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Editorial on the Research Topic

Innate lymphoid cells: characterization and classification
Innate lymphoid cells (ILCs) are lymphocytes lacking the rearranged antigen receptors

and mainly localized at epithelial surfaces, where they maintain tissue homeostasis, and

provide a rapid response to pathogen assaults (1). ILCs share similarities with conventional

T cells and are divided into 5 subsets based on cell surface markers, transcription factor

requirement and ability to produce type 1, type 2 and Th17 cell-associated cytokines:

conventional Natural Killer (NK) cells, helper ILC1, ILC2, ILC3 and Lymphocytes Tissue-

Inducers (LTi) cells. They are endowed with a plasticity that allows them to modify their

phenotype and their functionality to adapt to the microenvironment in which they are

located (2). ILCs are considered resident cells in different peripheral tissues but they can

also be present in lymph and peripheral blood as it is the case for NK cells (3). The

description of the ILCs are complex and discordant since distinctive markers are either not

supported in few tissues or across species and after inflammatory conditions. Today, to

better understand the origin and classification of ILCs as a whole, and its participation in

the immune response, it is necessary to unify criteria and nomenclature after comparing

human and mouse recent studies (4).

The goal of this Research Topic was to deepen our knowledge on the origin,

classification and activity of ILCs, by focusing on:
• ILCs classification depending on developmental and functional studies.

• ILCs characterization and enlargement to humans.

• How much of ILCs biology is transposable between mice and humans?

• ILCs identity and plasticity during an immune response.

• Diversity in renewal of ILCs subsets during an immune response.

• New functions of specific ILCs subsets (kidney, joints, brain, etc.).
This Research Topic brings together original articles and reviews related to different

aspects of ILCs behavior, ranging from their development to their tissue dynamic, including

their role in health and diseases. Since the discovery of ILCs, there has been a steady increase
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in the knowledge about their physiology, which includes their impact

on maintaining tissue homeostasis, and their involvement in

protection against pathogens and tumors. However, much remains

to learn about ILCs, in fields such as ontogenesis, differentiation,

migration, among others. Zhang et al. by an integrative analysis of

RNA, using scRNA-seq algorithms, identify two gene sets that

predominantly differentiate ILCs from CD4+ Th subsets, as well as

three gene sets that distinguish various immune responses. Authors

observe that ILCs and Th subsets are under differential

transcriptional regulation. Besides the similarities in effector

functions, in ILCs and Th subsets, the underlying regulatory

mechanisms exhibit substantial distinctions, supporting the unique

roles played by each cell type during immune responses. Additionally,

Koprivica et al. focus on the discrepancies in the phenotypic

characterization of human and mouse ILC3. The authors analyzed

in depth the molecular markers used to identify this population. They

discuss the need to unify the definition, isolation, and propagation of

ILC3 to increase the possibility of a confluent interpretation of the

role of ILC3 in immunity. Calvi et al. provide an overview of the

current knowledge about NK cells and helper ILC ontogenesis in

humans. They focus on the circulating ILC subsets with killing

properties, the unconventional CD56dim NK cells and cytotoxic

helper ILCs, and discuss their contribution in both physiological

and pathological conditions. Concerning diseases, Roberts et al.

summarize the current evidence for the pathological and protective

roles of ILCs in cardiovascular disease and its associated risk factor,

obesity. Likewise, Wang and Pavert address the steady-state

involvement of ILCs in the central nervous system and their

participation in major neurological diseases such as ischemic

stroke, Alzheimer’s disease, and multiple sclerosis. Concerning the

ability of ILC2s to circulate between different organs during

inflammation and their potential functions in organs, Mathä et al.

review recent findings on ILC2 migration, including their traffic

within, into and out of tissues during inflammation, analyzing their

roles in mediating multiple type 2 diseases.

A key function of ILCs is their ability to act as a first line of

defense during infection, as well as contribute to tissue repair. This is

due in part, to their location in the epithelial barriers, skin andmucosa

(intestine and lung among others) (5). As a consequence, they may

have a pivotal role in the regulation of intestinal homeostasis and in

the orchestration of the inflammatory responses. In this Research

Topic, and focusing on Inflammatory Bowel disease (IBD), Coman

et al. discuss what is currently understood about the roles of helper-

like ILC1 in the progression of IBD pathogenesis. As well, authors

summarize the published data on helper-like ILC1 plasticity and in

their classification in murine and human models. Of note, ILC1s are

not the only ILCs involved in gut pathologies, Irie et al. analyze ILC2s,

which are mainly associated with parasites immune defense, by

studying the global gene expression of ILC2s in health and in colitic

conditions using dextran sodium sulfate-induced colitis. Authors

reveal the potential roles of type I interferon (T1IFN) in ILC2s

during colitis manifestation as T1IFN-stimulated genes were up-

regulated in ILC2s. In a similar model of induced colitis, Schroeder

et al. reveal the unexpected results that CD90 is not constitutively

expressed by functional ILCs in the gut. The authors show that

CD90negative/low CD127+ ILCs were a potential source of IL-13, IFN-g
Frontiers in Immunology 026
and IL-17A at steady state and upon dysbiosis- and dextran sulphate

sodium-elicited colitis and could contribute in disease progression.

Furthermore, Shi et al. observe that Daikenchuto, one of the most

widely used Japanese herbal formulae for various gastrointestinal

disorders, restore the reduced colonic ILC3s, mainly RORgthigh-
ILC3 in dextran sulphate sodium-elicited colitis model. This herbal

formulae attenuates the severity of experimental colitis and maintain

the symbiotic microbiota in the colon suggesting that ILC3s play a

protective function on colonic inflammation. In accordance with the

ability of ILCs to respond to microenvironmental stimuli, Song et al.

demonstrate that ILCs are deeply imprinted by their organ of

residence, and the conditions specific to healthy or pathological

tissues. In the hepatocellular carcinoma microenvironment, authors

identified intermediate c-kit+ILC2 population, and lin-CD127- NK-

like cells that expressed markers of cytotoxicity. Additionally,

CD127+CD94+ ILC1 were preferentially enriched in inflamed ileum

from patients with Crohn’s disease. These analyses provided a

baseline for studies focused on tissue-specific ILC-mediated

immunity. Notably, there are non-pathologic processes in certain

organs, such as in the uterus that require a fine regulation of the

immune responses. Interestingly, uterine natural killer cells (uNK)

play an important role in promoting successful pregnancy. uNK cells

can be divided into three subsets, which may have different roles in

pregnancy, and Whettlock et al. establish how uNK frequency and

function change dynamically across the healthy reproductive cycle

suggesting their implications for the study of subfertility, recurrent

miscarriage, and related conditions.

As in many cells, regulation of transcription factors expression

needs to be finely controlled to allow ILC development. Conserved

non-coding sequences (CNSs) are regulatory cis-acting elements

critically controlling gene expression via interaction with various

trans-acting factors. The cis-regulatory mechanisms controlling Rorc

transcription in ILC3s remain unclear. In their study, Chang et al.

discover that the deficiency in the conserved noncoding sequence 9

(CNS9) located in Rorc gene, selectively decreases RORgt expression
in ILC3s. Accordingly, this alters ILC3 gene expression features and

promotes cell intrinsic generation of CD4+NKp46+ ILC3 subset. This

study points CNS9 as an essential cis-regulatory element controlling

the lineage stability and plasticity. Contributing to the evidence on the

dependence between phenotype and cell localization, Gao et al.

uncovered subset-specific differences in the proliferative status

between vascular and tissue ILCs within lymphoid and non-

lymphoid organs by employing MISTRG humanized mice as an in

vivo model to study human ILCs. Authors show the proliferative

topography of human ILCs, linking cell migration and spatial

compartmentalization with cell division. Noticeable, Kabil et al.

remark about the plasticity of ILCs, which is controversial due to

several confounding caveats that include, among others, the

independent large-scale recruitment of new ILC subsets from distal

sites and the local, in situ, differentiation of uncommitted resident

precursors. To clarify this point, authors detail current methodologies

used to study ILC plasticity in mice and review the mechanisms that

drive and regulate functional ILC plasticity in response to polarizing

signals in their microenvironment.

Collectively, the variety of original papers and reviews presented

in this Research Topic have provided a comprehensive overview on
frontiersin.org
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ILC physiology and on their behavior in diseases. The insights

described here are expected to help understand their role as a key

effector in the immune response and their relationship to different

pathologies and conditions.
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Immune cells are present within the central nervous system and play important roles in
neurological inflammation and disease. As relatively new described immune cell
population, Innate Lymphoid Cells are now increasingly recognized within the central
nervous system and associated diseases. Innate Lymphoid Cells are generally regarded
as tissue resident and early responders, while conversely within the central nervous
system at steady-state their presence is limited. This review describes the current
understandings on Innate Lymphoid Cells in the central nervous system at steady-state
and its borders plus their involvement in major neurological diseases like ischemic stroke,
Alzheimer’s disease and Multiple Sclerosis.

Keywords: NK, ILC1, ILC2, ILC3, ischemic stroke, Alzheimer’s disease, multiple sclerosis, glioma
INTRODUCTION

The central nervous system (CNS) is a highly sensitive organ and requires protection. Physical
protection to the CNS is provided by three meningeal layers. These three layers are the dura mater,
adjacent to the skull, the pia mater, located just above the CNS parenchyma, and the arachnoid
mater, in between the dura and pia mater (1) (Figure 1). Besides the physical protection of the brain,
the dura mater layer also harbor a variety of immune cells, whereas arachnoid- and pia mater
contain fewer (2). Moreover, dural myeloid and lymphoid cells are replenished from skull or
vertebrae bone-marrow in steady-state and inflammatory conditions (3–6). Within the dura mater
the superior sagittal sinus and the transverse sinus collect blood from the veins of the brain,
meninges and skull and transport this towards the internal jugular veins. The sinuses in the dura
mater are the neuro-immunological interface where CNS-derived antigens accumulate and the local
antigen presenting cells (APCs) prime patrolling T cells (7). Dural lymphatic vessels lining the
sinuses collect CSF from the subarachnoid space and interstitial fluid (ISF) from the brain and drain
via connections through the nasal-cribriform plate into the nasopharynx lymphatic vasculature (8)
towards the mandibular and deep cervical lymph nodes (dcLN) (9, 10). Therefore, the meninges is a
critical neuro-immunological interface where immune cells are situated to sense threatening factors
such as pathogens and antigens (7). During steady-state, migration of immune cells and
macromolecules into the brain parenchyma is restricted by the presence of the blood brain
barrier (BBB) around the blood vessels (11), made up of endothelial cells connected by tight
junctions (12, 13). Within the CNS, there are immune cells present within the choroid plexus (CP),
a villous structure located within brain ventricles comprised of a continuous single layer of
epithelium surrounding stroma. The major role of the CP is to produce the cerebral spinal fluid
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(CSF) (14). Blood vessels with fenestrated endothelium
vascularize the CP stroma to enable entry of peripheral
leukocytes via interactions with blood vessel selectins, integrin
ligands and chemokines. Subsequently, recruited leukocytes are
able to migrate through the epithelial monolayer into the CSF,
mediated by the chemokines in the choroid plexus (15).

A variety of innate and adaptive immune cell subsets
including mast cells, dendritic cells (DCs), monocytes,
macrophages, T cells and B cells are located in the meninges
and CP under steady-state conditions (3, 7, 14, 16–20). The
detection of the relative newly described Innate Lymphoid Cells
(ILCs) (21) at the CNS borders under steady-state conditions and
damaged parenchyma gained increased attention in recent years.
ILCs are the innate counterparts of T cells but lack antigen
receptor rearrangement. The first ILC subset to be described was
the conventional natural killer (cNK) cell in 1975 (22, 23). Later,
Lymphoid Tissue Inducer (LTi) cells were described (24),
followed by ILC1, ILC2 and ILC3 members (24–32). NK cells
are considered to be the innate counterpart of CD8+ T
lymphocytes. The other ILCs share the characteristics of helper
CD4+ T cells, and are hence named helper-ILCs. The CD4+

helper T cell populations Th1, 2 and 17 share transcription
factors and cytokines with their analogous ILC counterparts,
respectively ILC1, 2 and 3. As ILCs lack T cell receptor, their
activation does not rely on specific antigens and co-stimulation,
but rather requires cytokines and signals usually provided by
their tissue of residence. Therefore, they are early and immediate
responders to a microenvironmental challenge. ILCs distribute to
lymphoid and non-lymphoid tissues, including lymph nodes,
intestine, liver, lung, skin, uterus and decidua (21, 33). They have
been described as tissue-resident, being maintained and
expanding locally (34). Other data suggest that a proportion of
the ILCs are migratory (35). The CNS parenchyma is almost
devoid of ILCs under steady-state condition due to the presence
of brain barriers such as the blood-brain barrier (BBB),
meningeal barrier, blood-cerebrospinal fluid (CSF) barrier and
the ventricular barrier (3, 36). This raises questions on the
presence of supposedly tissue resident ILCs within the immune
privileged CNS, and what occurs with ILCs upon an
inflammation within the CNS. Here, we provide an overview
of the ILC presence within the CNS, including the meninges,
during steady-state plus their involvement and function in major
neurological diseases.
ILCs IN THE CNS AT STEADY-STATE

NK and ILC1
NK cells (NKs) and type 1 innate lymphoid cells (ILC1s)
commonly express NK1.1 and are defined as Lin−CD45+NK1.1+

NKp46+ lymphocytes, with a notable difference in NKs which
express transcription factor Eomes and T-bet while in general
ILC1s express transcription factor T-bet exclusively (37, 38).
Although both NKs and ILC1s produce the principle cytokine
IFN-g, they display different roles. NKs are cytotoxic, whereas
ILC1s are generally non-cytotoxic due to the lower expression of
perforin and granzyme B production (39).
Frontiers in Immunology | www.frontiersin.org 29
CD49a and CD49b are used to distinguish NK from ILC1s in
some tissues, such as liver, skin and bone marrow, but not in
salivary glands (21). Within the CNS, CD45highCD3−NK1.1+

CD49a−CD49b+ cel ls are Eomes+T-bet+, thus NKs.
CD45highCD3−NK1.1+CD49a+CD49b− cells are Eomes−T-bet+,
thus ILC1s (38). NKs have been described to convert into
intermediate ILC1s (intILC1s) by TGFb, and notably express
CD49a, CD49b and Eomes within a tumor microenvironment
(40, 41). CD49a+CD49b+Eomes+ intILC1s are also present within
the meninges (38). However, about 40% of the CD49a+CD49b+

intILC1s in the meninges have been described not to express
Eomes. Whether the CD49a+CD49b+Eomes− intILC1s are unique
meningeal resident cells and are functionally different remains
unknown. Both NKs and ILC1s have been observed within the
meninges during steady-state conditions (3, 38, 42, 43) (Figure 1).
Moreover, these two populations recirculate through peripheral
lymphoid tissues (35), raising the question whether NKs and
ILC1s within the meninges are migratory or resident. Compared
to the NKs in blood, NKs found in the dura mater express higher
levels of CD62L and CD27, which are critical for the maturation-
and effector- function of NKs (44, 45) and provide a faster and
stronger protection against challenges to the CNS. It has been
reported that neurons express chemokine CX3CL1 to recruit
CX3CR1+ NKs to the brain parenchyma, which is associated
with a better prognosis against e.g. glioma (46). NKs found in
the dura mater also express higher level of CX3CR1 compared to
NKs in blood (3), suggesting that NKs patrol the CNS in the
homeostatic state and could rapidly be involved in the reaction to
pathological conditions. Moreover, meningeal resident NKs are
the main contributors for IFN-g production which transmigrates
through the arachnoid and pia mater to induce the death receptor-
ligand TRAIL expression in astrocytes. Subsequently, activation of
the death receptor on T-cells limits their numbers and inhibits
neuroinflammation (42) (Figure 1). These findings suggest that
regulating the plasticity of NKs in the meninges might be a
potential therapy against neurological diseases. Compared to
meninges, fewer CD45+CD3−NK1.1+ lymphocytes have been
observed within the choroid plexus (CP) at steady state, most of
which are ILC1s but not NKs nor intILC1s (38). However, the role
of ILC1s in the CP at steady state is currently unknown.

ILC2
Type 2 innate lymphoid cells (ILC2s) do not only protect against
helminth parasites that infect CNS and lead to aggressive
neurological diseases (47), but can also promote tissue repair
(48). Neurotransmitter receptors such as neuromedin U receptor
(NMUR1) and vasoactive intestinal peptide receptor 2 (VIPR2)
expressed by ILC2s mediate the crosstalk between the peripheral
nervous system (PNS) and ILC2s (49). Neuromedin U (NMU)
secreted by neurons positively regulate activation, proliferation
and cytokine production of NMUR1+ ILC2s (50, 51) to provide a
rapid tissue protection against helminth infection. IL-5 produced
by immune cells, including ILC2s, promotes release of vasoactive
intestinal peptide (VIP) by sensory neurons. In return, VIP
stimulates VIPR2+ ILC2s to secret IL-5 (52, 53), providing a
strong auto-regulatory loop. Neurotransmitter receptor
expression by CNS-resident ILC2s has not been reported yet.
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The transmembrane receptor RET (REarranged during
Transfection) tyrosine kinase in ILC2s is activated by glial-
derived neutrotrophic factor (GDNF) and induces IL-5 and IL-
13 expression (54). Neurons within the CNS express GDNF, and
thus the expression of these cytokines in CNS residing ILC2s
could be indicative of a neuronal-ILC2 communication (55).
ILC2s have been shown mainly within the dural meninges, but
not within the leptomeninges (arachnoid mater and pia mater) at
steady-state (56, 57) (Figure 1). Although few ILC2s have been
detected within the choroid plexus in a healthy young brain, an
abundance of this population has been found in the aged brain.
The increase of ILC2s in the aged brain is probably due to an
accumulation of CNS-resident ILC2s since they do not re-enter
circulation (56). Transcriptional plasticity analysis show that NK
cells and ILC1s could differentiate into ILC2s within the aged
brain (58), suggesting that the shift of other ILCs contribute to
the ILC2 increase. Interestingly, the ILC2s in the choroid plexus
and meninges from aged mice can be divided into three subsets,
with different capabilities to proliferate and produce cytokines.
ILC2s in the choroid plexus contain more Arg1+Il13+ ILC2s
which mediate type 2 inflammation, whereas the meningeal
ILC2s contained more Csf2 (encoding GM-CSF) expressing
ILC2s. Since ILC2-derived GM-CSF induces differentiation of
hematopoietic stem and progenitor cells (HSPC) (59, 60), these
ILC2s could improve treatment efficacy when transplanting
HSPC during neurodegenerative disease treatments. The
heterogeneity of ILC2s in the CNS suggests that the distinctive
ILC2 subsets only respond to their corresponding stimulation
upon a specific inflammation.

ILC3
Group 3 ILCs share the expression of transcription factor RORgt
and are divided into two main populations, the NCR− and the
NCR+ ILC3s. The NCR− population includes LTi cells which are
generated before birth and LTi-like cells generated after birth
(61). ILC3s play critical roles before and after birth (61). NCR−
Frontiers in Immunology | www.frontiersin.org 310
ILC3s are essential for the formation of lymph nodes and Peyer’s
patches in the embryo, while both NCR− and NCR+ ILC3s
regulate mucosal immunity. There have been several examples
described on neuro-ILC3 crosstalk. Circadian circuits regulate
stability of enteric ILC3s that express circadian clock genes (62–
64). Disruption of these genes in ILC3s cause impaired
microbiome homeostasis and increase susceptibility to
inflammatory bowel disease. VIP produced by enteric neurons
is recognized as a regulator for enteric VIPR2-expressing ILC3s,
even though the results about regulation of VIP on IL-22
production by these ILC3s remain controversial (65–67).
Relatively little is known about the presence and roles for
ILC3s within the CNS. Heterogeneous ILC3 subsets LTi/LTi-
like cells and NCR+ ILC3s have been observed in the healthy
meninges (68) (Figure 1). Although ILC1s and ILC2s are present
within the choroid plexus, barely any ILC3s are detected within
the CNS (56).
ILCs IN NEUROLOGICAL DISEASES

NK and ILC1
The global burden of neurological diseases is increasing (69).
Recent advancements in neuroimmunology indicate that
developing immunotherapies against neurological diseases are
beneficial in improving clinical treatment. Therefore, a better
understanding of the roles for ILCs could benefit development of
immunotherapies. We will restrict the discussion on ILCs in
major neurological diseases such as cerebrovascular disease
ischemic stroke, demyelinating disease multiple sclerosis (MS),
Alzheimer’s disease (AD) and glioma.

Stroke is a major cause of disability and death worldwide and
classified into ischemic stroke and hemorrhagic stroke. Innate
and adaptive immune cells including microglia, neutrophils,
monocytes and lymphocytes play multiphasic roles in ischemic
stroke and impact the pathogenesis of ischemic brain
FIGURE 1 | ILCs in the CNS borders at steady-state. Meninges consist of the dura mater, arachnoid mater and pia mater. Dural lymphatic vessels lining the sinuses
absorb CSF from the subarachnoid space. Arachnoid- and pia mater are impermeable to immune cells due to tight junctions. NK cells are observed within the meninges
to regulate astrocytes by secreting IFN-g which diffuses into the brain parenchyma. ILC1s are observed to reside in both meninges and choroid plexus. ILC2s and ILC3s
are mainly observed within the meninges. The insert illustrates that in an ischemic stroke ILCs accumulate at the lesion border, the majority being NK cells.
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injury (70–73). NK cells have been detected in the brain
parenchyma of stroke patients and mouse models with induced
ischemic stroke (43, 74, 75). We observed that the robust
accumulation of NK cells in the stroke lesion is caused by
progressive migration rather than in situ proliferation (43).
The main chemotaxis described thus far for controlling
migration of NKs towards the lesion are the CX3CL1/CX3CR1
and CXCL12/CXCR4 axis (43, 74). The roles for NK cells in
ischemic stroke are contradictionary. To establish the role of
NKs, anti-NK1.1 treatment has been frequently used to deplete
NKs and ILC1s. However, it is important to note that NK1.1 is
expressed on a subset of (ex)ILC3s, which are NKp46+T-
bet+RORyt+ (76), and thus anti-NK1.1 treatment can affect this
population. However, it has been shown that there are no NK1.1+

(ex)ILC3 within the CNS by using the RORcGFP fate mapping
reporter mouse model (38). Moreover, the presence of the
RORgt+ ILC population is very limited in ischemic stroke brain
when compared to the NK cells and ILC1 (43). Therefore, studies
using anti-NK1.1 to mediate depletion affect most likely only
NKs and ILC1s, but not ILC3s within the CNS. Depletion of NK
cells using anti-NK1.1 decreases infarction size and neurological
deficits in MCAO (middle cerebral artery occlusion) stroke
model (74). However, we have observed that CXCR4+ NK cells
protect motor behavioral functions in the photothrombotic
stroke model by using anti-NK1.1 mediated depletion. Also,
blocking migration towards the lesion by Cxcr4 deletion
specifically in NKs and ILC1s protects motor-behavior after
stroke ischemic induction (43). The contradiction in the effects
of the NKs between these studies can partly be attributed to
differences in behavioral test applied. In the study by Gan et al. a
less precise Bederson score testing forelimb flexion has been
used, which basically measures resistance to lateral push and
circling behavior (77). In our study where we have observed a
protective effect, we have used beam-walk assay testing foot slips
when mice cross an elevated beam to analyze the motor-
behavioral deficits. Indeed, using the Rag1-/- mice, in which all
T cells are absent, but not ILCs or NK cells, an improvement of
the motor behavior has also been observed in the tMCAO stroke
model (78). These findings on the protective nature of NK cells
fit with the recent study by Sanmarco et al. reporting that IFNy
from NK cells induced TRAIL expression in LAMP+ astrocytes
to limit the T cell presence and hence prevent inflammation in
EAE (42). The protective IFN-g production by meningeal NK
cells, positively regulating the protective role of LAMP+TRAIL+
Frontiers in Immunology | www.frontiersin.org 411
astrocytes, has been shown to be induced by the intestinal
microbiome (42). Therefore, another explanation for the
contradictionary findings is a possible difference in commensal
microbes within the intestines of the mice used in the different
labs. Intriguingly, clinical studies showed that dysbiosis of gut
microbiota has been correlated with the severity of acute
ischemic stroke and mice receiving fecal transplantation of
ischemic stroke patients with significant dysbiosis develop
more severe brain injury (79, 80). To better understand the
role of NK cells in the stroke brain, additional studies on how
microbiota affect the regulation of NK cells on stroke brain
recovery are required.

Multiple sclerosis (MS) is an autoimmune disease of the
central nervous system, with a hallmark of nerve fiber
demyelination. The pathological role of Th17 cells in MS and
its animal model experimental autoimmune encephalomyelitis
(EAE) has been described before (81). Anti-NK1.1 mediated
depletion of mainly NK and ILC1s suppress Th17-mediated
neuroinflammation in EAE (82). Moreover, specifically
deletion of NKs and ILC1s using the Tbx21−/− (encoding T-
Bet) and Tbx21f/f NKp46-Cre+ model indicate the importance of
these cells in the onset of the Th17 mediated inflation as well (83)
(Table 1). Indeed, several other studies indicate the protective
role of NK cells in neuroinflammation, notably in EAE and MS
patients (42, 86–89). NKp44 is only expressed on activated NK
cells and mediates both activating and inhibitory signals to NK
cells (90). NKp44 ligand (NKp44L) is expressed by astrocytes
and the interaction of astrocytes with NK cells is mediated by
NKp44L-NKp44 interaction. This interaction activates NK cells
function and leads to NK mediated astrocyte cell death (91).
Therefore, NKs and ILC1s can either inhibit or enhance
inflammation in EAE depending on signaling pathways used.

ILC1s in the CP of the CNS maintain stable expression of
IFN-g and TNF-a in EAE, which could synergistically regulate
the levels of IFN-gR and TNF-R1 expressed by the choroid
plexus endothelium (38, 92). IFN-g upregulates a wide array of
trafficking molecules expressed by the choroid plexus epithelium,
such as vascular cell adhesion molecule 1 (VCAM1), intercellular
adhesion molecule 1 (ICAM1) and chemokines (CCL2, CCL5,
CXCL9, CXCL10, CX3CL1), which contribute to the trafficking
across of CP epithelial barriers by immune cells (92). Thus,
ILC1s in the choroid plexus probably act as a gatekeeper for the
entry of neuroinflammation-induced immune cells into the CNS.
TABLE 1 | Overview of ILCs localization in steady-state and neurological diseases.

NK ILC1 ILC2 ILC3

Steady-state Meninges (3, 42, 43) Meninges and CP (3, 38, 42, 43) Meninges and CP (56) Meninges (68)
Stroke BP (43, 74) BP (43) BP (43) BP (43)
AD CSF (84) N.D. N.D. N.D.
MS (EAE) SCP (82, 83)

Meninges (83)
BP (38)

Meninges (83)
N.D. BP and SCP (68)

Meninges (68)
SCI N.D. N.D. Meninges and SCP (57) N.D.
Glioma TME (85) N.D. N.D. N.D.
February 2022 | Volume 13
There are no ILCs found within the brain parenchyma (BP) at steady-state.
AD, Alzheimer’s disease; EAE, Experimental autoimmune encephalomyelitis; SCI, Spinal cord injury; SCP, Spinal cord parenchyma; TME, Tumor microenvironment; N.D., Not Determined.
| Article 837250

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Wang and van de Pavert ILCs in the CNS
Alzheimer’s disease (AD) is a neurodegenerative disorder and
research on AD focusses on the two well-established hallmarks,
amyloid beta (Ab) plaques and neurofibrillary tangles (NFT) (93,
94). Bioinformatical experimental and clinical studies indicate that
the immune system plays an indispensable role in AD pathology
(95–98). NK cells have been also reported in the CSF from AD
patients (84). However, the role of NK cells in AD patients and the
underlying mechanism mediating the migration of NK cells
towards the plaques and interaction with the plaques is
unknown. Therefore, it remains to be established if NK cells are
present in, or near, the plaques, and with which cells they interact.
Since IL7Ra is expressed by the majority of ILC1s and hardly on
NK cells in the adult, some IL7Ra+ NK cells detected in the CSF of
Alzheimer’s disease are most likely ILC1s (21, 84). It does not
exclude the possibility that the CP-resident ILC1s enter the CSF to
patrol the Alzheimer’s brain. In order to distinguish ILC1s from
NK cells in the CSF from Alzheimer’s disease in future studies,
CD49a and CD49b can be used. CD49a promote the persistence of
CD8+ T cells within the skin and increases this population after
local antigen challenge (99). In analogy to skin CD8+ T cells, the
CD49a-expressing ILC1s might also protect brain parenchyma
from AD and viral or bacterial infections by promoting the
persistence of CD8+ cells within the CNS.

Glioma is the most prevalent tumor of the CNS with a high
mortality rate (100). High heterogeneity of gliomas indicates the
complexity of immune landscape within glioma tumor
microenvironment (101). The involvement of microglia,
macrophage, effector- and regulatory T cells in glioma is
described in detail elsewhere (102–104). NK cells are present
within the glioma tumor microenvironment (85) and are
attracted towards the tumor by neuronal expressed chemokine
CX3CL1. The attraction of the CX3CR1+ NK cells is associated
with a better prognosis in glioma patients (46). The role of NK
cells and NK cell immunotherapy against malignant CNS tumors
is discussed in detail elsewhere (105). Summarized, activated NK
cells are associated with improved prognosis and survival of
glioma patients and therefore strategies to enhance NK cell
mediated anti-glioma function could improve clinical outcomes.

We propose that NK cells are involved in regulating CNS
diseases in a multiphasic manner. NK cells can be activated at the
onset of the disease and secret cytokines to regulate its
progression. When NK cells arrive at the focal zone, they are
capable of directly interacting with some targets such as neurons,
microglia and astrocytes. Natural cytotoxicity receptors (NCR)
expressed by NK cells recognize a variety of ligands derived from
cells, viruses, bacteria and parasites, which affect the activation or
inhibition of NK cells (106). Experimental data support the
interaction between NK cells and motor neuron (MN) within
the CNS, mediated by NCR NKG2D on NK cells, promoting MN
degeneration and impairment (107). IL-2-activated NK cells
rapidly form synapses with human microglia, mediated by
NKG2D and NKp46. This interaction results in killing of the
resting microglia and modulate the innate and adaptive immune
responses within the CNS (108). Knowledge about ILC1s in
neurological diseases is limited since they were previously mis-
characterized as closely related conventional NK cells. The recent
Frontiers in Immunology | www.frontiersin.org 512
ILC1 characterization open new areas of investigations into
CNS diseases.

ILC2
Meningeal ILC2 cell numbers increase after spinal cord injury
(SCI) (57). Intriguingly, lung-derived ILC2s present within the
meninges have been shown beneficial for the recovery after SCI
(57), suggesting that they share some characteristics with
meningeal ILC2s. ILC2s in other tissues such as lung and gut
express the neurotransmitter receptors NMUR1 and VIPR2.
Meningeal ILC2s upregulate the gene encoding the receptor for
calcitonin gene-related peptide (CGRP) (57), which implies that
they are not only activated by cytokine IL-33 but possibly also by
CGRP, a neurotransmitter secreted by nociceptive neurons
after SCI (Table 1). Whether meningeal ILC2s also express
other neurotransmitter receptors involved in ILC2s-neuron
communication remains to be established. After SCI induction,
in situ proliferating ILC2s are capable of positively regulating
Th2 cell response by IL-13, which could promote axonal
regrowth (109, 110).

ILC2s are also detected in the lesion of mouse stroke model
(43), meaning that they are potential candidates to regulate the
regeneration of affected neurons within the CNS.

Meningeal ILC2 are mainly present within the dural sinuses
which have been shown as a critical site for local antigen
presentation and immune cell interactions in the CNS (7, 57).
The transfer of bone marrow-derived ILC2s into Cd132−/−

(IL2Rg) mouse model induces CNS demyelination upon CNS
viral infection, indicating this process is ILC2-dependent (111).
However, using a more specific ILC2 knock-out model is
required to establish the exact role of ILC2s in demyelination,
as in the Cd132 knock-out also other ILCs are deleted which can
potentially bias the conclusion. Demyelination causes a variety of
problems including diminished memory, impaired vision,
slurred speech and trouble walking. Identifying the cytokines
secreted by meningeal ILC2s and the targeted immune cells
which promote demyelination after viral infection will be
beneficial for understanding the role of ILC2s in CNS diseases
and beneficial to use in treatments to inhibit CNS demyelination
caused by viral infections.

Female MS patients show symptoms at a younger age and
exhibit more severe disease-course than males in general, the reason
of which is not fully understood (112, 113). A possible explanation is
that testosterone has been shown to increase IL-33 expression which
activates ILC2s, induces Th2 responses and involved in limited
Th17-dominated demyelination (114). Therefore, increased IL33
levels in males could lead to an increased ILC2 activation and
inhibition of MS related symptoms. Also, since ILC2s play a vital
role in suppressing tumor growth and metastasis (115), the gender
bias in IL-33 secretion could also contribute to differences in glioma
incidence and evolution (116, 117).

ILC3
LTi cells are part of the ILC3 subset and essential for the
development of secondary lymphoid organs (SLOs). A critical
step in this process is mediated through the lymphotoxin (LT)
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a1b2 signaling pathway (118), and the cells are involved in
formation of some tertiary lymphoid organs (TLOs) (119, 120).
LTi cells are attracted by CXCL13 during embryonic lymph node
formation (121) and in analogy, increased CXCL13 levels in the
CSF of MS patients attract CXCR5+ LTi cells towards the CNS
(122). Indeed, detection of RORgt+CD3− (ILC3) cells in the sub-
meningeal B cell follicles suggest the involvement of LTi cells in
MS patients (123). Also in relapsing-remitting MS patients, LTi
cells have been observed in blood (124) and associate with a
specific lesion tomography. On the contrary, in the mouse
experimental model for MS, EAE, LTi cells have not been
found in TLO’s within the cerebellum parenchyma, but instead
Lymphotoxin expressing B-cells have been suggested as inducers
of the TLO (125). In another study on EAE, an increase of
OX40L+ and CD30L+ ILC3s in the meninges has been observed,
but these are not associated with TLO’s (68). Since LTi cells in
adult mice are known to express OX40L and CD30L, these ILC3
within the meninges could very well be LTi cells (126) (Table 1).
Combined, results from patients and mouse models suggest that
the peripheral LTi cells could organize meningeal lymphoid
follicles in specific circumstances in MS or EAE, while in other
cases their function would be taken over by other cells
expressing lymphotoxin.

ILC3s are essential in CNS inflammation, as deletion of
MHC-II+ ILC3s cells results in loss of symptoms associated
with EAE. In this neuroinflammatory model, ILC3’s are
capable of presenting antigen to autoimmune T cells in focal
lesions and thereby mediate neuroinflammation within the CNS
parenchyma (83, 127). Similarly, MHC-II expression by some
LTi cells (24, 128) suggests that LTi cells could also promote
inflammation in EAE by initiating circulating inflammatory T
cells. How antigens are obtained by these ILCs and present it on
their MHC-II remains unknown, as they have not been shown to
be phagocytic. Accumulated ILC3s, including LTi cells and other
ILC3s, are capable of producing pro-inflammatory cytokines
such as IFN-g, IL-17 and GM-CSF, which are responsible for
chronic inflammation (68, 83). Besides cytokines, ILC3s could
regulate the function and survival of memory CD4+ T cells by
expressing CD30L and OX40L (129). OX40L expressed by ILC3s
is reported to regulate the homeostasis of intestinal Treg cells
(130). The existence of Treg cells and ILC3s in the stroke lesion
(43, 131) indicates a crosstalk between ILC3s and Treg cells in
this disease.
CONCLUDING REMARKS

Although the presence of ILCs in the meninges and choroid
plexus in steady-state has been shown, their origin and
Frontiers in Immunology | www.frontiersin.org 613
maintenance remain unknown. Circulating ILC progenitors in
the blood might replenish these subsets as was shown in human
(132). Previously shown for CNS B-cell and myeloid cell renewal,
the contribution of skull and vertebral bone marrow to ILC
maintenance has not been investigated (4). Brain barriers
prevent the migration of ILC into brain parenchyma at steady-
state. It has been shown that neurological diseases cause break
down of BBB and meningeal integrity (133–135). The
permeability of the BBB is notably increased in stroke and
glioma during which the vasculature bed is completely
remodeled and re-constructed (136, 137). Also, tight junctions
within the BBB are disrupted by molecules such as matrix
metalloproteinases (MMPs) in ischemic stroke model (138).
Similar as in the BBB, tight junctions in the arachnoid and pia
mater might also be disrupted in the inflammatory conditions.
These processes could lead to a massive invasion of immune
cells, and ILCs, towards the brain lesion. In this model, the ILCs
are absent within the brain parenchyma in steady-state
conditions but infiltrate the lesion from the dural meninges
and local blood vessels upon insult and loss of meningeal- and
blood-brain- barrier function.

