
Associated With Tumor Progression in Human Gastric Cancer. J Immunol
Res (2018) 2018:6248590. doi: 10.1155/2018/6248590

101. Dasgupta S, Bhattacharya-Chatterjee M, O’Malley BW, Chatterjee SK.
Tumor Metastasis in an Orthotopic Murine Model of Head and Neck
Cancer: Possible Role of TGF-b 1 Secreted by the Tumor Cells. J Cell
Biochem (2006) 97(5):1036–51. doi: 10.1002/jcb.20647

102. Castriconi R, Cantoni C, Della Chiesa M, Vitale M, Marcenaro E, Conte R,
et al. Transforming Growth Factor b 1 Inhibits Expression of NKp30 and
NKG2D Receptors: Consequences for the NK-Mediated Killing of Dendritic
Cells. Proc Natl Acad Sci U S A (2003) 100(7):4120–5. doi: 10.1073/
pnas.0730640100

103. Fujii R, Jochems C, Tritsch SR, Wong HC, Schlom J, Hodge JW. An IL-15
Superagonist/IL-15ra Fusion Complex Protects and Rescues NK Cell-
Cytotoxic Function From TGF-b1-Mediated Immunosuppression. Cancer
Immunol Immunother CII (2018) 67(4):675–89. doi: 10.1007/s00262-018-
2121-4

104. Tran HC, Wan Z, Sheard MA, Sun J, Jackson JR, Malvar J, et al. Tgfbr1
Blockade With Galunisertib (LY2157299) Enhances Anti-Neuroblastoma
Activity of the Anti-GD2 Antibody Dinutuximab (Ch14.18) With Natural
Killer Cells. Clin Cancer Res Off J Am Assoc Cancer Res (2017) 23(3):804–13.
doi: 10.1158/1078-0432.CCR-16-1743

105. Nam J-S, Terabe M, Mamura M, Kang M-J, Chae H, Stuelten C, et al. An
Anti-Transforming Growth Factor b Antibody Suppresses Metastasis via
Cooperative Effects on Multiple Cell Compartments. Cancer Res (2008) 68
(10):3835–43. doi: 10.1158/0008-5472.CAN-08-0215

106. Stabile H, Fionda C, Gismondi A, Santoni A. Role of Distinct Natural Killer
Cell Subsets in Anticancer Response. Front Immunol (2017) 8:293(293).
doi: 10.3389/fimmu.2017.00293

107. Rocca YS, Roberti MP, Arriaga JM, Amat M, Bruno L, Pampena MB, et al.
Altered Phenotype in Peripheral Blood and Tumor-Associated NK Cells
From Colorectal Cancer Patients. Innate Immun (2013) 19(1):76–85.
doi: 10.1177/1753425912453187

108. Bruno A, Focaccetti C, Pagani A, Imperatori AS, Spagnoletti M, Rotolo N,
et al. The Proangiogenic Phenotype of Natural Killer Cells in Patients With
Non-Small Cell Lung Cancer. Neoplasia N Y N (2013) 15(2):133–42.
doi: 10.1593/neo.121758

109. Heinrich B, Gertz EM, Schäffer AA, Craig A, Ruf B, Subramanyam V, et al.
The Tumour Microenvironment Shapes Innate Lymphoid Cells in Patients
With Hepatocellular Carcinoma. Gut (2021) 0:1–15. doi: 10.1136/gutjnl-
2021-325288

110. Harmon C, Jameson G, Almuaili D, Houlihan DD, Hoti E, Geoghegan J,
et al. Liver-Derived TGF-bMaintains the EomeshiTbetlo Phenotype of Liver
Resident Natural Killer Cells. Front Immunol (2019) 10:1502(1502).
doi: 10.3389/fimmu.2019.01502

111. Bernink JH, Ohne Y, Teunissen MBM, Wang J, Wu J, Krabbendam L, et al.
C-Kit-Positive ILC2s Exhibit an ILC3-Like Signature That may Contribute to
IL-17-Mediated Pathologies. Nat Immunol (2019) 20(8):992–1003.
doi: 10.1038/s41590-019-0423-0
February 2022 | Volume 13 | Article 846923

