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The role of Notch in the immune system was first described in the late 90s. Reports

revealed that Notch is one of the most conserved developmental pathways involved in

diverse biological processes such as the development, differentiation, survival and func-

tions of many immune populations. Here, we provide an extended view of the pleiotropic

effects of the Notch signaling on the innate lymphoid cell (ILC) biology. We review the

current knowledge on Notch signaling in the regulation of ILC differentiation, plasticity and

functions in diverse tissue types and at both the fetal and adult developmental stages. ILCs

are early responder cells that secrete a large panel of cytokines after stimulation. By

controlling the abundance of ILCs and the specificity of their release, the Notch pathway is

also implicated in the regulation of their functions. The Notch pathway is therefore an

important player in both ILC cell fate decision and ILC immune response.
The Notch gene is conserved through evolution with a

signaling pathway controlling numerous developmental de-

cisions (cell fate, homeostasis, survival) in different tissues

during the embryonic and adult life (reviewed in Ref. [1]).

Notch signaling is one of the few pathways allowing the

communication between two neighboring cells to manage

multiple developmental issues in a repeated manner. The

Notch pathway occurs during the development and differen-

tiation of numerous immune cell populations and could also

interfere to regulate their survival and functions [2e4]. The

role of the Notch pathway on T cell biology has been largely
s and Immunity, Departm
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uncovered and reviewed [5e7]. Devoid of specific antigen re-

ceptors, innate lymphoid cells (ILCs) are separated into several

subsets with secretive abilities highly similar to those of T-

helper cell subsets [8]. A recent consensus nomenclature

subdivided ILCs into 5 groups constituted of cytotoxic NK

cells, fetal lymphoid-tissue inducer (LTi) cells and helper

ILC1s, ILC2s, and ILC3s with effector programs respectively

corresponding to Th1, Th2 and Th17 programs [9]. Roughly,

helper ILCs are separated based on the expression of the

transcription factors: T-bet, GATA-3 and RORgt. ILC1s are

defined by their ability to produce interferon-g (IFNg) and
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ILC2s are able to produce Th2 related cytokines, such as IL-5

IL-13 and amphiregulin. ILC3s are related to the Th17 immu-

nity with cells expressing the retinoic acid related orphan

receptor RORgt and the affiliated IL-17 and IL-22 cytokines.

ILCs are important players of the immune response and

participate to maintain the tissue health as they rapidly

respond to disruption of tissue homeostasis or infection by

secreting large amounts of cytokines. They could also be

implicated in the initiation of different inflammatory diseases

[10]. Mostly detected in themucosal area, ILCs seed peripheral

tissues early in life during both the fetal and neonatal stages

[11,12]. In the adult, ILCs are then slowly replaced by newly

generated precursors from BM hematopoiesis [12].

Studies underpinning the role of Notch on ILCs are recent

and still under active consideration. Here, current under-

standing of the Notch biology on ILC development, differen-

tiation and plasticity are summarized. The aim is to define a

possible “consensus” of Notch signaling functions on both

fetal and adult specific subset of ILCs.
The Notch signaling pathway

Notch signaling was first defined in the context of cell fate

decisions during Drosophila melanogaster development [13].

Despite well evolutionarily conserved cellular machinery, the

Notch signaling pathway is more complex inmammals due to

the multiplication of molecules such as Notch receptors and

ligands, with all receptors capable of interacting with variable

affinity to any ligands [14]. In mammals, some of the pathway

genes have maintained redundancy, others have acquired

novel functions, while some were considered new members

as they had no obvious ortholog in Drosophila. Vertebrates

express four different Notch receptors (Notch 1e4), which can

engage five known ligands (Delta-like 1, 3, 4, Jagged 1, and 2).

Upon recognition of Notch ligands by the Notch extracellular

domain and after serial proteolytic cleavages by g-secretase,

the Notch intracellular domain (NICD) translocates from the

membrane to the nucleus, displaces histone deacetylase

(HDAc), and binds to the transcription factor like recombina-

tion signal binding protein for immunoglobulin Jk region (RBP-

JK) considered as a member of the co-repressor complex

(reviewed in Ref. [15]). Then, histone acetyltransferases (HAc)

are recruited for the formation of an activation complex with

members of the MAML family. The co-factors NICD/RBP-JK/

MAMl mediate the signaling cascade of the canonical Notch

pathway recruiting co-activators, and enabling the transcrip-

tion of numerous targets [15e17]. Genome-wide expression

and chromatin immunoprecipitation (ChIP) assays proved

that very large number of genes can be directly regulated by

Notch [18,19]. This is partly explained by the ability of Notch to

combine with other signaling pathways such as NF-Κb or

TGFb to enlarge the extent of the possible Notch targeted

genes.

Indeed, NICD, RBP-JK and HAc, could activate genes such as

the basic helix-loop-helix transcription factor genes Hes or

Hey in many tissues and other genes such as Tcf7, Gata3 and

Tbx21, all of them important during immune cell develop-

ment. Overall, the regulation of the canonical Notch pathway

activation is finely tuned. The NICD is rapidly degraded and
the amplification of the signal is depending on the dose,

duration and environmental context.