Considering the importance of ILCs in neurological diseases,
such as NK cells in ischemic stroke as well as ILC2s and ILC3s in
EAE, knowing the origin and maintenance could aid inducing
and culturing these cells in vitro. Subsequently, these cells can
contribute to developing therapies. The interaction of ILCs with
other immune cells such as T cells in the CNS tissues remains to
be studied. This knowledge will enhance our understanding of
pathological or protective immune responses. Research on ILCs
and neuroimmunology has gained much attention in the last few
years, whereas the knowledge of ILC-CNS crosstalk remains to
be improved. The description of ILC-neuron circuits in
peripheral tissues such as lung and intestine (50, 51, 54, 66,
139) raise the question of whether ILCs could also directly
communicate with neurons within the CNS.
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Group 2 innate lymphoid cells (ILC2s) are present in both mouse and human mucosal and
non-mucosal tissues and implicated in initiating type 2 inflammation. ILC2s are considered
to be tissue resident cells that develop in the perinatal period and persist throughout life
with minimal turning over in adulthood. However, recent studies in animal models have
shown their ability to circulate between different organs during inflammation and their
potential functions in the destined organs, suggesting their roles in mediating multiple type
2 diseases. Here, we review recent findings on ILC2 migration, including migration within,
into and out of tissues during inflammation.
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INTRODUCTION – TISSUE RESIDENCY OF ILC2S

ILC2s reside at barrier surfaces, such as the skin, lung and intestine and are activated by cytokines
released upon tissue damage, such as IL-33, IL-25 and thymic stromal lymphopoietin (TSLP) (1).
They potently produce type 2 cytokines, IL-5 and IL-13, and initiate a cascade of reactions leading to
type 2 inflammation. Owing to their ability to produce copious amounts of type 2 cytokines, they
have been implicated in various type 2 inflammatory diseases, such as asthma and atopic dermatitis
(2). The tissue resident nature of ILC2s was initially reported using parabiosis mouse models, where
congenic mice were surgically joined together to investigate migratory capacity of cells. Gasteiger
et al. demonstrated that more than 95% of ILCs in small intestine (SI), salivary gland, lung and liver
are tissue resident with minimal trafficking at homeostasis (3). Interestingly, there was a slight
increase in ILC2s derived from the paired parabiont in a long-term parabiosis experiment (3),
suggesting some degree of ILC2 replenishment from hematogenous sources, but to a much lesser
extent compared to circulatory lymphocytes, such as NK, T and B cells. They also demonstrated
tissue residency of ILC2s in inflammatory conditions by using a mouse model of Nippostrongylus
brasiliensis (Nb) infection in parabiotic mice. During acute Nb infection, ILC2s locally expanded
and very little influx of ILC2s derived from the other parabiont was observed. In contrast, minor but
significant recruitment of ILC2s was observed during the chronic infections. Moro et al. also
reported local expansion of tissue resident ILC2s in fat-associated lymphoid clusters (FALC), lung
and bronchoalveolar lavage fluid (BALF) during respiratory inflammation induced by intratracheal
IL-33 administration into parabiotic mice (4). Many other groups also used parabiosis models and
confirmed ILC2 tissue residency at homeostasis and during inflammation (5–8).
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TISSUE SEEDING AND ADAPTATION TO
THE TISSUE ENVIRONMENT

ILC precursors and ILC2s can be detected in the fetal intestine,
lung and skin during embryonic development in mice (7, 9),
while the majority of adult ILC2s seems to be neonatally derived
(Figure 1A). Several studies showed that ILC2s are rare in mouse
lungs right after birth, but they gradually increase in number,
reaching a peak around two weeks after birth (10–12). Knock out
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mouse studies and antibody blocking showed that this ILC2
expansion is dependent on IL-33 and IL-7 signaling (7, 11, 12).
The defect in ILC2 expansion in the absence of IL-33 signals is
likely due to the impairment of ILC2 progenitor (ILC2P) egress
from the bone marrow (BM), as ST2 deficient mice have
increased numbers of ILC2P in the BM in parallel with
reduced number of ILC2s in the lung 2 weeks after birth (6).
The neonatal wave of ILC2 proliferation and activation is not
only limited to the lung but seems systemic as high percentages
A

B

FIGURE 1 | (A) ILC2s seed tissues early during the neonatal period, with a peak of ILC2 accumulation around 2 weeks after birth (mouse lung). Once in tissues,
they receive environmental cues and adapt tissue specific phenotypes, indicated by different colours of the surface receptors in the figure. Common ILC2 markers in
each tissue are shown, but they can also be expressed in other organs. (B) ILC2s migrate within the lung upon i.n. IL-33 or Aa treatment (1). During allergen-induced
respiratory inflammation or tissue disruption, ILC2s are recruited from hematogenous sources (2). When activated by allergens/cytokines or helminth infection, some
of the lung and small intestinal ILC2s appear in the peripheral blood (3). Stimulation by i.n. IL-33 or papain induces migration of a subset of lung ILC2s to the liver,
where they contribute to the regulation of local immunity (3). Upon helminth infection or i.p. IL-25 stimulation, small intestine-derived inflammatory ILC2s (iILC2s)
appear in circulation and accumulate in the lung, liver, mesenteric LN and spleen (4). iILC2s ultimately become conventional ILC2s in the lung. Tissue resident and
circulating ILC2s are present in the skin. During atopic dermatitis-like inflammation, circulatory ILC2s migrate to the draining LN (5).
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of Ki67+ and IL-5+ ILC2s were observed in the SI and skin as well
(7). Schneider et al. used tamoxifen-inducible Cre approach to
irreversibly label prenatal and postnatal ILC2s and showed that
the majority of adult lung, visceral adipose tissue and ST2+ SI
ILC2s develop in the neonatal period while a small fraction of
prenatally-derived ILC2s contributes to the adult pool of ILC2s
(7). In contrast, the proportion of the neonatally-derived skin,
BM and IL-25R+ SI ILC2s rapidly declined, suggesting that the
turnover rate of ILC2s differs depending on the tissue
environment (7). Overall, this and our own studies detected
very few ILC2s slowly turning over in adult mice (7, 13, 14).

Once in peripheral tissues, ILC2s are phenotypically and
functionally adapted to the tissue specific environment of the
residing organs. This was shown by single cell RNA sequencing
(scRNAseq) analyses of ILC2s isolated from various adult mouse
organs, which revealed tissue-specific transcriptomic signature of
ILC2s (15). For instance, intestinal ILC2s have enhanced
expression of Il17rb and Ikzf3 (encodes Aiolos) and lung ILC2s
express Nrp1, while skin ILC2s highly express Il18r1 (15, 16).
Interestingly, ILC2 turnover is strikingly different depending on
their residing tissues, further supporting tissue specific dynamics
of these cells. The ILC2 pool is relatively stable in the lung, SI and
adipose tissues, whereas ILC2s are quickly replenished by newly
generated pool of ILC2s in the skin and BM (7). It is possible that
each tissue has its specific ILC precursor populations that
contribute to the maintenance of ILC2 pool at homeostasis and
ILC2-poiesis during inflammation. Indeed, recent work has
identified the presence of IL-18R1+ ST2- tissue ILC precursors
in mouse lung (17, 18).

It is important to note that tissue distribution of ILC2s differ
depending on the species. In the human system, helper ILCs,
including ILC2s, are underrepresented in the non-mucosal
compared to the mucosal tissues due to the abundance of NK
cells, similar to mice (19). However, ILC2s are relatively rare in
human SI (20), whereas they are one of the major ILC
populations in mouse SI (8, 21).
ILC2 RECRUITMENT
DURING INFLAMMATION
AND TISSUE DISRUPTION

Although Gasteiger et al. demonstrated ILC2 tissue residency
under steady-state and acute inflammatory conditions using
parabiotic mice, they did observe significant infiltration of
donor-derived ILC2s during chronic Nb infections (3). These
data suggested potential recruitment of ILC2s from
hematogenous sources in chronic inflammatory conditions.
Karta et al. showed that ILC2 numbers were reduced in the
BM after intranasal (i.n.) treatment of mice with the fungal
allergen, Alternaria alternata (Aa). In parallel, they observed
ILC2 increase in the blood and lung, suggesting that ILC2s
emigrate from the BM, circulate and are recruited to the lung
during airway inflammation (22). This recruitment was mediated
by b2 integrin. Stier et al. similarly used Aa induced lung
inflammation model to show elevated IL-33 levels in the
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serum, and IL-33 dependent egress of ILC2P from the BM (6).
Moreover, systemic treatment of mice with intravenous IL-33
injections caused egress of ILC2P from the BM partially through
downregulation of CXCR4 (6). These data suggest that, in Aa
induced inflammation, ILC2P may be mobilized in response to
IL-33 release by regulating b2 integrin and CXCR4 expressions.

In the same study, Stier and colleagues used the parabiotic
system, where one parabiont was irradiated before parabiosis
surgery, to model tissue disruption (6). ILC2s derived from non-
irradiated parabiont readily reconstituted the irradiated
parabiont, illustrating the ability of ILC2s to migrate and fill
the empty niche. A similar observation has been made in the
human system, where ILC2 reconstitution occurred in severe
combined immunodeficiency (SCID) patients who underwent
hematopoiet ic stem cell transplantation (HSCT) in
myeloablative conditions (23). This suggests that ILC2
recruitment to an empty niche may occur upon tissue
disruption, which likely provides signals for ILC2-poiesis and
recruitment. However, it is unclear whether ILC2s can
repopulate the empty niches under homeostatic condition.
When parabiotic mice were generated between ILC2 sufficient
and deficient (Il7r-/-, also deficient in T and B cells) mice, ILC2s
did not efficiently reconstitute the deficient host (7).

The idea of ILC recruitment is supported by some human
studies. CD117+ ILCs in human peripheral blood have been
described as circulating ILC precursors that can give rise to all
ILC subsets in vitro and in vivo upon transfer into
immunodeficient mice (24). Authors suggested that these ILC
precursors can generate tissue ILCs when required in steady-
state or during inflammation. In another study, scRNAseq of
blood and tissue ILC2s demonstrated that blood ILC2s express
cell trafficking associated genes, such as S1PR2 and CCR2,
whereas lung ILC2s have activation-related phenotype
characterized by the expression of the receptors for ILC2
activating cytokines, IL1RL1 and IL17RB (25). This observation
led authors to hypothesize that blood ILC2s may be recruited to
the lung, where they become responsive to epithelium-derived
cytokines. Stimulation of blood ILC2s with ILC2-activating
cytokines indeed induced IL-1RL1 (IL-33 receptor) and IL-
17RB (IL-25 receptor) expression in blood ILC2s, which
resemble the phenotype of lung ILC2s. It has also been shown,
in asthmatic patients, that ILC2s accumulate in BALF after
allergen challenge, whereas circulating ILC2 numbers decrease
at the same time, suggesting that ILC2s are recruited from
circulation into the lung during inflammation (26).

Overall, despite their tissue resident nature, existing data
indicate that ILC2s can be de novo generated and recruited to
tissues to meet the production demand, during inflammation
and tissue disruption. The disparity between the reports
demonstrating local expansion of ILC2s and those that show
ILC2 recruitment during inflammation can be on account of
several factors. First of all, the majority of the studies that
demonstrated tissue residency of ILC2s were in mouse models
of Nb infection or IL-33 treatment in parabiosis mice (3–5, 8),
whereas those that showed recruitment were Aa model in non-
parabiotic mice, where ILC2 recruitment was determined based
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on decrease in ILC2P/ILC2 in the BM (6, 22). Stier et al. saw an
increase in IL-33 in the serum after Aa treatment (6), while we
did not detect it after i.n. IL-33 treatment (8), indicating that the
inflammatory events that occur upon the initiation of immune
responses can greatly differ depending on the model. The strain
of mice and identification of ILC2s are also inconsistent among
these papers, and consequently, we cannot directly compare
different studies. Lastly, the time point of the analyses is
determined by the models and thus differs in each study.
Therefore, considering all of the potential variables among
these reports, it is likely that recruitment and local expansion
of ILC2s are not mutually exclusive events during inflammation
but rather they may occur sequentially or concurrently. It is also
possible that in some cases, local expansion of ILC2s dominate,
while recruited ILC2s are the primary responders in other cases.
ILC2 MIGRATION
DURING INFLAMMATION

As the first line of defense in barrier tissues, ILC2s exhibit
dynamic behaviour within tissues upon exposure to damage
signals. Recent evidence also suggests that a subset of ILC2s
may leave their residing tissues, circulate and migrate to a
different organ(s) once activated (Figure 1B).

ILC2 Migration Within Organs
ILC2s in multiple organs, including the lung, liver, brain
meninges and adipose tissue, reside in perivascular adventitial
cuff spaces (27, 28). In the lung, the majority of the ILC2s are in
proximity to adventitial stromal cells, which produce IL-33 and
TSLP (27). However, i.n. IL-33 or Aa treatment in mice induces
ILC2 motility around blood vessels and airways, where ILC2s
exhibit amoeboid-like movement (29). Interestingly, ILC2s
present much more motile behaviour compared to CD4+ T
cells in these models. Intra-organ motility and activation of
lung ILC2s are dependent on chemotactic signal through
CCR8 in IL-33 treated mice, whereas its ligand CCL8 also
induces migration of human ILC2s. TGF-b has also previously
been shown to increase the basal motility of ILC2s in mice (30).
The induction of ILC2 motility during IL-33 mediated
inflammation was, at least in part, due to collagen I in the
extracellular matrix (ECM), which provides signals to alter ILC2
shape towards pro-migratory phenotype with polarized F-actin
arrangement (29).

Dahlgren et al. previously reported that ILC2s primarily
remain in the adventitial cuff spaces during inflammation
induced by Nb infection, papain treatment or systemic IL-33
injections, while a small proportion of them also expands in the
parenchyma (27). In the recent report by Cautivo et al., the
authors closely examined the topographic distributions of ILC2s
during mixed inflammation induced by exogenous IL-33 + IFNg
treatment or Nb + Listeria monocytogenes infections (28).
Although the majority of ILC2s reside near the adventitial
space in steady state, type 2 inflammation induced their
expansion in the parenchyma. In the mixed inflammation
Frontiers in Immunology | www.frontiersin.org 421
models, IFNg restricted parenchymal ILC2 expansion and
promoted their cell death. RNAseq analyses revealed that IFNg
suppressed cell survival and movement associated pathways.
Moreover, IL-33 repressed ILC2 retention-associated genes,
such as Cd44 and Cd69, while it induced cell trafficking-related
genes, including S1pr1, S1pr4, chemokine receptors and
integrins. The authors suggest two potential mechanisms by
which ILC2s traffic to the parenchyma. They either migrate
from the adventitia to parenchyma, or they enter directly from
circulation into parenchymal areas, which requires further
investigation. However, lung and liver ILC2 accumulation in
the parenchyma was inhibited by blockade of S1PRs, suggesting
that the latter may be the dominant mechanism.

ILC2 Emigration to Other Organs
Upon Activation
Although ILC2s are rare in naïve mouse blood, they are readily
detectable in healthy human peripheral blood (19, 20).
Circulating ILC2s in healthy human blood are considered
naïve as they express the CD45RA isoform of the CD45
receptor (31), which is expressed by naïve T cells (32).
Previous studies reported that the frequency of ILC2s is
elevated in the peripheral blood of patients with allergic
diseases, such as asthma (33). Therefore, it is possible that
these ILC2s are in circulation en route to the site of
inflammation as described earlier. However, it is also likely
that these ILC2s have left their residing tissues after being
activated. Indeed, several recent mouse studies have described
activation induced migratory behaviour of ILC2s. Intraperitoneal
(i.p.) injections of mice with IL-25 induces an expansion of
KLRG1+ST2- ILC2s, also known as inflammatory ILC2s
(iILC2s), in the lung, liver, mesenteric LN and spleen (34).
These cells are rare in naïve mice but are elicited by IL-25
stimulation and Nb infection. They are transient cells appearing
at an early stage of inflammation and eventually become ST2+

conventional ILC2s in tissues. In a later study by the same group,
it was found that iILC2s are circulatory cells that originate in the
intestine and migrate in a sphingosine 1 phosphate (S1P)
dependent manner upon IL-25 stimulation or Nb infection (5).
It is important to note that a human equivalent of mouse iILC2s
has recently been identified in the nasal polyps (NP) of the
patients with chronic rhinosinusitis with nasal polyps (CRSwNP)
(31). These ILC2s exhibited activated gene expression profiles
and were marked by the expression of CD45RO, which is a well-
established marker of activated T cells (32). CD45RO+ ILC2 were
enriched in the gene signature of mouse iILC2s (31).
Interestingly, these CD45RO+ ILC2s were not only present in
the inflamed tissues, but also increased in the peripheral blood of
the CRSwNP patients compared to healthy controls, suggesting
that they may have migrated out of the inflamed nasal tissue.

Ricardo-Gonzalez et al. investigated ILC2s that appear in
circulation upon Nb infections in mice (35). Circulatory ILC2s
elicited after Nb infections exhibited two distinct phenotypes at
different time points during the course of infection. The first
circulatory ILC2 wave, which appears on day 5 after infection,
was accounted for by IL-25 dependent SI ILC2s. In contrast, the
April 2022 | Volume 13 | Article 877005
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second wave on day 12 was due to IL-33 dependent lung ILC2s.
Migration of ILC2s was S1P dependent. These results indicated
the potential of ILC2s residing in various organs to invade
circulation upon activation and propagate local immune
response to systemic type 2 immunity.

Nakatani-Kusakabe et al. recently performed scRNAseq of
skin and draining LN of IL-33 transgenic (IL33tg) mice (36).
These mice express IL-33 under the control of keratin 14
promoter and spontaneously develop atopic dermatitis (AD)-
like skin inflammation (37). They identified two clusters, cluster
1 and 2, of ILC2s in the skin, while only cluster 1 was present in
the draining LN. They hypothesized that only cluster 1 is
migratory, and thus named the two clusters “circulating” and
“resident” ILC2s, respectively (36). To track ILC2s, they crossed
IL33tg mice with photoconvertible KikGR knock in mice,
which upon exposure to violet light, undergo irreversible
photoconversion from green to red fluorescence (38). Using
these mice, they labeled skin cells and analyzed skin-derived
and LN ILC2s in the LN by scRNAseq (36). Interestingly, skin
(red) and LN (green) ILC2s shared gene signatures, suggesting
that LN ILC2s are a single subset of migratory ILC2s that have
migrated from the skin, while skin ILC2s consists of resident and
migratory ILC2s. The “circulating” ILC2s uniquely expressed IA/
IE and KLRG1, while only skin “resident” ILC2s expressed
CD103, which is a known marker of skin ILC2s (39). While
both subsets can produce type 2 cytokines, skin “resident” ILC2s
have a higher capacity to produce them compared to the
“circulating” subset.

We recently followed lung ILC2s after activation by i.n.
administration of IL-33 or the protease allergen papain to
determine the destination of migratory ILC2s (8). Similar to
the studies described above, ILC2s quickly appeared in
circulation after activation in the lung and their migration was
dependent on S1P signaling. ILC2 numbers also increased in the
spleen and liver, but not in the SI. Interestingly, liver ILC2
numbers remained higher than those in naïve mice even a month
after initial activation in the lung. Lung-derived ILC2s promoted
fibrotic inflammation in the liver in an IL-33 induced type 2
inflammation model, whereas they exerted protective effects in
concanavalin A induced acute hepatitis model (8). Based on the
phenotypic analyses, we determined that the migratory ILC2s are
a subset of ILC2s which expresses the chemokine receptor
CXCR6, a surface molecule readily detected on the liver
resident ILC2s. In contrast, they lack the expression of CD103,
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which is highly expressed by the activated lung ILC2s (8). ILC2s
that accumulated in the liver after i.n. IL-33 treatment also
produced more IL-6 compared to lung ILC2s. This study
highlighted the possibility of migratory ILC2s to mediate
inflammatory events in two different organs and potential
connections between various allergic diseases. However, the
physiological contribution of the migratory ILC2s in linking
several human diseases is currently unclear and requires
further investigation.
CONCLUSION AND FUTURE PERSPECTIVE

ILC2s are widely accepted as tissue resident lymphocytes under
steady-state and inflammatory conditions. Hence, the majority of
the studies in the field has focused on the pathological or
protective roles of ILC2s in the sites where they reside.
However, recent evidence in mouse models highlight the
capacity of ILC2s to circulate and migrate between tissues
upon activation, which is supported by evidence from human
studies. This opens up a whole new avenue of research
investigating connections between various type 2 immune
mediated diseases, which is currently lacking. Understanding
the mechanisms by which ILC2s traffic between tissues,
heterogeneity among tissue resident and migratory ILC2s and
their functions will be key areas of investigation in the future
research, which may lead to the development of therapies
specifically targeting the migratory populations of ILC2s.
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Cardiovascular diseases (CVDs) are responsible for most pre-mature deaths worldwide,
contributing significantly to the global burden of disease and its associated costs to
individuals and healthcare systems. Obesity and associated metabolic inflammation
underlie development of several major health conditions which act as direct risk factors
for development of CVDs. Immune system responses contribute greatly to CVD
development and progression, as well as disease resolution. Innate lymphoid cells
(ILCs) are a family of helper-like and cytotoxic lymphocytes, typically enriched at barrier
sites such as the skin, lung, and gastrointestinal tract. However, recent studies indicate
that most solid organs and tissues are home to resident populations of ILCs - including
those of the cardiovascular system. Despite their relative rarity, ILCs contribute to many
important biological effects during health, whilst promoting inflammatory responses during
tissue damage and disease. This mini review will discuss the evidence for pathological and
protective roles of ILCs in CVD, and its associated risk factor, obesity.

Keywords: ILCs, innate lymphoid cells, cardiovascular disease, obesity, heart
INTRODUCTION

Cardiovascular diseases (CVDs) are the major global cause of premature human death. Obesity and
associated metabolic inflammation underlie the development of several major health issues
including type 2 diabetes (T2DM), insulin resistance, hypertension, dyslipidaemia, and increased
expression of inflammatory mediators - all of which are risk factors for CVDs. Tackling obesity
therefore remains a key goal the effort to reduce the increasing burden of CVDs worldwide.

Five major subsets of Innate lymphoid cells (ILCs) are acknowledged: cytotoxic natural killer
cells (NKs), lymphoid tissue inducers (LTi) and helper-like ILC1s, ILC2s and ILC3s (1). ILC1s
depend on the transcription factor (TF) T-bet for their development (2) and peripheral
maintenance (3). They produce IFNg, tumor necrosis factor (TNF) (4, 5), and TGF-b under
some contexts (6). ILC2s are regulated by a suite of TFs including GATA3 and RORa, express type 2
cytokines including interleukin (IL)-4, IL-5, IL-9 and IL-13, and tissue repair factors including
amphiregulin. LTi and helper-like ILC3s express TF RORgt and produce IL-17, IL-22, and TNF-
superfamily members, including lymphotoxins. ILCs are activated by environmental signals
including cytokines, tissue-derived danger signals, metabolites, neurotransmitters, and
neuropeptides (1, 7).
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While NKs are predominantly circulatory, helper-like
ILCs reside in tissues and are enriched at barrier mucosal sites
such as the lung and intestinal tract. However, since their
discovery, almost all organs have been found to play host to
ILC subsets, including tissues of the cardiovascular system (8).
Cardiovascular-associated ILCs (cILCs) reside in the
pericardium and pericardial fluid (9), in the adventitia of
arteries including the aorta (10), and in fat-associated
lymphoid clusters (FALC) (11) of perivascular (12) and
pericardial adipose tissue (13). The majority of cILCs are
ILC2s or ILC2-commited precursors, with minimal presence of
ILC1s and ILC3s (14, 15). As observed in other tissues, cILC2
populations are dependent on IL-33 signalling for their
development as well as their activation and function. cILC2s
may even be more responsive to IL-33 signalling than
counterparts at barrier sites such as the lungs, due to unique
phenotypic attributes including greater expression of GATA3
(15). Cardiac fibroblasts are a main source of IL-33 in the heart,
responsible for ILC2 homeostasis and activity (9), while
adventitial stromal cells provide IL-33 and thymic stromal
lymphopoietin (TSLP) to ILC2s in arteries and FALC,
providing a tissue supportive niche for their development and
activation (16). Developmental, adoptive transfer, and parabiosis
studies in mice suggest that, similarly to ILCs from barrier sites
(17–19), cILC populations are tissue-resident cells, seeded during
early embryonic development and shortly after birth, sustaining
themselves through local renewal, even during cardiac
inflammation (14, 15).

This mini review will summarise the known protective and
pathological actions of ILCs in the context of CVDs. As a major
cardiometabolic risk factor, obesity, and its relatedness to ILC
activity will also be discussed. Figure 1 summarises the
information presented. Table 1 provides a list of the abbreviations
used throughout.
PROTECTIVE AND REPARATIVE ROLES
OF ILCS IN CVD

NK Cells
Viral myocarditis is predominantly caused by infection with
Coxsackievirus B3. NKs limit viral replication primarily through
their potent cytotoxicity, among other protective mechanisms
(20). NKs are recruited to the infected heart by cardiomyocyte
upregulation of CXCL10, a chemokine ligand of the NK-
expressed receptor CXCR3 (21). Expression of CXCL10 is
promoted by NK-derived IFNg - a feed-forward mechanism,
driven by NKs for further expansion of the population with in
the tissue (21).

Observational studies linking decreased NK numbers and
activities, with low grade inflammation and increased disease
severity, implicate a protective role for NK cells in atherosclerosis
(AS) and coronary artery disease (CAD) (46–48). These effects
may be related to NK apoptosis (49) and increased expression of
inhibitory molecules (50). However, results from murine models
complicate interpretation of these findings, suggesting either
Frontiers in Immunology | www.frontiersin.org 225
pro-atherogenic roles for NKs (51), or conversely, no impact
on AS development (52).

NKs may also serve cardioprotective functions during
eosinophilic myocarditis, restricting eosinophil influx and
survival. Anti-asialo GM1-mediated NK depletion in an anti-
MHC (myosin heavy chain) immunisation model of
experimental autoimmune myocarditis (EAM) resulted in
worsened disease outcome and enhanced eosinophilic influx,
accompanied by greater cardiac tissue fibrosis (53). NKs may
defend against eosinophilic inflammation directly, by promoting
eosinophil apoptosis (36, 53, 54), and indirectly by suppressing
fibroblast production of the eosinophil recruiting chemokine
eotaxin-1 (CCL11). Furthermore, CXCL10 is an inhibitor of
eosinophil recruitment via antagonism of the eosinophil
trafficking receptor CCR3 (53, 55). IFNg also restricts ILC2
cytokine expression and limits the active niche in which ILC2s
can exert their effects (56, 57). As will be discussed, ILC2s may
promote pathological recruitment of eosinophils in the setting of
cardiac inflammation (9). IFNg production by NKs may
therefore also act to inhibit cardiac ILC2 activity.

ILC2s
Apolipoprotein E deficient mice (Apoe-/-) display defective
lipoprotein clearance and accrue abnormal levels of low-
density lipids, making them prone to development of AS. IL-
25 administration limits initiation and progression of AS in high
fat diet (HFD)-fed Apoe-/- mice. This is concomitant with
expansion of splenic ILC2 populations and enhanced IL-5
production (42, 43). Furthermore, IL-25 treatment increases
levels of circulating anti-phosphorylcholine (PC) IgM,
dependent on intact IL-5 expression, indicative of an
atheroprotective effect of ILC2 activation by IL-25. The PC
epitope is a component of oxidised low-density lipoprotein
(ox-LDL), strongly associated with AS development. Anti-PC
IgM is produced by B-1a cells – an atheroprotective, innate-like
B cell subtype. B-1a cells expand following IL-25 treatment (43),
and depend on IL-5 for their survival and maturation to produce
natural IgM antibodies (58, 59). Transfer of IL-25-expanded,
wild type ILC2s to Apoe-/- mice reduces the lipid content of AS
lesions and augments B-1a cells and anti-PC IgM, suggestive of a
therapeutic avenue to tackle AS (42). Of note, the ILC2/IL-5/B-
1a axis is critically dependent on ILC2 expression of the helix
loop-helix TF, ID3 (60). As an ID3 single nucleotide
polymorphism (rs11574) is associated with increased carotid
intimal media thickness, this may link ILC2 dysfunction in
humans with enhanced AS risk (61).

HFD feeding also reduces peripheral ILC2 numbers and alters
their functional cytokine responses in AS-prone mouse strains -
linking defective ILC2 activity with disease (12). Low-density
lipoprotein receptor deficient mice (Ldlr-/-) share a similar
functional defect in lipid clearance as Apoe-/- mice and are
similarly AS-prone. Ldlr-/- mice reconstituted with bone
marrow from ILC2 deficient mice (Staggerer/RoraFlox x Il7raCre)
displayed accelerated AS plaque lesion development. This was
associated with reduced collagen deposition found in larger
plaques (indicative of increased plaque destabilisation) and
altered plaque immune cell composition, dependent on loss of
May 2022 | Volume 13 | Article 903678
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FIGURE 1 | Innate lymphoid cells contribute to protective and pathological processes in cardiovascular diseases and obesity. During viral myocarditis caused by
agents such as Coxsackie virus B3 (CV-B3), NKs restrict viral replication (20) and are recruited to cardiac tissues by cardiomyocyte production of C-X-C motif
chemokine ligand 10 (CXCL10), itself promoted by NK-derived interferon gamma (IFNg) (21). IFNg may also restrict ILC2 activity, influencing ILC2 capacity to
drive inflammation associated with eosinophilic pericarditis. Interleukin (IL)-33 derived from cardiac fibroblasts drives cardiac ILC2 proliferation and along with
fibroblast production of eotaxins (i.e. eotaxin-1/CCL11), ILC2 production of IL-5 may facilitate recruitment of eosinophils to the pericardium (9). ILC2 production
of IL-13 can also promote polarisation of M2 macrophages, which may serve protective roles in atherosclerosis (12, 22). Conversely, ILC1s and promotion of
classically activated proinflammatory M1 macrophages may promote atherosclerotic plaque formation (23–25). ILC2s, regulated by IL-2 signalling, may also
serve protective roles for cardiac tissue repair following major adverse events such as myocardial infarction, via the production of amphiregulin (AREG) and bone
morphogenic protein 7 (BMP7), inhibiting pathological tissue remodelling and fibrosis (26). The impact of prolonged activation of ILC2s by factors such as IL-33
on the outcome of ILC2 repair responses in this context require further study (27). In the circulation, increased frequencies of ILC1s and ILC3s are associated
with major cardiovascular and cerebrovascular events including ST-elevated myocardial infarction (STEMI) and acute cerebrovascular infarction (ACI/Stroke) (28,
29). This may be related to increased circulating levels of oxidised low-density lipoproteins (ox-LDL) in patients, but the impact of these alterations to ILC subset
frequencies inpatients remain to be elucidated. Obesity, and its associated metabolic inflammation is associated with major risk factors for the development of
CVDs, including type 2 diabetes mellitus (T2DM), dyslipidaemia, hypertension, and inflammation. As observed in cardiovascular tissues, ILC2s are the dominant
ILC subtype found within lean adipose tissue. ILC2s promote alternatively activated M2 macrophage phenotypes and eosinophils within adipose tissue via their
production of IL-5 and IL-13, contributing to lean adipose tissue homeostasis (30–33). ILC2 expression of methionine enkephalin (MetEnk) (31) and IL-4 (34), in
addition to signaling via Glucocorticoid-induced TNFR-related protein (GITR) (32) can protect from obesity by promoting beiging of white adipose tissue, linked
to upregulation of mitochondrial uncoupling protein 1 (UCP-1), increasing glucose sensitivity and energy expenditure. In obese adipose tissue ILC2 numbers and
functions are impaired, contributing to increased visceral adipose tissue (VAT) depots, insulin resistance and decreased beiging. Upregulation of inhibitory
receptor PD-1 by ILC2s (35), negative regulation by IFNg derived from ILC1s and natural killer cells (NKs) (36, 37), and ILC2 to ILC1 conversion (38) may be
among the mechanisms which result in ILC2 dysfunction in obesity. NKs and ILC1s numbers are also altered in obesity, potentially impacting upon the ratio
between inflammatory M1 and anti-inflammatory M2 macrophages (33, 39). Influences from physiological signals and ILCs present in other tissues may also
impact upon CVDs and obesity pathogenesis. The nervous system can regulate ILC2 activity within lean adipose tissue via a brain/mesenchymal/ILC2 axis (40).
Dysregulation of this axis may contribute to development of obesity, however, broader effects of neuronal signalling on ILCs in the context of CVDs requires
further study. In the induction of pulmonary arterial hypertension (PAH), IL-5 derived from pulmonary system ILC2s are responsible for tissue eosinophilia which
may drive arterial damage (41). IL-25 drives ILC2 proliferation in the spleen, promoting atheroprotective effects, IL-5-dependent B-1a expansion and production
of anti- phosphorylcholine (PC) Immunoglobulin M (IgM) which targets ox-LDL (42, 43). In the gastrointestinal (GI) tract, sensing of microbial composition by
ILC3s may influence inflammatory cell cardiotropism in the context of myocarditis (44), while ILC2s and ILC3s within the intestinal lamina propria (LP) may also
contribute to processes driving obesity, through factors such as production of IL-2 (45).
Frontiers in Immunology | www.frontiersin.org May 2022 | Volume 13 | Article 903678326
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ILC2-derived IL-13. Plaque macrophage phenotypes were
disrupted by ILC2 loss, with reduced arginase-1 expression
suggestive of a restricted capacity for tissue repair. This
supports work identifying IL-13 as an atheroprotective
cytokine, acting via induction of alternatively activated (M2)
macrophages (22), potentially supporting the augmentation of
ILC2 responses as a novel therapeutic strategy for AS. Indeed,
expansion of CD25+ ILC2s by IL-2/anti-IL-2 complexes reduces
circulating ox-LDL and AS lesion development in HFD-fed
lymphopenic Rag-/-Ldlr-/- mice (10), indicating that IL-2
therapy may be a novel treatment option in some forms of
CVD. Supportive of this, genetic ablation of ILC2s in a murine
model of myocardial infarction (MI) delayed recovery of cardiac
function. MI-protective functions of ILC2s were associated with
an upstream regulatory IL-2 signalling axis (13). Furthermore,
analysis of peripheral blood from patients recruited to a placebo-
controlled, double-blind trial designed to assess the safety of
Low-dose InterLeukin-2 treatment in patients with stable
ischaemic heart disease and Acute Coronary Syndromes
[LILACS trial (62)], revealed a short-term increase in
circulating ILC2s, serum IL-5, and eosinophil counts (13). This
indicates that IL-2 therapy activates human ILC2s in vivo.
However, putative protective roles of ILC2s in this context
remain to be fully investigated. Post-cardiac injury,
augmentation of ILC2 repair responses may also be an
attractive therapeutic option, inhibiting TGF-b1-driven
pathological fibrosis and remodelling by cardiac fibroblasts
which can lead to terminal heart failure (26).
Frontiers in Immunology | www.frontiersin.org 427
ILC3s
ILC3 associated cytokines IL-17A and IL-22 have been linked to
CVDs, but may be protective under certain contexts (63–65).
ILC3s might also be protective during hepatic (66) and intestinal
(67) ischemia-reperfusion-injury (IRI), suggestive, potentially, of
similar roles during reperfusion following MI. However, in both
the liver and the intestinal tract, ILC3s are far more populous
than in cardiovascular tissues, where Th17 cells are also more
likely to be the major source of ILC3-associated effector
cytokines. Whether ILC3s serve protective roles in CVDs
requires further investigation.
ILCS AND CVD PATHOGENESIS

ILC1s
ILC1s constitute only a minor population of the ILCs identified
within murine cardiovascular tissues (14, 15). Despite this, Ldlr-/-

and Apoe-/- models combining genetic knockout of T-bet or IL-
12, implicate roles for ILC1s in development of HFD-induced AS
(23, 24). However, these models also deplete other cells
important in AS pathogenesis, including Th1 and NKs (68).
ILC1s have been more specifically linked to AS plaque
development using adaptive lymphocyte deficient Rag-/-Apoe-/-

models. Anti-NK1.1 or anti-IL-15R antibodies were used to
deplete ILC1s and/or NK cells respectively, followed by
adoptive transfer of splenic ILC1s, identifying a possible role
for ILC1s in aggravation of AS (25).

Involvement of ILC1s in the pathology of major cardiovascular
and cerebrovascular adverse events has been proposed, based on
correlations between disease severity and circulating frequency of
these cells. Total number and proportions of ILCs among
circulating leukocytes were increased in acute ST-segment
elevation myocardial infarction (STEMI) patients, compared to
healthy controls (28). This was accounted for by a specific
increase in ILC1s, while numbers of ILC2s and ILC3s remained
unaltered, indicating an expansion of ILC1s rather than ILC subset
plasticity towards the ILC1 phenotype (69, 70). Similar observations
were made in acute cerebral infarction (ACI) patients (29). A
significantly increased proportion of ILC1s among total
circulating ILCs, profiled at the time of admission, was observed
compared to healthy controls. Concomitant with this was a decrease
in the proportion of ILC2s and no impact on circulating ILC3s.
However, as total number of ILCs among leukocytes was not
reported, whether alterations to subset prevalence among total
ILCs represents phenotypic plasticity between ILC2s to ILC1s
(38, 71–73) in the context of ACI, or reflects a specific expansion
of ILC1s, remains unclear.

ILC2s
ILC2s may drive the recruitment of eosinophils to the
pericardium via production of IL-5 and promotion of cardiac
fibroblast-derived eotaxins (9). Choi et al., utilised repeated IL-33
administration to induce eosinophilic pericarditis in mice,
finding that pericardial IL-33R+ (ST2+) ILC2s greatly expanded
in response to treatment (9). IL-5 deficiency prevented
pericardial eosinophil infiltration, however Il13-/- mice
TABLE 1 | Meanings of abbreviations used in this article.

Abbreviation Meaning

ACI Acute cerebrovascular infarction
AS Atherosclerosis
AT Adipose tissue
AT1-ILCs Group 1 adipose tissue innate lymphoid cells
ATM Adipose tissue macrophage
BAT Brown adipose tissue
cILCs Cardiovascular-associated innate lymphoid cells
CVD/CVDs Cardiovascular disease/s
DCM Dilated cardiomyopathy
DIO Diet-induced obesity
EAM Experimental autoimmune myocarditis
FALC Fat-associated lymphoid tissue
HFD High fat diet
ILC/ILCs Innate lymphoid cell/innate lymphoid cells
ILC1/ILC1s Helper-like type 1 innate lymphoid cell/s
ILC2/ILC2s Helper-like type 2 innate lymphoid cell/s
ILC3/ILC3s Helper-like type 3 innate lymphoid cell/s
LTi Lymphoid tissue inducer cell
MI Myocardial infarction
NK/NKs Natural killer cell/natural killer cells
ox-LDL Oxidised low-density lipoprotein
PAH Pulmonary arterial hypertension
PBMCs Peripheral blood mononuclear cells
PC phosphorylcholine
STEMI ST-elevation myocardial infarction
T2DM Type 2 Diabetes mellitus
TF/TFs Transcription factor/s
TSLP Thymic stromal lymphopoietin
WAT White adipose tissue
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displayed a similar level of pericarditis toWTmice. Furthermore,
total ILCs were enriched in the pericardial fluid of pericarditis
patients, relative to patients with other heart diseases or healthy
controls. However, deeper analysis of ILC subsets was not
reported, impeding specific association of human pericarditis
with ILC2s. ILC2-derived IL-5 also promotes eosinophil
accumulation around pulmonary arteries, following chronic
activation by IL-33 (41). This accumulation resulted in severe
arterial occlusion and pulmonary arterial hypertrophy (PAH).
This was ablated in IL-5 deficient and eosinophil deficient mice,
but not in Rag-/- mice, supporting an ILC2/IL-5/eosinophil
dependent axis in the aetiology of PAH. Furthermore, PAH
has previously been associated with vascular remodelling driven
by IL-33 (74). Despite eosinophilia and other abnormalities in
IL-5 overexpressing mice, pulmonary arteries in these animals do
not appear to be affected (75). Therefore, while the ILC2/
eosinophil axis plays a role, other factors also contribute to
PAH development. Prolonged IL-33/ST2 signalling may also
contribute to poorer cardiac remodelling and promote heart
failure following MI (27), despite augmenting ILC2-driven type 2
immune activity, which may be protective or reparative of
ventricular function in the acute phase post-MI (57). ILC2s
therefore act as a ‘‘double-edged sword’’ (37), the activity of
which must be precisely balanced to provide protection, while
limiting pathological outcomes.