https://doi.org/10.4049/jimmunol.1701675
https://doi.org/10.1038/ni.2105
https://doi.org/10.1038/ni.2105
https://doi.org/10.3389/fimmu.2018.01252
https://doi.org/10.1038/ni.2208
https://doi.org/10.1038/ni.3078
https://doi.org/10.4049/jimmunol.1601421
https://doi.org/10.4049/jimmunol.1601421
https://doi.org/10.1126/scisignal.aaf2223
https://doi.org/10.1126/scisignal.aaf2176
https://doi.org/10.1126/scisignal.aaf2176
https://doi.org/10.1038/sj.emboj.7601818
https://doi.org/10.1038/35087019
https://doi.org/10.1074/jbc.M307869200
https://doi.org/10.3390/jcm6010007
https://doi.org/10.3390/jcm6010007
https://doi.org/10.3390/jcm9010143
https://doi.org/10.1016/j.molmed.2019.06.007
https://doi.org/10.1158/1078-0432.CCR-14-1954
https://doi.org/10.1158/1078-0432.CCR-14-1954
https://doi.org/10.1159/000327560
https://doi.org/10.1016/j.immuni.2012.09.023
https://doi.org/10.1016/j.jhep.2014.04.027
https://doi.org/10.1016/j.jhep.2014.04.027
https://doi.org/10.1074/jbc.C110.155820
https://doi.org/10.1038/s41580-018-0007-0
https://doi.org/10.1080/2162402X.2016.1257453
https://doi.org/10.1016/j.immuni.2008.02.016
https://doi.org/10.1016/j.immuni.2008.02.016
https://doi.org/10.3389/fimmu.2018.00476
https://doi.org/10.4049/jimmunol.172.12.7335
https://doi.org/10.1155/2018/6248590
https://doi.org/10.1002/jcb.20647
https://doi.org/10.1073/pnas.0730640100
https://doi.org/10.1073/pnas.0730640100
https://doi.org/10.1007/s00262-018-2121-4
https://doi.org/10.1007/s00262-018-2121-4
https://doi.org/10.1158/1078-0432.CCR-16-1743
https://doi.org/10.1158/0008-5472.CAN-08-0215
https://doi.org/10.3389/fimmu.2017.00293
https://doi.org/10.1177/1753425912453187
https://doi.org/10.1593/neo.121758
https://doi.org/10.1136/gutjnl-2021-325288
https://doi.org/10.1136/gutjnl-2021-325288
https://doi.org/10.3389/fimmu.2019.01502
https://doi.org/10.1038/s41590-019-0423-0
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Bourayou and Golub Signaling Pathways in ILCs
112. Golebski K, Ros XR, Nagasawa M, van Tol S, Heesters BA, Aglmous H, et al.
IL-1b, IL-23, and TGF-b Drive Plasticity of Human ILC2s Towards IL-17-
Producing ILCs in Nasal Inflammation. Nat Commun (2019) 10(1):2162.
doi: 10.1038/s41467-019-09883-7

113. Logan CY, Nusse R. The Wnt Signaling Pathway in Development and
Disease. Annu Rev Cell Dev Biol (2004) 20:781–810. doi: 10.1146/
annurev.cellbio.20.010403.113126

114. Clevers H, Nusse R. Wnt/b-Catenin Signaling and Disease. Cell (2012) 149
(6):1192–205. doi: 10.1016/j.cell.2012.05.012

115. Staal FJT, Luis TC, Tiemessen MM. WNT Signalling in the Immune System:
WNT Is Spreading Its Wings. Nat Rev Immunol (2008) 8(8):581–93.
doi: 10.1038/nri2360

116. Bänziger C, Soldini D, Schütt C, Zipperlen P, Hausmann G, Basler K.
Wntless, a Conserved Membrane Protein Dedicated to the Secretion of
Wnt Proteins From Signaling Cells. Cell (2006) 125(3):509–22. doi: 10.1016/
j.cell.2006.02.049

117. Niehrs C. The Complex World of WNT Receptor Signalling. Nat Rev Mol
Cell Biol (2012) 13(12):767–79. doi: 10.1038/nrm3470

118. Liu C, Li Y, Semenov M, Han C, Baeg GH, Tan Y, et al. Control of b-Catenin
Phosphorylation/Degradation by a Dual-Kinase Mechanism. Cell (2002) 108
(6):837–47. doi: 10.1016/s0092-8674(02)00685-2

119. Valenta T, Hausmann G, Basler K. The Many Faces and Functions of b-
Catenin. EMBO J (2012) 31(12):2714–36. doi: 10.1038/emboj.2012.150

120. Jho E, Zhang T, Domon C, Joo C-K, Freund J-N, Costantini F. Wnt/b-
Catenin/Tcf Signaling Induces the Transcription of Axin2, a Negative
Regulator of the Signaling Pathway. Mol Cell Biol (2002) 22(4):1172–83.
doi: 10.1128/MCB.22.4.1172-1183.2002

121. Thompson MD, Monga SPS. WNT/b-Catenin Signaling in Liver Health and
Disease. Hepatol Baltim Md (2007) 45(5):1298–305. doi: 10.1002/hep.21651

122. He S, Tang S. WNT/b-Catenin Signaling in the Development of Liver
Cancers. Biomed Pharmacother (2020) 132:110851. doi: 10.1016/
j.biopha.2020.110851

123. Yang Y, Ye Y-C, Chen Y, Zhao J-L, Gao C-C, Han H, et al. Crosstalk Between
Hepatic Tumor Cells andMacrophages viaWnt/b-Catenin Signaling Promotes
M2-Like Macrophage Polarization and Reinforces Tumor Malignant
Behaviors. Cell Death Dis (2018) 9(8):793. doi: 10.1038/s41419-018-0818-0
Frontiers in Immunology | www.frontiersin.org 12
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