Distribution of Notch ligands through the body

Most Notch ligands have an agonistic role along the Notch

pathway except for Delta-like 3 (Dll3) which probably func-

tions as a natural antagonist [20]. To consider the Notch's
signal effects in different tissues, the characterization of the

Notch ligand distribution through the body is determinant. In

situ hybridization of E12 through E17 murine fetal liver evi-

denced widespread expression of Jag1 and Dll1 ligands [21].

Micro-niches of stromal cells expressing Dll1 in fetal liver

were also confirmed by a comparative E18 fetal thymic and

hepatic immunostaining for CD31 and Dll1 [22].

Dll4 is indispensable for T-cell development and specific of

the T cell environment in the thymus [23]. Dll4 was defined as

a nonredundant Notch1 ligand in the thymus as Dll1 was not

detected on thymic epithelial cells using Dll1-lacZ reporter

knock-in mice [24]. Even if Jagged (Jag) ligands were found not

implicated in T cell development, Jag1 and Jag2 were

expressed in the thymus with a progressive decrease of Jag1

mRNA in the developing thymus [25].

Jag1 and Jag2 are mostly expressed in bone marrow (BM)

sinusoidal endothelium and perisinusoidal Nestin-GFPlow

cells [26]. Jag2 expression is especially enriched in BM

endothelial cells. After myeloablation, surface levels of Jag1

and Jag2 are increased by BM endothelial cells and their co-

expression appeared important in case of hematopoietic

reconstitution [27,28]. In the BM, the expression of notch li-

gands like Dll is very low compared to Jag [26]. Immunohis-

tochemical (IHC) analyses of Dll4 in paraffin-embedded BM

sections uncovered expression of Dll4 restricted to mature

and immature endothelium [29]. IHC and the use of Dll4-

LacZ reporter mice allowed the detection of Dll4 expression

by splenic white pulp arteriolar endothelium and smaller

blood vessels of the red pulp [29,30]. Dll1 and Dll4 were also

found to be respectively expressed by splenic and lymph

node fibroblasts and were demonstrated as crucial for the

immune differentiation process of peripheral lymphocytes

[31]. Indeed, conditional ablation of Dll4 from Ccl19-

expressing lymph nodes fibroblasts dramatically reduced

the production of high affinity antibodies as the differenti-

ation of both follicular helper T cells and germinal center B

cells was impaired. Specific genetic ablation of Dll1 from

Ccl19-expressing splenic fibroblasts validated its importance

in the differentiation of marginal zone B cells and Esamþ

dendritic cells.

The Notch pathway is decisive for the maintenance of the

intestinal epithelium homeostasis [32,33]. Numerous studies

have been performed to locate the populations of intestinal

epithelial cells (IECs) expressing Dll ligands [34e37]. It has

been shown that Dll1þ and Dll4þ IECs are distinct along the

cryptevillus axis with Dll1þ IECs residing exclusively within

the crypt while Dll4þ IECs were located both to crypt and villus

of the small intestine [35e37]. Paneth cells were selectively

expressing Dll4 while goblet cells co-expressed Dll1 and Dll4

despite a clear over-representation of Dll4 [37]. In case of

inflamed colonic mucosa such as DSS-induced colitis models,

reports concerning the Notch pathway implication could be

https://doi.org/10.1016/j.bj.2020.12.004
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contradictory. IHC studies showed an increased number of

Dll4þ cells while crypt Dll1þ cells were lost [37]. However, a

significant increase of Jag1, Dll1 and Dll4 mRNA expression

was detected using qRT-PCR from proximal and distal colonic

mucosa [38]. Finally, the wide expression of Notch ligands

through the body suggests that environmental changes in

numerous tissues could regulate immune cell development

and functions.

Methods to study and manipulate the Notch signaling
pathway

Both in vitro and in vivo manipulations are used to study the

effect of the Notch signaling pathway on immune cell pop-

ulations. In vitro cell cultures could be performed directly in

liquid media or using a co-culture system with a layer of

stromal cell lines. Indeed, for inducing the differentiation of

hematopoietic progenitors in culture, the OP9 stroma cell lines

are often used as they were derived frommouse bonemarrow

stromal cells. Devoid of DLL1 or DLL4 expression, OP9 stromal

cell lines were transduced to express these Notch ligands in

order to promote the T cell differentiation [39]. Both DLL1 and

DLL4 can induce T cell differentiation with different effi-

ciencies. Studies also used TSt4 Tet-off stromal cell lines

expressing DLL1 or DLL4 for which DLL expression can be

down-regulated by doxycycline (Dox) in a dose-dependent

manner [40].