ILC3s
Few studies have investigated ILC3s in CVD pathogenesis.
During EAM, differential disease susceptibility in mice from
different sources has been associated with intestinal ILC3s and
specific microbiome profiles (44). Anti-CD90 antibody mediated
depletion of ILCs restricted inflammatory leukocyte trafficking to
the heart during EAM, indicating that microbial sensing via
ILC3s plays a role in development of inflammatory heart diseases
via cardiotropic immune cell chemotaxis. Additionally, a study
investigating ILC3s in axial spondyloarthritis (axSpA) indirectly
suggests ILC3 differentiation is promoted by risk factors driving
CVD (76). Patients with inflammatory joint conditions,
including axSpA, have an increased risk of developing CVD
(77). Therefore, clinical management of CVD risk factors,
including dyslipidaemia, is important. Circulating IL-22+ ILC3s
were increased in axSPa patients with dyslipidaemia compared to
patients without dyslipidaemia or healthy controls. Furthermore,
ox-LDL promoted IL-22+ and IL-17+ ILC3 differentiation from
axSPa patient peripheral blood mononuclear cells (PBMCs) (76)
and ILC3s expressed the ox-LDL receptor CD36, blockade of
which prevented ox-LDL-mediated differentiation of the cells
(76). This indicates that ox-LDL affects ILC3 generation, similar
to observations made for ILC1 differentiation from ACI patient
PBMCs (29). Although in that study, no effect of ox-LDL
stimulation on ILC3s was observed, suggestive of other disease-
specific effects of ox-LDL signalling on ILCs. ILC3s are regulated
by hypoxia, acting via hypoxia inducible factor (HIF)-1a (78).
Tissue hypoxia can be induced by, and contribute to CVDs (79).
Hypoxia-driven ILC3 responses might therefore also play a role
in some forms of CVD.
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Lean adipose tissue (AT) contains populations of immune cells
important for maintaining metabolic homeostasis, including
regulatory T cells (TREGs), eosinophils and M2 macrophages.
These cells are regulated by ILC2s resident in AT-depots in mice
and humans (30–33) and these functions are reliant on IL-33
signalling (30, 33). Disruption of IL-33 signalling in mice reduces
ILC2s inwhiteAT (WAT), increasing visceral fat depots, impairing
glucose homeostasis, and disrupting energy metabolism by
prevention of WAT beiging (33). Beiging converts white
adipocytes, or adipogenic precursors within WAT, to brown-like
AT and is associated with the upregulation of mitochondrial
uncoupling protein 1 (UCP1). This increases thermogenesis -
raising body heat and calorific expenditure, protecting from
obesity, at least in mice. Mechanistically, IL-33-mediated beiging
is dependent on the ILC2-expressed opioid peptide methionine
enkephalin, which acts on WAT to induce UCP1 expression (31),
similarly to the actions of other ILC2-associatedmolecules like IL-4
(34) and activation of Glucocorticoid-induced TNFR-related
protein (GITR), expressed by both human and murine AT
ILC2s (32).

During obesity in humans and in murine diet-induced obesity
(DIO) models, AT ILC2 frequencies are reduced, and their
functions become dysregulated. This may negatively impact the
homeostatic, immunometabolic roles of ILC2s, such as restricting
differentiation of obesity-protective M2 AT macrophages (ATM)
(30). The mechanisms responsible for reduction of ILC2 responses
during obesity are likely multifaceted and remain under study.
Recent developments suggest they include the upregulation and
activation of inhibitory co-stimulatory receptor PD-1 on ILC2s
during obesity (35), and dysregulation of brain-AT circuits, which
modulate ILC2 activation indirectly via neuro-mesenchymal
interactions (40). Furthermore, as human and murine AT is also
populated by group 1 ILCs (AT1-ILCs), including mature and
immature NKs, and non-NK ILC1s, AT ILC2 activities may be
affected by aberrant IFNg signaling, which restrains ILC2 responses
(30, 56). An increase in AT ILC1s duringDIO has been reported by
some studies. This might drive ATM M1 polarization via IFNg
production, promoting insulin resistance and metabolic
dysfunction in a manner dependent on IL-12 and downstream
STAT4 signalling (80). IL-12-mediated plasticity of AT ILC2s to
ILC1-like cellsmay further contribute to these effects (38).ATMM1
responses may also be promoted by increased WAT expression of
CD36 in the context of defective ILC2 functions, resulting in
enhanced absorption of saturated fatty acids by adipocytes,
driving M1 polarisation (33). Conversely, Boulenouar and
colleagues report that obesity is associated with a decrease in the
numberandcytotoxicity ofAT1-ILCs.Thismaycontribute toATM
accumulation and alterations to the ratioof proinflammatoryM1 to
anti-inflammatory M2, thereby impacting insulin resistance and
metabolic dysfunction (39). The contribution of AT1-ILC
responses and their roles in AT homeostasis and during obesity is
an area that requires further investigation.

While AT ILC2s have emerged as important metabolic
regulators which promote AT homeostasis, ILC2s from other
tissues may also act to promote obesity. In the setting of
May 2022 | Volume 13 | Article 903678

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Roberts et al. ILCs Roles in Cardiovascular Disease
lymphopenic DIO murine models, adoptive transfer of small
intestinal ILC2s, but not WAT ILC2s, promotes obesity via an
axis dependent on their production of IL-2 (45) – supportive of a
role for this cytokine in obesity induction (81). Intestinal ILC3s
also moderately contributed to DIO (45). Currently, few studies
have investigated the roles of ILC3s in obesity. However,
increased frequency of circulating ILC3s in children who are
overweight and asthmatic (compared to children who are
asthmatic but not-overweight) suggests that obesity may be an
independent risk-factor for promotion of ILC3 differentiation
(82). Furthermore, the lymphotoxin pathway may promote DIO
by driving a pro-obesity intestinal microbiota (83). As LTi and
helper-ILC3s produce lymphotoxins, this potentially implicates
these cells in obesity pathogenesis.
CONCLUSIONS AND FUTURE
PERSPECTIVES

CVD and obesity are major global health concerns. ILCs are
emerging as cells capable of both driving or protecting from CVD
pathology. As the field expands, it will shed light on current gaps in
our knowledge – for instance, whether ILC1s or ILC3s serve any
CVD protective functions. Studies which investigate whether and
how cILCs are regulated by factors known to control ILC activity in
other tissues and disease states are also required. This may include
investigation of cILC regulation by neurotransmitters and
neuropeptides (1, 84), post-transcriptional regulation by non-
coding RNAs (85–87), and effects of metabolic dysfunction, such
as lactic acidosis (88) - a known indicator of cardiac stress. Further
studies which compare functions and transcriptional profiles of
cILCs with more widely studied barrier ILC populations would also
be useful. This would facilitate understanding of similarities and
unique differences between these populations, related to the
pressures and requirements exerted by the disparate tissue
environments these cells function within. Such work may inform
new, tissue-specific therapeutic strategies. Encouragingly, there are
now several studies which demonstrate how modification of ILC
responses might show promise for therapeutic intervention of CVD
Frontiers in Immunology | www.frontiersin.org 629
and obesity in humans. However, most of our mechanistic
knowledge about ILC activity is still derived from murine models.
As these models are often lymphopenic in nature, the potential
translational meaning of these observations to immunocompetent
human disease settings is somewhat confounded. Future research
should continue to explore and unravel cardiovascular-associated
ILC responses, particularly focusing on their roles in the context of
human disease.
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Innate lymphoid cells (ILCs) were firstly described by different independent laboratories in
2008 as tissue-resident innate lymphocytes mirroring the phenotype and function of T
helper cells. ILCs have been subdivided into three distinct subgroups, ILC1, ILC2 and
ILC3, according to their cytokine and transcriptional profiles. Subsequently, also Natural
Killer (NK) cells, that are considered the innate counterpart of cytotoxic CD8 T cells, were
attributed to ILC1 subfamily, while lymphoid tissue inducer (LTi) cells were attributed to
ILC3 subgroup. Starting from their discovery, significant advances have been made in our
understanding of ILC impact in the maintenance of tissue homeostasis, in the protection
against pathogens and in tumor immune-surveillance. However, there is still much to learn
about ILC ontogenesis especially in humans. In this regard, NK cell developmental
intermediates which have been well studied and characterized prior to the discovery of
helper ILCs, have been used to shape a model of ILC ontogenesis. Herein, we will provide
an overview of the current knowledge about NK cells and helper ILC ontogenesis in
humans. We will also focus on the newly disclosed circulating ILC subsets with killing
properties, namely unconventional CD56dim NK cells and cytotoxic helper ILCs, by
discussing their possible role in ILC ontogenesis and their contribution in both
physiological and pathological conditions.

Keywords: innate lymphoid cells (ILCs), natural killer (NK) cells, ILC-poiesis, cytotoxicity, unconventional subsets,
inflammation, cancer
1 INTRODUCTION

Starting from 2008, several independent laboratories around the world identified new players of
innate immunity in both humans and mice (1–4). These cells, named innate lymphoid cells (ILCs),
are a heterogeneous group of lymphocytes lacking recombination-activating gene (RAG)-
dependent rearranged antigen-specific receptors.
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ILCs originate from the common lymphoid progenitor (CLP)
and require the common g chain of the interleukin (IL)-2
receptor and the transcriptional repressor ID2 for their
development (2–4). They are considered the innate counterpart
of adaptive T lymphocytes: ILCs share with T cells the
transcription factors governing their differentiation and the
same cytokines in response to inflammatory insults (5, 6),
which allows the classification of ILCs into different subsets.
Indeed, the ILC1, ILC2 and ILC3 subsets produce T helper (Th)
1-, Th2- and Th17/22-cytokines, respectively. Furthermore,
given their phenotypic, developmental and functional
similarities, Natural Killer (NK) cells, the innate counterpart of
cytotoxic T lymphocytes, are now grouped together with ILC1s,
whereas lymphoid tissue inducer (LTi) cells, belong now to
group 3 ILCs (5, 7, 8).

Despite these similarities, ILCs arise from distinct
developmental pathways and display unique epigenetic and
transcriptional programs with respect to T cells, thus
suggesting nonredundant roles of ILCs in immunity (9).

Differently from NK cells, that are mainly circulating
lymphocytes, helper ILCs are primarily tissue resident cells and
have been found in both lymphoid and non-lymphoid tissues.
Indeed, they are particularly enriched at the mucosal surfaces of
several organs, such as gut, lungs and skin, where they play a
pivotal role in tissue homeostasis and disease, by promoting
immune responses, inflammation, tissue repair and tolerance to
commensal microbiota (10–12). Despite being a rare population
in peripheral blood (PB), several lines of evidence indicate that
circulating helper ILCs are characterized by a unique pattern of
cytokine receptors, thus suggesting that they are not exclusively
tissue resident (9, 13). Moreover, given their innate nature, ILCs
represent one of the primary sources of pro- and anti-
inflammatory cytokines during the early stages of the immune
responses (14–17).

Although progresses have been made in understanding the
role of ILCs in the maintenance of tissue homeostasis, in
immune-defense and in tumor immune-surveillance, there is
still much to learn concerning ILCs, especially in humans.

In this review we will summarize the principal features of
ILCs, focusing mainly on circulating subsets. Moreover, we will
provide an overview on ILC development in humans. In this
context, we will focus on the newly disclosed circulating ILC
subsets with cytotoxic properties, namely CD56dimCD16neg NK
cells and cytotoxic helper ILCs, by discussing their possible role
in ILC ontogenesis and their contribution in both physiological
and pathological conditions.
2 GENERAL FEATURES OF ILCs

ILCs are subdivided into three main groups based on the
cytokine production, genetic signature and transcription
factors involved in their development (Figure 1A).

Total circulating ILCs, which comprises helper ILCs and NK
cells, are identified as lineage (CD3, CD14, CD15, CD19, CD20,
CD33, CD34, CD203c and FcϵRI) negative lymphocytes
(Figure 1B) (17). This lineage markers can be used also to
Frontiers in Immunology | www.frontiersin.org 234
identify tissue resident ILCs, with the exception of human tonsil
ILC3s which express CD33 (18). Total helper ILCs are defined as
CD16neg cells that constitutively express the IL-7 receptor-a
chain (CD127) and the different subsets are identified according
to the expression of CRTH2, cKit (CD117) and CD56: ILC1s are
CRTH2negCD117negCD56neg, ILC2s are CRTH2posCD117pos/
negCD56neg and ILC3s CRTH2negCD117posCD56pos/neg

(Figure 1B) (5, 17, 19). However, it has been shown that
ILC2s, in some cases, can express CD56 (20). In addition,
among lineage negative cells, NK cell subsets are identified
according to the differential expression of CD56 and CD16
(Figure 1B) (21).

Despite the phenotype of the different ILC subsets is well
defined, their precise distribution across organs and species
needs to be refined. Indeed, ILC subset distribution and
cytokine production profiles are impacted by environmental
cues, that enable a prompt response in case of inflammatory
insults without the de novo recruitment of ILC subsets (22, 23).

2.1 Group 1 ILCs
NK cells and ILC1s have been grouped together in group 1 ILCs.
Indeed, both subsets are characterized by the production of
interferon-g (IFN-g) and tumor necrosis factor a (TNF-a) in
response to IL-12 and IL-18 (5, 7, 24). Moreover, IL-15 is
required for the differentiation, homeostasis, and function of
both NK cells and ILC1s (25). Similarly to NK cells, ILC1s
express natural cytotoxicity receptors (NCRs) (26) and the T-box
transcription factor expressed in T cells (T-bet) (25, 27). In
addition, both ILC1s and NK cells require the expression of
HOBIT TFs, encoded by Zfp683, for their differentiation and
functional programs (28–30).

Despite their overlapping features, NK cells and ILC1s are two
phenotypically and functionally distinct immune cell subsets.
Indeed, while ILC1s require T-bet for their development, NK cells
need T-bet expression only for maturation and require the
expression of the transcription factor Eomesodermin (Eomes) for
differentiation (25, 27). Moreover, ILC1s are fundamentally tissue-
resident lymphocytes, whereas NK cells can circulate across
lymphoid organs via the bloodstream and lymphatic system to
act as immune sentinels. Indeed, NK cells are unique in their ability
to recognize and kill virally infected and malignantly transformed
cells, through the balance of the signaling that NK cells receive from
their repertoire of activating and inhibitory NK cell receptors
(31, 32).

Circulating NK cells comprise two main subsets, a cytotoxic
CD56dim and a regulatory CD56bright NK cell subset. CD56dim

NK cell subset accounts for up to the 90% of circulating NK cells.
They show high baseline perforin expression and are endowed
with cytotoxic abilities against target cells not expressing or
downregulating the major histocompatibility complex (MHC)
class I molecules on their surface. They preferentially produce
cytokines in response to direct target cell interactions rather than
via monocyte-derived cytokines stimulation (33). On the other
hand, CD56bright NK cells represent the 10% of circulating NK
cells, while they are enriched in peripheral and lymphoid tissues
(34). Differently from CD56dim NK cells, and similarly to ILC1s,
CD56bright NK cells are poorly cytotoxic, can rapidly secrete
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cytokines, including IFN-g, following stimulation by monocyte-
derived cytokines (35).

2.2 Group 2 ILCs
Group 2 ILCs are involved in several processes, including lipid
metabolism, protection against parasites and accumulate during
type 2 inflammation in the airways (36). Among all ILCs, ILC2s
express the highest level of the transcription factor GATA3 and
are characterized by the production of Th2-associated cytokines,
such as IL-4, IL-5, IL-9, IL-13 and amphiregulin (AREG) in
response to IL-25, IL-33 and thymic stromal lymphopoietin
(TSLP). Hence, they are considered the innate counterpart of
Th2 cells (37–39). Of note, several lines of evidence indicate that
ILC2s can produce higher levels of cytokine than T cells, thus
Frontiers in Immunology | www.frontiersin.org 335
suggesting their primary role in the innate local immunity
against infections in different organs (40). Indeed, they have
been described in a variety of human tissues, including tonsils,
bone marrow (BM), spleen, skin, adenoids, adipose tissue, lung
lymph nodes (LNs) (41).

ILC2s are characterized by the expression of the transcription
factor BCL11B which controls their identity (42), the
prostaglandin D2 receptor 2 (CRTH2), the IL-33 receptor
(IL1RL1 also referred as ST2) and by variable levels of c-Kit
(43), all involved in ILC2 localization and function (43–46).
More recently, it has been shown that ILC2s are further
characterized by the expression of the killer cell lectin-like
receptor subfamily G member 1 (KLRG1), a co-inhibitory
receptor previously reported in T and NK cells that binds to
A

B

FIGURE 1 | General features of ILC subsets. (A) Summary table showing the main transcription factors (TFs) governing the development, the cytokine production,
the functions and marker expression in the different ILC subsets. (B) Representative flow cytometry gating strategy to identify circulating ILC subsets among
Lineageneg lymphocytes. Yellow lines identify helper ILCs, while the blue lines identify NK cells.
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the members of the cadherin family and is upregulated during
infection in response to IL-25 (20, 47).

2.3 Group 3 ILCs
Group 3 ILCs, consisting of ILC3s as well as LTis, share features
with Th17 cells, including the expression of the transcription
factor retinoic acid orphan receptor isoform gt (RORgt), required
for their development and function, and the aryl hydrocarbon
receptor (AHR) (7, 48). Group 3 ILCs are capable of producing
IL-17, IL-22 and granulocyte-macrophage colony-stimulating
factor (GM-CSF) in response to IL-23, IL-1b, or natural
cytotoxicity receptor ligands (NCR-L), thus mirroring Th17
response (5, 49). Regardless of the functional association with
ILC3s, LTis are considered a separate ILC lineage (49, 50).
Indeed, LTis are involved in the secondary lymphoid organ
formation during embryogenesis and adulthood and in their
restoration following infection (51), whereas ILC3s mainly
contribute to the immune responses against specific
extracellular pathogens and in the maintenance of tissue
homeostasis at mucosal sites, where they are mainly
localized (48).

ILC3s can be further subdivided according to the expression
of the NCR NKp44: human NKp44pos ILC3s, largely co-
expressing NKp46, are the majority in adult tonsil and
intestine and represent an exclusive source of IL-22, while
NKp44neg ILC3s are the major population in fetal LNs and
preferentially express IL-17 transcripts (48).

Differently from tissues, ILC3s are under-represented in the
circulating lymphocyte pool. However, recently, a subpopulation
of cells phenotypically resembling to NKp44neg ILC3s has been
described in cord and adult PB. However, most peripheral-blood
CD127posCD117pos ILCs express low levels of RORgt, do not
produce any of the ILC cytokine signatures following stimulation
with IL-1b and IL-23 and their transcriptome is different from
that of mature ILC3s present in secondary lymphoid organs (52,
53). Circulating CD127posCD117pos ILCs are instead multi-
potent ILC precursors (ILCPs) that retain the ability to give
rise to functionally mature helper ILC subsets, as well as to
Eomespos NK cells, after in vitro culture with appropriate
cytokine mix or after transfer in vivo into immunodeficient
mice (49, 53).
3 ILC DEVELOPMENT

ILC-poiesis has been a topic of ardent research in the last several
years. Although many issues remain to be disclosed, including
the transcriptional regulators that dictate the choice of mature
ILC subset fate, the ILC differentiation in mouse has been deeply
investigated, thanks to genetically modified rodent models. On
the contrary, the study of the human ILC differentiation is still in
its infancy because of different reasons. Firstly, the lack of
comparable genetic and tracing tools that are available in
animal models of lymphoid development. Secondly, the
heterogeneity of the studies conducted in terms of definition of
progenitor, identification of lineages based solely on cytokine
secretion or on few surrogate markers.
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Despite these limitations, over the past years a map of human
ILC development has been under construction (Figure 2) by
taking advantage of both murine ILC-developmental model and
the pre-existing model of human NK cell development, based on
the identification and characterization of human NK cell
developmental intermediates (NKDIs) prior to the discovery of
helper ILCs (54).

3.1 Human NK Cell Development
Since their discovery in 1970s, NKDIs have been well
characterized in both mice and humans as well as the site for
NK cell development.

Human NK cells were originally thought to develop strictly
within the BM (33, 55). Indeed, CD34posCD45RApos precursors
with ex vivo potential for NK cell differentiation were firstly
identified in the BM, and then were also found in PB and in
extramedullary tissues, including thymus, secondary lymphoid
tissues (SLTs), liver, and uterus, at steady state conditions (56–
58). Noteworthy, IL-15-responsive CD34posCD45RApos

precursors comprise a relatively higher proportion of total
CD34pos progenitor cells (5-10%) in the blood compared to
bone marrow (<1%), and in SLT they comprise the major subset
of CD34pos progenitor cells (>90%) (59, 60). In this regard, several
lines of evidence demonstrated that CD34posCD45RApos

precursors originate in the BM and traffic to extramedullary
tissues where later stages of NK cell differentiations can take
place, giving rise to tissue-specific and functionally distinct
mature NK cell subsets. In particular, tonsils, spleen, and lymph
nodes are considered those SLTs hosting the main extra-medullary
sites of NK cell development and maturation (57, 59–62).

Originally, five main sequential stages of NK cell maturation
were identified: NK cell progenitors (NKPs, stage 1), pre-NK
cells (stage 2), immature NK cells (iNK, stage 3) (63–65) and the
mature CD56bright (stage 4) and CD56dim (stage 5) NK cell
subsets [reviewed in (62)].

Briefly, NKPs and pre-NK cells still express CD34 and retain
the ability to differentiate into T cells, dendritic cells (DCs) and
other ILCs. Subsequently, the expression of CD122 (IL-2Rb),
together with the downregulation of CD34, marks the
irreversible fate decision into NK cell lineage. The commitment
of NKPs towards pre-NK cells also required the acquisition of
CD117 expression (64, 66). Recently, the stage 2 has been further
subdivided into two additional stages: the IL-1R1neg stage 2a,
mainly enriched in SLTs and PB, that still retains the ability to
give rise to T cells and DCs, and the IL-1R1pos stage 2b, with a
commitment restricted to the generation of ILCs, including NK
cells (62, 67). IL-1R1pos stage 2b give rise to iNKs whose features,
including AHR, CD127, RORgt, IL-1R1, and IL-22 expression,
mirror those of Group 3 ILCs (5, 68, 69). Indeed, it is not yet clear
if iNKs and ILC3s are entirely overlapping at least in their
phenotypic characteristics and further investigation is needed.

The final transition of iNK into mature NK cell subsets is
marked by the appearance of CD56 expression and the main
functional properties, including cytokine secretion (i.e. TNF, IL-8,
GM-CSF, CXCL12 and IL-13, together with IL-22), IFN-g release
and then cytolytic activity (58, 70–72). Two distinct stages 4
CD56bright NK cells have been described: the NKp80neg stage 4a
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cells, that, despite the bright expression of CD56, are more similar
to iNKs cells due to their higher expression of transcription
factors RORgt and AHR, their higher production of IL-22 and
their preferential localization in SLTs, the NKp80pos stage 4b cells,
expressing higher levels of T-bet and Eomes and producing IFN-g
(73). Subsequently, through the acquisition of CD16, Killer
Immunoglobulin-like receptors (KIRs) and cytotoxic granules,
the fully mature CD56dim NK cells, endowed with cytolytic
potential and able to perform antibody-dependent cell-mediated
cytotoxicity (ADCC) are generated.
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Despite the process of NK cell-poiesis is well defined, with the
identification and characterization of other subtypes of ILCs, the
old model of NK cell ontogenesis needs to be reassessed and
refined in the context of new data about helper ILCs (74).
3.2 Murine ILC Development
Murine ILC differentiation is regulated by a wide range of
transcription factors, including Id2, Nfil3, Zbtb16, Tcf7, Gata3,
Ets1, and Tox [reviewed in (75)].
A

B

FIGURE 2 | Human ILC developmental stages. (A) Summary table of the main transcription factors (TFs), marker expression and tissue localization of common
precursors/progenitors. (B) Schematic representation of different stages of human ILC-poiesis starting from the early tonsillar progenitors (ETPs), that still retain the
ability to give rise to T cells and dendritic cells (DCs), to ILC precursor (ILCPs) that branches into progenitors with restricted differentiation potential and give rise to
different mature ILC subsets. Dashed lines indicate the hypothetic developmental pathways of unconventional cytotoxic ILC subsets.
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Two distinct progenitors downstream of the murine CLP
have been identified, each with restricted ILC potential. These
include the CXCR6posa4b7posCD127pos a-lymphoid precursor
(aLP) and the LinnegThy1.2negCD127nega4b7pos early innate
lymphoid progenitor (EILCP) that along with the other
downstream progenitors are most prevalent in murine BM (54,
76). The transcription factor Nfil3 is required for the generation
of aLP. Indeed, Nfil3 knock out mouse models lack mature ILCs,
including NK cells (76–78).

On the other hand, EILCPs, requires the transcription factor
Tcf7 (79). Given the drastic reduction of aLPs together with
EILCPs in Tcf7-deficient mice, it has been also proposed that
aLP could constitute an intermediate stage of maturation
between CLP and EILCP (76).

Two additional EILCP subsets with different commitment
potential have been identified: the early-stage EILCPs (EILP1s),
that can give rise to DCs as well as cytotoxic and helper ILCs, and
the committed EILPs (cEILCP) expressing TCF-1 and losing the
ability to differentiate in DCs (80).

The EILCP can further differentiate in Id2-dependent
LinnegId2posIL-7RposIL-2Ranega4b7pos common helper-like ILC
progenitors (CHILPs), which can give rise to helper-like ILCs
(ILC1s, ILC2s, and ILC3s) and LTis but not to NK cells (79, 81)
or in Id2-independent NK1.1negIL-2Rbpos NKPs (82, 83).

CHILPs can be separated into two different subsets based on
the expression of Zbtb16. The Zbtb16neg common ILC precursor
(CILCP) which can no longer produce LTi cells (83, 84) and the
Zbtb16pos ILC precursor (ILCP) capable of potentially giving rise
to conventional NK cells, ILC1s and ILC2s, but with a reduced
ability to differentiate into ILC3s (83–86).

3.3 Human ILC Development
According to NK cell developmental model, the most immature
ILC progenitors identified in humans are mainly localized in
SLTs and were originally described as stage 1 and stage 2 NKIDs
and are now defined as early tonsillar progenitors (ETPs) in the
context of ILC-poiesis (Figure 2A). In particular, ETPs are
subdivided into LinnegCD34posCD10posCD117neg ETP1 and
LinnegCD34posCD10negCD117pos ETP2 (54, 63). Both ETP1s
and ETP2s are multipotent and could also give rise to T cells
and DCs in vitro (54, 63). ETP2s are heterogeneous in terms of
IL-1R1 expression. IL-1R1neg ETP2s have a residual T-cell and
DC potential, whereas IL-1R1pos ETP2s are ILC restricted. These
population are also characterized by a unique transcription
factor signature: ETP1 are RAG1pos and express low levels of
ID2 and RORgt, IL-1R1neg ETP2s are ID2posRORgtpos and retain
a low expression of RAG1, whereas IL-1R1pos ETP2s are
ID2posRORgtposRAG1neg (Figures 2A, B) (67). Hence, IL-
1R1posETP2s are the earliest committed human CILCP
identified to date.

In addition, a LinnegCD34negCD7posCD127posCD117pos

CRTH2neg ILC progenitor (ILCP), with phenotypic features that
overlap those of stage 3 NKIDs endowed with a restricted potential
for ILC generation, has been recently identified in human cord and
adult PB as well as fetal liver and several adult tissues. Upon in vitro
culture with an appropriate cytokine environment or after transfer
in vivo to immunodeficient mice, these human ILCPs demonstrate
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their potential for generating all mature helper- and cytotoxic-
ILCs (53).

Consistent with their differentiation potential, ILCPs express
high levels of transcription factors that have been shown to be
essential for mouse ILC development, such as ID2, GATA3,
TCF-7 and ZBTB16 (Figure 2A). In contrast, moderate to low
levels of the lineage-determining transcription factors RORgt, T-
bet, Eomes, cytokine receptors (including IL-1R1), and signature
cytokines have been found (53). ILCPs show a migratory profile
including the expression of L-selectin (CD62L) and b2-integrin
(CD18), which would allow these cells to populate the mucosal
tissues where they terminally differentiate into mature ILCs in
response to local and environmental triggers, during both
homeostatic and inflammatory conditions (54, 87, 88).
Consistent with this idea, ILCPs were found at mucosal sites
where they mature (53).

In light of this evidence, ILCPs might be the equivalents of
naïve CD4pos T cells. Indeed, they both express CD45RA and
CD62L and the development of ILC subsets from ILCP parallels
that of CD4pos T cell subsets from naive CD4pos T cells, with
similar polarizing cytokines and transcription factors being
required for their differentiation, although the differentiation of
naïve CD4pos T cell subsets also depends on TCR signaling and
CD28 co-stimulation (22).

Different ILCP populations with a restricted differentiation
potential have been recently described and can be identified
based on the expression of CD56, NKp46 and KLRG1. CD56pos

ILCPs show a restricted potential for NK cells, ILC1s and ILC3s,
NKp46pos ILCP predominantly differentiate into ILC3s, whereas
KLRG1pos ILC precursors mostly develop into ILC2s (Figure 2B)
(88, 89).

Adding complexity to this scenario there is the so called ILC
plasticity phenomenon. Indeed, it has been demonstrated in both
humans and mice, that ILC subsets can switch into another
subset depending on the presence of cytokines and NOTCH
ligands in their environment. This process is regulated by a
complex network of transcription factors. Briefly, ILC2s and
ILC3s transdifferentiate into ILC1s in response to IL-1b and IL-
12, whereas IL-1b and IL-23 can drive the plasticity of ILC1s and
ILC2s towards ILC3s. Despite ILC2s lack the expression of IL-23
receptor, IL-1 b is known to induce ILC2s responsiveness to IL-
23 by STAT3 phosphorylation (90). The transdifferentiation of
ILC2s into ILC1s or ILC3s can be reversed by IL-4. ILC2s
requires TGF-b in addition to IL-1b and IL-23 to differentiate
into ILC3s (22). Moreover, NK cells, in a TGF-b-rich tumor
environment, transdifferentiate into ILC1-like cells devoid of
cytotoxic activity (91, 92). Likely, the plasticity of ILCs is the
mechanism of tissue-resident ILCs to dynamically adapt to a
given stimulus, such as an inflamed state (23).
4 KILLER ILC SUBSETS

Until recently, NK cells were considered the only cytotoxic
innate lymphocytes, being functionally associated with CD8 T
cells (7). However, owing to the highly plastic nature of ILCs,
May 2022 | Volume 13 | Article 914266

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Calvi et al. ILC Ontogenesis and Unconventional Subsets
increasing evidence shows that beside their ability to
transdifferentiate between helper subpopulations, these cells
can also acquire cytotoxic capacit ies upon defined
environmental conditions (93). Indeed, it has been recently
reported that, upon exposure to cytokine cocktails, ILC3s or
ILC1s, isolated from human tonsils, secondary lymphoid organs
(e.g., spleen) and intestinal tissues of humanized mice, give rise
to cytotoxic lymphocytes resembling stage 4a NK cells (94, 95).
In particular, hallmark NK cell genes, such as NCAM-1, KLRD1,
KLRC1, CD2, CD226 have been reported to be significantly
upregulated in ILC3s or ILC1s exposed to IL-12/IL-15, and to
be paralleled by the acquisition of cell surface expression of at
least some of these markers (e.g. NKG2A, NKG2C, CD2).
Moreover, these cells show a weak IFN-g secretion in response
to K562, but an efficient perforin- and granzyme-dependent
cytotoxicity, primarily mediated by the EomesposT-betpos

fraction of stimulated ILC3s. Nevertheless, these cytotoxic
responses remain weaker and of slower kinetics as compared
to that of conventional NK cells.

Phenotypically, the distinction between human cytotoxic
helper ILCs and NK cells is complicated by the fact that many
markers are shared, including CD56, CD161, NKp44 and
NKp46. The same stands for mouse ILCs and NK cells that
share the expression of NKp46 and NK1.1. Possible
discriminators to distinguish cytotoxic helper ILCs, or helper
ILCs in general, from NK cells include CD127, which is
constitutively expressed by both human and murine helper
ILC subsets but not by terminally-differentiated CD56dim NK
cells (67) and only at intermediate levels on human peripheral
blood CD56bright NK cells (96). Noteworthy, in mice, ILCs with
cytotoxic potential were also described within NK1.1posCD49apos

cells, lacking CD127 expression (26).
Another marker enabling the discrimination between helper

ILCs and NK cells might be the inhibitory receptor CD200R1. The
expression of CD200R1 has been described to be specific for ILCs in
human blood and tonsils (20), and in mice (84, 97). However,
intestinal NK cells have been recently described to express
CD200R1, although at lower levels as compared to conventional
ILCs (95). Inversely, CD200R1 is poorly expressed by intraepithelial
ILC1s in the small intestine, lamina propria and visceral adipose
tissue (98). Overall, these results highlight the difficulty to identify a
universal marker enabling ultimate discrimination between helper
ILCs, including cytotoxic ones, and NK cells. Nevertheless, despite
potential overlapping phenotypes and functions, the distinct
anatomic distribution of cytotoxic helper ILCs and NK cells
argues for complementary roles in the protection against
infections or emerging malignancies.

Evidence of in vivo ability of helper ILCs to acquire cytotoxic
features has been recently shown in different districts, as detailed
in the next paragraphs.

4.1 Unconventional CD56dim NK Cells
In the context of NK cell development, an additional NK cell
subset has been recently identified. This subset, named
unconvent ional NK cel l s (unCD56d im) , d isp lays a
CD56dimCD16neg/CD56lowCD16low phenotype. Barely
detectable in the PB, this NK cell subset is mainly enriched in
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the BM (99, 100). On the other hand, their presence in
extramedullary tissues has not been investigated so far.

UnCD56dim NK cell subset expresses surface markers of
mature NK cells, such as NKG2D and NKp30 (99). Moreover,
this NK cell subset is equipped with lytic molecules, thus
suggesting its putative role in mediating cytotoxic responses.

However, their phenotype and transcriptional profile suggest
that unCD56dim NK cells are a bona fide NK cell subset distinct
from activated CD56dim that underwent CD16 shedding
mediated by the metalloproteinase-17 (101). Indeed, compared
to CD56dim NK cells, unCD56dim NK cells show higher levels of
CD27, whose expression was described to decline during NK cell
development in mice, and lower levels of markers of terminally
differentiated and licensed NK cells, namely CD57 and KIRs,
which are acquired at late stages of NK cell differentiation (100).
Moreover, unCD56dim NK cells display higher levels of CD25,
CD122 and CD127, the receptor chains for IL-2, IL-15 and IL-7
cytokines, which play a major role in controlling NK cell
development, homeostasis, survival and activation (100). The
chemokine receptor expression pattern of unCD56dim is
consistent with a less differentiated phenotype compared to
CD56dim NK cells. Indeed, they are characterized by
undetectable CX3CR1 expression, which is usually acquired
during NK cell development, and by a higher expression of
CXCR4 compared to the other conventional NK cell subsets, in
line with their preferential BM localization (100).

In the context of the lymphopenic environment of patients
affected by hematologic malignancies and which underwent
haploidentical hematopoietic stem cell transplantation (haplo-
HSCT), others and we reported that unCD56dim NK cells are by
far the largest subset of NK cells immune-reconstituting in the
first 2-4 weeks after the transplant, compensating the low
frequency of the conventional cytotoxic CD56dim NK cells
(99, 102). These data, together with the transcriptional
and phenotypic characteristics of unCD56dim NK cells,
intermediate between that of CD56bright and CD56dim NK cells,
suggest that this subset could represent an additional or
alternative stage of NK cell differentiation that drives the NK
cell maturation process (Figure 2B) (99, 100).

In vitro experimental evidence also suggests that unCD56dim

NK cells possess multifunctional ability and superior effector-
functions. Indeed, despite poorly present under homeostatic
conditions in the PB, they are endowed with potent
cytotoxicity, significantly higher than that of CD56dim, and an
IFN-g producing capability comparable to that of CD56bright in
response to cytokine stimulation (99, 100, 103). On the contrary,
immune-reconstituting unCD56dim NK cells, highly expanded
early after haplo-HSCT, are anergic due to a high expression of
CD94/NKG2A, an inhibitory receptor involved in NK cell
differentiation and education, thus further supporting the
assumption of unCD56dim NK cells as a distinct NK cell subset
and highlighting their key role in NK cell development.
Moreover, this observation allowed us to develop a phase II
clinical trial (ONC-2020-001) by using an anti-NKG2A
humanized monoclonal antibody (humZ270 mAb, IPH2201,
monalizumab, AstraZeneca) to block this inhibitory
checkpoint, unleashing alloreactive unCD56dim NK cells, thus
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potentially improving the clinical outcome of haplo-HSCT early
after transplant (99, 104, 105).

4.2 Cytotoxic Helper ILCs
4.2.1 Tonsillar Cytotoxic ILCs
The ex vivo analysis of human tonsil ILCs has shown the
existence of a population of CD94pos cells, that co-expressed
CD200R1, while negative for CD16, NKp80 and KIRs. In terms
of transcriptomic profiles, these cells cluster close to NKp44pos

ILC3s, sharing with them the expression of RORgt, but being
distinct in terms of cytotoxic gene expression (e.g., Eomes,
Granzymes, Granulysin) (106). This gene expression pattern
has been also correlated with direct cytotoxic activity against
the target cell line K562, which is predominant for the
CD94posNKp44neg ILC3 subpopulation. Additional evidence of
the in vivo generation of cytotoxic helper ILCs in human
inflamed tonsils has been recently reported by combining bulk
and single cell RNA sequencing (scRNAseq), flow- and mass-
cytometry studies (107). In particular, it has been demonstrated
that ILC3s and ILC1s reside at the terminal ends of a
differentiation spectrum. Between these two extremes, four
ILC3-ILC1 intermediates, with a NKp44posCD56pos phenotype,
emerge by RNA velocity analyses. These intermediates are
characterized by the gradual acquisition of genes expressed in
conventional NK cells, such as KLRD1, KLRC2, GZMB and
GZMK, loss of RORG, CD200R1, KIT, IL7R and upregulation
of Tbx21 and IKZF3.

4.2.2 Circulating Cytotoxic ILCs
We recently identified a CD56-expressing subset of circulating
ILCs with high cytotoxic potential that belong to conventional
ILC1s, being characterized by the lack of lineage markers, the
expression of CD127 and the absence of CD117 and CRTH2
(108). RNA-sequencing analysis revealed a transcriptional profile
closer to ILCPs and NK cells rather than ILC1s. These
CD56posILC1-like cells showed distinct nutrient uptake and
mitochondrial activity in comparison to helper ILCs and NK
cells, low expression of NKp46 and the capacity to produce IL-8,
beside IFN-g, when stimulated with IL-12, IL-15 and IL-18.
Through comparison with NK developmental intermediates in
terms of phenotype (73), by verifying their presence in patients
with severe combined immunodeficiency, in human fetal tissues
and during immune reconstitution in humanized mice, and by
assessing their capacity to differentiate into conventional ILCs/
NKs when cultured on OP9 mouse stromal cells, we concluded
that they are related to the developmental stage 4a of NK cells. The
cytotoxic machinery of CD56posILC1-like ILCs comprised
DNAM-1, NKp30, NKp80 and TRAIL, as well as the ability to
produce perforin, granzyme A, B, K, M and granulysin.
Functionally, CD56posILC1-like ILCs can kill both the MHC-
Ineg K562 cell line and MHC-Ipos cell lines, such as BJAB and
U937, in accordance with the absence of KIRs. Their cytotoxic
capacity is dependent on the expression of NKp30, NKp80 and
TRAIL, since the addition of specific blocking antibodies can
inhibit their killing ability. We further investigated their presence
and function in acute myeloid leukemia (AML), a hematologic
malignancy characterized by a dysfunctional helper ILC
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compartment (109, 110). The data obtained demonstrated that
in AML patients at diagnosis, the cytotoxic machinery of
CD56posILC1-like ILCs is completely impaired, resulting in their
inability to kill target cells, either K562 or autologous blasts. On
the other hand, AML patients that achieved remission showed a
completely restored function of CD56posILC1-like cells.
Interestingly, CD56posILC1-like ILCs but not conventional NK
cells from AML patients at diagnosis had a reduced expression of
TRAIL, NKp80 and granulysin, thus suggesting that despite their
relatedness they are distinct populations able to differentially react
to the microenvironment. Further studies are needed to determine
whether this population is an intermediate between helper ILCs
and NK cells, or a specific cytotoxic circulating helper ILC subset.

4.2.3 Intestinal Cytotoxic ILCs
In a recent study aimed at creating a high-dimensional tissuemap of
human NK cells across multiple tissues, cytotoxic helper ILCs have
been also identified (111). Indeed, CD56posCD3neg cells expressing
CD127, CD56 and CD161 have been found to be enriched in the
intestine, as well as in lung-draining lymph nodes and mesenteric
lymph nodes. These cells secreted IFN-g upon stimulation and
upregulated CD107a when co-cultured with MHC-Ineg targets,
suggesting that they might represent either immature NK cells or
tissue-resident cytotoxic helper ILC3s, present at selected
anatomical sites. These cells might be key in maintaining
intestinal homeostasis by cytokine secretion. In that regard,
intraepithelial cytotoxic ILCs, very much resembling NK cells,
have also been identified by others in the intestinal mucosa (26).
These cells are characterized by the expression of CD56, Eomes, T-
bet, variable levels of NKp44 and CD103, low levels of CD94 and
CD127. This phenotype has not been observed in other anatomic
locations, suggesting a selective localization of this subset in the
mucosal epithelium of the gut. In vitro characterization of these cells
revealed that they are able to respond to IL-12 and IL-15 stimulation
by secreting IFN-g, to produce Granzyme B and to express CD107a
when exposed to cell targets. Studies in mice showed that these
intraepithelial cytotoxic ILCs rely onNfil3- and Tbx21-transcription
factors, while IL-15 is dispensable for their development, suggesting
that, at least in mice, they are distinct from conventional NK cells.
The investigation of their putative role in gut inflammation revealed
that their frequency is increased in patients with Crohn’s disease as
well as in in vivomodels of colitis, arguing for a direct involvement
in pathology. In a more recent study, amplified CD94posCD127pos

ILCs has been reported in the intestinal lamina propria in adults, but
not in the epithelium, as opposed to the previous study (95).
scRNAseq analysis of healthy and Chron’s disease patients’ tissue
specimens revealed the existence of two clusters of lamina propria
CD94posCD127pos cells, with cytotoxic attributes. These cells express
Eomes and CD200R1, but lacked CD16 expression. Heterogeneity
was observed in terms of CD161, CD117, CD18, cytotoxic
molecules (e.g., granzymes and perforin) and granulysin
expression. Specifically, the granulysinhigh perforinhigh

subpopulation is highly amplified in Chron’s disease patients,
arguing for its induction during the inflammatory process. This
hypothesis is supported by the observation that CD94posCD127pos

ILCs are absent in fetal intestine, where instead NK cells are
abundant. The activation of these CD94posCD127pos ILC1-like
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ILCs in patients with bowel inflammation might have opposite
effects: sustain inflammation on the one hand and fulfill bactericidal
activities on the other hand. However, additional experimental
investigations are needed to confirm this hypothesis. Given the
localization of ILC3s at mucosal barriers, these in vitro observations
argue for a potential role of cytokine-induced NK-cell like ILC3s in
providing cytotoxic protection at mucosal sites, where NK cells are
low abundant. If and how this NK cell-like activity of ILC3s could be
exploited in vaccination settings against viruses or cancer remains to
be studied (94).

4.2.4 Liver Cytotoxic ILCs
A very recent work, investigating the immune phenotype of ILCs
in hepatocellular carcinoma by scRNAseq, has demonstrated the
existence of a cluster of liver-resident ILC1s endowed with
cytotoxic potential (112). This cluster is characterized by the
expression of cytolytic effector genes, including FGFBP2,
FCGR3A, CX3CR1, GZMB, GZMH, and PRF1. Moreover, these
cytotoxic ILC1s are mainly enriched in non-tumor tissues, while
in tumor samples ILC1s are characterized by higher levels of
exhaustion markers, such as LAG3, thus suggesting that ILC1s
could undergo functional conversion during liver cancer
progression. Further, a high accessibility to the granzyme C
gene locus and high GrzmC transcripts were recently observed
in ILC1s purified from murine liver and salivary glands.
Granzyme Cpos ILC1 could be differentiated from ILC
precursors, are ontogenetically distinct from NK cells and do
not convert into ILC2 or ILC3. Granzyme C expression is
dependent on T-bet, while sustained TGF-b signaling is
required for the maintenance of granzyme Cpos ILC1 in the
salivary gland, but not in the liver. Using the PyMT breast
carcinoma model, the authors show that these cells expand and
contribute to tumor anti-tumor functions in a TGF-b-dependent
manner. If a similar ILC1 subset exists in humans remains to be
tested (113).

Overall, cytotoxic helper ILCs have been so far identified
within the ILC1 and/or the ILC3/ILCP subsets, but not within
ILC2 compartment (Figure 2B). However, CD56pos (89),
CD94pos (20) and NKG2Dpos (114) ILC2s have been reported
in different settings, either in vitro upon cytokine exposure or in
vivo in human peripheral blood. It remains to be verified if these
cells have direct cytotoxic functions, like their cytotoxic ILC1 and
ILC3 counterparts.
5 CONCLUDING REMARKS

Since their discovery, many efforts have been done to
characterize the origin, the function and identity of different
ILC subsets. The knowledge regarding ILC biology is continuing
to expand and includes the identification and characterization of
progenitors, the refinement of mature ILC identities as well as
the definition of additional ILC subsets. However, it is of utmost
importance to understand if these novel ILC subsets coincide to
additional developmental intermediate stages or they are the
result of ILC plasticity to adapt to environmental stimuli.
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Furthermore, emerging evidence highlights the existence of
circulating and tissue-resident helper ILCs endowed with
cytotoxic potential. These cells, with a phenotype resembling to
ILC1s and/or ILC3s/Ps but not ILC2s, most likely are a
consequence of environmental and/or inflammatory triggers
and could provide early innate defenses against different
pathogens, particularly in mucosal tissues, where NK cells
are underrepresented.

In the present review, we gave an overview of the current
knowledge of ILC biology, mainly focusing on their
developmental process. We further summarized the possible
developmental pathways of the unconventional cytotoxic ILC
subsets recently identified (Figure 2B).

Nevertheless, further studies are also needed to deeper
characterize the pathways of human ILC development and to
understand the differences and similarities with murine ILC-
poiesis. In this context, studying the immune-reconstitution of
ILC subsets after HSCT certainly represents an important
strategy to shedding light on the in vivo ILC developmental
trajectories at least in periphery. Moreover, the understanding of
ILC-poiesis and homeostatic mechanisms driving donor-derived
ILC immune-reconstitution as well as determining the
acquisition of cytotoxic features, could be of clinical utility.
Indeed, it will allow the development of protocols to
ameliorate the HSCT outcome based either on adoptive ILC
transfer therapies of ex vivo generated alloreactive ILCs or on
systemic cytokine infusion/blocking antibodies to boost in vivo
ILC effector-functions. Moreover, given the important role
of helper ILCs in tissue immune-surveillance, these
novel therapeutic options will find application in the
management of solid as well as hematologic cancers and of
inflammatory disorders.
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A Japanese Herbal Formula,
Daikenchuto, Alleviates Experimental
Colitis by Reshaping Microbial
Profiles and Enhancing Group 3
Innate Lymphoid Cells
Zhengzheng Shi1,2, Tadashi Takeuchi1, Yumiko Nakanishi1,3, Tamotsu Kato1,3,
Katharina Beck1, Ritsu Nagata1,3, Tomoko Kageyama1,3, Ayumi Ito1,3, Hiroshi Ohno1,2,3

and Naoko Satoh-Takayama1,3*

1 Laboratory for Intestinal Ecosystem, RIKEN Center for Integrative Medical Sciences, Yokohama, Japan, 2 Laboratory for
Immune Regulation, Graduate School of Medical and Pharmaceutical Sciences, Chiba University, Chiba, Japan,
3 Immunobiology Laboratory, Graduate School of Medical Life Science, Yokohama City University, Yokohama, Japan

Daikenchuto (DKT) is one of the most widely used Japanese herbal formulae for various
gastrointestinal disorders. It consists of Zanthoxylum Fructus (Japanese pepper),
Zingiberis Siccatum Rhizoma (processed ginger), Ginseng radix, and maltose powder.
However, the use of DKT in clinical settings is still controversial due to the limited molecular
evidence and largely unknown therapeutic effects. Here, we investigated the anti-
inflammatory actions of DKT in the dextran sodium sulfate (DSS)-induced colitis model
in mice. We observed that DKT remarkably attenuated the severity of experimental colitis
while maintaining the members of the symbiotic microbiota such as family
Lactobacillaceae and increasing levels of propionate, an immunomodulatory microbial
metabolite, in the colon. DKT also protected colonic epithelial integrity by upregulating the
fucosyltransferase gene Fut2 and the antimicrobial peptide gene Reg3g. More
remarkably, DKT restored the reduced colonic group 3 innate lymphoid cells (ILC3s),
mainly RORgthigh-ILC3s, in DSS-induced colitis. We further demonstrated that ILC3-
deficient mice showed increased mortality during experimental colitis, suggesting that
ILC3s play a protective function on colonic inflammation. These findings demonstrate that
DKT possesses anti-inflammatory activity, partly via ILC3 function, to maintain the colonic
microenvironment. Our study also provides insights into the molecular basis of herbal
medicine effects, promotes more profound mechanistic studies towards herbal formulae
and contributes to future drug development.

Keywords: Japanese herbal medicine (Kampo medicine), Daikenchuto (DKT), biomolecular functions of herbal
medicine, experimental colitis, Lactobacillaceae, gut microbiota, colonic homeostasis, group 3 innate lymphoid
cells (ILC3s)
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INTRODUCTION

Traditional Japanese herbal medicine, or Kampo medicine,
originated in ancient China and was introduced to Japan and
practiced since approximately the 6th century. Kampo medicine
has evolved over the centuries and has been successfully
integrated into the modernized medical system in Japan (1). In
the 1980s, Japanese medical insurance approved 148 herbal
preparations as prescribed medicines (1, 2). These preparations
are mainly derived from several ancient Chinese medicine
textbooks dated 2,000 years ago (1, 2). This management
system guarantees the quality, purity, and safety of herbal
medicines, providing preconditions for scientific research (1,
3). The management also makes herbal formulae more
affordable and accessible to patients in need.

Herbal medicine also gained popularity in European
countries and the U.S. three decades ago (4, 5). Approximately
20% of the U.S. population consumes herbal products (5). In
addition, to date, herbal therapies still dominate primary health
care in developing countries (6). However, the efficacy of herbal
medicine is controversial due to the limited scientific evidence.

Daikenchuto (DKT) is one of the most frequently prescribed
Kampo preparations for various digestive disorders (1, 3). It
consists of Zanthoxylum Fructus (Japanese pepper), Zingiberis
Siccatum Rhizoma (processed ginger), Ginseng radix, and
maltose powder. Initially, DKT served as a prokinetic agent to
improve gut motility in several clinical settings. A number of
clinical trials have suggested that DKT enhanced the intestinal
transit in patients who underwent abdominal surgeries and
mechanical ventilation (7–9). In addition, clinical observations
have indicated that oral intake of DKT for several months
prevents the need for reoperation in patients with a subtype of
inflammatory bowel disease (IBD) (10). Later reports have
proposed that the herbal formula’s prokinetic actions may be
due to its anti-inflammatory actions (11). More recently, several
animal studies have revealed that DKT exerts anti-inflammatory
activities by suppressing Akt and NF-kB pathways and
interleukin (IL)-6 and enhancing adrenomedullin in gut
epithelial cells (12–14). DKT has also been studied in the
dextran sulfate sodium (DSS)-induced colitis models. Matsunaga
et al. found that DKT resulted in higher serum hemoglobin
concentrations and IL-10 levels compared with DSS-treated
mice (15). DKT also reduced visceral pain and eosinophilic
infiltration into the colon in a rat DSS colitis model (16). U.S.
researchers have also developed considerable interest in DKT (17,
18). Additionally, a multi-center clinical trial of DKT has been
performed, aiming for the FDA approval (ClinicalTrials.gov
Identifier: NCT01607307).

IBD, which encompasses Crohn’s disease and ulcerative colitis, is
a chronic gut inflammatory disorder thought to be caused by
inappropriate immune responses. It is usually a life-long
condition that can be treated with several medications, although it
is difficult to achieve a complete cure. IBD has become a global
health concern as we have seen a large surge in its prevalence in
North America and northern Europe. IBD morbidity is also on the
rise in newly industrialized regions such as Asia, the Middle East,
South America, and Africa. The number of individuals with IBD
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worldwide almost doubled in the last twenty years, increasing from
3.7 million to 6.8 million by 2017 (19, 20). Drugs for IBD include 5-
aminosalicylic acid (5-ASA) compounds, antibiotics, systemic
corticosteroids, immunosuppressors, monoclonal antibodies, and
inhibitors of tumor necrosis factor. Although these drugs have
tremendously improved the outcome of IBD treatment, individual
responses vary, and adverse events and the high cost of several of
these medications are still problematic (20, 21). Hence, new
therapeutic options balancing cost-effectiveness and potent anti-
inflammatory effects for IBD are desired (20, 21).

Intestinal tissue-resident innate lymphoid cells (ILCs) are key
mediators in gut homeostasis and might serve as novel
therapeutic targets in IBD management (22). For instance,
group 1 ILCs (ILC1s) contribute to the pathogenesis of IBD in
humans and mice by producing interferon-g (22). Group 3 ILCs
(ILC3s) are potent immune cells for pathogen clearance in the
intestine by secreting cytokines IL-22 and IL-17, although their
role in IBD is still elusive (23, 24).

Previous observations in human and animal disease models
imply that DKT resolves local inflammation in the gut by several
mechanisms (10, 14). Thus, it leads us to speculate that DKT can
serve as another anti-inflammatory agent complementary to the
standard IBD therapies. Nevertheless, the studies regarding DKT
were inconclusive due to the lack of molecular evidence. In
particular, in-depth immunological insights into DKT and its
therapeutic effects on colitis are largely undetermined yet.

Here, we investigated the impacts of DKT on the DSS-
induced colitis model, with particular emphasis on its effects
on gut microbiota and immune cell profiles. We demonstrated
that DKT accelerated the recovery from experimental colitis in
mice, accompanied by improvements in several colitis-associated
features of gut microbiota, their metabolites, and the colonic
ILC3 population. Our study highlights previously unrecognized
effects of DKT on the immune-microbiota axis in colitis, and our
work opens a future therapeutic opportunity for IBD patients.
RESULTS

DKT Contributes to a Swift Recovery of
DSS-Induced Colitis
We first evaluated the efficacy of DKT on DSS-induced colitis. To
this end, we set the following four experimental groups: a normal
chow diet group (Control), a group given 5% DKT extracts
mixed in a normal chow diet (DKT), a 2.5% DSS-induced colitis
group (DSS), and a group of 2.5% DSS colitis mice that treated
with 5% DKT (DSS+DKT) (Figure 1A). The body weight of the
DSS group dropped sharply after two days of the DSS challenge
until the day of sacrifice (day 15), whereas the DSS+DKT group
almost maintained the starting body weight (Figure 1B). As
expected, the body weight of the Control and DKT groups
increased slightly throughout the experiments. The DSS+DKT
group displayed a significantly longer colon than the DSS-treated
mice (Figures 1C, D). Consistently, the DSS+DKT group
showed significantly lower clinical colitis scores (Figure 1E).
Histological analysis indicated that the DSS+DKT group had less
epithelial damage than the DSS group, although hyperplasia was
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slightly presented in this group (Figure 1F). By contrast, the DSS
group showed severe mucosa damage, such as multiple
ulcerations, hyperplasia, edema, and inflammatory cell
infiltration into the submucosa region. No apparent changes in
the colon were observed in the Control and DKT groups. Overall,
these results suggest that DKT treatment significantly prevents
colonic damage in DSS-induced colitis; these observations
prompted us to further interrogate the underlying molecular
basis for the anti-inflammatory activities of DKT in colitis.

DKT Ameliorates Colonic Dysbiosis
by Increasing Lactobacillaceae
and Propionate
Previous evidence suggested that gut microbiota plays a pivotal
role in DSS-induced colitis as it affects the sensitivity of DSS-
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induced colitis (25). In addition, short-chain fatty acids (SCFAs),
the most abundant gut microbial metabolites, are deeply
involved in the pathogenesis of colitis (26). We, therefore,
asked whether DKT could impact the gut microbiota and their
metabolites to alleviate the DSS-induced colitis. We first
analyzed the gut microbiota composition by 16S rRNA
amplicon sequencing. Both DSS and DSS+DKT groups showed
lower taxonomic diversity represented by Chao1 index after
colitis induction (Figure 2A), suggesting that DKT did not
restore the loss of bacterial diversity that accompanies DSS
colitis. However, the bacterial landscape of the four groups
displayed unique features, as shown in the principal
coordinates analysis of Bray-Curtis dissimilarity (Figure 2B).
Dietary DKT itself did not affect the bacterial compositions
compared to the Control group, while the DSS challenge
A B

D E

F

C

FIGURE 1 | DKT alleviates the symptoms and pathology of dextran sodium sulfate (DSS)-induced acute colitis. (A) Experimental schematic: C57BL/6 mice were
divided into four groups: a normal chow diet group (Control), a group given 5% DKT extract mixed in normal chow diet (DKT), a 2.5% DSS-induced colitis group
(DSS), and a group of 2.5% DSS-colitis mice fed the same diet as the DKT group (DSS+DKT). 2.5% DSS in drinking water was administered beginning on day 7
and continued for 5 days, followed by a three-day DSS-free period. The mice were sacrificed on day 15. (B) Body weight changes over the course of the experiment
(N=4 per group). (C) Representative macroscopic images of the colon post-mortem (N=4 per group). Scale bars represent 1 cm. (D) Colon lengths were measured
from the proximal colon to the rectum post-mortem (N=4 per group). (E) Clinical colitis scores of the four experimental groups on day 15, measured in a blind
fashion (N=4 per group). (F) Representative histology of H&E-stained longitudinal sections of the rectal colon (Control N=4, DKT N=4, DSS N=5, DSS+DKT N=5).
Scale bars represent 100 mm. *indicates the isolated lymphoid follicles. The triangle indicates the ulceration. Each symbol (D, E) represents data from an individual
mouse. Results are representative of two or three independent experiments with three to four mice in each experimental group. Graph (B, D, E) show means ±
SEM; *p<0.05, and ***p<0.001. Statistical analysis was performed using One-way ANOVA with Tukey’s multiple comparisons test.
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FIGURE 2 | DKT alters the colonic microbiota composition and metabolites in DSS-induced acute colitis. (A) Chao1 alpha diversity of the colonic microbiota on day
15 (Control N=8, DKT N=8, DSS N=7, DSS+DKT N=7). (B) Principal coordinates analysis (PCoA) of the Bray Curtis distances between samples; day 15 samples are
shown (Control N=8, DKT N=8, DSS N=7, DSS+DKT N=7). The ellipses indicate 95% confidence levels for the four groups. (C) PC1 of the Bray-Curtis PCoA among
the four groups (Control N=8, DKT N=8, DSS N=7, DSS+DKT N=7). (D) The bacteria composition in the colonic contents at the phylum level on day 15 (N=4 per
group). (E) Heatmap showing the top 21 highly abundant family-level bacteria on day 15 among the four groups. The microbial composition data at the family level
were scaled and clustered based on the Ward-linkage method (Control N=11, DKT N=12, DSS N=14, DSS+DKT N=11). (F) Relative abundance of the family-level
bacteria Lactobacillaceae, Lachnospiraceae, Muribaculaceae and Rikenellaceae on day 15 are shown (Control N=15, DKT N=15, DSS N=14, DSS+DKT N=11).
(G) Relative abundance of the genus-level bacteria Lactobacillus on day 15 among the four groups (Control N=15, DKT N=15, DSS N=14, DSS+DKT N=11). (H) The
concentration of three short-chain fatty acids (SCFAs), acetate, propionate and butyrate, on day 15 in the colonic contents are shown (Control N=8, DKT N=15, DSS
N=14, DSS+DKT N=11). The SCFAs were measured by a GCMS platform. Results are pooled from two or three independent experiments with three to five mice in
each experimental group. Each symbol (A–C and F–H) represents data from an individual mouse. Graphs (A, C, and F–H) display means ± SEM; *p<0.05,
**p<0.01, and ***p<0.001. Statistical analysis was performed using One-way ANOVA with Tukey’s multiple comparisons test.
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shifted the colonic bacterial community apart from these two
groups negatively along PC1. Although DSS and DSS+DKT
groups were not clearly separated, the DSS+DKT group was
closer to the non-colitis groups along PC1 (Figure 2C). In line
with this result, taxonomic microbiota profiles at the phylum
level showed that DKT restored the abundance of Firmicutes to
levels similar to the non-DSS groups. In addition, Proteobacteria,
the well-known pathobionts that facilitate colitis (27), were
enriched in the DSS group while they were substantially reduced
in the DSS+DKT group (Figure 2D). We next used the
unsupervised hierarchical clustering based on Ward’s method to
further characterize the similarities of the microbiota composition
at the family-level among the four experimental groups (Figure2E).
Although the groups were not perfectly separated, the DSS group
was distantly located from the non-DSS groups; the DSS+DKT
group was largely located between the DSS and non-DSS samples.
Thesefindings imply thatDSSadministrationvigorouslyaltered the
gut bacterial community and DKT blunted such alterations.

In the heatmap (Figure 2E), the top cluster of family-level
bacteria, including Lactobacillaceae, Eggerthellaceae,
Muribaculaceae, and Rikenellaceae, were the most prominently
reduced by DSS administration. We further found that
Lactobacillaceae, which belongs to the phylum Firmicutes and
exerts various beneficial effects on the host physiology, including
attenuation of gut inflammation (28), showed substantial
alterations among the four experimental groups (Figure 2F, left
panel). DSS challenge suppressed Lactobacillaceae while DKT
administration partially restored their abundance. Consistently,
DKT administration restored the abundance of Lactobacillus, a
major genus-level bacteria of Lactobacillaceae, to levels similar to
the non-DSS groups (Figure 2G). Of note, dietary DKT increased
Lactobacillaceae compared to the control group (Figure 2F, left
panel). In addition to the effects on Lactobacillaceae, the DSS+DKT
group displayed a tendency of decreased Lachnospiraceae, which
also belongs to the Firmicutes phylum and is the third most
abundant family in the non-DSS groups, compared with the DSS
group (Figure 2F). Lachnospiraceae plays a controversial role in
human physiology and is known to contribute to the onset of
inflammation and several metabolic disorders (29, 30). We did not
observe any apparent alterations in other families (Figure 2F and
Supplementary Figure 1).

We next performed a fecal metabolome analysis with particular
emphasis on SCFAs. Notably, propionate, a major SCFA derived
from the colonic bacteria, was significantly higher in the DSS+DKT
group than theDSS group, and its concentrationwas comparable to
the two healthy groups (Figure 2H). DKT did not affect acetate or
butyrate. Collectively, these data reveal that DKT restores several
critical features of DSS-induced colitis in terms of gut microbiota
and their metabolites.

DKT Preserves the Integrity of the Colonic
Epithelial Barrier by Restoring Goblet Cells
and Promoting Antimicrobial Peptides
Once colitis strikes the community of microorganisms, it impairs
mucus properties, and the microorganisms may reach the
epithelium and affect its barrier function (31). MUC2 mucin,
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secreted by goblet cells, is a critical component of the
gastrointestinal mucus layer to protect the epithelium (32).
Previous studies also suggested that Lactobacillus could
upregulate the MUC2 mucin (33, 34). Since we found that DKT
maintained Lactobacillus under the DSS challenge, we asked how
the MUC2 mucin and goblet cells were affected. We found that
Muc2 expression in colonic epithelial cells tended to be higher in
the DSS+DKT group than in the DSS group (Figure 3A).
Immunohistochemistry analysis of MUC2 showed no apparent
differences between the two healthy groups, while the DSS+DKT
group appeared to have restored MUC2 compared to the DSS
group (Figure 3B). Goblet cells in the DSS+DKT group also
appeared to increase due to the hyperplasia of the colonic glands,
whereas DSS-treated mice showed significantly depleted and
disrupted goblet cells (Figure 3B).

In addition to the mucus layer, antimicrobial peptides and
fucosylation are other critical regulators in maintaining intestinal
homeostasis and are deeply involved in the pathogenesis of colitis
(35, 36). In this regard, we observed that a representative
antimicrobial peptide gene Reg3g and an essential epithelial
fucosylation gene Fut2 mRNAs were significantly upregulated in
the DSS+DKT group compared with the DSS group (Figure 3C).

Altogether, these findings reveal that DKT improves epithelial
integrity in DSS-induced colitis, which may explain the
ameliorated colitis symptoms in the DSS+DKT group.

DKT Enhances ILC3 to Promote the Host
Defense Against Experimental Colitis
It has been previously reported that secretion of antimicrobial
peptides and fucosylation on epithelial cells are regulated by IL-22
(37, 38), which is secreted by several types of lymphocytes from the
adaptive and innate immune systems, such as effector CD4+ T
lymphocytes, particularly Th17 cells, and ILC3s (39, 40). The
observed upregulation of Reg3g and Fut2 by DKT in the colonic
epithelial cells (Figure 3C) prompted us to interrogate the
involvement of IL-22 in DKT-mediated amelioration of colitis.
We first examined Th17 cell and ILC3 populations by flow
cytometry. Colitis significantly increased the Th17 numbers and
there was no difference between the DSS and DSS+DKT groups
(Figure 4A). By contrast, the population of tissue-resident ILC3s
tended to increase in the DSS+DKT group compared to the DSS
group (Figure 4B). We further noted that DSS treatment
suppressed the ROR-related orphan receptor gamma t (RORgt)
intensity, as its expression level was lower than the other three
experimental groups (Figure 4C). DSS decreased the RORgthigh

expressing ILC3s, while DKT treatment significantly restored the
frequency and cell numbers of RORgthigh-ILC3s to levels similar to
the non-DSS groups (Figures 4C, D: upper panel). There were no
differences in RORgtlow-ILC3s between the DSS and non-DSS
groups (Figure 4D: lower panel). Moreover, DKT did not impact
other subtypes of ILCs, such as ILC1s/natural killer (NK) cells or
ILC2s (Supplementary Figure 2B). Although DSS-induced colitis
led to the expansionofCD4+Tcells, B cells, andmacrophages,DKT
did not influence these populations (Supplementary Figure 2C).
And conventional dendritic cells (DCs) remained unchanged
among the four groups (Supplementary Figure 2C).
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ILC3s have been reported to be quite heterogeneous and to
encompass at least two major subsets. One subgroup expresses the
surface marker NKp46, termed natural cytotoxicity receptor
(NCR)+ ILC3s (40). The other subset expresses the chemokine
receptor CCR6, as well as CD4 and MHCII, and these cells are
termed lymphoid tissue inducer (LTi)-like cells (41, 42). Of note,
differences in RORgt expression levels have been previously
suggested to correlate with the different subtypes of ILC3s in the
mouse small intestine (43). In order to further characterize the
RORgthigh-ILC3s in the mouse colon, which was significantly
different between the DSS and DSS+DKT groups (Figures 4C,
D), we next assessed the expression of surface markers such as
CCR6, MHCII, NKp46, and CD4 to discriminate the ILC3
subgroups among naïve cells. RORgthigh-ILC3s predominantly
expressed CCR6, MHCII, and CD4, while RORgtlow-ILC3s
showed a higher level of NKp46 expression (Figure 4E). Taken
together, these observations indicate that a large proportion of
RORgthigh-ILC3s primarily consists of the LTi-like phenotype,
while the RORgtlow-ILC3s mainly comprise NCR+ ILC3s.

We next assessed IL-22 and IL-17A-producing colonic ILC3s
in RorcGFP/+ mice (Figure 4F). In steady-state, ILC3s produced a
certain level of IL-22, although they barely produced IL-17A
(Figure 4G). Despite the increase in IL-22+-ILC3s under the
colitis condition, the cell number remained comparable between
the DSS and DSS+DKT groups. IL-17A+-ILC3s did not differ
among the four experimental groups. Similarly, Il22 and Il17a
mRNA levels in RORgthigh-ILC3s in RorcGFP/+ mice were
unchanged in all four groups (Supplementary Figure 2D).

SCFAs act as ligands for G-protein coupled receptors (GPCRs),
including GPR41, GPR43, and GPR109A, to activate signaling
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cascades that exert anti-inflammatory activities in IBD (44). We,
therefore, qPCR-quantified the expression of mRNAs encoding
these GPCRs in the sorted RORgthigh-ILC3s. We detected GPR43-
encoding Ffar2 mRNA in RORgthigh-ILC3s in steady-state, and
DSS treatment upregulated Ffar2 expression, although there was
no difference between the DSS and DSS+DKT groups
(Supplementary Figure 2E). By contrast, the expression of
GPR41-encoding Ffar3 and GPR109a-encoding Hcar2 was
barely detected (comparing the scale of Y-axes in
Supplementary Figure 2E), and the expression of Ffar3 and
Hcar2 was unchanged regardless of DKT or DSS treatment
(Supplementary Figure 2E).

Taken together, these data provide evidence that DKT
impacts the colonic immune system, particularly by increasing
the RORgthigh-ILC3 subpopulation in DSS-induced colitis. We
also show that this RORgthigh-ILC3 population phenotypically
resembles LTi-like cells, although their effector functions remain
to be investigated.

ILC3 Is a Critical Protective
Immunoregulator in Experimental Colitis
The above-described increase in RORgthigh-ILC3s prompted us
to test if these cells are involved in DKT-mediated alleviation of
DSS-induced colitis. We took advantage of ILC3-specific
knockout (KO) mice, generated by crossing CD127-Cre and
Rorcfl/flmice. While ILC3-sufficient wildtype (WT) mice survived
DSS treatment regardless of DKT, ILC3 ablation resulted in a
mortality rate of 83.3% in DSS-induced colitis. On the contrary,
DKT treatment strikingly reduced the mortality to 16.7%
(Figure 5A). Since under the experimental colitis condition,
A B

C

FIGURE 3 | DKT protects the integrity of colonic epithelium by upregulating Muc2, the antimicrobial peptide gene Reg3 and the fucosyltransferase gene Fut2. (A) Muc2
mRNA expression in the colonic enterocytes after colitis induction (N=8 per group). (B) Immunofluorescence images of MUC2 expression (green) and DAPI (blue) staining in
the rectal colonic tissue (Control N=3, DKT N=3, DSS N=4, DSS+DKT N=4). Scale bars represent 50 mm, inset scale bars represent 50 mm. (C) Reg3g and Fut2 mRNA
expression in the colonic enterocytes after colitis induction (N=8 per group). Each symbol (A, C) represents data from an individual mouse. (A, C), results are pooled from two
independent experiments with four mice in each experimental group and show means ± SEM; *p<0.05, **p<0.01. Statistical analysis was performed using One-way ANOVA
with Tukey’s multiple comparisons test.
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FIGURE 4 | DKT significantly increases colonic RORgthigh-ILC3 which resembles CCR6+ ILC3. (A) Absolute cell numbers of colonic Th17 cells isolated from the lamina
propria region (Control N=7, DKT N=8, DSS N=8, DKT+DSS N=8). (B) Absolute cell numbers of colonic ILC3s isolated from the lamina propria region (Control N=7, DKT
N=8, DSS N=8, DKT+DSS N=8). (C) Representative flow cytometry plots for gating colonic ILC3, and the two subpopulations of RORgtlow and RORgthigh-ILC3s based
on the intensity of the transcription factor RORgt. See Supplementary Figure 2A for details on the gating strategy. (D) Frequency and absolute cell numbers of
RORgthigh and RORgtlow-ILC3s (Control N=7, DKT N=8, DSS N=8, DKT+DSS N=8). (E) Representative histogram plots showing the expression of the surface markers
CCR6, MHCII, CD4, and NKp46 by naive colonic ILC3s to discriminate the two ILC3 subpopulations, NKp46+ ILC3 (or NCR+ ILC3) and CCR6+ ILC3 (or LTi-like cell)
(N=6). (F) Representative flow cytometry plots for IL-22+- and IL-17A+-producing ILC3s of the four experimental groups using RorcGFP/+ mice. (G) Frequency and
absolute cell numbers of IL-22+- and IL-17A+-producing ILC3s (Control N=4, DKT N=4, DSS N=5, DKT+DSS N=5). Each symbol (A, B, D, G) represents data from an
individual mouse. (A–D), results are pooled from two independent experiments with three to four mice in each experimental group. Graphs (A, B, D, G) show means
SEM; *p<0.05, **p<0.01, and ***p<0.001. Statistical analysis was performed using One-way ANOVA with Tukey’s multiple comparisons test.
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ILC3 KO mice started to die on day 13, we analyzed the body
weight on day 13 instead of day 15 in this experimental setting.
DSS-treated ILC3 KO mice showed a significantly lower body
weight than their WT littermates (Figure 5B). The beneficial
effect of DKT on DSS-induced body weight loss was, albeit
partially, cancelled in the absence of ILC3, since the body
weight loss of ILC3 KO mice upon DKT treatment was not as
severe as that without DKT treatment (Figure 5B). Consistently,
DKT treatment partially improved the clinical colitis score in
ILC3 KO mice, although those mice suffered from more severe
colitis symptoms than their WT littermates (Figures 5C, D).
Collectively, these observations suggest that ILC3s play a critical
role in attenuating DSS colitis and that DKT could ameliorate the
severity of colitis at least partly through ILC3s.
DISCUSSION

The current study revealed novel biomedical functions of DKT
extracts. We show that DKT significantly blunts DSS-induced
Frontiers in Immunology | www.frontiersin.org 853
acute experimental colitis by altering gut bacterial composition,
increasing SCFAs, and sustaining colonic RORgthigh-ILC3s,
which could collaboratively maintain epithelial integrity
(illustrated in Supplementary Figure 3). To the best of our
knowledge, this is the most comprehensive study to characterize
the molecular basis of the anti-inflammatory actions of DKT.
The role of ILC3s in IBD has remained controversial, as they
have been shown to exhibit both protective and pathogenic
effects in the development of colitis (45). Our study thus
provides a rationale for further clinical studies of DKT as a
promising therapeutic option for IBD patients.