The canonical Notch signaling pathway could be fully abro-

gated irrespectivelyof theNotchreceptoreligandinteractionsby

the use of pharmacological agents such as gamma-secretase

inhibitors (GSIs), which inhibit the NICD release. GSIs could be

used for in vitro and in vivo studies. Neutralizing mAbs against

specific Notch receptors or ligands could be a more discrimina-

tory tool. For in vivo studies, different genetic models for Notch

loss or gain of function exist. A clear-cut abrogation of the ca-

nonical Notch signaling pathway could be obtained by the con-

ditional elimination of RBP-JK or the conditional expression of a

dominant negative MAML (dnMAML). Conditional inactivation

of specific Notch receptors or Notch ligands are largely used

mouse models. Alternatively, mice with a Notch gain-of-

function in specific populations were generated by the selec-

tive induction of the constitutive NICD expression. Since the IL-

7R isdriving lymphopoiesisandmarksall lymphoidprogenitors,

Il7rCremousewere selected to specifically delete genes fromthe

earliest stage of lymphoid progenitors. Il7rCre mice were

coupledwith RBP-JK
fl/fl andNotch2fl/flmouse strains to inactivate

[41,42] or with Rosa26loxP-Stop-loxP-NICD to constitutively

activate the Notch signaling [41].

The implication of the notch signaling pathway is quite

difficult to draw due to numerous parameters involved in its

regulation. Multiple Notch receptors could be expressed by the

same cell and could then be simultaneously engaged

increasing the complexity of the downstream activation of the

pathway. Furthermore, the diverse ligands could be presented

by different subsets of cell implicating divergent interactomes

that may lead to alternative fate. On top of the extended

possible combination of Notch receptors-ligands, differences

could also arise from differential glycosylation of Notch re-

ceptors, a critical factor for ligand selectivity and signal
activation [43,44]. Hence, it should be kept in mind that an

apparently homogeneous population may convey different

information despite the activation of the same canonical

signaling pathway.
Notch and ILC development

Lineage tracing, cell transfers and single cell analyses have

determined that ILC1s, ILC2s and ILC3s, but not LTi cells were

originated from a common ILC dedicated precursor (ILCP)

characterized by the expression of the transcription factor

PLZF (encoded by Zbtb16) [45e48]. In the embryo, ILCs were

mostly represented by LTi cells due to their crucial role for

the formation of secondary lymphoid (lymph nodes and

Peyer's patches) [49]. In the adult, an equivalent fraction of

fetal LTi cells was found and named LTi-like cells (please see

the review by Van de Pavert for LTi and LTi-like cell origin).

Derived from the LTiP, LTi cell commitment was induced

before that of helper ILC subsets. Roughly, the common

lymphoid precursor (CLP) gave rise to a mix of ILCP, LTi

precursor (LTiP) and NK precursors (NKP), all of them were

comprised in the a4b7þ fraction of lymphoid precursors,

called aLP. High levels of Id2 expression by lymphoid pre-

cursors correlated with ILC commitment. The further CXCR6

upregulation correlated with the loss of both T and B lineage

potential [50]. Numerous other transcription factor genes of

the early transcriptional network include Nfil3, Tox, Gata3,

Tcf7 and Zbtb16 are all required for the development of

several ILC lineages. More selective expression of specific

genes for individual ILC lineages, such as Tbx21 for ILC1,

Rora, Bcl11b and Gfi1 for ILC2 and Rorc for ILC3 are expressed

later on.
Notch2 is upregulated by lymphoid precursors oriented
toward the ILC lineage

While T cell development is linked to Notch1, the develop-

ment of ILC is especially related to Notch2. Notch2 signaling

was already shown to be essential to marginal zone B cells

using either conditional Notch2 KO (Mx-Cre) mice or mice

with a specific depletion of RBPJ in all B cells [51,52]. It is also

needed for the development of CD11bþ dendritic cells (DC) in

the spleen and intestine using mouse models deleting Notch1

and Notch2 specifically in DC (CD11c-Cre) [53,54]. Notch1 and

Notch2 transcripts were both detected from lymphoid pro-

genitor fractions with an inverse abundance along the devel-

opmental ILC path. Indeed, the progressive loss of both

Notch1 expression and T cell potential coincided with the

acquisition of Id2, CXCR6 and Notch2 expression by lymphoid

precursors in both fetal liver and adult bone marrow [22,50]. It

was shown using Id2 reporter mouse strains that committed

Id2þ ILC precursors were not able to express RORgt in the bone

marrow and required to leave the bonemarrow to end up their

differentiation in the peripheral organs [50]. Hence, peripheral

Id2þ lymphoid precursors were isolated from spleen and in-

testinal lamina propria from which only Notch2 transcripts

were detected [50].

https://doi.org/10.1016/j.bj.2020.12.004
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The Notch signaling pathway is not necessary for early ILC
specification