We found that DKT increased Lactobacillaceae and its genus-
level bacteria Lactobacillus, which is beneficial to human health
as it exhibits antimicrobial actions and promotes nutrient
acquisition (46). Lactobacillus has also been shown to be an
immunoregulator to resolve experimental colitis and can inhibit
several pathogens in vitro (47, 48). Furthermore, DKT enhanced
the microbial-derived SCFA propionate in the colon. This is
consistent with previous studies showing that Lactobacillus,
together with several other bacteria, contributes to intestinal
A B
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FIGURE 5 | ILC3 knockout (KO) leads to a high fatality rate from DSS-induced colitis that could be partially blunted by DKT. (A) Cd127cre/+Rorcfl/fl mice, or ILC3 KO
mice and their corresponding Cd127+/+Rorcfl/fl, or wildtype (WT) littermates underwent DSS treatment as described in Figure 1A. The survival rate for the four
experimental groups is shown (WT-DSS N=3, Cd127cre/+Rorcfl/fl-DSS N=4, WT-DSS+DKT N=4, Cd127cre/+Rorcfl/fl-DSS+DKT N=5). (B) Body weight changes of the
four experimental groups (WT-DSS N=3, Cd127cre/+Rorcfl/fl-DSS N=4, WT-DSS+DKT N=4, Cd127cre/+Rorcfl/fl-DSS+DKT N=5). “1” refers to the significantly lower
body weight in the ILC3 KO mice compared to their WT littermates after DSS treatment on day 13. “2” indicates that the body weight of the DSS-treated ILC3 KO
mice was significantly lower relative to the ILC3 KO mice treated with DSS+DKT on day 13. † indicates death of the mice. (C) Clinical colitis scoring of the four
experimental groups on day 13 (WT-DSS N=3, Cd127cre/+Rorcfl/fl-DSS N=4, WT-DSS+DKT N=4, Cd127cre/+Rorcfl/fl-DSS+DKT N=5). (D) Representative light
micrographs of colon sections of the ILC3 KO mice on day 15 that stained with H&E (Control N=2, DSS N=1, DSS+DKT N=4). Scale bars, 100 mm. Each symbol in
graph (C) represents data from an individual mouse. Graphs (B, C) show means ± SEM; **p<0.01, and ***p<0.001. Statistical analysis was performed using One-
way ANOVA with Tukey’s multiple comparisons test.
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fermentation and increases gut metabolites, including acetate,
propionate, and lactate (49, 50). Together, these findings imply
that the effects of DKT on experimental colitis are partly
attributable to the promotion of colonic microbe symbiosis
and enhancement of beneficial metabolites.

Our experiments further uncovered fundamental immune
functions that DKT exerts to ameliorate experimental colitis.
We conducted an extensive examination of the immune cell
profiles in the colon, including both innate and adaptive immune
cells. We found that only the RORgthigh-ILC3 subset was
significantly higher in the DSS+DKT group than the DSS
group. These findings revealed that DKT ameliorates
experimental colitis partially by modulating the ILC3 subset.
The importance of ILC3s in colitis was corroborated by the
experiment using ILC3 KO mice, where DSS induced a higher
mortality in the KO mice compared to WT littermates.
Meanwhile, DKT significantly reduced the mortality rate of
ILC3 KO mice treated with DSS. This result also indicated that
DKT ameliorates DSS colitis partly in an ILC3-independent
manner. However, the underlying mechanisms are unknown
and await further studies.

ILC3s are highly abundant in the gastrointestinal tract and
promote metabolic and immune homeostasis by sensing and
conveying cues from the luminal microbial community to the
lamina propria (41). Nevertheless, their functions in colitis have
not been well characterized (51). In this regard, our results show
that colonic ILC3 plays an essential role in regulating the
immune responses during colitis, supporting the hypothesis
that ILC3 may serve as a potential therapeutic target to
overcome intestinal inflammations (51). However, our data did
not show significant differences in IL-22 or IL-17A production
by ILC3s in DKT-treated mice. This is possibly due to our
experimental scheme of evaluating the ILC3 phenotypes in the
recovery phase rather than in the acute inflammatory phase and
the transiently altered cytokine productions cannot be
captured (52).

ILC3s are a heterogeneous population whose biological
functions are highly tissue-specific (41). Our data demonstrate
that DSS challenge suppressed the RORgt expression in ILC3s,
whereas DKT administration reversed this phenomenon.
Furthermore, this RORgthigh-ILC3 subpopulation shares
similarities with CCR6+ ILC3s, the predominant ILC3 subset
in the colon (41). Based on our observations and a previous study
(43), we extrapolate that the different RORgt expression levels
may represent different ILC3 subpopulations, as RORgthigh-
ILC3s may consist of a large proportion of CCR6+ ILC3s and
RORgtlow-ILC3s contain mainly NCR+ ILC3s. This finding may
further link the RORgt expression level to the unique effector
functions of the two ILC3 subsets (53). The characteristics of
RORgthigh-ILC3s and their specific role in ameliorating colitis
merit exploration in future studies. Additionally, we observed a
higher propionate level in the DSS+DKT group compared to the
DSS group and an unchanged propionate concentration upon
DSS administration compared to the healthy controls. Taken
together with the upregulation of GPR43-encoding Ffar2mRNA
among the SCFA-sensing GPCRs, it raises the possibility that
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GPR43 might be involved in the propionate-mediated anti-
inflammatory functions through RORgthigh-ILC3s in
experimental colitis.

Unlike western medicine, herbal formulae are conventionally
considered multi-target medicines as they comprise numerous
chemically diverse compounds (3, 6). Besides ILC3s, our analyses
suggest that DKT might be capable of directly modulating
colonic epithelial cells and intraepithelial lymphocytes to
protect the barrier functions. Our finding also adds more
convincing evidence to previous in vitro experiments, which
suggested that DKT enhances endogenous adrenomedullin
production in intestinal epithelial cells (14). Thus, investigating
the bioactive ingredients in DKT that interact with ILC3s,
epithelial cells, and intraepithelial lymphocytes and identifying
the DKT-activated receptors on those cells are of particular
interest for future studies. In addition, experiments using
germ-free and gnotobiotic animals to study the biomedical
effects of DKT in experimental colitis may expand our
understanding on the causative roles of gut microbiota and
their metabolites.

In summary, we show that DKT blunts the severity of
experimental colitis in mice by reshaping gut microbiota,
enhancing propionate, and maintaining the RORgthigh-ILC3
population. Our findings highlight novel effects of DKT on the
microbiota-immune cell axis in experimental colitis. Our work
provides immunological insights into DKT, serving as an anti-
inflammatory agent that complements the standard western
medicine-based treatment of IBD. Our study also suggests that
ILC3 may serve as a potential therapeutic target for IBD.
Although the biological evaluation of herbal medicine is
complicated and challenging due to the lack of appropriate
evaluation methods (6), our work provides a rationale and
basis for future mechanistic studies of herbal medicines.
METHODS

Mice
C57BL/6N female mice at 6-7 weeks of age were purchased from
CLEA Japan, Inc. Mice were acclimatized with a normal chow
diet CA-1 (CLEA Japan Inc.) for three weeks under specific-
pathogen-free (SPF) conditions in the animal facility of RIKEN
Yokohama Branch before the experiments. Rorcfl/fl mice were
purchased from Jackson Laboratory. RorcGFP/+ mice from Dr. D.
Littman (54) and CD127-Cre mice from Dr. HR. Rodewald (55)
were kindly provided by the indicated investigators. To obtain
specific depletion of ILC3, Rorcfl/fl mice were bred with CD127-
Cre transgenic mice at the RIKEN animal facility and two
parental littermates were used for the experiments. RorcGFP/+

mice were bred on a C57BL/6J background at the RIKEN SPF
animal facility. For ILC3 cell sorting and cytokine detection, sex-
matched littermates of RorcGFP/+ mice were used. All the
transgenic mice were used at 8-12 weeks of age. The SPF
facility of RIKEN is maintained in a 12-hour light, 12-hour
dark cycle at 23 ± 2 °C with a humidity of 50 ± 10%, and food and
water available ad libitum. All experimental procedures were
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approved by and conducted in accordance with, the Institutional
Animal Care and Use Committee (IACUC) of the RIKEN
Yokohama Branch.

Dietary DKT Administration and Induction
of DSS-Colitis
DKT extract granules were obtained from TSUMURA & Co.
(Tokyo, Japan). We determined the final dosage of dietary DKT
based on the literature (14, 56) and adjusted the human
equivalent dosage to the mouse dosage based on the animal
surface area (57, 58). As for the preparation of dietary DKT, we
mixed the autoclaved DKT extracts and filtered maltose
monohydrate powder (Wako) and blended them in a ratio of
1:8 based on previous reports (14). We then mixed them with the
CA-1 powder at a defined quantity of 50g DKT powder/Kg (5%
wt/wt).

For colitis experiments, mice were administered dietary DKT
(DKT and DSS+DKT group) or CA-1 diet (Control and DSS
group) with drinking water ad libitum for 6 days prior to colitis
induction and continued throughout the experiments. 2.5% DSS
(36,000-50,000mw; M.P. Biomedicals) was subsequently added
to their drinking water and continued for five consecutive days,
followed by three days of DSS-free period (Figure 1A). We
repeated most of the experiments at least twice but mainly three
times, and three to five mice were used in each experimental
group. We monitored the clinical parameters during the
experiments, including body weight loss, stool formation, rectal
bleeding, total behavior, conditions of the fur, and survival rate
until the mice were sacrificed. The severity of colitis was judged
based on the previously described clinical colitis scoring system
of DSS-induced colitis (59) (Table 1). All clinical scorings were
conducted in a blinded manner. Post-mortem, the colon was
dissected from cecum to anus, and the colon length
was measured.

Histological and Immunohistochemistry
For histological analysis, 0.5 cm distal colon was fixed in Zinc
Formalin (Polyscience Inc.) for 3 hours and then embedded in
paraffin blocks. We then prepared 5 mm paraffin cross-sections,
which were used for hematoxylin and eosin (H&E) staining
(Mayer’s Hematoxylin solution, 1% Eosin Solution, Wako)
following standard procedures. The histological images were
captured using the BX51-P Polarizing microscope (Olympus)
and processed with the Olympus D.P. Controller 2002 software.
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For immunohistochemistry analysis, 0.5 cm distal colon was
fixed overnight in 4% paraformaldehyde (PFA) (Wako) at 4°C
and mounted in embedding medium Tissue-Tek O.C.T
Compound (Sakura). The tissues were cut into 8 mm sections
and permeabilized with 0.2% saponin (Nacalai Tesque) in PBS.
The sections were then blocked with 5% goat serum (Wako) for
Mucin 2 detection. Subsequently, the sections were stained with
anti-Mucin2 (1:200, rabbit, clone: H-300, Santa Cruz
Biotechnology) at 4°C overnight. For the second antibody,
Alexa Fluor 488 conjugated donkey anti-rabbit IgG antibody
(1:400, Thermo Fisher Scientific) was used with DAPI (1:1000,
Dojindo). The sections were assessed using the Leica TCS SP8
(Leica Microsystems).

Analysis of the Microbiota Composition in
Mice Colonic Contents
The colonic contents were collected from the mice post-
mortem after the colon had been removed and cut open
longitudinally. Bacterial DNA was extracted as previously
described with minor modifications (60). For 16S amplicon
sequencing, the V4 region of 16S rRNA genes was amplified by
PCR with dual barcoded primers, as previously reported (61).
Sequencing of the 16s rRNA was performed on a MiSeq
instrument (Illumina, 2 × 250-bp paired-end reads). Sequence
data were demultiplexed using bcl2fastq v.1.8.4, then subjected
to microbiome informatics using QIIME v2021-2. Taxonomy
was assigned to amplicon sequence variants (ASVs) using the
Silva rRNA database. For detailed analyses, ASV tables were
rarefied to 20,000 reads per sample or the lowest reads within
the examined dataset. Relative abundance, Bray Curtis
distances, and permutational MANOVA (Adonis) were
calculated with the QIIME 2 and R package qiime2R v 0.99.5,
phyloseq v2, vegan v2.5-7 by RStudio v1.4.1106.

Isolation of Colonic Epithelial
Cells and Immune Cells From the
Lamina Propria Region
Colons were dissected and fat tissue was removed. Colons were
cut open longitudinally and washed with cold RPMI-1640
medium (Sigma Aldrich) to remove luminal contents and
debris, then incubated in RPMI-1640 medium containing
5mM EDTA and 2% fetal bovine serum (FBS) for 15 mins at
37°C, followed by 2% FBS in RPMI-1640 medium for another
cycle. After vigorously shaking for 15s, the dissociated cells were
collected as colonic epithelial cells. The epithelial cells were then
passed through a 40 mm cell strainer (B.D. Biosciences) and cell
pellets were stored after being washed with cold PBS. For the
immune cell isolation from the lamina propria region, the
remaining colonic tissues were cut into small pieces and
digested with 1.0 mg/ml collagenase (Sigma) suspended in
RPMI-1640 medium for 15 min at 37°C. The resultant
supernatants from the collagenase digestion were collected and
passed through a 100 mm cell strainer after 3 cycles of these steps.
The cells were subjected to Percoll (G.E. Healthcare) gradient
separation and lymphocytes in the interphase were collected and
proceeded for the flow cytometric analysis.
TABLE 1 | Clinical colitis scoring system (59).

Clinical parameters Score

Stool consistency Normal, soft, soft with blood 0-2
Posture Normal to hunched 0-2
Spontaneous behavior Normal to no activity (without disturbing) 0-2
Provoked behavior Normal to no activity (after disturbing) 0-2
Evaluation of the eyes Clearness, openness 0-3
Evaluation of the fur Cleanliness, gloss, smoothness 0-3
General appearance Not, mildly, moderately, severely disturbed 0-3
Total highest score 17
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Flow Cytometric Analysis and Cell Sorting
Single-cell suspensions (1×106 cells/sample) were stained with
the indicated antibodies at 4°C after blocking Fc receptors with
the 2.4G2 mAb (BD Pharmingen) and dead cells were stained
with LIVE/DEAD fixable Aqua Dead Cell Stain (Thermo Fisher).
For detection of ILC3, CD4+ T cells, B cells, DCs and
macrophages, we used fluorochrome-conjugated antibodies, all
from BioLegend, against combinations, indicated below, of the
following surface antigens: CD45.2 (PerCP/Cyanine5.5,
clone:104), CD3ϵ (FITC or BV605, clone: 145-2C11), TCR b
(FITC or BV605, clone: H57-597), CD4 (APC/Cyanine7, clone:
GK1.5), CD19 (BV605, clone: 6D5), CD127 (PE/Cyanine7,
clone: A7R34), NKp46 (FITC, clone: 29A1.4), MHC class II
(FITC or BV421, M5/114.15.2), F4/80 (FITC, clone: BM8),
CD103 (PE/Cyanine7, clone: 2E7), CD11b (APC, M1/70),
Ly6C (APC/Cyanine7, clone: HK1.4). We also used CCR6 (PE,
Clone: 140706, R&D Systems) and CD11c (PE, clone: HL3, BD).
CD4+ T cells were identified as CD45.2+CD3ϵ+TCRb+CD4+

CD19-; B cells were gated as CD45.2+CD3-TCRb-CD19+;
conventional DCs were gated as CD45.2+CD11bϵ+CD11chigh

MHCII+; macrophages were gated as CD45.2+CD11c-

CD11b+F4/80interLy6ClowCD64+MHCII+.
For transcription factor staining, after staining with antibodies

to surface antigens as described above, the lymphocytes were then
fixed andpermeabilizedwith Foxp3/TranscriptionFactorBuffer set
(Thermo Fisher Scientific) according to the manufacturer’s
instructions and stained with T-bet (APC, clone: 4B10,
BioLegend), GATA3 (PE, clone: 16E10A23, BioLegend) and
RORgt (BV421, clone: Q31-378, BD). ILC1/NK cells were gated
as CD45.2+CD3ϵ-TCRb-CD19-CD127+GATA3-RORgt-T-bet+;
I LC2 we r e g a t e d a s CD45 . 2 +CD3 ϵ - TCRb - CD19 -

CD127+GATA3highRORgt-: ILC3 were gated as CD45.2+CD3ϵ-

TCRb-CD19-CD127+GATA3lowRORgt+; Th17 were gated as
CD45.2+CD3ϵ+TCRb+ CD19-CD4+RORgt+.

For the measurement of intracellular cytokine production,
cells were cultured for 3 hr at 37°C in the presence of GolgiPlug
(BD Biosciences). The cells were subsequentially stained with IL-
22 (PE, clone: Poly5164, BioLegend) and IL-17A (APC, clone:
TC11-18H10.1, BioLegend) antibodies after being fixed with
4% PFA.

For colonic ILC3 sorting, RorcGFP/+ mice were used.
CD45.2+CD3ϵ-TCRb-CD19-CD127+RorcGFP-high expressing
ILC3s were gated and sorted to detect cytokines and GPCR
mRNAs by qPCR.

All stained cells were analyzed or sorted on a BD
FACSAriaIII. For all lymphocyte analysis by flow cytometry,
lymphocytes were first strictly defined by forward scatter (FSC),
and side scatter (SSC) intensity and then carefully gated based
on CD45 expression. The data were analyzed with
FlowJo v10.8.0.
RNA Extraction and Quantitative
PCR Analysis of Colonic
Epithelial Cells and ILC3
The epithelial cells were lysed in RLT buffer (QIAGEN) with
2-mercaptoethanol (Nacalai Tesque) after washing with PBS.
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The RNeasy Mini Kit (QIAGEN) was used for total RNA
extraction following the manufacturer’s instructions. cDNA was
synthesized through reverse transcriptionPCRwith SuperScript IV
Reverse Transcriptase (Thermo Fisher Scientific) using random
hexamer primer (Thermo Fisher Scientific).

For the colonic ILC3 sorting, 200-500 colonic ILC3 isolated
from RorcGFP/+ mice were directly sorted into RLT buffer with 2-
mercaptoethanol (Nacalai Tesque). Total RNA from sorted ILC3
was extracted with RNeasy Micro Kit (QIAGEN) following the
manufacturer ’s instructions. The extracted RNA was
subsequentially subjected to amplification with a SuperScript™

IV Single Cell/Low Input cDNA PreAmp Kit (Thermo
Fisher Scientific).

Real-time PCR for epithelial cells and ILC3s was performed
with SYBR Premix Ex Taq (Takara) on a LightCycler 480
(Roche). The primers were used for the analyses are shown
in Table 2.

Quantification of Fecal SCFAs
SCFAs and other metabolites were extracted and measured as
previously described (60). In brief, 5 mg of feces or colonic
contents were lyophilized. Dried samples were added to 5 ml
Milli-Q water containing internal standards (2.2 mM [1,2-13C2]
acetate, 2.2 mM [2H7]butyrate and 2.2 mM crotonate), 50 ml
HCl and 200 ml diethyl ether. After centrifugation, 80 ml of the
organic layer was transferred to a glass vial and then 16 ml of N-
tert-butyldimethylsilyl-N-trifluoroacetamide (Sigma-Aldrich)
was added to derivatize the samples. The vials were incubated
at 80°C or 20 min and allowed to stand for 48h before injection.
The analysis was performed using a gas chromatography-tandem
mass spectrometry (GCMS) platform on a Shimadzu GCMS-
TQ8040 triple quadrupole mass spectrometer (Shimadzu) with a
capillary column (BPX5) (SGE Analytical Science). The program
of GCMS analysis is described in a previously published paper
(60). The GCMS data were processed, and concentrations were
calculated by LabSolutions Insight (Shimadzu).
TABLE 2 | Primers used in the study.

Primer sequence

Hprt Forward, 5’-TCAGTCAACGGGGGACATAAA-3’
Reverse, 5’-GGGGCTGTACTGCTTAACCAG-3’

Muc2 Forward, 5’-TCAGCACACCAACCAAAACC-3’
Reverse, 5’-CACTTCAGCGGCACAATCTC-3’

Reg3g Forward, 5’-ACCTAGCCACAAGCAAGATCCCA-3’
Reverse, 5’- ATGAGAGGAGGGAAGGGCCA-3’

Fut2 Forward, 5’-GAGTCAAGGGGAGGGAGAAC-3’
Reverse, 5’-AACTTGGTGAGGGGACTGTG-3’

Il-22 Forward, 5’-CATGCAGGAGGTGGTACCTT-3’
Reverse, 5’-CAGACGCAAGCATTTCTCAG-3’

Il17a Forward, 5’-TCCAGAAGGCCCTCAGACTA-3’
Reverse, 5’-TGAGCTTCCCAGATCACAGA-3’

Ffar2(Gpr43) Forward, 5’-CTTGATCCTCACGGCCTACAT-3’
Reverse, 5’-CCAGGGTCAGATTAAGCAGGAG-3’

Ffar3 (Gpr41) Forward, 5’ -ACCTGACCATTTCGGACCT-3’
Reverse, 5’-CCATCTCATGCCACATGC-3’

Hcar2 (Gpr109a) Forward, 5’ -ATGGCGAGGCATATCTGTGTAGCA-3’
Reverse, 5’-TCCTGCCTGAGCAGAACAAGATGA-3’
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Statistical Analysis
Multiple sample comparisons were performed by one-way
ANOVA with Tukey’s post hoc test. All statistical analyses
were performed using Prism version 8 and 9 (GraphPad
Software, USA). P < 0.05 and FDR adjusted P < 0.05 were
considered statistically significant.

Diagram
Createdwith BioRender.com, as shown in Supplementary Figure 3.
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Supplementary Figure 1 | The relative abundance of several family-level bacteria
in the four experimental groups. The relative abundance of fecal Akkermanciaceae,
Clostridiaceae, Bacteriodaceae, and Eggerthellaceae (Control N=15, DKT N=15,
DSS N=14, DSS+DKT N=11). Each symbol represents data from an individual
mouse. Data are pooled from 3 independent experiments with three to five mice in
each experimental group. Graphs show means ± SEM; *p<0.05, **p<0.01, and
***p<0.001. Statistical analysis was performed using One-way ANOVA with Tukey’s
multiple comparisons test.

Supplementary Figure 2 | DKT treatment does not affect ILC1, ILC2, T and B
lymphocytes, macrophages, or DCs. (A) Gating strategy for colonic ILC3. For flow
cytometry analyses, lymphocytes were firstly gated on SSC-A vs. FSC-A and doublets
were excluded by gating on SSC-W vs. SSC-H. Live immune cells were further gated as
Zombie dye negative and CD45 positive cells. CD127 expression was used to gate the
ILC population. (B) The absolute cell number of colonic ILC, ILC1/NK cells and ILC2
(Control N=7, DKT N=8, DSS N=8, DKT+DSS N=8). (C) The absolute cell number of
colonic CD4+ T cells, B cells,macrophages, andDCs (Control N=7, DKTN=8, DSSN=8,
DKT+DSS N=8). (D) Relative expression of Il22 and Il17a in RORgthigh-ILC3s using
RorcGFP/+ mice (Control N=4, DKT N=4, DSS N=5, DSS+DKT N=4). (E) Relative
expression of G-protein coupled receptors (GPCRs), Ffar2, Ffar3 and Hcar2 mRNAs in
RORgthigh-ILC3s using RorcGFP/+ mice (Control N=4, DKT N=5, DSS N=5, DSS+DKT
N=5). Each symbol (B–E) represents data from an individual mouse. Graphs (A–C),
Results are pooled from two independent experiments with three to four mice in each
experimental group. Graph (E), results are representative of three independent
experiments. Graphs (B–E) display means ± SEM; *p<0.05, **p<0.01, and ***p<0.001.
Statistical analysis was performed using One-way ANOVA with Tukey’s multiple
comparisons test.

Supplementary Figure 3 | Graphical abstract summarizing the observations
described in this paper. DKT treatment sustains colonic homeostasis by changing the
activities of luminal microbes, enhancing RORgthigh-ILC3s and protecting barrier function.
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Dynamic Changes in Uterine NK Cell
Subset Frequency and Function Over
the Menstrual Cycle and Pregnancy
Emily M. Whettlock†, Ee Von Woon†, Antonia O. Cuff , Brendan Browne,
Mark R. Johnson and Victoria Male*

Department of Metabolism, Digestion and Reproduction, Institute of Reproductive and Developmental Biology, Imperial
College London, London, United Kingdom

Uterine natural killer cells (uNK) play an important role in promoting successful pregnancy
by regulating trophoblast invasion and spiral artery remodelling in the first trimester.
Recently, single-cell RNA sequencing (scRNAseq) on first-trimester decidua showed that
uNK can be divided into three subsets, which may have different roles in pregnancy. Here
we present an integration of previously published scRNAseq datasets, together with novel
flow cytometry data to interrogate the frequency, phenotype, and function of uNK1–3 in
seven stages of the reproductive cycle (menstrual, proliferative, secretory phases of the
menstrual cycle; first, second, and third trimester; and postpartum). We found that uNK1
and uNK2 peak in the first trimester, but by the third trimester, the majority of uNK are
uNK3. All three subsets are most able to degranulate and produce cytokines during the
secretory phase of the menstrual cycle and express KIR2D molecules, which allow them
to interact with HLA-C expressed by placental extravillous trophoblast cells, at the highest
frequency during the first trimester. Taken together, our findings suggest that uNK are
particularly active and able to interact with placental cells at the time of implantation and
that uNK1 and uNK2 may be particularly involved in these processes. Our findings are the
first to establish how uNK frequency and function change dynamically across the healthy
reproductive cycle. This serves as a platform from which the relationship between uNK
function and impaired implantation and placentation can be investigated. This will have
important implications for the study of subfertility, recurrent miscarriage, pre-eclampsia,
and pre-term labour.

Keywords: NK cells, innate lymphocytes, decidua, endometrium, pregnancy, single-cell analysis
INTRODUCTION

Uterine natural killer cells (uNK) are NK-like cells that are found in the lining of the uterus (called
“decidua” in pregnancy and “endometrium” outside of pregnancy). They are distinct from
peripheral blood NK (pNK) cells in both phenotype and function. Unlike pNK, uNK are only
weakly cytotoxic and instead produce factors that are pro-angiogenic and that attract foetal derived
placental cells called extravillous trophoblast (EVT) (1–6). uNK are most prominent in the first
trimester of pregnancy, at which time they account for 70%–80% of immune cells in the decidua (7).
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Their prominence at the time of implantation, and their
production of factors that are predicted to promote trophoblast
invasion and spiral artery remodelling, indicates they are likely to
have a role in placental implantation.

Further evidence for the role of uNK in implantation comes
from their express ion of high levels of ki l ler-ce l l
immunoglobulin-like receptors (KIRs), CD94/NKG2 (8, 9),
and LILRB1 (9), which allows them to recognise the human
leukocyte antigens (HLAs) expressed by EVT: HLA-C, HLA-E,
and HLA-G, respectively (10–12). A number of immunogenetic
studies have demonstrated that combinations of HLA and KIR
that lead to lower activation are associated with disorders of
insufficient implantation such as pre-eclampsia, foetal growth
restriction, and recurrent miscarriage, suggesting that uNK
activation via KIR is important for implantation (13–20),
although it is important to note that not all studies have been
able to find this association (21). The increased expression of
KIRs by uNK around the time of implantation provides
additional support for this idea (22).

CD107a staining is a proxy for degranulation, and previous
studies have shown that this acts as a reliable measure of overall
uNK activation (23). Uterine NK cells have been reported to
produce IL-8 and granulocyte-macrophage colony-stimulating
factor (GM-CSF): IL-8 is postulated to stimulate EVT invasion,
whereas GM-CSF has been found to attract EVT (6, 23). On the
other hand, the cytokines characteristically produced by pNK
cells, TNFa and IFNg, inhibit invasion of EVT cells and display
increased production at later stages of early pregnancy, between
12 and 14 weeks (24, 25). However, there is some evidence that
IFNg may also be involved in spiral artery remodelling in early
gestation (26).

Until recently, it was thought that uNK formed a single
population, but single-cell RNA sequencing (scRNAseq) has
now demonstrated three subpopulations of uNK in first-
trimester decidua (27). These were originally called decidual
NK (dNK) 1, 2, and 3, but they have now also been found in non-
pregnant endometrium (28). Here, we call these subsets “uNK1,”
“uNK2,” and “uNK3” in recognition of the finding that they are
not confined to the decidua. uNK1 express higher levels of KIRs
and LILRB1, indicating they may be specialised to communicate
with EVT (27, 29). uNK2 and uNK3 produced more cytokines
upon stimulation, indicating that their role may be immune
defence (29). However, several questions remain open. Are these
three subpopulations still present at the end of pregnancy? Do
the subpopulations change in prominence and/or activity over
the reproductive cycle? The answers to these questions could
elucidate which subpopulations are important in implantation,
parturition, and immune protection throughout the
reproductive cycle.

Here, we show that the proportions of the uNK
subpopulations remain stable through the menstrual cycle, but
all three are more active and express higher levels of KIR around
the time of implantation. uNK1 are more prominent in the first
trimester of pregnancy, potentially indicating a requirement for
this subset in the mediation of implantation, whereas uNK3 are
the most prominent at the end of pregnancy. Overall, we outline
Frontiers in Immunology | www.frontiersin.org 261
how the three uNK subpopulations change in proportion,
phenotype, and function throughout the reproductive cycle.
MATERIALS AND METHODS

Primary Tissue
The collection of human tissue was approved by London—
Chelsea Research Ethics Committee (study numbers: 10/
H0801/45 and 11/LO/0971).

We examined tissues and collected data at seven stages of the
reproductive cycle. In the menstrual cycle, there are three stages:
menstrual (when the lining of the uterus is shed), proliferative (prior
to ovulation), and secretory (after ovulation). Pregnancy is divided
into three trimesters: first (1–12 weeks), second (12–28 weeks), and
third (28 – 40 weeks).We also examined postpartum samples (up to
16 weeks post-delivery). During the menstrual cycle stages, the
uterine tissue we examined is known as the endometrium. During
pregnancy, this tissue undergoes a process called decidualisation
and results in three tissues known as the decidua basalis (DB)
(which lines the maternal side of the placenta), decidua parietalis
(DP) (which lines the rest of the uterus), and decidua capsularis
(which lines the embryo on the luminal side). When taking samples
from first-trimester tissue, it is not possible to differentiate between
the different decidual tissues. During the second trimester, the
decidua capsularis fuses with the DP. When taking samples from
third-trimester tissue, it is possible to dissect distinct samples from
the DB and the DP.

A total of 29 endometrial samples were taken by Pipelle
biopsy before insertion of an intrauterine device for
contraception. Samples taken on a day of bleeding were
assigned as a menstrual phase. Other samples were categorised
into proliferative or secretory phase by date of last menstrual
period and serum progesterone level: samples obtained before
day 14 were assigned as proliferative phase and after day 14 as a
secretory phase with retrospective confirmation by serum
progesterone level, according to previously published reference
range (30). We collected 8 menstrual, 7 proliferative, and 10
secretory phase samples and 4 samples from postpartum
participants, up until 16 weeks postpartum.

A total of 10 decidual samples were taken from participants
undergoing surgical management of elective termination of
pregnancy between 6 and 13 weeks of pregnancy and 16 from
participants undergoing elective caesarean sections, over 37
weeks of pregnancy and not in labour. For labouring data, a
further 9 samples were taken from participants in the early stages
of labour (1–3-cm cervical dilation and regular contractions)
who had a caesarean section, and 9 samples were taken from
participants after vaginal birth. Matched peripheral venous blood
was obtained from all patients at the time of obtaining
endometrial or decidual samples. Patient characteristics are
summarised in Supplementary Tables 1, 2.

Lymphocytes were extracted from peripheral blood by
layering onto Histopaque (Sigma-Aldrich, St. Louis, MO,
USA), spinning down (700 ×g, 20 min, 21°C), and retrieving
the interface, which was washed twice with Dulbecco’s
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Phosphate-Buffered Saline (PBS) (Life Technologies, Carlsbad,
CA, USA) (500 ×g, 10 min, 4°C). Briefly, endometrial tissue was
passed through a 100-µm cell strainer, pelleted (700 ×g, 10 min,
4°C), resuspended in Dulbecco’s PBS supplemented by 10%
Foetal Calf Serum (FCS) (Sigma-Aldrich), passed through a
70-µm strainer, and layered on Histopaque as above.

For first-trimester samples, decidua compacta was extracted from
products of conception and stirred for 20 min to remove blood
before mincing with a scalpel followed by gentleMACS dissociation
(Miltenyi, Bergisch Gladbach, Germany). Minced tissue was passed
through a 75-µm sieve, pelleted (500 ×g, 10 min, 4°C), and
resuspended in PBS/1% FCS before passing through a 100-µm
strainer. The filtrate was layered on Histopaque as above.

For third-trimester DB samples, small sections were cut from the
maternal side of the placenta and washed using a magnetic stirrer in
Mg2+- and Ca2+-free PBS (Gibco, Grand Island, NY, USA) for
20 min. Blood clots, vessels, and placental tissue were physically
removed, and cleaned decidual tissue was placed in new Mg2+- and
Ca2+-free PBS. The tissue was spun (400 ×g, 5 mins 21°C), and PBS
was removed. The tissue was resuspended in Accutase (Invitrogen,
Carlsbad, CA, USA), mechanically digested in C tubes using a
gentleMACS dissociater, and placed in a 37°C shaking water bath
for 45 min. Minced tissue was passed through a 70-µm strainer and
resuspended in PBS/1% FCS/2 mM EDTA. The filtrate was layered
on Histopaque as above. For the third-trimester DP samples, 10 cm
× 10 cm sections of the foetal membrane were dissected, and the
decidua was removed using a cell scraper (Sarstedt, Nümbrecht,
Germany). The tissue underwent enzymatic and mechanical
digestion as described in the DB protocol.

Extracted lymphocytes were counted by light microscopy
(Leica, Wetzlar, Germany) with a haemocytometer. A total of
0.2 × 106 to 1 × 106 cells per condition were allocated for
phenotype and functional assessment.

Stimulation With PMA/Ionomycin
A total of 21 endometrial, all first-trimester and all third-
trimester samples were used for functional assessment.
Endometrial lymphocytes were stimulated immediately after
isolation, and decidual lymphocytes were stimulated after 12 to
20 h of rest at 37°C. Optimisation experiments showed no
difference between cells stimulated fresh and after rest
(Supplementary Figure 1).

For functional assessment, cells were suspended in Roswell
Park Memorial Institute (RPMI) enriched with antibiotics,
EDTA, and sodium pyruvate and divided into unstimulated
and stimulated wells. Anti-CD107a BV605 (100 µl/ml),
Brefeldin (10 µg/ml), and Monensin (2 µM/ml) were added to
all wells and phorbol 12-myristate 13-acetate (PMA) (50 ng/ml)
and ionomycin (1 µg/ml) into the stimulated wells only. Cells
were incubated for 4 h at 37°C and then stained with antibodies.
For third-trimester samples, cells were incubated for 6 h with
anti-CD107a, PMA, and ionomycin, with Brefeldin and
Monensin added 2 h into the incubation.

Single-Cell RNA Sequencing Data Analysis
For the scRNAseq data, 5 stages of the reproductive cycle were
examined: proliferative (n = 3), secretory (n = 3), first trimester
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(n = 5), second trimester (n = 1), and third trimester (term in
labour (TNL) = 3). R (31) was used for the majority of the
analysis. This included the use of the package Seurat (32),
designed for analysis of scRNAseq data, and various data
manipulation and visualisation packages (33–40).

A scRNAseq dataset from the non-pregnant uterus (available
at www.reproductivecellatlas.org/) was converted from a Python
format into an R Seurat object. The object was a subset of cells
that had been classified as “Lymphoid” or “Myeloid” under
“Cell.type” in the metadata.

A scRNAseq dataset from the first-trimester uterus (available
at Array Express E-MTAB-6701) was converted from.txt into an
R seurat object. The object was a subset of cells that had been
designated an immune cell type, e.g., “dNK1” under
“Annotation,” in the metadata. Cells originating from the
placenta or blood were removed, so only decidual cells
remained. Data from one donor were removed from the
analysis due to their NK cells clustering independently of all
other NK cells.

The scRNAseq dataset (dbGaP phs001886.v1.p1, reanalysed
with permission of the NIH, project ID 26528) contained samples
from one second-trimester accreta case, which is therefore
pathological, and 9 third-trimester participants. Both datasets
were filtered, aligned, and quantified using Cell Ranger software
(version 5.0.1, 10x Genomics). h19 was used as a human genome
reference. Downstream analyses were performed using the R
package Seurat (version 4.0.2) (32). Cells with fewer than 200
genes and genes that were expressed in less than 10 cells were
removed. Furthermore, cells where the gene content was greater
than 10% mitochondrial genes were removed. Clusters were
identified using “FindClusters” algorithm. The “FindAllMarkers”
algorithm was used to identify the immune clusters and subset the
object to immune cells. Cells from placental tissue were removed.
TIL and PTL samples were not included in the analysis observing
uNK across the reproductive cycle. PTL samples were not
included in the term labouring analysis.

The four datasets were integrated based on a previously
published workflow (41). Clusters that appeared to be non-
immune cells were removed, and the remaining cells were
reanalysed using the same workflow. The integrated dataset
contained 2,180 cells from non-pregnant endometrium, 18,243
cells from first-trimester decidua, 3,900 from second-trimester
decidua, and 6,077 from third-trimester decidua. The algorithm
“FindConservedMarkers” was used to identify the clusters uNK1,
uNK2, and uNK3. This was confirmed by the metadata column
“annotation” from the first-trimester dataset. For visualisation of
clusters and gene expression across the reproductive cycle, each
dataset was downsampled so that the total number of cells
displayed was equal in each dataset.

Flow Cytometry
The following anti-human antibodies were used: anti-CD56
Brilliant Violet (BV) 650 (clone NCAM 16.2, BD Biosciences,
San Jose, CA, USA), anti-CD39 BV421 (clone A1, BioLegend,
San Diego, CA, USA), anti-CD3 BV711 (clone SK7, BioLegend),
anti-CD103 BV785 (clone Ber-ACT8, BioLegend), anti-CD16
Alexa Fluor(AF)700 (clone 3G8, BioLegend), anti-CD9
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phycoerythrin(PE)/Dazzle 594 (clone HI9a, BioLegend), anti-
CD49a PE/Cy7 (clone TS2/7, BioLegend), anti-CD45
allophycocyanin (APC) (clone HI30, BioLegend), anti-CD94
PE (clone HP-3D9, BD Biosciences), anti-CD158a/h
(KIR2DL1/DS1) VioBright 515 (clone REA1010, Miltenyi
Biotec, Bergisch Gladbach, Germany), anti-CD158b (KIR2DL2/
DL3) APC vio 770 (clone REA 1006, Miltenyi Biotec), CD85j
(ILT2 or CD94) Peridinin chlorophyll protein (PerCP)-eFluor
710 (clone HP-F1, Thermo Fisher Scientific, Waltham, MA,
USA) and anti-CD107a BV605 (clone H4A3, BioLegend) for
surface antigens, and anti-IL-8 PE (clone G265-8, BD
Biosciences), anti-IFN-g APCvio770 (clone REA600, Miltenyi
Biotec), anti-GM-CSF PERCP/Cyanine 5.5 (clone BVD2-21C11,
BioLegend), and anti-TNFa fluorescein isothiocyanate (FITC)
(clone MAb11, BioLegend) for intracellular staining.

Cells were first incubated with fixable viability dye (Live/Dead
Fixable Aqua Dead Cell stain kit, Life Technologies) (15min, 4°C)
followed by incubation with surface antibodies (15 min, 4°C). For
intracellular staining, human FoxP3 buffer (BD Biosciences) was
used according to the manufacturer’s instructions before staining
with intracellular antibodies (30 min, 4°C). For third-trimester
samples, fixable viability dye was included with the surface
staining antibodies (20 min, RT) and intracellular staining
using the Cytofix/Cytoperm kit (BD Biosciences) according to
the manufacturer’s instructions. Excess antibodies were washed
off (5 min, 500 ×g, 4°C) between each incubation and twice after
the final incubation with intracellular antibodies.

Statistical Analysis
Data were acquired on a BD Fortessa and analysed using FlowJo
(Tree Star, Ashland, OR, USA). Application settings were used to
ensure reproducible results. Statistical analysis was performed
using PRISM (GraphPad Software Inc.). Data were assessed for
normality using Shapiro–Wilk tests to determine whether a
parametric or a non-parametric statistical test was appropriate.
The appropriate statistical test was used to compare subsets as
specified in figure legends. p < 0.05 was considered significant.
RESULTS

uNK1, uNK2, and uNK3 Are Present
Throughout the Human Reproductive
Cycle and Vary in Frequency
scRNAseq analysis has previously identified that three
subpopulations of uNK, uNK1, uNK2, and uNK3, are present
in first-trimester decidua (27) and non-pregnant endometrium
(28). Previous analysis of scRNAseq data from third-trimester
decidua identified only a single cluster within the uNK
population (42), and our reanalysis of the third-trimester
dataset alone confirmed this. However, when the third-
trimester data were integrated with data from the non-
pregnant uterus, first- and second-trimester, the third-trimester
uNK cells did form three clusters (Figures 1A, B).

In the first trimester, uNK can be distinguished from
circulating NK cells by their expression of CD49a and CD9;
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the subsets are then defined by their expression of CD39 and
CD103 (27). We confirmed the presence of CD49a+ uNK in the
endometrium and in the first- and third-trimester decidua and
that the three subpopulations uNK1, uNK2, and uNK3 can be
identified using CD39 and CD103 (Figure 2A). However, in
third-trimester samples, there was a significant CD49a+CD9−
population. A comparison of CD49a+CD9+ and CD49a+ CD9−
detected no phenotypic differences between these two
populations, suggesting that CD49a alone can be used to
identify uNK cells in the third trimester (Supplementary
Figure 2). For consistency of gating strategy, we therefore also
identified uNK cells by their expression of CD49a alone in the
endometrial, first-trimester, and postpartum samples.

In line with previous reports (7), we observed a peak in total
uNK, as a proportion of total CD45+ lymphocytes, in first-
trimester pregnancy by both scRNAseq and flow cytometry
(Figures 1C, 2B). We observed a similar proportion of total
uNK in the proliferative and secretory phases (Figures 1C, 2C).
Additionally, we analysed CD56+CD49a− cells (which represent
pNK cells) as a proportion of total CD56+ NK cells in
endometrium/decidua and found this to be significantly higher
in third- compared to first-trimester decidua; however, no
difference was noted through the menstrual cycle [median
(interquartile range (IQR)) for menstrual, 27.7 (38.1);
proliferative, 23.8 (20.7); secretory, 22.3 (19.1); first trimester,
8.1 (5.0); third trimester DB 26.7 (12.4); third trimester DP 38.2
(22.6), postpartum, 13.6 (12.3)]. This highlights the importance
of using tissue-specific immune cell markers, particularly when
examining third-trimester decidua.

Next, we examined uNK1, uNK2, and uNK3 frequency
expressed as a proportion of either total CD45+ lymphocytes
or total uNK. We observed an increase in the frequency of uNK1
when transitioning from the secretory phase to first-trimester
pregnancy, but this was not sustained into the third trimester.
This observation applied to uNK1 as a percentage of both CD45+
lymphocytes and the percentage of total NK cells (Figures 1C,
2B), and the change was significant when measured by
flow cytometry.

The variation of uNK2 frequency was similar to that observed for
uNK1, with a peak in the first trimester observed by scRNAseq, and
flow cytometry when the frequency was measured as a percentage of
CD45+ lymphocytes (Figures 1C, 2B). For the latter, uNK2 was
significantly higher in the first trimester, compared to the third.
Further, there was an upward trend of uNK2 when transitioning
from third-trimester decidua to postpartum endometrium when
measured as a proportion of total NK (Figure 2C).

For uNK3, there was no change in frequency through the
menstrual cycle. When measured as a percentage of CD45+
lymphocytes, there was a reduction in uNK3 in third-trimester
DP, compared to both first-trimester decidua and third-trimester
DB. This was significant when measured by flow cytometry.
When measuring uNK3 as a percentage of total uNK, there was a
dip in the first trimester and a peak in both types of the third-
trimester decidua. This was significant when measured by flow
cytometry. The discrepancy between the proportions when
expressed as a percentage of CD45+ lymphocytes or total uNK
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B
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FIGURE 1 | uNK1, uNK2, and uNK3 are present throughout the human reproductive cycle, by scRNAseq. (A) Integrated immune cells from non-pregnant
endometrium, and first-, second-, and third-trimester decidua, visualised by Uniform Manifold Approximation and Projection (UMAP). Colours are indicative of
clusters and are identified with appropriate immune cell types. n = 12 (non-pregnant), n = 5 (1T), n = 1 (2T), n = 3 (3T). uNK, uterine natural killer. (B) Immune cells
from each of the four stages in the reproductive cycle subset to 2,200 cells. Immune cells separated by stage and then visualised by UMAP. Colours are indicative of
clusters. (C) Using the scRNAseq dataset, graphs show frequency of total NK from CD45+ lymphocytes and then frequency of each uNK subset (uNK1, uNK2, and
uNK3) as both a proportion of CD45+ lymphocytes and a proportion of total uNK cells. Means and SDs are shown for n = 3 (proliferative), n = 3 (secretory) n = 5
(first trimester), n = 1 (second trimester), n = 3 (third-trimester decidua basalis), and n = 3 (third-trimester decidua parietalis). P, proliferative phase; S, secretory
phase; 1, first trimester; 2, second trimester; 3B, third-trimester decidua basalis; 3P, third-trimester decidua parietalis.
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cells is likely due to the change in frequency of total uNK, as a
proportion of CD45+ lymphocytes.

Within the third-trimester decidua, the uNK2 population
appeared greater as a proportion of total uNK in the DP
compared to the DB in both scRNAseq and flow cytometry,
although this did not reach significance for either (Figure 1C,
2B). The uNK3 population appeared greater in the DB,
compared to the DP, which was significant when measured by
Frontiers in Immunology | www.frontiersin.org 665
flow cytometry as a percentage of CD45+ lymphocytes
(Figure 1C, 2B).

Peripheral Blood NK Cell Frequency Does
Not Vary Over the Reproductive Cycle or
Correlate With uNK Frequency
We also examined CD56Bright and CD56Dim NK cells in matched
peripheral blood, using a conventional gating strategy to identify
A

B

C

FIGURE 2 | uNK1, -2 and -3 are present throughout the human reproductive cycle, by flow cytometry. (A) FACs gating strategy used to identify three uNK subsets and
pNK (representative example shown). Coloured boxes in final plot indicate colour used for that subset in subsequent graphs. (B) Using flow cytometry data, graphs
show frequency of total NK from CD45+ lymphocytes and then frequency of each uNK subset (uNK1, -2 -3) both as a proportion of CD45+ lymphocytes and proportion
of total uNK cells. Means and standard deviations are shown for n = 8 (menstrual), n = 7 (proliferative), n = 10 (secretory) n= 10 (first trimester), n= 16 (third trimester
decidua basalis), n = 16 (third trimester decidua parietalis), n = 4 (postpartum). Statistical testing was done using Kruskal Wallis with a post-hoc Dunn test *p < 0.05, **p
< 0.01, ***p < 0.001, ****p< 0.0001. (C) Using flow cytometry data, graphs show frequency of total NK from CD45+ lymphocytes and then frequency of each pNK
subset (CD56Bright and CD56Dim) as a proportion of total pNK. Sample numbers for each group are the same as B. M, menstrual phase; P, proliferative phase; S,
secretory phase; 1, first trimester; 3B, third trimester decidua basalis; 3P, third trimester decidua parietalis; PP, post-partum.
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these populations (Figure 2C). Unlike uNK, there was no
variation in total CD56+ pNK, CD56Bright, or CD56Dim in
peripheral blood when transitioning through different phases
of the reproductive cycle. Furthermore, there was no significant
correlation in levels of pNK and uNK subsets when expressed as
either a proportion of CD45+ live lymphocytes or total NK cells
(Supplementary Figure 3).

uNK Subsets Upregulate KIR and LILRB1
During Transition From Non-Pregnant
Endometrium to First-Trimester Decidua
We next examined uNK expression of receptors that interact
with trophoblast cells: KIR2DL1 and KIR2DL2/3 recognise
HLA-C, LILRB1 recognises HLA-G, and CD94 recognises
HLA-E (Figure 3A) (43).

In line with earlier findings on first-trimester uNK (27, 29),
we observed that uNK1 expressed higher levels of KIR than
uNK2 and uNK3 (Figures 3B, C). We also found that all three
uNK subsets expressed increased KIR in the first trimester of
pregnancy, compared to non-pregnant endometrium and third-
trimester decidua (Figures 3B, C). Similar to KIR, LILRB1
protein expression peaked in the first trimester, although this
was only statistically significant in uNK2 and uNK3 (Figure 3B).
LILRB1 transcript expression followed a similar trend, although
in contrast to our findings at the protein level, LILRB1 mRNA
was not detectable in the DB (Figure 3C). At the transcript and
protein levels, CD94 was expressed at a higher level on uNK2 and
-3 compared to uNK1 (Figures 3B, C). There was a slight
reduction in CD94 transcript (KLRD1) towards the end of
pregnancy, but this was not observed at the protein level
(Figures 3B, C).

In line with our finding that pNK did not change in frequency
over the reproductive cycle, examination of NK cells from
matched blood showed no change in the frequency at which
KIR, LILRB1, and CD94 are expressed in these cells (Figure 3B).

uNK Are the Most Active at the
Time of Implantation
We next assessed functional responses with and without
stimulation with PMA and ionomycin (Figure 4A).
Degranulation in unstimulated conditions declined during the
proliferative phase, slightly in uNK2, and significantly in uNK3,
compared to the other two phases of the menstrual cycle
(Figure 4B). At the end of pregnancy, degranulation was
significantly lower in the third-trimester DP compared to DB
in uNK1, but this was not replicated in the other subsets
(Figure 4B). In stimulated cells, there was a reduction in
degranulation in uNK2 and uNK3 in both third-trimester
decidua compared to first-trimester decidua (Figure 4B).

For TNFa, IFNg, and IL-8, we observed peaks in cytokine
production across all stimulated uNK subsets during the
secretory phase, compared to the proliferative phase and first
trimester, although this did not reach statistical significance in all
cases (Figure 4B). For IL-8 in uNK3, this peak was maintained
into first-trimester pregnancy. This trend was also present in
unstimulated cells for IL-8 (Figure 4B).
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Third-trimester uNK produced less cytokine than first-
trimester uNK, although this only reached significance in IL-8
production from uNK3. This reduction in cytokine production
through pregnancy was also seen at the mRNA level for IL-8
(Figure 4C). In contrast, GM-CSF protein production was
consistently low in the menstrual cycle, including the
secretory phase, but increased significantly in the first
trimester of pregnancy in unstimulated uNK1 and stimulated
uNK3 (Figure 4B).

For examination of NK cells from matched peripheral blood,
data from CD56Bright and Dim NK cells are shown together due to
downregulation of CD16 after stimulation. Aside from a
significant decline in CD107a expression in unstimulated cells
when transitioning from the secretory phase to first-trimester
pregnancy, there was no distinct trend in either stimulated or
unstimulated cells (Figure 4B).

The mRNA expression of other NK cell proteins of interest
across the reproductive cycle, such as granzymes, that were not
included in the flow cytometry panel, can be seen in
Supplementary Figures 4, 5.

uNK Phenotype and Function Do Not
Change in Labour
In line with previous findings (44, 45), we did not observe any
change in the proportion of total uNK in labouring compared to
non-labouring decidua (Figure 5B). The proportion of uNK in
non-labouring decidua was lower in the DP compared to the DB
(Figure 5B). We next examined the uNK subpopulations in non-
labour compared to early labour and established labour samples.
We observed no change in the frequency of any of the uNK
or pNK subsets across the spectrum of these samples
(Figures 5A, B). The receptors examined were also stably
expressed during labour (Supplementary Figure 6), an
observation that suggests that EVT cross-talk with uNK is not a
major participant in labour. Similarly, for those markers
examined, the function of uNK and pNK subsets remains stable
during labour, although we did observe that, regardless of
labouring state, the uNK1 population in the DB is significantly
more active than the population in the DP (Figure 5 and
Supplementary Figure 7). This is supported by the low number
of differentially expressed genes across all three uNK subsets in the
scRNAseq data compared with non-labour to labour samples
(Supplementary Table 3).

DISCUSSION

To our knowledge, this is the first study to track the three uNK
subpopulations throughout the reproductive cycle, examining
their frequency, phenotypes, and functions, although one
limitation is the small sample size in several of the groups,
which should be taken into consideration during interpretation
of these results. In line with previous studies, we found that the
total uNK population peaked during the first trimester of
pregnancy (7, 46). We discovered that uNK1 and uNK2 peak
in this period but that uNK3 peaks towards the end of pregnancy.
This aligns with a recent report that KIR+CD39+ uNK (mostly
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FIGURE 3 | uNK upregulate expression of KIR and LILRB1 in first trimester. (A) Uterine and peripheral NK cells taken at different stages of the reproductive c
Representative staining from CD56dim pNK is shown in blue alongside FMO controls in grey. (B) Graphs showing frequencies of KIR2DL1, KIR2DL2/3, LILRB
standard deviations are shown for n = 8 (menstrual), n = 7 (proliferative), n = 10 (secretory) n= 10 (first trimester), n= 16 (third trimester decidua basalis), n = 16
Statistical testing was done using Kruskal Wallis with a post-hoc Dunn test *p < 0.05, **p < 0.01, ***p < 0.001, ****p< 0.0001. (C) Violin plots showing corresp
reproductive cycle as determined by scRNAseq. M, menstrual phase; P, proliferative phase; S, secretory phase; 1, first trimester; 2, second trimester; 3, third
trimester decidua parietalis.
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representing uNK1) and KIR+CD39− (mostly representing
uNK2) increase in frequency towards the end of the menstrual
cycle and remain elevated in early pregnancy (47). Both these
reports support the proposal that uNK1 communicate with
EVTs in early pregnancy (27, 29) but may also point to a role
for uNK2 in this process.

Although previous studies have agreed that uNK fluctuate
over the menstrual cycle, there has been some disagreement
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about precisely how. Studies using immunohistochemistry
showed an increase in numbers of CD56+ cells in the secretory
compared to the proliferative phase (48–51). This finding was
borne out by one study that demonstrated a significant increase
in CD3−CD56+ NK cells as a proportion of CD45+ cells in the
early secretory compared to the late proliferative stage by flow
cytometry (52), but two others were unable to detect this
difference (49, 53). In our study, which used CD49a to remove
A

B C

FIGURE 4 | uNK are most active at the time of implantation. (A) Uterine and peripheral NK cells taken at different stages of the reproductive cycle were cultured with
or without PMA and ionomycin stimulation and assessed for degranulation (CD107a) and production of IFNg, IL-8, TNFa and GM-CSF. Representative staining of
CD107a on total pNK is shown in black, alongside FMO controls in light grey. Representative staining from secretory phase uNK1 is shown for the cytokines in pink,
alongside internal negative controls in grey. The positive gates were set by reference to FMO controls. (B) Graphs showing frequencies of CD107a, IFNg, IL-8, TNFa
and GM-CSF on pNK and uNK subsets. Unstimulated cells are represented by lighter lines and stimulated cells by darker lines. Means and standard deviations are
shown for n = 5 (menstrual), n = 6 (proliferative), n = 10 (secretory) n= 10 (first trimester), n= 16 (third trimester decidua basalis), n = 16 (third trimester decidua
parietalis). Statistical testing was done using Kruskal Wallis with a post-hoc Dunn test *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. (C) Violin plots
showing corresponding mRNA expression in uNK subsets over the reproductive cycle as determined by scRNAseq. M, menstrual phase; P, proliferative phase; S,
secretory phase; 1, first trimester; 2, second trimester; 3, third trimester; 3B, third trimester decidua basalis; 3P, third trimester decidua parietalis.
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FIGURE 5 | uNK phenotype and function do not change in labour. (A) The FACs gating strategy shown in Figure 2A was used to identify the three uNK
lymphocytes and then frequency of each uNK subset (uNK1, uNK2, and uNK3) as both a proportion of CD45+ lymphocytes and proportion of total uNK c
basalis and decidua parietalis. Means and SDs are shown for n = 16 (TNL), n = 9 (TEaL), and n = 9 (TLV). Statistical testing was done using Kruskal–Walli
Using the scRNAseq dataset, graphs show frequency of total NK from CD45+ lymphocytes and then frequency of each uNK subset (uNK1, uNK2, and u
proportion of total uNK cells. Graphs are divided to show results from both decidua basalis and decidua parietalis. Means and SDs are shown for n = 3 (T
Figure 2C was used to identify the two pNK subsets. Using flow cytometry data, graphs show frequency of total NK from CD45+ lymphocytes and then
from total NK. Sample numbers for each group are the same as in panel (A, D) Uterine and peripheral NK cells were cultured as described in Figure 4A.
and uNK subsets. Unstimulated cells are represented by lighter lines and stimulated cells by darker lines. n, numbers for each group are the same as in p
with a post-hoc Dunn test: * p < 0.05, and ** p < 0.01. DB, decidua basalis; DP, decidua parietalis; TNL, term non-labouring; TEaL, term early labouring;
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pNK from the analysis thereby giving a true reflection of tissue-
resident uNK, we were also unable to detect a change in the
proportion of uNK through the menstrual cycle. However, a
possible limitation is that we did not classify our secretory phase
samples into early, mid, and late, which may have limited our
ability to detect differences observed in studies with sufficient
samples to use this more rigorous classification.

Compared to pNK, uNK cells are biased towards the
expression of KIR2D expression: one previous study using
tissue samples found this bias only in first-trimester decidua
(22), whereas a more recent study also detected this bias in uNK
isolated from menstrual blood, and therefore originating in the
non-pregnant uterus (54). Here, we find a clear peak in the
expression of KIR2D expression specifically in the first trimester,
among all three uNK subsets. A similar trend was seen for
LILRB1. This suggests that all uNK subpopulations increase
their ability to recognise EVT, via HLA-C and HLA-G, in the
first trimester. In comparison, CD94 expression was higher on
uNK2 and uNK3 subsets compared to uNK1. This is in contrast
with previous findings (29). However, the earlier study measured
marker intensity on recovered cryopreserved cells, whereas we
report a percentage of CD94+ fresh cells. It is possible that the
freezing process preferentially killed CD94− uNK1 cells or that
uNK1 have a lower percentage of cells expressing CD94 but a
higher expression per cell: either of these could explain the
disparity in our results. Other markers that may be of interest,
which were not examined in our study, are KIR2DL4, which has
been suggested to be a receptor for HLA-G and HLA-F (55, 56).

By examining degranulation as a proxy for uNK cell
activation (23), we found that uNK were typically most active
around the time of implantation, in the secretory phase of the
menstrual cycle and the first trimester of pregnancy. This is in
line with previous findings that first-trimester uNK are more able
to degranulate in response to HCMV-infected targets than those
at term, although the same study found that, following IL-15
stimulation, term uNK are better able to degranulate in response
to PMA and ionomycin than first-trimester cells (9). Without
stimulation, uNK produce little IFNg, IL-8, TNFa, and GM-CSF.
However, after stimulation with PMA and ionomycin, uNK have
the highest ability to produce most of these cytokines during the
secretory phase. This may be in line with a previous report
suggesting that endometrial NK cells are more transcriptionally
active than decidual NK cells (57). The exception was GM-CSF,
whose production peaks in the first trimester. Previous studies
suggest that the ability of uNK to produce growth factors and
cytokines evolves as pregnancy progresses, with production
predominantly of pro-angiogenic and growth factors at 8–10
weeks, and predominantly cytokines at 12–14 weeks (58). We did
not collect sufficient first-trimester samples to undertake an
analysis stratified by gestational age, but nonetheless, our
finding that the timing of maximum activation coincides with
the window of implantation is interesting because it suggests that
uNK may have a role in coordinating successful implantation.

Cumulative evidence indicates an important physiological role
for uNK in first-trimester pregnancy, but there is conflicting
evidence on their role in reproductive failure. Our findings and
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those of others (27, 29) point to uNK1 as the uNK subset more
likely to mediate placental implantation in early pregnancy. Future
studies focusing specifically on this subset may be able to elucidate
differences that were previously masked due to the examination of
uNK as a bulk population. A recent study using scRNAseq suggests
that there is a reduction of uNK1 in pathological pregnancies (59);
however, these findings should be interpreted with caution because
the pathological samples were collected after pregnancy loss,
making it difficult to discern if changes seen in immune cells are
a cause or an effect of pregnancy loss, due to inflammatory changes
that typically occur after foetal demise. To overcome this, future
studies could interrogate uNK during the window of implantation
(60) or from elective termination of pregnancy samples stratified to
low and high risk by uterine artery Doppler ultrasound, which has
high specificity in predicting the risk of pre-eclampsia and
intrauterine growth restriction (61).

In the third trimester, we found a greater proportion of uNK in
the DB compared to DP. This is in contrast to a previous report that
found a higher frequency of CD56Bright NK cells in the parietalis
than in the basalis (62). However, the lack of tissue-specific markers
in this earlier study means that it is difficult to be sure if these all
represent uNK. In both decidual tissues in the third trimester, the
majority of uNK cells are uNK3, which express low levels of KIRs
and LILRB1. This could suggest that, in contrast to early pregnancy,
the major role of uNK in late pregnancy does not involve
interactions with EVTs. Similarly, the expression of the functional
markers we examined was lower in the third trimester. This could
indicate that, if these cells have a role at the end of pregnancy, it is
via a different mechanism of action. The resemblance of uNK3 to
intra-epithelial ILC1 (29) could suggest that their role is in mucosal
homeostasis, and this is likely to be important throughout
pregnancy, in line with the relative constancy of uNK3, compared
to uNK1 and uNK2. Intriguingly, by scRNAseq, uNK3 were the
subset that differed the most, transcriptionally, between non-
labouring and labouring states, suggesting they may have a role in
labour that is yet to be defined. It would be interesting to do a
broader analysis of the potential functions of these cells or examine
their roles in pathological cases such as pre-eclampsia or
preterm birth.

In conclusion, we show here how uNK subset number,
expression of receptors, and function change dynamically
across the healthy reproductive cycle. This provides evidence
of their physiological role in implantation but will also provide
an important platform from which the relationship between
uNK function and pathologies of pregnancy associated with
impaired implantation and placentation can be investigated.
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Inflammatory bowel disease (IBD) is an idiopathic condition characterized by chronic
relapsing inflammation in the intestine. While the precise etiology of IBD remains unknown,
genetics, the gut microbiome, environmental factors, and the immune system have all
been shown to contribute to the disease pathophysiology. In recent years, attention has
shifted towards the role that innate lymphoid cells (ILCs) may play in the dysregulation of
intestinal immunity observed in IBD. ILCs are a group of heterogenous immune cells which
can be found at mucosal barriers. They act as critical mediators of the regulation of
intestinal homeostasis and the orchestration of its inflammatory response. Despite helper-
like type 1 ILCs (ILC1s) constituting a particularly rare ILC population in the intestine,
recent work has suggested that an accumulation of intestinal ILC1s in individuals with IBD
may act to exacerbate its pathology. In this review, we summarize existing knowledge on
helper-like ILC1 plasticity and their classification in murine and human settings. Moreover,
we discuss what is currently understood about the roles that ILC1s may play in the
progression of IBD pathogenesis.

Keywords: innate lymphocyte cells, intestine, inflammatory bowel disease, inflammation, natural killer cell, type 1
innate lymphoid cells
INTRODUCTION

Inflammatory bowel disease (IBD) primarily describes two idiopathic conditions characterized by
chronic relapsing inflammation in the intestine: ulcerative colitis (UC) and Crohn’s disease (CD).
Despite many similarities between the two, UC and CD are differentiated based upon their
histopathological features, the primary affected anatomical location, and their associated
symptoms. Within the gastrointestinal tract, UC is exclusively colorectal, with mucosal
inflammation found continuously extending from the rectum throughout the length of the colon
(1). In contrast, individuals with CD exhibit discontinuous pockets of transmural inflammation
which can be found scattered along the length of the gastrointestinal tract (2). In comparison to the
relatively superficial legions of UC, CD is destructive, with around half of all patients exhibiting
complications such as strictures or fistulae, within 10 years of being diagnosed (2). Yet while the
precise etiology of IBD remains unknown, its progression has been shown to be influenced by
complex interactions between genetic predispositions (3), perturbations to the gut microbiome and
its associated metabolites (4–8), and the dysregulation of innate and adaptive immune responses (2,
9). Recently, attention has shifted towards the role that innate lymphoid cells (ILCs) may play in the
pathophysiology of IBD. ILCs are a highly heterogenous family of lymphocytes which are
considered the innate counterpart of adaptive T cells. Broadly, they have been split into 5
org June 2022 | Volume 13 | Article 903688174
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subtypes based on their development, transcription factor
expression, and effector functions; these comprise natural killer
(NK) cells, lymphoid tissue inducer, and the helper-like type 1, 2
and 3 ILCs (ILC1, ILC2, and ILC3, respectively) (10).

As extensively reviewed elsewhere, the abundance and
phenotype of ILCs were shown to vary substantially across
tissues (11). However, in contrast to other mucosal sites, such
as the salivary gland and liver, ILC1s constitute an extremely rare
ILC population in the intestine. Despite this, recent work
suggests that they may play a critical role in the pathology of
IBD (12–16). However, due to their substantial phenotypic
overlap with NK cells, the identification and characterization
of intestinal ILC1 remains under debate. Here we will discuss the
complexities surrounding the differentiation of ILC1s from NK
cells, with a focus on those found in the intestine, and highlight
the potential roles of ILC1s in the exacerbation of IBD
pathogenesis and its associated complications.
Frontiers in Immunology | www.frontiersin.org 275
MURINE INTESTINAL ILC1

In mice, both ILC1s and NK cells can be identified by their
shared co-expression of the activating receptors NK1.1 and
NKp46 in the absence of other cell lineage (Lin-)-defining
markers, including CD3, CD14, CD19, and T cell receptor
proteins (17) (Table 1). Additionally, they share the
expression of T-bet, a canonical master transcriptional
regulator of type 1 immunity which includes the production
of IFN-g in lymphocytes (19). Within the murine intestine,
four distinct populations of Lin- NK1.1+ NKp46+ cells have
been described, which were differentiated based on their
anatomical location, transcription factor expression, cell
surface marker profile, and effector functions (10). These are
comprised of conventional NK (cNK) cells, lamina propria
(LP) ILC1s, intra-epithelial ILC1s (ieILC1), and a population
of ILC1-like ex-ILC3s.
TABLE 1 | NK cell and ILC1 Markers.

Mouse Human

LP ILC1 ieILC1 cNK cells LP ILC1 ieILC1 cytotoxic ILC1 / trNK cells cNK cells

NK1.1 + + + CD161 + lo +/lo –

NKp46 + + + NKp46 +/- + +/lo +

T-bet + + + T-bet +/- +/- + +

Eomes – + + ↓ Eomes – + +/- +

CD127 + – – CD127 + – +/- –

CD49a +/- + - ↑ CD49a – + + –

c-Kit (CD117) + + – c-Kit (CD117) – – +/- –

CD49b (DX5) – – + ↓ NKp44 – + +/- –

CD90 (Thy1) + lo - ↑ CD94 +/- lo +/- +

KLRG1 -/lo – + KLRG1 + nd + +

CD103 – + – CD103 – + +/- –

CXCR6 + + -/lo CXCR6 nd + lo/- –

Ly49D/H -/lo – +/- KIR – + +/- +

Ly6C -/lo - + NKG2A – + lo lo

CD160 lo + - ↑ CD160 – +/- – - ↑

CD200r1 +/- +/- – CD200r1 + lo +* –

Tcf-7 – – -/lo CD56 – + + +

CD11b - - + CD11b – +/lo lo +

HOBIT + + – HOBIT + + – –

TRAIL nd nd - ↑ IKZF3 (Aiolos) + + + +

CD122 lo nd + CD122 lo + + +

CD61 + nd - ↑ CD16 nd – +/- - ↑

CD69 + + - ↑ CD69 +/- + + -/lo

Granzyme – + + Granzyme – + + +

Perforin – + + Perforin – + + +
June 2022 | Volume 13 | Arti
Markers which may be used to identify and discriminate between NK cells and ILC1sin mice with a C57BL/6 background, and human tissues. Mouse LP ILC1 and ieILC1 markers shown
here are those which have been determined in the intestine and these markers may vary between tissues. For both mouse and human cNK cells and iNK cells, these are primarily circulating
cells and so these markers were predominantly identified from cells isolated from the blood. Human cytotoxic ILC1s/trNK cells are exclusive to those identified in the intestine; however, due
to the limited information on human intestinal LP ILC1s and ieILC1 populations, these markers additionally include those found in human tonsils, where the majority of research into human
ILC1s has been performed, and which have been shown to exhibit substantial overlap with those found in the intestine (12–14). Abbreviations: Lamina propria (LP), intra-epithelial ILC1s
(ieILC1), tissue-resident (tr)- , conventional (c)-, and immature (i)-NK cells. Annotations: (+) positive expression; (-) not expressed; (+/-) heterogenous expression; (lo) expressed, but to a low
level; (nd) not determined in the specific tissue/s examined; ↑ can be regulated following activation; ↓ can be downregulated following activation; * only observed in the CD127+ ILC1-like
population (18).
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Predominantly found circulating in the blood or residing in
the bone marrow and lymphoid organs, cNK cells are critical for
the recognition and elimination of virus-infected and
transformed cells, mediated via their secretion of cytotoxic
effector molecules, such as perforin and granzyme B, and of
proinflammatory cytokines, principally that of IFN-g (10). In
contrast, ILC1s are primarily a tissue-resident population of cells
(20, 21). Within the LP, ILC1s harbor little to no cytotoxic
capacity but exhibit significantly greater IFN-g secretion than
cNK cells, coupled to the production of TNFa upon their
activation (12, 22, 23). Moreover, they lack the characteristic
expression of Eomes found in cNK cells, instead expressing the
IL-7 receptor subunit CD127, a marker of all helper-like ILC
lineages (12, 22, 24–26). In the intestine, homeostatic cNK cells
and LP ILC1s have further been shown to exhibit a dichotomous
expression of cell surface markers including CD49a, CD49b,
CXCR6, and CD200r1 and the inhibitory Ly49 family of
receptors (21, 27, 28). Consequentially, under steady-state
conditions, murine ILC1s and cNK cells form distinct clusters
following global analyses of both their chromatin and
transcriptional landscapes (21, 27, 29). However, none of those
cited above acts alone as a population-defining marker. The
advent of single-cell RNA sequencing technologies has
highlighted the complex tissue-specific expression patterns of
ILC1s and revealed that, even within tissues, ILC1 populations
exhibit substantial transcriptional , funct ional , and
developmenta l heterogenei ty (11, 21 , 27 , 28 , 30) .
Consequentially, many markers previously proposed to define
ILC1s, including CD49a, TRAIL, Ly6C, CD103, CD200r1, and
CD127 (10, 11), have been found inconsistently expressed within
ILC1 populations and/or have been found expressed in
immature NK cells and their progenitors (17, 21). This is
exemplified by Eomes. While only cNK cells depend on the
expression of Eomes for their maturation (31), a lack of Eomes is
insufficient as a marker for ILC1s, as it is not expressed on
immature NK cells (26). To complicate matters further, activated
cNK cells have been shown to downregulate Eomes expression
and upregulate ILC1 markers (32–34), resulting in increasingly
blurred boundaries between the cell types under inflammatory
conditions—for example, NK cells have recently been shown to
be able to transition towards an ILC1-like phenotype (Eomes-

CD49a+ Ly6C+) as a consequence of IL-12 s following infection
with Toxoplasma gondii (32), or in response to TGF-b signaling
in the tumor microenvironment (35), in a manner which may be
mediated via STAT4 signaling (36). Consequentially, no
universal cell surface marker that is able to conclusively
distinguish ILC1s from NK cells has been identified.

As with the ability of cNK cells to differentiate to ILC1s, there is
substantial and convincing evidence demonstrating a high level of
plasticity between the helper-like ILCs in mice (37), particularly
among ILC3s and ILC1s (23, 27, 28, 38, 44). In homeostasis, ILC3s
form the major ILC population in the intestine, characterized via a
high expression of the transcription factor RORgt and secretion of
the cytokine IL-22 (10). However, in response to an infection or
IL-12 signaling, ILC3s can downregulate RORgt while
upregulating the expression of T-bet (38–42, 44), of which
ILC1s are completely dependent upon for their differentiation
Frontiers in Immunology | www.frontiersin.org 376
(10) and post-developmental maintenance (43). Consequentially,
the IL-22-expressing population of intestinal ILC3s is depleted,
replaced by an expansion of IFN-g-producing cells exhibiting a
phenotype indistinguishable from ILC1s. Notably, using RORgt
fate mapping analysis, an accumulation of these ILC1-like ex-
ILC3s (Lin- Eomes- NK1.1- IFNg+ T-bet+) was shown to be the
principal driver of Campylobacter jejuni-induced intestinal
pathology (44).

Finally, the remaining Lin- NK1.1+ NKp46+ population
described in mice are CD103+ ILC1s, resembling the well-
characterized ieILC1s in the human intestine (27).
INTESTINAL ILC1 IN HUMANS

Two distinct types of ILC1s have been described in the human
intestine (Table 1). Intestinal LP Lin- c-Kit- NKp44- NKp46+

CD127+ CD161+ ILC1s exhibit T-bet expression and produce
IFNg in response to inflammation, resemblant of cNK cells (12).
However, human LP ILC1s are Eomes- and do not express
perforin or granzyme B or other markers typically seen in cNK
cells in humans with cNK cells, including the expression of
KIR3DL1, CD56, and/or IL1R1 (12, 13). These intestinal LP
ILC1s are resemblant of ILC1s identified within other human
mucosal tissues, such as the tonsils (45) where the majority of
research into human ILCs have been performed. The second
ILC1 subtype is a cytotoxic population found within the intra-
epithelial lymphocyte compartment, characterized by their high
expression of CD103 relative to other local ILC populations (13,
14). Contrasting those found in the LP, human CD103+ ILC1s
are NKp46+ CD56+ Eomes+ CD127- CD161low, thus exhibiting a
transcriptional and effector function signature reflecting that of
both cNK cells and LP ILC1s (13, 14, 46).

Importantly, while the presence of NK1.1+ NKp46+ CD127+

ILC1s within the intestinal LP is consistently observed in mice, a
question remains as to the existence of their NKp46+ CD127+

CD161+ LP ILC1 counterparts within the non-inflamed human
intestine (30, 47, 48). Critically, the level of T-bet expression is
heterogeneous in both ILC1 and NK cell populations in human
tissues (46, 49), and a lack of T-bet in a putative ILC1 population
(Lin- c-Kit- NKp44- CD45+ CD127+) has led some to question
the very existence of ILC1s themselves (47). In contrast, the
presence of cytotoxic populations of ILC1s, comparable to
ieILC1s (CD103+/- T-bet+ Eomes+ CD56+ NKp46+ CD49a+

CD127-), is more consistently observed in various human
tissues (13, 14, 47, 50, 51). However, these constitute highly
heterogenous populations of cells which have been proposed to
resemble cNK cells more closely than other helper-like ILC
lineages (46, 47, 49). Accordingly, they are often instead
classed as tissue-resident NK (trNK) cells.

While the subpopulations of LP ILC1, ieILC1, cytotoxic/trNK
cells, and cNK cells exhibit highly overlapping phenotypes, a direct
transition between these populations in the intestine has yet to be
demonstrated. However, as described in mice, ILC3 to ILC1
phenotypic plasticity may also be present in human intestinal
tissues (13, 15, 47, 52, 53)—for example, CD14+ dendritic cells
from CD resection specimens have been found to promote the
June 2022 | Volume 13 | Article 903688
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differentiation of ILC3s into ILC1s in vitro (13). Moreover, human
tonsillar ILC3s have shown that they are able to convert to ILC1-like
ex-ILC3s in a manner which may be driven, in part, by TGF-b and
IL-23 acting coordinately to regulate the expression of the
transcription factors Aiolos, T-bet, and RORgt (15, 53). These
transitionary cells were also identified in the ileum of both
individuals with CD and non-disease controls (15), suggesting
that it is not a tissue-specific phenomenon. In the absence of fate
mapping within human tissues, this plasticity acts to further
complicate the identification of bona fide human ILC1s.