In order to determine whether the Notch signaling pathway

was necessary for ILC commitment, sorted murine CLPs from

fetal liver and bone marrow were cultured on OP9 and OP9-

Dll4 stromal cell lines (þ/� GSIs addition, as explained in

1.2). In both conditions, Id2þ ILCP restricted to the ILC fate

were obtained suggesting that the Notch signaling was not

necessary for the early specification of the ILC lineage [50]. A

subsequent study also using in vitro assays proposed that

Notch was needed to induce the a4b7þ Id2 committed stage

from fetal liver CLPs [22]. Results from in vitro studies might

vary depending on differences of culture conditions. Only

mouse models for which lymphoid precursors are deficient or

constitutively activated for the Notch signaling pathway could

confirm the extended impact of Notch on their commitment

and differentiation. Indeed, studies using mice with RBP-Jk

deficient lymphoid progenitors (IL7RcrexRBP-JK
f/f) confirmed
Fig. 1 Notch implication during the early fetal stages of ILC comm

implicated in the development of the diverse subsets of fetal live

expresses the Notch1 receptor and CLPs could further differentiate

surface (1). Named a-lymphoid precursors (aLP), the a4b7-expressi

committed. Thanks to the use of RBP-Jk deficient embryos, this fi

and to coincide with the loss of B cell potential. Among aLP, Flt3þ

For T cell development to occur, a constant Notch signal is needed

as the constitutive NICD expression restrains the Id2 expression

precursors are Notch2þ cells, heterogeneously composed of prim

lineages. The developmental step (2) concurs with the acquisition

was demonstrated to be independent from the activation of the

LTiPs are separated as precursors expressing Tcf7 independently

ILCPs, only the fraction enriched in ILC2Ps is found sensitive to t

has a primordial role in enhancing the proliferation of ILC2Ps. Mor

was probably intermittent but not constant. The commitment of

blockade of Notch signaling. The figure was created using BioRen
that the Notch signalingwas not required for the first stages of

fetal ILC lineage specification [41]. The fetal liver lymphoid

precursors of RBP-JK deficient mice were expressing similar

levels of a4b7 and upregulated the Id2 transcription factor in

similar frequencies [Fig. 1] [41]. Experiments using constitu-

tive NICD expression (Il7rcreRosa26NIC mice) also provided

evidence that a sustained strong Notch signaling directed the

development of lymphoid precursors toward the T cell fate

bypassing any other possible fate [Fig. 1] [41]. Contrary to their

littermate control fraction, population of fetal liver aLP with a

constant activation of Notch failed to express specific ILC

transcripts (Id2, Rora, Rorc …) but instead expressed

numerous transcripts specific of the T cell commitment

(CD3e, Nrarp, Notch1 …) [41]. Hence, the duration of Notch

signals could control the cell fate decision during the

commitment of lymphoid precursors [Fig. 1]. The Notch

intermittent activation could regulate the proliferation of fetal

liver ILC2 precursors (ILC2P) [41]. The Notch pathway was

determined as active in a sub-fraction of fetal liver aLP
itment and differentiation. Notch signaling is differentially

r precursors. The common lymphoid progenitor (CLP)

into lymphoid precursors expressing the a4b7 integrin at the

ng cells comprise a mix of lymphoid precursors differentially

rst developmental step was shown to be Notch-independent

cells maintain Notch1 expression and their T cell potential.

. The constant Notch activation limits any other possible fate

and drives aLPs toward T cell development. Flt3- aLP

ed ILC precursors dedicated to ILC1, ILC2, ILC3 and LTi cell

of Id2 expression and the loss of T cell potential. This step

Notch pathway. While ILCPs acquire Zbtb16 expression (3),

from the Notch signaling pathway (3′). During the priming of

he abrogation of the Notch pathway. Hence, Notch signaling

eover, it was determined that Notch signaling in that context

ILCPs toward ILC1P and ILC3P branches is similar after the

der.com.
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enriched in ILC2P and devoid of LTiP thanks to the use of

transcriptomic analyses on single cells. Indeed, cells

expressing Notch target genes were determined and their

frequency were compared between RBPJk deficient and suffi-

cient embryos. A fraction of Hes1þ/Nfil3þ ILC2Ps was found

reduced after the abrogation of the Notch signaling pathway.

Other single cell transcriptomic studies on early fetal liver

progenitors also confirmed that none of the earliest aLP stages

were dependent on the Notch signaling to express ILC crucial

transcription factors [55,56]. TCF-1 is absolutely required at

early steps of ILC development [57,58]. The very recent iden-

tification of the regulatory element for Tcf7 expression in ILCs

allowed to confirm that Notch binding was essential for T cell

development, but not for ILC commitment. Hence, to initiate

Tcf7 expression in T cells and ILCs, identical regulatory ele-

ments are used by different transcriptional controllers [59].

The Notch signaling pathway is not necessary for fetal LTi
cell development

Fetal liver CLPs generated RORgtþ ILC3s (mostly LTi cells)

indifferently on OP9 or OP9-DL4 stromal cell lines [50]. The

addition of GSIs to culture media did not change the fate of

these fetal precursors showing that Notch, although possibly

active, is not crucial to the development of fetal LTi cells [50].

Fetal liver CLPswere cultured on TSt4 Tet-off stromal cell lines

with either high concentrations of Dox indicating weak Notch

signaling or low concentrations of Dox for strong Notch

signaling. As commonly observed, the B cell differentiation

was preferentially induced in high Dox concentrations con-

trary to T cells. In case of intermediate concentrations of Dox,

fetal liver CLPs were able to give rise to ILC2s and NK/ILC1s

[40]. However, LTi cells were described as obtained under

strong Notch signaling. From the data provided, LTi cells were

determined as Lin�Gata3loRORgtþ and while this subset was

clearly gated as an independent population in high Dox con-

centrations, this distinction was less clear in case of low

concentrations for which Lin�Gata3þRORgtþ cells were pre-

sent in a large amount [40]. While ILC3s needed strong Notch

signaling, LTi cells were obtained in both medium and high

Dox conditions. Mouse models confirmed that LTi cells were

functional and present in normal ratio even if the Notch

pathway was abrogated [Fig. 1] [40].

The absence of ILC3 commitment in the adult bone marrow
is linked to the Notch pathway

The bone marrow is devoid of any RORgt expressing cells

implying that ILC3 differentiation is impossible in the bone

marrow in the steady state. The observation of ILC3s from

bone marrow CLPs was possible but absolutely required any

Dll (Dll1 or Dll4) expression byOP9 cell lines. Moreover, the use

of GSIs blocked the ILC3 generation confirming that the acti-

vation of the Notch pathway was essential for the adult ILC3

differentiation [50]. The ILC3 differentiation was promoted in

low dose of Dox accordingly to the need for strong Notch

signaling [40]. The Notch signaling was then proposed as

essential for the differentiation of adult RORgtþ ILC3s [50].

Since adult ILC3s were found in adult peripheral organs,

andwere reconstituted by bonemarrow precursor transfers, it
was postulated that bone marrow ILCPs have to circulate to

encounter Notch ligands [50]. Dll1 and Dll4 could be encoun-

tered in the small intestine, which is an organ enriched in ILC

subsets. Thanks to the use of reporter mice, rare Id2þCXCR6þ

precursors were isolated from the small intestine suggesting

that this site is a potential place for ILC3 differentiation [50]. In

healthy humans, ILC progenitors have been identified in the

blood while circulating ILC3s were absent [60]. It has been

suggested that these ILCPs recruited to tissues could differ-

entiate locally in response to Notch ligands and/or to other

environmental stimuli [60]. Finally, Notch deficient and Notch

constitutively active mouse models provided definitive proofs

that the Notch signaling was absolutely required in vivo for a

normal balanced ILC3 differentiation but not for the LTi

branch [Fig. 2] [41,42,61].

Notch allows the maintenance of the equilibrium and
maturation of ILC3 subsets in the small intestine

In the adult intestine, ILC3s were composed of heterogeneous

subsets in mice and humans [62e64]. CCR6 discriminates the

LTi-like from other adult ILC3s, which are all CCR6- subsets.

While CCR6- ILC3s are specialized in IL-22 secretion, human

adult LTi-like ILC3s are preferentially secreting IL-17while still

able to produce IL-22 [63]. Contrary to the dispersion of most

ILC subsets throughout the intestine, LTi-like ILC3s are clus-

tered in cryptopatches [65]. This difference of topographical

location for ILC3 subsets is probably correlated with distinct

functions that result from dependency on various signaling

pathway inputs such as the Notch pathway. The implication

of the Notch pathway at the bifurcation of adult ILC differ-

entiation was suspected by diverse studies [64,66,67]. Among

CCR6- ILC3s, a large number of cells were positive for NKp46,

the natural cytotoxicity receptor (NCR) encoded by the Ncr1

gene. It was demonstrated that NCRþ ILC3s derived from their

NCR� precursors in a T-bet- and Notch-dependent manner

[64,67]. Indeed, in mice with a Notch abrogated pathway due

to the selective depletion of RBP-JK or Notch2 expression

within the lymphoid compartment (e.g. mouse models in 1.2),

NCRþ ILC3s were strongly decreased in the lamina propria,

similarly to the decrease in Ahr-deficient mice [42,59,64]. AhR

is a Notch-related pathway inducing Notch1, Notch2 and IL-1R

expression by immune cells [68,69]. The Notch signaling was

defined as one of the crucial pathways downstream of AhR

responsible for the presence of intestinal NCRþ ILC3s [66].

Thanks to the use of RBP-JK depleted mice, the heterogeneity

of NCRþ ILC3s was revealed as being a mix of a large Notch2-

dependent and aminor Notch2-independent populations [42].

It should be noted that the disturbed homeostasis of intestinal

ILC3s was equivalent when the Notch pathway was abrogated

in all hematopoietic cells using a Vav-cre system [42]. Since

RORgtþ NCR� ILC3s were present in RBP-JK depleted mice,

Notch could not be considered as an activator of the Rorc gene

expression while it is responsible for the final correct differ-

entiation into NCRþ ILC3s.