The consequence of their overlapping transcriptional
phenotypes and the plasticity between populations result in a
lack of consistently used nomenclature to define and differentiate
between ILC1 and NK cells, particularly within human intestinal
tissues. Until markers which conclusively discriminate between
the two are identified, this remains a major challenge to the field.
Frontiers in Immunology | www.frontiersin.org 477
ILC1 IN INTESTINAL INFLAMMATION

LP ILC1s act in the first line of defense to external pathogens,
rapidly inducing cytokine secretion upon their activation and
promoting the recruitment of other immune cells to the site of
inflammation (10) (Figure 1). Most studies addressing the
potential roles of LP ILC1s in murine intestinal inflammation
are primarily focused on their secretion of pro-inflammatory
cytokines, namely, IFN-g and TNFa (14, 18, 33, 38, 39, 44, 54).
While these have been shown to aid the clearance of infections,
such as mouse cytomegalovirus (33), Toxoplasma gondii (23),
and Clostridium difficile (54), the excess production of IFN-g and
TNFa is highly disruptive to intestinal homeostasis, inhibiting
proliferation and inducing apoptosis of local epithelial cells (55,
56). Consequentially, signaling via these pro-inflammatory
cytokines has been shown to exacerbate IBD-associated
A B

FIGURE 1 | Helper-like type 1 ILCs (ILC1s) in homeostasis and intestinal inflammation. (A) ILC1s comprise of lamina propria (LP) ILC1s, intra-epithelial (ie) ILC1s,
and cytotoxic ILC1s/tissue-resident (tr) natural killer cells. In the healthy intestinal microenvironment, ILC1s are the least frequent ILC population. In inflammatory
bowel disease (IBD), the frequency of ILC1s is increased at the expense of ILC3s and ILC2s. ILC3s and ILC2s transdifferentiate into ILC1s aided by the secretion of
IL-12 from dendritic cells. Ex-ILC3s can secrete both IFN-g and IL-22 upon stimulation, while ex-ILC2s can produce both IFN-g and IL-13. The increase in ILC1
frequency leads to an increase in pro-inflammatory cytokine secretion and augmented levels of ILC1-derived TGF-b1. TGF-b1 has been shown to increase CD44v6+

expression in epithelial and mesenchymal cells. In homeostasis, this may aid wound healing; however, in IBD this is associated with enhanced fibronectin-1
deposition and extracellular matrix degradation, consequently promoting tissue scarring. Abundant levels of IFN-g disrupt the epithelial tight junctions, leading to
increased epithelial permeability. This allows commensal, pathogenic, and opportunistic bacterial species (such as Bacteroides fragilis, Escherichia coli,
Mycobacterium avium subsp. paratuberculosis, and C. difficile) to penetrate the lamina propria, thus perpetuating the inflammation. (B) Figure key illustrating the
different cell types and molecules participating in intestinal inflammation. IFN-g, interferon-gamma; IL-22, interleukin-22; IL-17, interleukin-17; IL-13, interleukin-13; IL-
12, interleukin-12; TGF-b1, transforming growth factor-beta 1; TNF-a, tumor necrosis factor-alpha; PRF, perforin; GrzB, granzyme-B; GNLY, granulysin.
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pathology in response to infection with Helicobacter typhlonius
and in mouse models of dextran sulfate sodium (DSS)-induced
colitis (12, 25, 43, 55, 57–59)—for example, in response to DSS
treatment, IFN-g disrupts the vascular barrier integrity by
altering the adherens junction protein VE-cadherin. As a
result, this drives an increase in vascular permeability and an
accumulation of immune cells at the site of inflammation,
enabling the migration of intestinal bacteria into the blood and
other organs (55). Concordantly, the depletion of LP ILC1s and/
or their associated cytokines have been shown to significantly
attenuate the symptoms of colitis in vivo (43, 57, 59).

As observed in mice, VE-cadherin-mediated disruption of the
intestinal vascular barrier by IFN-g has additionally been
described in human IBD patients, suggesting a direct causative
role of IFN-g in the pathogenicity of the disease (55). Moreover,
an accumulation of ILC1s in the inflamed intestine has
repeatedly been identified in patients with IBD (12–14, 18, 52,
60). This was first observed by Bernink et al., who demonstrated
an accumulation of IFNG-expressing c-Kit- NKp44- CD127+

ILC1s in the intestinal LP of Crohn’s disease patients and
following DSS-induced colitis in mice with a humanized
immune system (12). Subsequently, these results have been
confirmed in larger patient groups (15, 60) and have been
shown not to be restricted to LP ILC1s but to include an
increase in the proportions of cytotoxic ieILC1s/trNK cells and
ILC1-like cells (CD127+ CD94+) in individuals with CD (14, 18).
However, it is not currently clear whether an increase in the
frequencies of ILC1s is a universal feature of IBD. Recent
investigations into ILC1s in the mucosal tissue of patients
newly diagnosed with CD and UC found that while LP ILC1
proportions increased at the sites of active inflammation in CD,
ILC2s instead accumulated in patients with UC (48). This finding
supports the controversial Th1/Th2 paradigm, in which CD is a
Th1-mediated disease and UC a Th2-mediated disease (61). In
contrast, using cytometry by time-of-flight analysis, the presence
of NK cells and ILC1s (Lin- CD161+ T-bet+ CD56lo-) has been
demonstrated in the mucosa of UC patients, albeit to a lesser
extent than was present in individuals with CD (62).

In patients with active IBD, perturbations in the ILC
compartment may not be restricted to the intestine, with a
small increase in the frequency of c-Kit- NKp44- CD127+

CD161+ ILC1s identified in their peripheral blood (63).
However, this finding is not universal with earlier reports
demonstrating no alterations in circulating ILC subtypes
between IBD patients and/or healthy controls (48, 62).
Recently, in the absence of changes in the total frequencies of
helper-like ILCs, an expansion of those exhibiting putative
markers of activation was observed, including HLR-DR+ ILC1s
and both HLR-DR+ and FMALF1+ ILC2s (64). This suggested
that existing peripheral ILC populations may be switching from a
homeostatic to an activated phenotype. While a question
remains as to what extent this may impact IBD pathogenesis
(65), it is notable that such a switch was additionally observed in
the population of ILC precursors (ILCp); an increase in NKp44+

and CD56+ ILCp was detected in CD patients, coupled to a
decrease in their corresponding naïve CD45RA+ ILCp (64).
However, while circulating human ILCp has been shown to
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contribute to the pool of ILCs in tissues (66), the extent to which
perturbations in peripheral ILCp in IBD patents may impact the
ILC compartment within the intestinal mucosae remains to be
determined—for example, recent research has shown that
CD45RA+ ILCp exhibits tissue-specific differentiation potential
(67). Moreover, the authors demonstrated an accumulation of a
CD62L- subpopulation of CD45RA+ ILCp in the inflamed
mucosa of patients with both UC and CD. The expansion of
CD26L- ILCp was found to be inversely proportional to the
frequency of NKp44+ ILC3s, suggesting that disruptions to ILCp
compartments may act to promote the disequilibrium of ILCs
observed in IBD (67).
A ROLE FOR ILC1-DERIVED TGF-b IN
IBD PATHOGENESIS?

The lack of long-term treatment options for IBD brings into
question the principal role of pro-inflammatory cytokines as key
drivers of the disease pathology—for example, the current gold-
standard treatment is the use of TNF-a blockers (e.g., infliximab,
adalimumab, certolizumab pegol, and golimumab), yet while this
has dramatically improved the IBD outcomes for both CD and
UC patients (68), only 1 in 3 initially responded to the drug, and
in 30–50% of these patients, the efficacy of treatment decreases
over time (69). Furthermore, despite IFN-g signaling being
shown to drive colitis in mice, a lack of efficacy was observed
in treatments aimed at suppressing signaling by this pro-
inflammatory cytokine in humans (70, 71). However, recent
work within our laboratory has demonstrated an alternative
signaling method by which ILC1s may act to exacerbate IBD-
associated pathology. Using both human and murine intestinal
organoids co-cultured with ILC1s, it was shown that LP ILC1-
derived TGF-b can drive the degradation of the extracellular
matrix, enhance fibronectin deposition, and induce the non-
specific expansion of intestinal epithelial cells (16). While in
homeostasis these pathways may drive epithelial regeneration
and wound healing, under conditions of chronic inflammation,
they have the potential to be pathological (15)—for example,
TGF-b has previously been characterized as an upstream
regulator of fibrosis in CD (72, 73). Notably, despite the
organoids used here being genetically, epigenetically, and
environmentally identical, pathological matrix remodeling was
only observed in the hyper-proliferative ILC1s isolated from the
inflamed tissue of CD patients (16). This concurred with previous
research in 2019 by Cella et al., who observed a significant increase
in a population of proliferative ILC1s in the ileum of individuals
with CD (15). These data together highlight a novel non-canonical
function of ILC1 in the exacerbation of IBD, in which their
augmented expansion may be coupled to enhanced TGF-b
signaling, consequentially driving the inflamed tissues toward
fibrotic scar tissue formation and/or promoting the growth of
epithelial tumors during chronic inflammation, two life-
threatening sequalae of IBD (74).

Interestingly, Cella et al. additionally identified a transitionary
population of ILC3–ILC1 cells in both CD patients and non-
disease controls. As with the conversion of NK cells to ILC1s in
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the TGF-b-rich tumor microenvironment (35), this transition
was demonstrated to be mediated via TGF-b signaling in both
mice and humans (15, 42). Considering that the accumulation of
ILC1s in IBD is coupled to a decrease in the frequency of ILC3s
(12, 48, 60), a question remains as to what extent this is reflective
of an expansion of the existing ILC1 population or an increased
conversion of other ILC subtypes to an “ILC1-like” phenotype or
both. Moreover, TGF-b has also been shown to impair NK cell
activity (75), and the presence of dysregulated NK cells has been
observed in the blood of IBD patients (76). Thus, while these data
do not show a direct relationship to intestinal inflammation, they
highlight the need for further investigations into the pleiotropic
role of TGF-b signaling in the dysregulated immune
compartment found within IBD.
CONCLUDING REMARKS AND FUTURE
DIRECTIONS OF RESEARCH

ILC1s represent a minor fraction of the innate cell population in
the intestinal LP of healthy individuals. When present in small
numbers, ILC1-derived TGF-b may contribute to the
maintenance of epithelial regeneration (16). However, the
expansion of their population at sites of active intestinal
inflammation may indicate their potential role as inducer and/
or driver of IBD pathogenicity, which is linked to the
development of IBD sequelae such as fibrosis and cancer (16).
Critically, there are still many key questions that need to be
addressed regarding their presence in inflamed tissues. Do ILC1s
accumulate in the intestinal lamina propria of CD patients as a
cause or consequence of inflammation? Does the pro-
inflammatory microenvironment lead to the augmented
plasticity of ILC2s and ILC3s, driving their transition towards
ILC1s? Or does it promote ILC1 survival and expansion via the
secretion of the cytokines and growth factors that they depend
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on? To what extent may perturbed blood ILC compartments
impact or reflect on those observed within the intestine? Does
the inflamed microenvironment observed in CD imprint a
highly proliferative state on ILC1s? Are the effects on ILC1s a
result of “trained” immunity as recently reported for murine
ILC3 (77)?

The development of new experimental techniques, such as the
co-culture of human organoids with ILCs (78, 79) and single-cell
multiomics, provides new avenues to address these questions.
Such studies will lead to a better understanding of the role of
ILC1 in IBD. Importantly, they will contribute to the
development of new therapeutic approaches to revert the
pathogenic accumulation of ILC1s in inflamed tissues.
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et al. ILC1 Drive Intestinal Epithelial and Matrix Remodelling. Nat Mater
(2021) 20(2):250–9. doi: 10.1038/s41563-020-0783-8

17. Riggan L, Freud AG, O’Sullivan TE. True Detective: Unraveling Group 1
Innate Lymphocyte Heterogeneity. Trends Immunol (2019) 40:909–21. doi:
10.1016/j.it.2019.08.005

18. Krabbendam L, Heesters BA, Kradolfer CMA, Haverkate NJE, Becker MAJ,
Buskens CJ, et al. CD127+ CD94+ Innate Lymphoid Cells Expressing
Granulysin and Perforin Are Expanded in Patients With Crohn’s Disease.
Nat Commun (2021) 12(1):1–11. doi: 10.1038/s41467-021-26187-x

19. Mohamed R, Lord GM. T-Bet as a Key Regulator of Mucosal Immunity.
Immunology (2016) 147:367–76. doi: 10.1111/imm.12575

20. Gasteiger G, Fan X, Dikiy S, Lee SY, Rudensky AY. Tissue Residency of Innate
Lymphoid Cells in Lymphoid and Nonlymphoid Organs. Science (2015)
350:981–5. doi: 10.1126/science.aac9593

21. McFarland AP, Yalin A, Wang SY, Cortez VS, Landsberger T, Sudan R, et al.
Multi-Tissue Single-Cell Analysis Deconstructs the Complex Programs ofMouse
Natural Killer and Type 1 Innate Lymphoid Cells in Tissues and Circulation.
Immunity (2021) 54:1320–37.e4. doi: 10.1016/j.immuni.2021.03.024
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and tissue lymphocytes
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human innate lymphoid cells
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Innate lymphoid cells (ILCs) play important roles in tissue homeostasis and host

defense, but the proliferative properties and migratory behavior of especially

human ILCs remain poorly understood. Here we mapped at single-cell

resolution the spatial distribution of quiescent and proliferative human ILCs

within the vascular versus tissue compartment. For this purpose, we employed

MISTRG humanizedmice as an in-vivomodel to study human ILCs. We uncovered

subset-specific differences in the proliferative status between vascular and tissue

ILCswithin lymphoid and non-lymphoid organs.We also identifiedCD117-CRTH2-

CD45RA+ ILCs in the spleen that were highly proliferative and expressed the

transcription factor TCF-1. These proliferative ILCs were present during the

neonatal period in human blood and emerged early during population of the

human ILC compartment in MISTRG mice transplanted with human

hematopoietic stem and progenitor cells (HSPCs). Single-cell RNA-sequencing

combined with intravascular cell labeling suggested that proliferative ILCs actively

migrated from the local vasculature into the spleen tissue. Collectively, our

comprehensive map reveals the proliferative topography of human ILCs, linking

cell migration and spatial compartmentalization with cell division.

KEYWORDS

innate lymphoid cells, proliferation, migration, tissue residency, ontogeny, spleen,
humanized mice, single-cell RNA-sequencing
Abbreviations: HSPCs, human hematopoietic stem and progenitor cells; IFNg, interferon gamma; IL,

interleukin; ILCs, innate lymphoid cells; ILCPs, innate lymphoid cell precursors; IV, intravenous; Lin,

lineage; NK, natural killer; TCF-1, T cell factor-1; UMAP, Uniform Manifold Approximation

and Projection.
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Introduction

ILCs belong to a new lineage of immune cells of lymphoid

origin that has innate properties, such as rapid effector function

(1–6). Similar to T lymphocytes, ILCs are classified into distinct

subsets that express lineage-defining transcription factors and

effector molecules: (i) Cytotoxic natural killer (NK) cells

expressing the signature transcription factors EOMES and T-

BET; (ii) ILC1s expressing T-BET and the signature cytokine

interferon gamma (IFNg); (iii) ILC2s expressing GATA3 and the
cytokines interleukin-5 (IL-5) and IL-13; (iv) ILC3s expressing

RORgt and the effector cytokines IL-17 and/or IL-22. Surface

expression of IL-7Ra (CD127) is generally used to distinguish

helper-like CD127+ ILC1s, ILC2s, and ILC3s from CD127-

CD94+ human NK cells (7).

ILCs inhabit various organs where they are strategically

positioned to help maintain organ homeostasis and to

participate in host defense. ILCs are considered to be mainly

tissue-resident at steady state, at least in mice (8). However, ILCs

actively migrate during their ontogeny and tissue injury (9–19)

and the function of ILCs is linked to their localization within

tissues (20, 21). The relative frequency of human ILC subsets

differs between organs (22, 23). Moreover, differences in ILC

compartmentalization between mice and humans have been

reported (23). However, the distribution of human ILCs

between the vascular and tissue space is unknown due to the

difficulty of studying human ILCs in vivo.

ILCs lack antigen-specific receptors but expand in response

to locally produced cytokines. Recently, the concept that mature

ILCs differentiate locally from systemic ILC precursors (ILCPs)

that enter tissues has been established (11, 24–26). However, the

mechanisms of ILC proliferation, especially in the human

context, are not completely understood. For example, it is

unclear where ILCs proliferate and whether ILC proliferation

is spatially compartmentalized. We hypothesized that ILCs differ

in their proliferative status and that it is linked to their

anatomical location. To test this hypothesis, we used a

humanized mouse model to investigate human ILCs in vivo

because human ILC studies are largely restricted to ex-vivo and

in-vitro experiments. This model named “MISTRG” expresses

human cytokines (27–29) and supports the development of

human NK cells and all types of ILCs after transplantation

with human hematopoietic stem and progenitor cells (30, 31).

Therefore, this model allows studying human ILCs directly in

their surrounding tissue microenvironment and to investigate

their ontogeny, migration, and proliferation in vivo.

Here, we comprehensively resolved the spatial distribution of

quiescent and proliferating human ILCs in bone marrow, spleen,

liver, and lung of MISTRG mice transplanted with human CD34+

HSPCs. Intravascular labeling to distinguish vascular from tissue ILCs

revealed that human ILCs have a specific proliferative topology

within lymphoid and non-lymphoid organs. Moreover, we
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identified a specific population of CD117-CRTH2-CD45RA+ ILCs

with high proliferative potential that expressed the transcription

factor TCF-1, emerged early during ontogeny, and acquired tissue

residency in the spleen. Our findings support the notion that ILCs

residing in the local organ vasculature are primed for proliferation

before entering the extravascular (tissue) compartment.
Materials and methods

Human blood

We obtained human tissues through Karolinska University

Hospital Huddinge after informed consent was given by all

tissue donors following verbal and written information.

Umbilical cord blood was obtained from Caesarean sections.

Buffy coats were provided by the local Blood Bank. Approval for

the use of human tissues was obtained from the Ethical Review

Board at Karolinska Institutet (#2006/229-31/3, 2015/1368-31/4,

2015/2122-32, 2016/1415-32, 2019-03863). The study was

conducted according to the Declaration of Helsinki.
Generation of mice with a human
immune system

To study human ILCs in vivo, we used MISTRG mice as in our

recent study (31). MISTRG mice on the Rag2-/-Il2rg-/- background

were previously described (27, 32) and express human genes

encoding the proteins M-CSF, IL-3/GM-CSF, SIRPa, and TPO

through gene knock-in. For the experiments, we used both male

and female MISTRG mice that were heterozygous for SIRPA and

homozygous for all other human genes. MISTRGmice were housed

under specific pathogen-free conditions and did not receive any

prophylactic antibiotics. Human CD34+ cells containing HSPCs

were purified from umbilical cord blood (pooled from several

donors) with the CD34+ microbead kit (Miltenyi Biotec) as

previously described (31). Newborn MISTG mice that were 3-5

days old were then injected with 1 x 105 human CD34+ cells (pooled

from several donors) via the intrahepatic route as described (31, 33).

Mice did not receive any irradiation as pre-conditioning before

transplantation except for the experiments shown in Supplementary

Figure 4 and for the single-cell RNA-sequencing of spleen ILCs. In

these cases, mice were irradiated once with 100 cGy before HSPC

transplantation. Successful engraftment with human CD45+

hematopoietic cells was confirmed by flow cytometry of blood

collected from MISTRG mice at ~6-8 weeks post-transplantation.

In general, HSPC-engrafted MISTRG mice were used for

experiments 7-12 weeks after injection with human CD34+ cells,

except for the kinetics experiments where mice were analyzed also

at 3-5 weeks post-transplantation. All mouse experiments were

approved by the Linköping Animal Experimentation Ethics
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https://doi.org/10.3389/fimmu.2022.902881
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Gao et al. 10.3389/fimmu.2022.902881
Committee (ethical permits #29-15 and #03127-2020). The use of

MISTRG mice requires Material Transfer Agreements with

Regeneron Pharmaceuticals and Yale University.
Labeling of intravascular ILCs in
MISTRG mice

Human CD45+ hematopoietic cells in the blood and the

organ vasculature of HSPC-engrafted MISTRG mice were

labeled as previously described (31). For this purpose, 2 mg of

a phycoerythrin (PE)-conjugated anti-human CD45 antibody

(Biolegend, clone HI30) was injected intravenously (IV) 5

minutes before organ harvest without any prior perfusion.

After isolation from various organs (bone marrow, spleen,

liver, lung), cells were stained ex vivo with an APC-Cy7-

conjugated anti-human CD45 antibody and other cell surface

antibodies to determine the frequency of intravascular (IV

CD45-PE+) and extravascular (IV CD45-PE-) ILCs by flow

cytometry. Blood was also analyzed by flow cytometry to

confirm successful intravascular labelling, defined as >90% IV

CD45-PE+ human cells in blood.
Isolation of human ILCs from MISTRG
mice and from human blood

Lung, liver, spleen, and bone marrow harvested from

MISTRG mice were processed as described in (31). Briefly,

small lung pieces were digested at 37°C for 1 hour in RPMI

1640 with 5% FCS, 0.2 mg/mL collagenase IV (Sigma) and 0.02

mg/mL DNAse I (Sigma). Digested lung pieces were mashed

using a syringe plunger to mechanically dissociate the cells and

passed through a 70 µm filter. Lung lymphocytes were then

further purified by density gradient centrifugation with

Lymphoprep (Fisher Scientific). Like the lungs, crushed liver

pieces were digested at 37°C for 1 hour in digestion media (see

above) and then washed with RPMI 1640/5% FCS. To remove

hepatocytes, digested livers were centrifuged at 300 rpm for 3

minutes at 4°C. Then, leukocytes in the supernatant were

pelleted by centrifugation (1,700 rpm for 10 minutes at 4°C)

before further purification by density gradient centrifugation

with 27.5% Optiprep (Abbott Rapid Diagnostics). Spleen were

mechanically dissociated with a syringe plunger before passing

through a 70 µm filter. For bone marrow, hind legs harvested

from MISTRG mice were cleaned, cut at both ends, and bone

marrow cells flushed from the bone with a syringe and 25G

needle. Cells isolated from all four organs were treated with red

blood cell lysis buffer (from Karolinska University Hospital),

washed with RPMI 1640, and counted prior to staining for flow

cytometry. Blood was obtained from HSPC-engrafted MISTRG

mice by cardiac puncture and red blood cell lysis performed
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before staining cells for flow cytometry. Density gradient

centrifugation was used to isolate peripheral blood

mononuclear cells from human cord blood and buffy coats.

The CD34- fraction from cord blood (after immunomagnetic

selection) was used for flow cytometry of ILCs.
Flow cytometry of human ILCs

Surface staining of immune cells isolated from human blood or

from HSPC-engrafted MISTRG mice was performed essentially as

previously described (31). Briefly, suspensions of single cells were

incubated with the fluorochrome- or biotin-conjugated antibodies

listed in Supplementary Table 1 in 100 ml FACS buffer (PBS/2%

FCS) for 1 hour at room temperature. After washing, cells were

incubated with streptavidin-Brilliant Violet 711 (BD Biosciences)

for 30 minutes on ice. Then, surface-stained cells were incubated

with fixable viability dye-eFluor506 (eBioscience) for 15 minutes on

ice. For detection of Ki67 and transcription factors, cells were fixed

and permeabilized with the Foxp3/Transcription Factor Staining kit

(eBioscience) after surface and viability staining. Fixed and

permeabilized cells were then stained with antibodies against

transcription factors or Ki67 as well as matched isotype control

antibodies. For cell cycle analysis, Ki67-stained cells were incubated

with 20 ml propidium iodide (PI) (eBioscience) per 5 x 106 cells for

30 minutes at room temperature in 100 ml Cytoperm buffer (BD

Biosciences) containing RNase A. Intracellular staining for IFNg
was performed with the Cytofix/Cytoperm kit (BD Biosciences) as

described (31) after 6 hours of stimulation with phorbol 12-

myristate 13-acetate (PMA) (Sigma) and ionomycin (Sigma).

After cell acquisition on a LSR II Fortessa flow cytometer (BD

Biosciences), FlowJoV10 software was used for data analysis. ILCs

were gated as viable human CD45+CD127+CD94-CD3-TCRab-

cells that were negative for Lineage (Lin) markers (CD11c, CD14,

CD19, CD123, FceRI) as well as lacking human CD34 and mouse

CD45 as indicated.
Single-cell RNA-sequencing of ILCs

Cells for single-cell RNA-sequencing were isolated from the

spleens of two months-old irradiated and HSPC-engrafted

MISTRG mice after intravascular cell labeling was performed

with IV-injected anti-CD45-PE antibody (see above). To obtain

sufficient cells, spleen cells were pooled from ten MISTRG mice,

engrafted with three pooled batches of human CD34+ cells to

reduce the impact of HSPC donor variability. ILCs were then

purified as live CD45+CD127+CD94-CD3-TCRab-Lin-CD34-

lymphocytes and divided into intravascular (IV-CD45-PE+)

and extravascular (IV-CD45-PE-) ILCs. Lin markers included

CD11c, CD14, CD19, CD123, FceRI. Single-cell libraries were

prepared using the 10x Genomics Single Cell 3’ Library v2 kit
frontiersin.org

https://doi.org/10.3389/fimmu.2022.902881
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Gao et al. 10.3389/fimmu.2022.902881
according to the manufacturer’s instructions. Libraries were

sequenced on a Nextseq 550 (Illumina) and mapped to the

human GRCh38 reference genome using the Cell Ranger 3.0.1

pipeline (10x Genomics). Both extravascular and intravascular

samples were analyzed using Seurat 4.1.1, with cut-offs applied

for genes expressed in a minimum of 3 cells, and cells expressing

a minimum of 200 genes. The samples were then merged into a

single Seurat object using the merge function. Further quality

control selected cells with > 100 genes, < 4,000 genes, and < 5

percent mitochondrial genes, using the subset function on the

merged dataset. Log normalization to 10,000 counts was next

applied to the remaining 5,853 cells. The FindVariableFeatures

function was applied to select 2,000 highly variable genes,

followed by ScaleData, which was then used to produce a PCA

and neighborhood graph (10 principal components). Louvain

clustering was applied with the FindClusters function with

resolution 0.45, resulting in 11 clusters (Supplementary

Figure 5A). The FindAllMarkers function (min.pct=0.25,

logfc.threshold=0.25) function was applied to identify marker

genes for each cluster, pct.1 represents the fraction of cells

expressing the gene in the specified cluster being tested, while

pct.2 represents the remaining cells. To better represent the main

ILC populations we applied the subset function to extract

clusters containing ILCs (Clusters 0-5), resulting in 4,936

remaining cells (2,704 vascular and 2,232 tissue cells). PCA,

neighborhood graph (10 principal components), and Louvain

clustering (resolution 0.44) was reapplied to the new Seurat

object, resulting in 8 clusters. This was the Seurat object used for

all further analysis. Uniform Manifold Approximation and

Projection (UMAP) embedding was produced using 10

principal components (Figure 7B). The FindAllMarkers

function (min.pct=0.25, logfc.threshold=0.25) function was

applied to identify marker genes for each cluster in the final

object. Violin and feature plots were produced using the VlnPlot

and FeaturePlot function, respectively. Cell cycle analysis of ILC

clusters was performed with the CellCycleScoring function. To

identify biological processes over-represented within the gene

signature of MKI67-ILCs, WebGestalt (http://webgestalt.org/) was

employed using default parameters.
Statistical analysis

For statistical comparisons between two groups Student’s t

test was used. One-way ANOVA was employed to determine

statistical significance between multiple groups. ANOVA post

hoc testing was done with Tukey’ Multiple Comparison Test.

Results were considered statistically significant with a= 0.05.

Mean and standard error of the mean (SEM) are shown in the

figures. The number of biological replicates and independent

experiments are stated in the figure legends. GraphPad Prism 8

was used to perform statistical analysis and create graphs.
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Cartoons to illustrate
experimental outlines

The cartoons in Figures 1A, 2A, 7A, and S6 were prepared

using images from Mind the Graph (http://mindthegraph.com).
Results

Proliferative status of human ILCs in
lymphoid and non-lymphoid organs

We first asked in which organs ILC proliferation takes place. To

investigate the link between human ILC localization and

proliferation, we used MISTRG mice transplanted with human

CD34+ HSPCs (Figure 1A) as in our previous studies (27, 31, 33).

MISTRG mice were not pre-conditioned by irradiation before

HSPC transplantation. ILCs derived from human HSPCs were

gated as CD45+CD127+CD94- cells that lacked T cell markers

(CD3, TCRab) and other Lin markers (CD11c, CD14, CD19,

CD123, FceRI) (Supplementary Figure 1). Then the cell division

status of human ILCs and NK cells (CD45+CD127-CD94+CD3-

TCRab-Lin-) was determined by intracellular staining for the

proliferation marker Ki67 in hematopoietic (bone marrow),

lymphoid (spleen), and non-lymphoid organs (lung, liver). Flow

cytometry analysis revealed a high frequency of Ki67+ ILCs in bone

marrow, while in peripheral organs the highest frequency of

proliferating ILCs was found in the spleen (Figures 1B, C). In

contrast, proliferating NK cells (Figures 1B, C) and T cells

(Supplementary Figures 2A, B) were mostly located in non-

lymphoid organs (lung and liver) as well as in the bone marrow.

These results indicate that ILCs have an organ-specific proliferative

hierarchy that is distinct from that of NK cells and T lymphocytes.
Spatial distribution of quiescent and
proliferative ILCs within vascular and
tissue compartments

The above findings suggested that human ILC proliferation

may be spatially compartmentalized and prompted us to

determine the localization of proliferating ILCs within vascular

and tissue compartments. To distinguish vascular from tissue-

resident Ki67+ ILCs, we employed intravascular labeling of

human CD45+ hematopoietic cells by the IV injection of a PE-

conjugated anti-human CD45 antibody (Figure 2A), as we did

previously (31, 33). This experimental approach allowed us to

distinguish four different ILC populations (Figure 2A): (i)

quiescent tissue-resident (Q-R) ILCs (Ki67- IVCD45-PE-), (ii)

quiescent intravascular (Q-IV) ILCs (Ki67- IVCD45-PE+), (iii)

proliferative tissue-resident (P-R) ILCs (Ki67+ IVCD45-PE-),

and (iv) proliferative intravascular (P-IV) ILCs (Ki67+ IVCD45-
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PE+). The distribution of these four populations differed among

ILC subsets (CD117-CRTH2- ILC1s, CRTH2+ ILC2s,

CD117+CRTH2- ILCPs/ILC3s) in different organs (Figures 2B,

C). ILC2s were mostly quiescent and intravascular in spleen,

lung, and liver (Figures 2B, C). NK cells (Supplementary

Figures 3A, B) and T lymphocytes (Supplementary Figure 3C,

D) showed a similar pattern, but with more proliferating cells

within the lung and liver vasculature than ILC2s. ILC3s and
Frontiers in Immunology 05
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CD117+ ILCPs were largely quiescent in spleen, lung, and liver,

whereas in the bone marrow they were proliferative and tissue-

resident (Figures 2B, C). In the spleen ILC3s and CD117+ ILCPs

were located preferentially within the tissue compartment,

whereas they mostly had an intravascular localization in the

lung and liver (Figures 2B, C). CD117-CRTH2- ILC1s on the

other hand were more proliferative than the other ILC subsets,

especially in the spleen (Figures 2B, C). Moreover, Ki67+ ILC1s
B

C

A

FIGURE 1

Proliferative status of human ILCs in lymphoid and non-lymphoid organs of HSPC-engrafted MISTRG mice. (A) Transplantation of newborn
MISTRG mice with human CD34+ cord blood HSPCs. (B, C) Intracellular Ki67 expression by human ILCs and NK cells as determined by flow
cytometry. Isotype control (IsoCtrl) staining is shown for the lung. ILCs were gated as human CD45+CD127+CD94-CD3-TCRab-Lin- cells and NK
cells were gated as human CD45+CD127-CD94+CD3-TCRab-Lin- cells as in Supplementary Figure 1. For bone marrow analysis, ILCs and NK
cells were also gated as CD34- cells. Frequencies of Ki67+ ILCs and NK cells in the indicated organs of HSPC-engrafted MISTRG mice (n = 7-12)
are shown in (C). *, P <0.05; **, P <0.01; ***, P <0.001; ****, P <0.0001 by one-way ANOVA, Tukey’s post-test. Data are represented as mean ±
SEM. Data are from two independent experiments using MISTRG mice engrafted with different pools of HSPCs. (A) was created with Mind the
Graph.
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B

C

A

FIGURE 2

Spatial distribution of quiescent and proliferative ILCs within vascular and tissue compartments. (A) Experimental outline. Intracellular Ki67
staining of human ILCs was performed in HSPC-engrafted MISTRG mice after (IV) injection of anti-human CD45-PE antibody to label
intravascular human hematopoietic cells. Human cells in the organ vasculature are stained by the IV-injected anti-CD45 antibody (IV CD45-PE),
whereas cells residing in the tissue are not stained. Following intravascular labeling, cells were surface-stained ex vivo and stained intracellularly
with an antibody against Ki67. Then quiescent (Ki67-) and proliferative (Ki67+) as well as intravascular (IVCD45-PE+) and extravascular ILCs within
tissue (IVCD45-PE-) were distinguished by flow cytometry. (B) Flow cytometry analysis of intravascular versus extravascular and quiescent versus
proliferative CD117-CRTH2- ILC1s, CRTH2+ ILC2s, and CD117+ ILC3s in the indicated organs of HSPC-engrafted MISTRG mice. ILCs were gated
as human CD45+CD127+CD94-CD3-TCRab-Lin- cells as in Supplementary Figure 1 and as CD34- cells. (C) Frequencies of quiescent tissue-
resident (Q-R), quiescent intravascular (Q-IV), proliferative tissue-resident (P-R), and proliferative intravascular (P-IV) human ILC1s, ILC2s, and
ILC3s in the indicated organs (n = 6-11) as determined in (B). n.s., not significant; *, P <0.05;
**, P <0.01; ***, P <0.001; ****, P <0.0001 by one-way ANOVA, Tukey’s post-test. Data represent mean ± SEM and are representative of two
independent experiments using MISTRG mice engrafted with different pools of HSPCs. (A) was created with Mind the Graph.
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were present in the local vasculature of peripheral organs

(spleen, lung, liver), whereas in the bone marrow they mostly

resided in the extravascular space (Figures 2B, C). Combined,

these data suggest that human ILC subsets differ in their

proliferative state and spatial compartmentalization

within organs.
CD117-CRTH2-CD45RA+ ILCs in the
spleen are highly proliferative

Having discovered discrete subsets of Ki67+ ILCs, we further

examined the proliferation of ILCs with an ILC1 surface

phenotype (CD117-CRTH2-). For this purpose, we divided

ILC1s into two subsets based on surface expression of

CD45RA, a marker for immature ILCs (24, 34, 35), although it

is also uniformly expressed by mature NK cells. Ki67+ cells

among CD117-CRTH2- ILCs mostly expressed CD45RA on

their cell surface in all organs examined (Figure 3A).

Moreover, there was a large population of CD117-CRTH2-

CD45RA+ ILCs in the spleen that was Ki67+ and present in

both the intravascular and extravascular compartment of the

spleen (Figures 3B, C). Intravascular Ki67+ CD45RA+ ILC1s

were also present in lung and liver, whereas proliferating

CD45RA+ ILC1s were predominantly extravascular in the

bone marrow (Figures 3B, C). Further flow cytometric analysis

revealed that proliferative CD117-CRTH2-CD45RA+ ILCs in the

spleen were mostly in G1 phase of the cell cycle (Figure 3D). We

conclude that proliferative CD117-CRTH2- ILCs have an

immature surface phenotype and mostly reside within both

the vascular and tissue compartment of the spleen.
Proliferative CD117-CRTH2-CD45RA+

ILCs express the transcription
factor TCF-1

To further elucidate the features of proliferating CD117-

CRTH2-CD45RA+ ILCs, we examined the expression of

transcription factors that define ILC lineages. As expected,

CD117-CRTH2-CD45RA+ ILCs from the spleen of HSPC-

engrafted MISTRG mice lacked expression of EOMES and

RORgt (Figure 4A). In addition, the majority of splenic

CD117-CRTH2-CD45RA+ ILCs did not express intracellular

T-BET protein, the signature transcription factor for ILC1s,

whereas NK cells were uniformly T-BET+ (Figure 4A). The

observation that most CD117-CRTH2- ILCs were Ki67+ but

lacked intracellular T-BET protein, suggested that CD117-

CRTH2- ILCs contained proliferating immature ILCs. To

further explore this possibility, we determined expression of

the transcription factor TCF-1 that is associated with

proliferative potential (11, 24, 36, 37). We also assessed the

expression of PLZF, another transcription factor associated with
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ILC development (38–41). CD117-CRTH2 CD45RA+ ILCs

expressed high amounts of intracellular TCF-1 protein, but

not PLZF, which was expressed by the other ILC subsets

including NK cells (Figure 4B). CD117+CRTH2- ILCPs/ILC3s

also highly expressed TCF-1 but with only few Ki67+ cells, in

contrast to CD117-CRTH2-CD45RA+ ILCs that were TCF-

1hiKi67+ (Figure 4B). Therefore, two populations of ILCs with

high TCF-1 expression could be distinguished, namely

proliferative CD117-CRTH2-CD45RA+ ILCs and quiescent

CD117+ ILCPs/ILC3s. The lack of T-BET expression indicated

that splenic CD117-CRTH2-CD45RA+ ILCs do not represent

bona-fide ILC1s. To further corroborate this notion, we

examined production of IFNg, the signature cytokine produced
by ILC1s. As expected, most human NK cells expressed

intracellular IFNg protein in response to stimulation with

PMA and ionomycin in vitro (Figure 4C). In contrast, neither

human ILCs from the spleen of HSPC-engrafted MISTRG mice

nor human ILCs from umbilical cord blood produced IFNg after
stimulation (Figure 4C). In summary, we found that CD117-

CRTH2- ILCs in the spleen contain a proliferative population

that expressed TCF-1 and had features of functionally

immature ILCs.
Proliferative CD117-CRTH2-CD45RA+

ILCs are present in the circulation and in
human umbilical cord blood

We next asked whether proliferative CD117-CRTH2-

CD45RA+ ILCs resided in local vascular compartments and/or

circulated between organs. The latter predicted that Ki67+ CD117-

CRTH2-CD45RA+ ILCs were present in the systemic circulation.