The use of competitive bone marrow reconstitution ex-

periments demonstrated that the Notch pathway had a direct

cell-intrinsic action allowing the differentiation of NCR� pre-

cursors into NCRþ ILC3s. The Notch signaling was defined as a

decisive pathway downstream of AhR in the generation of

https://doi.org/10.1016/j.bj.2020.12.004
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Fig. 2 The direct Notch signaling effects on ILC biology. The Notch signaling pathway is activated by the binding to ligand

presented by a neighboring cell. Here, interactions of ILC subsets with Delta (Dll) or Jagged (jag) expressing cells such as stromal

fibroblastic, epithelial or dendritic cells are considered. The molecular steps involved in the Notch signaling activation are

divided into the stage of Notch target gene repression and activation. In the absence of signaling, the DNA-binding protein RBP-

JK recruits corepressor complexes and histone deacetylases to repress transcription of Notch target genes. Alternatively, in case

of Notch ligand binding, the ADAM10 catalyzes a specific S2 cleavage step at the Notch receptor. An S3 further cleavage

performed by a g-secretase releases the intracellular domain of Notch (NICD) that migrates to the nucleus. Then, NICD interacts

with RBP-JK and coactivators like Mastermind (MAML-1) and other transcription factors are recruited to form a complex

resulting in the transcriptional activation of Notch target genes. On the opposite cells, the Notch ligands are eliminated from

the membrane by the endocytosis of the receptors. Globally, endocytosis and membrane trafficking regulate Notch ligand and

receptor availability at the cell surface. Dtx1 is a Notch target gene found as commonly activated into all ILC subsets. For each

ILC subset (ILC1, ILC2, ILC3 and LTi/LTi-like), a number of target genes and effects have been proposed and the list here present

those that have been experimentally shown to be Notch dependent or independent. The effects that might be related to the

Notch pathway activation but not yet validated are indicated in italics. The figure was created using BioRender.com.
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most intestinal NCRþ ILC3s [42]. However, the role of Notch

was more restricted to specific subsets than the AhR as its

deficiency did not impair LTi-like ILC3s. The usage of Ncr1

fate-mapping (FM) in mice defined that heterogeneity was

already present among NCR� ILC3 precursors since a fraction

had previously expressed the Ncr1 gene in a transitory

manner [61]. Hence, it was determined that a sustained Notch

signaling activation by ILC3 precursors is essential to main-

tain an intestinal NCRþ ILC3 identity [61]. Reciprocally, the

TGFb signaling pathway was identified as a counter effect

pathway of the Notch signaling during NCR� ILC3 differenti-

ation as it blocked the maturation of NCRþ ILC3s [61]. The use

of mice with a constitutively active Notch signaling in

lymphoid progenitors showed an increased number of both

NCRþ ILC3s and their NCR� precursors [42]. Compatible with a

role for the Notch signaling in the differentiation of NCRþ

ILC3s, it confirmed that the intestinal homeostasis of ILC
subsets is actively maintained by a sensitive balance between

opposing pathways.

NCRþ ILC3s could be involved in type 1 inflammatory im-

mune responses and both Notch signals and T-bet were

shown to regulate the ILC3 intrinsic c-Maf expression. Recip-

rocally, c-Maf was able to directly restrain T-bet expression

forming a negative feedback loop to maintain the CCR6- ILC3

subset equilibrium [Fig. 2]. Hence, Notch could act on the c-

Maf/T-bet balance as a cell-intrinsic brake in the type 1

effector acquisition by NCRþ ILC3s [70]. During intestinal

inflammation, a dysregulation of the Notch pathway might

disrupt this balance and lead to pathogenic functions.

Both in human and mice, the downregulation of the tran-

scription factor RORgt in NCRþ ILC3s in which the upregula-

tion of T-bet expression was complete was described as

plasticity of ILC3 into an ILC1-type named “ex-ILC3” [71e73].

The activation of the constitutive form of Notch by all NKp46

http://BioRender.com
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expressing cells did not change the phenotype of intestinal

NCRþ ILC3s [42]. The activation of Notch signaling pathway or

its abrogation was insufficient per se to drive ILC3 to ILC1

conversion [42].

Adult ILC2 development requires the Notch signaling

Early pioneer work on ILC2 identification first demonstrated

that Notch signaling was essential to ILC2 development from

murine bonemarrow CLPs [74]. The in vitro differentiation of

human ILC2s was also driven by the Notch signaling [75].

In vitro assays on OP9-DL1 suggested that the strength of the

Notch signal was crucial as only strong Notch1 signal drove

thymic progenitors towards the ILC2 fate at the expense of T

cells [75]. Nevertheless, ILC2s are present in normal ratio in

nude athymic mice [74,76]. To be able to enlarge that notion

of strength signal to the overall ILC2 lineage, experiments

have to assess diverse origin for ILC2s for which progenitors

are not in competition to give rise to T or ILC2s. In murine T

cells, the Notch signaling was proposed to control a distal

enhancer for the initiation of the Bcl11b gene activation that

might have been similarly controlled during ILC2 develop-

ment [77,78]. However, recent molecular analyses of the

gene network circuitry that activates the Bcl11b locus in

early T cells versus ILC2s demonstrated that the protein

Bcl11b is used differently [79]. Indeed, the distribution of

Runx factors and Gata3 at these binding sites were different

in pro-T cells and ILC2s. It underlined that even if regulatory

factors are identical (e.g the Notch pathway) and similar

transcription factors operates, the final regulation of the

molecular program in distinct cells will also differ by tar-

geting many different genes [79].

In conclusion, it is now widely accepted that the Notch

signaling pathway is not required for the early commitment of

Id2þ ILC precursors. The RBP-JK mediated Notch signaling

pathway is nevertheless shown as crucial for the development

and plasticity of helper ILC2s and ILC3s but it is not for the LTi

lineage, neither the fetal population nor their adult LTi-Like

counterparts. This differential regulation among the ILC3

branch could be related to the fact that these diverse ILC3

subsets were emerging from distinct earlier precursors, which

are located in different niches (please see the review by Van de

Pavert for LTi cell origin).
Regulation of ILC functions by the Notch
signaling pathway

Notch can drive the acquisition of ILC3 features by ILC2s

The Notch signaling pathwaywas determined as important to

drive the identity of KLRG1hi ILC2 subtype known as inflam-

matory ILC2s (iILC2s) [80]. Lineage plasticity over stability is

governed by numerous unclear mechanisms and the Notch

was one of the pathways defined to modulate the plastic

variation toward iILC2s. iILC2s were functionally character-

ized as Th2 cells with complementary Th17 functions. On top

of Gata3 expression, murine iILC2 expressed high amounts of

Dtx1, and low levels of Rorgt, conferring to the same cell key

functions of both ILC2s and ILC3s [80]. The in vivo use of GSIs
or injection of selective therapeutic antibodies antagonists of

Notch1 or/and Notch2, as described in 1.2, determined that

the iILC2 Notch-induced plasticity was acting through both

Notch1 and Notch2. It appeared from in vitro cultures on OP9-

DL1 that Notch signaling was instructing the cytokine

responsiveness of murine ILC2 by converting the IL-33

responsive into IL-25 responsive cells [80]. Furthermore,

Notch transcriptional complex could directly bound the Rorc

gene locus to stimulate its expression and Th17 capacities

without affecting the expression levels of Gata3. Hence,

Notch-induced IL-17 secretion did not compromise the

constitutive Th2 functions of iILC2s [Fig. 2] [80].

Notch signaling could influence ILC1/NK cell identity by
modulating T-bet expression

Numerous studies have shown that abrogating the Notch

signaling pathway have no clear defect in the final generation

of mature NK cells despite a strong decrease of the refined

NKP stage in the bone marrow [81,82]. By comparing the

expression of few Notch gene targets from RBP-JK deficient

and competent mice, the Notch pathway was suggested to be

active in ILC1 and NK cells from most tissues, except for

substantial amounts of splenic Notch insensitive NK cells [83].

Next-generation sequencing of ILC subsets from the murine

small intestine have pointed out that the Notch signaling

together with the mTOR are major metabolic pathways used

to regulate ILC1 intestinal activities [Fig. 2] [84].

The Notch pathway implication on ILC1/NK cell specifica-

tion and functions was further analyzed for hepatic murine

subsets. Single cell transcriptomic assays determined the

heterogeneous combinatory expression of Notch1 and Notch2

by hepatic ILC1 and NK cells. Half of hepatic ILC1 and cNK

populations expressed Notch receptors, and these cells either

expressed Notch1 or Notch2 or both. The RBP-JK deficiency

was directly correlated to the decrease of the Tbx21 gene

expression and the ectopic induction of Eomes. Diverse

redundant signaling pathways might regulate T-bet expres-

sion in ILC1 and NK cells with the Notch pathway being one of

them for at least half of the hepatic pool [83]. Moreover, he-

patic ILC1 from RBP-JK deficient mice expressed less CD49a

and this decrease was specifically related to Notch1 deficiency

but not Notch2. A deregulation of proliferation/survival ca-

pacities also probably affected the cNK/ILC1 ratio [Fig. 2] [83].

Notch as a possible actor for the activation/repression of ILC
functions

Notch signalingwas suggested as a possibleway to control the

IFNg production by human ILC2s [85] as they expressed TLE4,

one Notch pathway related co-repressor which has been

shown to repress IFN-g expression through epigenetic regu-

lation [86].

Under IL-23 activation, STAT4 and STAT3 were strongly

induced in murine NCRþ ILC3s for IL-22 secretion but not in

LTi-like cells [87]. Strong upregulation of STAT4 is observed in

activated ILC1s under IL-12 stimulation. The specific upregu-

lation of STAT4 in response to IL-23 was found related to T-bet

expression and to a delayed IFNg secretion by NCRþ ILC3s [87].

STAT4 and IL-12 signaling were both determined as

https://doi.org/10.1016/j.bj.2020.12.004
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dispensable for the initial induction of T-bet expression by

CCR6- ILC3s [64]. However, T-bet was shown as essential to

maintain a STAT4 expression amongNCRþ ILC3s but not ILC1s

[87]. While T-bet is a possible direct target of the Notch

signaling pathway, it was not determined whether the Notch

signaling pathway could interfere along the IL23R/STAT4 axis

in ILC3s.

The decrease abundance of NKp46 and NKG2D at the cell

surface of Notch-depleted intestinal ILC3s suggested a partial

regulation of NK cell marker expression by the Notch pathway

[42]. However, this was restricted to ILC3 as RBP-JK depleted

and wild-type NK cells exhibited similar NKp46 and NK1.1

expression levels [82].

Notch signaling was largely described as impacting Th1

differentiation by increasing the cytotoxicity of Th1 cells.

Notch signaling has been implicated in the upregulation of KIR

molecules from human NK cells [88]. DC mediated Jag-

ged2eNotch interactions were proposed as crucial for the in-

crease of the murine peripheral blood NK cell proliferation,

cytotoxicity and IFNg release [89]. Human NK cells could be

activated by Dll4 to increase their IFNg release respectively in

presence of IL-12 for peripheral blood or IL-15 for the decidual

subset [90]. However, reversed effects were observed inmouse

models with a deficient Notch signaling pathway in which

cNK subsets were more activated and cytotoxic [82,83]. The

maintenance of the Th1 response was also observed in other

studies using diverse mouse models as described in 1.2, such

as Notch1/Notch2, RBP-JK deficient, and MAML1 dominant-

negative mice [Fig. 2] [91,92].

The impact of the Notch pathway on the developmental

maturation of human tonsil-derived “ILC precursors” was

recently provided using in vitro cultures on OP9-DL1 [93].

Contrary to the NK cell fate, ILC2 and ILC3 fate was only

obtained when earliest stages of precursors were cultured in

presence of Notch ligand Dll1 while NK cells could equally be

obtained in absence or presence of Dll ligands. They also

demonstrated that the presence of plate-bound Notch li-

gands in the absence of any stromal cells was not sufficient.

Moreover, the Notch pathway was also needed to promote

NKp80 acquisition from later stages of committed NK cells.

Hence, the Notch pathway was needed in order to obtain

ILC2s, ILC3s and functional mature human NK cells from

tonsils [93].

In case of epidermal damages, it has been reported that

epidermal Notch1 induction was recruiting immune subsets

such as ILC3s during the wounding of the dermis [94]. The

Notch signaling pathway was here indirectly responsible for

ILC recruitment via CCL20 and CXCL13 expression. Notch1

was here considered as a signal of damages that could stim-

ulate the skin repair processes by promoting IL17 secretion

from recruited ILC3s [94]. Hence, on top of being an important

intrinsic signaling pathway for ILC biology, Notch could also

interfere on ILC functions indirectly.

Notch and the tissue homeostasis via the AhR-IL22
signaling axis

ILC3s together with T cells regulate intestinal homeostasis

in case of damages by balancing immune activation and
tissue repair. IL-22 is a cytokine from the IL-20 family,

peculiarly known to be involved in the process of epithelial

regeneration. The release of IL-22 by RORgtþ cells is induced

in close proximity to epithelial damages. In case of acute or

chronic injury implicating the regeneration of human tissue

homeostasis, a clear induction of Notch/AhR/IL-22 axis was

detected by gene expression profiling [95]. ILC3s are located

in mucosal sites, where they are exposed to large amounts

of commensal bacteria and possibly pathogens. Both Th17

subset of CD4þ helper T cells and ILC3s are able to secrete

IL-22 in response to IL-23, which is produced by dendritic

cells and macrophages after microbial metabolite recogni-

tion [96,97]. Notch is indirectly involved in the IL-22 secre-

tion by the human T cell compartment as it promotes the

differentiation of Th17 cells [98,99] and the survival of IL-17

gdT cells [100]. As discussed above, the related AhR and

Notch pathways are absolutely required for the develop-

ment of the intestinal IL-22 producing NCRþ ILC3s

[42,50,61,101]. The innate IL-22 production in the gut mu-

cosa was shown to require AhR [66]. However, no significant

differences of IL-22, nor IL-17 secretion were noted after the

in vitro stimulation of the remaining Notch deficient ILC3

subsets on OP9-DL4 [Fig. 2] [42]. Hence, the Notch pathway

impacts on intestinal IL-22 production mostly via the

abrogation of ILC3s maturation into NCRþ secreting cells.

Finally, all these data suggest that the Notch signaling

pathway may indirectly modulate the cytokine milieu in the

context of tissue injury. In the case of IL-22 secretion, Notch

rather regulates the abundance of ILC subsets by balancing

their maturation in the tissue than modifying their

secretion.
Conclusion

The Notch pathway is largely impacting the biology of ILCs

from their initial development to their terminal functions. We

reviewed how the Notch pathway is fine tuning the identity of

ILC subsets present in different tissues and how it could bal-

ance their functions. However, more knowledge should be

obtained, especially on the intrinsic molecular mechanisms.

Data analyzing the implication of the Notch pathway should

now be designed at the single level to avoid ambiguities on the

possible resulting effects of modulating this pathway. Indeed,

it is still very difficult to distinguishwhether through the same

receptor, the identical canonical pathway could convey a

different information depending on the ligand identity and

the duration/strength of the signal. An obvious difference is

probably driven by the stage of the cell, which may be differ-

entially activated (e.g. different jakestat combinations) and

via interfering signaling pathways modulating both tran-

scription factor expression and the chromatin state. The

challenge is to use the best tools to integrate data and deter-

mine a core determinant network implicating the Notch

signaling steps. Finally, the Notch signaling pathway could be

considered as one of the major future strategical targets to

modulate the immune response of ILCs in response to the

inflammation.
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