Consistent with this prediction, we found that circulating human

CD117-CRTH2- ILCs in HSPC-engrafted MISTRG mice were

mostly CD45RA+ (Figure 5A). Umbilical cord blood also

contained a substantial proportion of CD117-CRTH2-CD45RA+

ILCs, whereas CD117-CRTH2-CD45RA+ ILCs were present in

adult blood at a lower frequency (Figure 5A). Furthermore, we

detected CD117-CRTH2-CD45RA+ ILCs in the blood of HSPC-

engraftedMISTRGmice that were Ki67+ (Figure 5B). Ki67+ ILC2s

and ILC3s/CD117+ ILCPs were also present in the blood of

HSPC-engrafted MISTRG mice (Figure 5B), despite being less

abundant in the local vasculature of the spleen, lung, and liver

than Ki67+ CD45RA+ ILC1s (Figure 2C and 3C). This suggested

that Ki67+ ILC2s and ILC3s/CD117+ ILCPs mostly recirculate

through organs, whereas Ki67+ CD117-CRTH2-CD45RA+ ILCs

may marginate and accumulate in the local vasculature, especially

in the spleen. We next investigated whether proliferative CD117-

CRTH2-CD45RA+ ILCs could also be detected in human blood.

Ki67+ CD45RA+ ILC1s, as well as Ki67+ ILC2s and ILC3s/CD117

+ ILCPs were rare in the blood of adult humans, consistent with a

previous report (22), but more prevalent in umbilical cord blood,

although less frequent than in the blood of HSPC-engrafted
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FIGURE 3

CD117-CRTH2-CD45RA+ ILCs in the spleen are highly proliferative. (A) Frequencies of proliferating CD117-CRTH2-CD34- ILCs according to
CD45RA surface expression in various organs of HSPC-engrafted MISTRG mice (n = 7-12). ILCs were gated as human CD45+CD127+CD94-CD3-

TCRab-Lin- cells as in Supplementary Figure 1 and then gated as CD117-CRTH2-CD34- ILCs. (B) Flow cytometry analysis of intravascular versus
extravascular and quiescent versus proliferative CD117-CRTH2-CD34- ILCs in the indicated organs of HSPC-engrafted MISTRG mice. ILCs were
gated as human CD45+CD127+CD94-CD3-TCRab-Lin- cells as in Supplementary Figure 1 and then gated as CD117-CRTH2-CD34- ILCs. (C)
Frequencies of quiescent tissue-resident (Q-R), quiescent intravascular (Q-IV), proliferative tissue-resident (P-R), and proliferative intravascular
(P-IV) CD117-CRTH2-CD34- ILCs in the indicated organs (n = 6-11) as determined in (B). (D) Cell cycle status of CD117-CRTH2-CD45RA+ ILCs
and NK cells from the spleen of HSPC-engrafted MISTRG mice (n = 4). n.s., not significant; *, P <0.05; **, P <0.01; ***, P <0.001; ****, P
<0.0001 by one-way ANOVA, Tukey’s post-test. Data represent mean ± SEM and are representative of two independent experiments using
MISTRG mice engrafted with different pools of HSPCs. (A) was created with Mind the Graph.
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MISTRG mice (Figures 5B, C). Taken together, these findings

indicate that CD117-CRTH2-CD45RA+ ILCs distribute via the

vascular system and that they represent a conserved population in

humans during early life.
CD117-CRTH2-CD45RA+ ILCs appear
early during ontogeny

Their presence during the neonatal period suggested that

CD117-CRTH2-CD45RA+ ILCs represented circulating

immature cells that may seed various organs. To further explore

the ontogeny of CD117-CRTH2-CD45RA+ ILCs, we examined the

kinetics of human ILC reconstitution in MISTRG mice after

transplantation with CD34+ HSPCs. CRTH2-CD117- ILCs were

present in all organs including the spleen, lung, and liver

(Figures 6A, B). At 3 weeks post-transplantation, CD117-

CRTH2- ILCs were the prevalent ILC subset in peripheral
Frontiers in Immunology 09
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organs (spleen, liver, lung) when compared to ILC2s and ILC3s

(Figure 6A). These data support the notion that CD117-CRTH2-

ILCs appeared early before other ILC subsets during development.

In the spleen, the frequency of CD45RA+ cells within CD117-

CRTH2- ILCs decreased over time (Figures 6C, D), indicating a

potential conversion of CD45RA+ into CD45RA- CD117-

CRTH2- ILCs.

Next, we investigated the developmental niche occupied by

CD117-CRTH2-CD45RA+ ILCs in different organs of HSPC-

engrafted MISTRG mice. We found that the frequency of

CD117-CRTH2-CD45RA+ ILCs was the same whether

MISTRG mice were irradiated or not before transplantation

with human CD34+ HSPCs (Supplementary Figures 4A, B). This

result suggested that clearing of their anatomical niche by

irradiation is not required for the development of CD117-

CRTH2-CD45RA+ ILCs in MISTRG mice. These results are in

line with human data showing that reconstitution of CD117-

CRTH2- ILC1s after hematopoietic stem cell transplantation
B

C

A

FIGURE 4

Proliferative CD117-CRTH2-CD45RA+ ILCs express the transcription factor TCF-1. (A) Intracellular expression of signature transcription factors
(Eomes, T-BET, RORgt) in human CD117-CRTH2-CD45RA+ ILCs, CRTH2+ ILC2s, CD117+CRTH2- ILC3s, and NK cells isolated from the spleen of
HSPC-engrafted MISTRG mice (n = 5). Matched isotype antibodies were used as controls. (B) Intracellular expression of transcription factors
(TCF-1, PLZF) and Ki67 in human CD117-CRTH2-CD45RA+ ILCs, CRTH2+ ILC2s, CD117+CRTH2- ILC3s, and NK cells isolated from the spleen of
HSPC-engrafted MISTRG mice (n = 6). Matched isotype antibodies were used as controls. (C) Intracellular IFNg expression by human ILCs and
NK cells in the spleen of HSPC-engrafted MISTRG mice and in umbilical cord blood (n = 4). Cells were either unstimulated or stimulated with
PMA and ionomycin for 6 hours. ILCs were gated as human CD45+CD127+CD94-CD3-TCRab-Lin- cells and NK cells were gated as human
CD45+CD127-CD94+CD3-TCRab-Lin- cells as in Supplementary Figure 1. ILC subsets and NK cells were also gated as CD34- cells. Data
represent mean ± SEM and are representative of two (B, C) or three (A) independent experiments.
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occurs in the absence of myeloablation (42). Collectively, these

data demonstrate that CD117-CRTH2-CD45RA+ ILCs appear

early during development and inhabit a radio-insensitive

developmental niche. These features indicate that CD117-

CRTH2-CD45RA+ ILCs may contribute to the expanding ILC

compartment in early life.
Frontiers in Immunology 10
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Heterogeneity of vascular and tissue ILCs
in the spleen defined by single-cell
RNA-sequencing

To further define the heterogeneity of human ILCs located in

the intra- and extravascular compartments of the spleen, we
B

C

A

FIGURE 5

Proliferative CD117-CRTH2-CD45RA+ ILCs are present in the circulation and in human umbilical cord blood. (A) CD45RA surface expression by
CD117-CRTH2- ILCs from the blood of HSPC-engrafted MISTRG mice, human umbilical cord blood, and human adult blood (n = 3). (B) Flow
cytometry analysis of intracellular Ki67 expression by human CD117-CRTH2-CD34-CD45RA+ ILCs, CRTH2+ ILC2s, and CD117+CRTH2- ILC3s
from the blood of HSPC-engrafted MISTRG mice as well as from human cord blood and human adult blood (n = 3). ILCs were gated as human
CD45+CD127+CD94-CD3-TCRab-Lin- cells as in Supplementary Figure 1. (C) Frequencies of Ki67+ human CD117-CRTH2-CD34-CD45RA+ and
CD117-CRTH2-CD34-CD45RA- ILCs in human cord blood and adult blood (n = 3). *, P <0.05 by Student’s t test. Data represent mean ± SEM
and are from three independent experiments.
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employed single-cell RNA-sequencing using the 10x Genomics

platform (Figure 7A). For this purpose, human ILCs were

purified from the spleens of HSPC-engrafted MISTRG mice by

cell sorting. Before spleen harvest, intravascular cell labeling with IV

CD45-PE antibody was performed to isolate ILCs from the
Frontiers in Immunology 11
92
intravascular (IV CD45-PE+) and extravascular space (IV CD45-

PE-) for single-cell RNA-sequencing. 11 transcriptionally different

clusters could be distinguished after unsupervised clustering of cells

by UMAP (Supplementary Figure 5A). After removal of minor

contaminating clusters consisting of myeloid cells and red blood
B

C D
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FIGURE 6

CD117-CRTH2-CD45RA+ ILCs appear early during ontogeny in HSPC-engrafted MISTRG mice. (A, B) Frequencies (A) and numbers (B) of human
CD117-CRTH2- ILCs, CRTH2+ ILC2s, and CD117+CRTH2- ILC3s in bone marrow, spleen, lung, and liver at 3 weeks, 5 weeks, and 8-11 weeks
after transplantation of MISTRG mice with human CD34+ HSPCs (n = 6-9 per time-point). ILCs were gated as human CD45+CD127+CD94-CD3-

TCRab-Lin- cells as in Supplementary Figure 1 and as CD34- cells. (C) Flow cytometry analysis of human CD117-CRTH2- ILCs in the spleen of
MISTRG mice at 3, 5, and 11 weeks after transplantation with human CD34+ HSPCs (n = 6-9 per time-point). ILCs were gated as human
CD45+CD127+CD94-CD3-TCRab-Lin- cells as in Supplementary Figure 1 and as CD34- cells. (D) Frequency of CD45RA+ cells among human
CD117-CRTH2- ILCs in the spleen of MISTRG mice at 3, 5, and 11 weeks after transplantation with human CD34+ HSPCs (n = 6-9 per time-
point). n.s., not significant; *, P <0.05 by one-way ANOVA, Tukey’s post-test. Data represent mean ± SEM and are from two independent
experiments.
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cells, 8 clusters consisting of 4,936 lymphocytes remained for

further analysis (Figure 7B). Cluster 7 corresponded to B

lymphocytes (JCHAIN, CD79A, HLA-DPA1) and cluster 5 was

identified as T lymphocytes or T cell progenitors (CD3D, CD3G,

TRBC1, RAG1, CD1B, CD1E, CD8B, LEF1) that lacked TCRab and
CD3 surface expression (Supplementary Table 2).

We then focused our analysis on the six remaining ILC

clusters. Cells in cluster 4 mostly had an intravascular

localization (Figure 7C) and were identified as ILC1s (and/or

possibly CD127+CD94- NK cells) based on genes expressed by

ILC1s in human spleen (23), such lytic granule molecules

(GZMK, GNLY, NKG7) and the chemokine CCL5 (Figure 7D

and Supplementary Table 2). Cluster 6 expressed genes

characteristic of ILC2s, such as the signature transcription

factor GATA3, transcripts for the ILC2 surface markers KLRB1

(encoding CD161) and KLRG1, as well as the ILC2 signature

genes HPGD and HPGDS (Figure 7E and Supplementary

Table 2). ILC2s were present in both the vascular and tissue

compartment of the spleen (Figure 7C).

Two separate clusters of ILC3s were present in the spleen

(Figure 7B) that differed in their anatomical location. ILC3s of

cluster 0 predominantly occupied the intravascular compartment of

the spleen (Figure 7C). Consistent with their ILC3 identity, cells in

cluster 0 were characterized by transcripts that are expressed by

ILC3s in human spleen and other secondary lymphoid organs, such

as TNFRSF25 (encoding DR3), TYROBP, NFKBIA, ZFP36 (23, 34,

43). In addition, ILC3s in cluster 0 expressed genes involved in cell

migration, such as the adhesionmolecules ITGB1 and CD44, as well

as genes encoding S100A proteins (S100A4, S100A6, S100A10)

(Figure 7F and Supplementary Table 2). Their gene signature

suggested that intravascular ILC3s actively migrate into the

extravascular space of the spleen. The second cluster (cluster 1)

preferentially resided within the tissue compartment of the spleen

(Figure 7C). ILC3s in cluster 1 expressed the transcription factor

ID2, as well as the ILC3 signatures genes LTB and TNFRSF4

(encoding OX40) that are involved in lymphoid tissue

organogenesis and interaction of ILC3s with other cells

(Figure 7F and Supplementary Table 2). Cluster 1 cells

transcribed other genes that are expressed by human ILC3s in

secondary lymphoid organs, such as B2M, HLA-B, HLA-C,

TNFRSF18 (encoding GITR), TYROBP, IFITM1, IFITM2 (26,

34, 43).

ILCs in cluster 3 were characterized by expression of

ZBTB16 (Figure 7G Supplementary Table 2), encoding the

transcription factor PLZF that is expressed by all human ILC

subsets (34, 44, 45) and required for ILC development in mice

(39, 46, 47). Otherwise, ZBTB16-ILCs expressed few distinctive

genes (Supplementary Table 2), suggesting that they may be less

differentiated. Finally, the frequency of ZBTB16-ILCs was

greater in the spleen vasculature than in spleen tissue

(Figure 7C). In conclusion, we found that not only known

human ILC subsets are present in the spleen of HSPC-
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engrafted MISTRG mice, but also a distinct population of

ZBTB16-ILCs which may represent an intermediate ILC

differentiation stage.
Single-cell gene signature of
proliferative MKI67-ILCs

Cluster 2 ILCs were distinguished by the expression of genes

associated with cell proliferation, such as MKI67, TOP2A, PCNA,

and STMN1 as well as cyclin-dependent kinases (Figure 8A and

Supplementary Table 2). Accordingly, gene ontology categories

overrepresented in cluster 2 ILCs included “mitotic cell cycle” and

“cell cycle process” (Figure 8B). Cell cycle scoring analysis

confirmed that MKI67-ILCs were proliferative as most cells in

this cluster were scored as in S or G2/M phase (Figure 8C).

Furthermore MKI67-ILCs were present in both the intra- and

extravascular compartment of the spleen (Figure 7C). MKI67-

ILCs expressed low amounts of the transcription factors EOMES,

TBX21, and RORC (Supplementary Figures 5B, C) and lower

amounts ofGATA3 than ILC2s in cluster 6 (Figure 7E), suggesting

thatMKI67-ILCs did not correspond to NK cells, ILC1s, ILC2s, or

ILC3s. However, MKI67-ILCs expressed TCF7 (encoding TCF-1)

(Supplementary Figures 5B, C), consistent with the TCF-1 protein

expression determined by flow cytometry (Figure 4B). MKI67-

ILCs also expressed several transcription factors, such as LEF1,

ID3, BCL11A, and BCL11B (Figure 8D), that regulate the

proliferative potential of lymphocytes. LEF1 is downstream of

the WNT signaling pathway and is associated with the self-

renewal capacity of T lymphocytes and NK cells (36). Moreover,

LEF1 has been reported to be more highly expressed by human

CD117-CRTH2- ILCs than by other ILC subsets and NK cells (34,

45). ID3 is expressed by TCF-1+ CD8 T cells with stem cell-like

features (48–50) and by human cord blood ILCs that are

functionally immature (51). Finally, BCL11B is expressed by

human ILC1-like cells in umbilical cord blood (52), while

BCL11A expression is shared by CD117-CRTH2- ILCs in

human spleen and CD34+CD127+ common lymphoid

progenitors from umbilical cord blood (23). In summary, these

data support the notion that a distinct cluster of proliferative

human ILCs resides in the spleen.
Discussion

The function of ILCs is tightly linked to their anatomical

location and, like other tissue-resident immune cells, such as

macrophages, the local microenvironment imprints tissue-specific

features on ILCs (19, 53). However, the proliferative hierarchy and

anatomical compartmentalization of human ILCs in vivo has not

been determined. Here, we visualized proliferating ILCs within the

vascular and tissue compartments using intravascular cell labeling
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and single-cell RNA-sequencing in ourMISTRG humanized mouse

model. This allowed us to define the proliferative landscape of

human ILCs within lymphoid and non-lymphoid organs

(Supplementary Figure 6).

We found that proliferating ILCs occupied both the vascular

and tissue space in various organs. Specifically, our approach

allowed us to classify ILCs into four categories with distinct
Frontiers in Immunology 13
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proliferative status and anatomical location (Supplementary

Figure 6A). The first category corresponded to quiescent and

intravascular ILCs. NK cells and ILC2s in spleen, lung, and liver

as well as ILC3s in lung and liver belonged to this category. The

second category of quiescent and tissue-resident ILCs was

mainly represented by CD117+CRTH2- ILC3s and ILCPs (24)

in the spleen. The third category of proliferative and
B C

D

E

F

G

A

FIGURE 7

Heterogeneity of vascular and tissue ILCs in the spleen defined by single-cell RNA-sequencing. (A) Experimental outline. Human CD127+CD94-

ILCs were purified from both the intravascular and the extravascular (tissue) compartment of the spleen of HSPC-engrafted MISTRG mice and
subjected to single-cell RNA-sequencing. (B) UMAP depicting human ILC clusters (4,935 cells) in the spleen of HSPC-engrafted MISTRG mice.
(C) Frequency of ILC clusters within the vascular versus the tissue compartment of the spleen. (D–G) Violin plots showing expression of
selected genes characteristic of ILC1 (D), ILC2 (E), ILC3 (F), and ZBTB16-ILC (G) clusters. Data are from one single-cell RNA-sequencing
experiment with spleen cells pooled from ten MISTRG mice engrafted with three pooled batches of human CD34+ cells. (A) was created with
Mind the Graph.
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intravascular ILCs included lung and liver NK cells as well as the

proliferative CD117-CRTH2-CD45RA+ ILCs that we discovered

in the spleen vasculature and in the systemic circulation. CD117-

CRTH2-CD45RA+ ILCs in the spleen also belonged to the fourth

category of proliferative and tissue-resident ILCs.

The highly proliferative CD117-CRTH2- human ILC

population that we discovered had a naïve surface phenotype

(CD45RA+) and was characterized by the absence of

transcription factors associated with mature ILCs. Despite

having a surface phenotype (CD117-CRTH2-) that is normally

associated with ILC1s, most CD117-CRTH2-CD45RA+ ILCs
Frontiers in Immunology 14
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lacked expression of the ILC1-defining transcription factor T-

BET and did not produce IFNg. Instead, this population

expressed TCF-1, characteristic of lymphocytes with high

proliferative capacity (54, 55). Therefore, proliferative CD117-

CRTH2- ILCs mostly represented CD45RA+T-BETloTCF-1hi

immature ILCs. Furthermore, this proliferative ILC population

emerged early after transplantation of MISTRG mice with

human CD34+ HSPCs and was also present in human

umbilical cord blood. Their “young” ontogeny supports the

notion that proliferative CD117-CRTH2-CD45RA+ ILCs may

contribute to the ILC compartment in early life. Proliferative
B

C

D

A

FIGURE 8

Single-cell gene signature of proliferative MKI67-ILCs. (A) Violin plots showing expression of proliferation-associated genes in the human ILC
clusters from the UMAP in Figure 7B. (B) Gene Ontology over-representation analysis of genes differentially expressed by MKI67-ILCs. FDR,
false-discovery rate. (C) Cell cycle scoring of ILCs superimposed on the UMAP from Figure 7B. (D) Violin plots showing expression of selected
transcription factors in the human ILC clusters from the UMAP in Figure 7B. Data are from one single-cell RNA-sequencing experiment with
spleen cells pooled from ten MISTRG mice engrafted with three pooled batches of human CD34+ cells.
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CD117-CRTH2-CD45RA+ ILCs were located in both the

vascular and tissue compartment of lymphoid and non-

lymphoid organs in HSPC-engrafted MISTRG mice but were

most abundant in the spleen. Moreover, their spatial distribution

is consistent with the idea that proliferative ILCs migrate from

the local vasculature into the tissue compartment of the spleen.

Overall, these observations suggest a link between ILC

proliferation and migration in response to local cues leading to

the establishment of tissue-resident ILCs.

We observed that CD117-CRTH2-CD45RA+ ILCs were

particularly abundant in the spleen, raising the idea that the

spleen constitutes a proliferative niche for ILCs. It is therefore

possible that ILC proliferation takes place in the spleen and Ki67+

ILCs subsequently enter the circulation to disperse systemically.

Alternatively, proliferating ILCs could egress from the bonemarrow

into the systemic circulation and thereby reach the local spleen

vasculature. However, proliferating CD117-CRTH2-CD45RA+ ILCs

were almost absent from the bone marrow vasculature, arguing

against this possibility. A previous study reported that the spleen

environment promotes ILC1 differentiation in humanized mice

(45). Furthermore, human CD117-CRTH2- ILCs, described as

ILC1s, show less transcriptional heterogeneity in lymphoid organs

than at mucosal sites (23). ILCs in lymphoid tissues may receive less

imprinting by local tissue cues than their counterparts in the

mucosa because lymphoid organs are not directly exposed to the

outside environment. Therefore, it seems plausible that “ILC1s” in

lymphoid organs may be less differentiated. This is consistent with

our observation that CD117-CRTH2- ILCs in the spleen are highly

proliferative and do not have features of mature ILC1s, such as T-

BET expression and IFNg production.
Unexpectedly, we detected a sizeable fraction of Ki67+ ILCs

within the vasculature in several organs of HSPC-engrafted

MISTRG mice as well as in human blood during the neonatal

period. In general, circulating (intravascular) immune cells, such

as neutrophils, monocytes, and NK cells (36) are thought to

represent mobile cells that do not proliferate in steady state. This

raises the question whether Ki67+ ILCs actively undergo cell

division in the circulation because shear forces generated due to

rapid blood flow likely make it difficult for cells to divide, at least

in large blood vessels. However, the blood flow slows down in

smaller vessels and capillaries, resulting in lower shear forces in

the local vasculature of organs. Therefore, Ki67+ ILCs could

divide in the local vasculature when they adhere to the

endothelium. Alternatively, intravascular Ki67+ ILCs could

represent cells that initiated cell division within tissues before

entering the systemic circulation. This idea is supported by

mouse studies showing that ILC proliferation occurs locally in

the intestine before inter-organ trafficking of ILC2s to the lung

via the circulation (10). Another possibility is that circulating

Ki67+ ILCs have entered the cell cycle and are primed to

complete cell division when they enter tissues from the blood.
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Consistent with this concept, we found that CD117-CRTH2-

CD45RA+ ILCs that expressed intracellular Ki67 protein were

mostly in the G1 phase of the cell cycle.

Due to their potent effector functions and strategic

positioning, the expansion of ILCs needs to be tightly

controlled to avoid tissue pathology and chronic inflammation

(56–58). Therefore, understanding the mechanisms of ILC

proliferation and migration are of importance in the context

of human diseases, where ILCs play a role, such as infection,

inflammation, and cancer.
Limitations of the study

MISTRG mice support human ILC-poiesis and the

generation of all ILC subsets, thereby allowing to investigate

the biology of human ILCs in vivo in a small animal model. One

limitation is that human ILCs interact with the mouse tissue

environment in MISTRG mice, such as the mouse endothelial

cells. However, human ILCs distribute between the vascular and

the tissue space within several organs in MISTRG mice,

demonstrating that this model supports the migration of

human ILCs across the mouse endothelium into tissues.

Another limitation is that, besides the spleen, other lymphoid

organs, especially lymph nodes, are not fully developed in

MISTRG mice, which may affect ILC trafficking and

proliferation. Finally, the relatively lymphopenic environment

in MISTRG mice could potentially favor increased ILC

proliferation. However, this situation is similar to the neonatal

period when proliferating ILCs are more abundant in the

circulation as shown in our study. Despite the limitations,

studying human ILCs in vivo in the MISTRG model generates

relevant knowledge beyond what is possible to obtain by

analyzing ILCs from human blood and tissues ex vivo.
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Controversies and caveats in
innate lymphoid cell plasticity

Ahmed Kabil1, Samuel B. Shin1, Michael R. Hughes1
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Innate lymphoid cells (ILCs) are frontline immune effectors involved in the early

stages of host defense and maintenance of tissue homeostasis, particularly at

mucosal surfaces such as the intestine, lung, and skin. Canonical ILCs are

described as tissue-resident cells that populate peripheral tissues early in life

and respond appropriately based on environmental exposure and their

anatomical niche and tissue microenvironment. Intriguingly, there are

accumulating reports of ILC “plasticity” that note the existence of non-

canonical ILCs that exhibit distinct patterns of master transcription factor

expression and cytokine production profiles in response to tissue

inflammation. Yet this concept of ILC-plasticity is controversial due to several

confounding caveats that include, among others, the independent large-scale

recruitment of new ILC subsets from distal sites and the local, in situ,

differentiation of uncommitted resident precursors. Nevertheless, the ability

of ILCs to acquire unique characteristics and adapt to local environmental cues

is an attractive paradigm because it would enable the rapid adaptation of innate

responses to a wider array of pathogens even in the absence of pre-existing

‘prototypical’ ILC responder subsets. Despite the impressive recent progress in

understanding ILC biology, the true contribution of ILC plasticity to tissue

homeostasis and disease and how it is regulated remains obscure. Here, we

detail current methodologies used to study ILC plasticity in mice and review the

mechanisms that drive and regulate functional ILC plasticity in response to

polarizing signals in their microenvironment and different cytokine milieus.

Finally, we discuss the physiological relevance of ILC plasticity and its

implications for potential therapeutics and treatments.

KEYWORDS

plasticity, migration, mucosal immunology, inflammation, innate lymphoid cell (ILC),
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Introduction

The innate lymphoid cell (ILC) family is a heterogeneous

group of recently discovered immune-modulatory cells at the

centre of extensive research. ILCs are now widely accepted to

fulfill a similar set of biological functions to their more extensively

studied relatives, CD4+ helper (Th) and CD8+ cytotoxic T cells

(TCTL). Yet, they perform these complementary roles in the

absence of an antigen-specific receptor [i.e., functional T cell

receptor (TCR)] and thus, represent an innate branch of this

lymphocyte family (1). Besides the well-known and well-

characterized cytotoxic innate lymphoid cells, namely natural

killer (NK) cells, the more recently discovered groups of

cytokine-producing “helper-like” ILC lineages were identified by

several laboratories between 2008-2010 (2–16).

NK cells primarily function as cytotoxic cells that circulate in

the bloodstream and can be thought of as an innate branch of

lymphocytes serving parallel functions to CD8+ TCTL (17).

“Helper-like” ILCs (ILC1, ILC2, and ILC3) are mainly tissue-

resident with the capacity to migrate in response to

inflammation (18, 19). Each ILC subset has distinct functional

capabilities (20); ILC1s are activated in response to interleukin

(IL)-12, IL-15, and IL-18 and primarily produce interferon

gamma (IFNg), which is associated with defence against

viruses and intracellular bacteria. ILC2s are activated by IL-25,

IL-33, or TSLP and, in response, produce type 2 cytokines,

mainly IL-5 and IL-13, which are important in promoting

allergic reactions but also serve as barrier surface defence

mechanisms to eliminate parasitic infections. ILC3s are
Frontiers in Immunology 02
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activated in response to IL-1b or IL-23 and produce IL-17 and

IL-22, which are important for defence against extracellular

pathogens, including bacteria and fungi. The principal

activators and effector cytokines of different ILC subsets are of

interest because accumulating evidence suggest that they are

critical for tissue repair and homeostasis, metabolic regulation,

and in neuroimmune circuits with enteric neurons (1). Despite

the role of ILCs within the multi-layered regulation of barrier

defenses, they have also been associated with tissue pathology in

several inflammatory diseases, including allergic asthma,

dermatitis, psoriasis, and intestinal inflammation (21).

ILCs populate the peripheral tissues very early in ontogeny (e.g.,

embryonic day (E) 12.5 – E13.5 in mice) and are postnatally

activated at the time of birth, serving as an early guard against

infection (22–24). ILCs are most frequently observed in tissues,

particularly at barrier surfaces of tissues including the gut, skin, and

lungs, and respond to various rapidly released damage-associated

microenvironmental factors (collectively termed “alarmins”),

neuropeptides, and cytokines (Figure 1) (25). Acting as danger

signals, alarmins are typically secreted by local tissue epithelial cells

and stroma in response to local epithelia insults or infection. As first

responders, tissue-resident ILCs then interpret these immediate

signals and orchestrate the subsequent, appropriate downstream

immune effector cell response (26, 27). ILCs are poised to provide a

rapid response because they acquire chromatin accessibility for

critical effector cytokine genes in the early stages of cellular

maturation and development, prior to activation (28). By

contrast, naïve T cells need to be primed, activated, and

appropriately polarized in lymph nodes prior to the subsequent
FIGURE 1

Helper-like innate lymphoid cells respond to various environmental factors. ILCs do not express an antigen-specific receptor but can respond to
various environmental factors and, upon stimulation, produce effector cytokines that pattern the stereotype modules that the immune system
has evolved to interact with tissues, the outside world, and organisms. Created with Biorender.org.
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migration to effector sites, making their response relatively slow.

Therefore, ILCs represent a local source of appropriate effector

cytokines during the earliest stages of infection, providing a first

innate response that allows critical time for themore targeted T cells

to become instructed and recruited (29).

Mature ILCs are typically defined by T cell and NK cell

lineage-determining transcription factors, and the lack of

lineage-specific surface markers such as CD14 (myeloid cells),

CD49b (NK cells), CD19 (B cells), CD3 (T-cells), among others

(30). ILC1s are dependent on the canonical Th1-type

transcriptional regulator, T-bet (Tbx21), but not the

conventional NK (cNK) transcription factor EOMES (31, 32).

ILC2s are characterized by the high expression of GATA3 and

RAR-related orphan receptor alpha (RORa) (33–35). ILC3s

express the Th17-associated transcription factor RAR-related

orphan receptor gamma (RORgt). Although these properties

initially guided the classification of ILCs into subsets and their

placement within the hematopoietic phylogenetic tree, an influx

of single cell studies has begun to reveal a complex network

between different ILC subgroups as well as possible evidence of

plasticity between specific subclasses of ILCs under certain

conditions (36–40). Notably, these studies demonstrate that

ILCs are likely much more heterogeneous than initially

thought, even within subgroups that express the same

“master” transcription factors, possibly reflecting more fine-

tuned gene expression linked to their tissue microenvironment

and rapid changes in response to the local inflammatory

milieu (Table 1).

Increasing evidence suggests that ILC subsets are not

intrinsically stable and can exhibit considerable plasticity in

vivo and in vitro, most notably with the transdifferentiation of

ILC3s into ILC1s through the upregulation of the canonical type

1 transcription factor T-bet and downregulation of RORgt (32,
53, 54, 61, 62). Nevertheless, other studies have reported that

during inflammation, ILCs can acquire the ability to egress from

the tissues of steady-state residence, enter the circulation, and
Frontiers in Immunology 03
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travel to different anatomical locations and this can serve as a

confounder in many studies examining apparent plasticity (48,

49, 63). Additionally, similar ILC subsets from distal tissues have

distinctive patterns of tissue-specific gene signatures; for

example, IL-33 receptor expression is largely limited to ILC2s

in the lungs, whereas the IL-25 receptor is highly expressed by

ILC2s in the small intestine and not by lung ILC2s (37).

Therefore, the apparent upregulation of novel markers by

resident cells, may, in fact, simply reflect the orchestrated

recruitment of peripheral cells with a distinctive phenotype

(48, 50). Thus, true evidence of plasticity is critically

dependent on the use of a combination of epigenetic and

transcriptional analyses at the single-cell level coupled with

methods for lineage tracing. These key mechanistic details are

critical to understanding ILC function in health and disease and

their manipulation in designing new avenues for therapy.

In the current review, we focus on the phenomenon of ILC

plasticity in mouse models which, through extrapolation to

humans, could have significant clinical applications,

specifically in the treatment of disease. Moreover, we discuss

the heterogeneity and migratory responses of ILCs, and how

these properties can impact immunity. As potent immune

modulators, ILCs are a double-edged sword and, accordingly,

understanding the mechanisms that regulate ILC maturation,

recruitment to distal tissues, and plasticity is vital to progress in

this field.
ILC2 plasticity in the lungs: A
different perspective

ILC2s are the most studied ILC subset of the airways, likely

because the healthy specific-pathogen free (SPF) mouse lung is

almost entirely dominated by GATA3high ILC2s and very few

RORgt-expressing ILC3s (42, 64). The first functional
TABLE 1 Summary of cell surface phenotype, transcription factor/gene expression profiles of mouse ILC2 and ILC3 subsets.

ILC2 and ILC3 subsets Transcription factor and gene expression profile* References

Conventional ST2+IL-18R- ILC2 (nILC2) Gata3highRora+ (34, 41, 42)

Resident ST2- IL-18R+ ILC2 progenitors Gata3intTcf7highRora+ (43, 44)

Ex-ILC2/ILC1-like cells Gata3intTbx21+ (45, 46)

Mixed ILC2-ILC3 like cell Il5+Il13+Il17a+ Il22+Il23r+ (47)

Inflammatory ILC2 (iILC2) Gata3highRORgtintIl17rbhigh (48–51)

Memory ILC2 Gata3highIl17rb+ (52)

CCR6-NKp46- DN (precursor-like) ILC3 RORgt+ T-bet- (53–56)

Transitional DN ILC3 RORgt+T-bet+ (53, 55)

NCR+ ILC3 RORgt+T-bet+ (10, 57)

CCR6+ LTi-like ILC3 RORgt+T-bet- (58, 59)

Ex-ILC3/ILC1 RORgt-T-bet+ (32, 53, 54, 60)
f

int – intermediate expression level.
*evidence for transcript expression in italics.
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assessments of lung-resident ILC2s through ex vivo

pharmacological restimulation assays revealed them to be

potent Th2 cytokine producing cells that failed to produce

IFNg or IL-17A (41). These C57BL/6 (B6) or B6-Rag1-/- lung-

resident ILC2s (Lineage-CD127+CD90+ cells) expressed the IL-

33 receptor (IL-33R/T1-ST2) and were responsive to IL-33, a

particularly potent alarmin that, in vivo, induces accumulation

of ILC2s in the lung and the production of type 2 signature

cytokines such as IL-13 and IL-5 (41, 42, 65). More recently,

however, in the context of airway diseases and under certain

context-dependent perturbations, ILC2s have been observed to

undergo an apparent fate shift towards IFNg-producing ex-

ILC2/ILC1s or towards IL17-producing ILC3-like cells

(Figure 2) (45, 46, 50, 66).

In a mouse model of influenza infection (A/FM/1/47: H1N1-

adapted mouse strain), Silver and colleagues observed a striking

increase in the proportion of lung T-bet+ ILC1s and a

corresponding decrease in the frequency of GATA3+ ILC2s (46).

To investigate whether the resident ILC2 pool converts into ILC1s,

lung ILC2s (ST2+IL-18Ra−) were sorted from ST2-GFP reporter

mice and adoptively transferred into lymphocyte-deficient Rag2−/

−Il2rg−/− mice. Upon influenza infection of the recipients, GFP+

ILC2s were found to have downregulated GATA3 expression and

upregulated IL-12Rb2 and IL-18Ra, becoming so-called ex-ILC2s

that produced IFNg upon ex vivo stimulation with IL-12 and IL-18.

ST2-IL-18Ra+ ILC1s isolated from mice treated with IL-12, IL-18

and IL-33 had higher expression of Tbx21, Ifng, Il12rb2, and Il18r1

and lower expression of ILC2-associated transcripts, including

Gata3, Il4, Il5, and Rora.

In line with these findings, Ohne et al. demonstrated that

mice treated with intranasal IL-12 or a combination of IL-1b and
IL-12 induced a novel T-bet+ IL-18Ra+ subpopulation within

the GATA3+ ILC2 population (45). Their data suggest that, in

the presence of IL-1b, IL-12 induces an ILC2 functional and

phenotypic switch into IFNg-producing ILC1-like cells that

retain the ability to produce IL-13. Despite the co-induction of

T-bet and IFNg expression after in vitro stimulation with IL-12

and IL-18, the authors determined that T-bet was dispensable

for this switch since similar phenotypic changes were observed

in T-bet deficient mice during viral challenge (ie, IL-12Rb and

IL-18Ra upregulation and downregulation of GATA3) (46). T-

bet did, however, prove essential for maximal production of

IFNg. Although reduced GATA3 expression was enough to drive

ILC2 plasticity, this one-factor model may oversimplify ILC2

diversity given the different phenotypes and tissue-specific gene

signatures in different tissues (37).

It is essential to bear in mind that apparent phenotypic and

functional “plasticity” could, in fact, be due to the large-scale

recruitment of new ILC subsets from distal sites or the

differentiation of uncommitted, tissue-resident ILC precursors

(67, 68). Indeed, recent work using Rora-YFP lineage tracer mice

and scRNA-seq of all lung CD45lo/+Lineage- cells demonstrated

that ILC2s, expressing Id2, Gata3, Rora, Il7r, Thy1 and lacking
Frontiers in Immunology 04
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Rorc and Tbx21, can be segregated into two subsets:

conventional IL-18Ra−ST2+ ILC2s and a small subset of

IL18Ra+ST2− cells that do not produce IL-5 and IL-13 in

response to papain- or IL-18-induced mice (43). This latter

IL18Ra+ST2− ILC subset expresses Tcf7, like BM ILC

progenitors (ILCps) (69, 70), and can give rise to multiple ILC

lineages in vivo and in vitro. Therefore, instead of plasticity, it is

likely that this local progenitor-like population undergoes tissue-

specific adaptations in situ and differentiates into different

effector ILC subsets, including ILC1s or ILC3s, depending on

the class of alarmins they are exposed to and the downstream

cell-to-cell interactions or signal transductions they detect upon

inflammatory challenge.
FIGURE 2

ILC2 plasticity in the lungs. In diseases like COPD and upon viral
infections, ILC2s, in response to a combination of IL-12 and IL-
1b, can transdifferentiate into IFNg-producing ILC1-like cells.
Infection with the migratory helminth, Nippostrongylus
brasiliensis, or intraperitoneal IL-25 administration elicits the
proliferation of IL-25-responsive intestinal iILC2s, which
upregulate S1P receptors and can migrate to systemic sites such
as the lungs. These iILC2s have the ability to produce IL-17 in
response to Th17-like culture conditions, consisting of TGF-b,
IL-1b, IL-23, and IL-6. Other mechanisms have been described
by which ILC2s can produce IL-17 in a RORgt-independent
manner under the influence of systemic IL-33 or allergen
administration. In Th2-high asthma and CRSwNP, ILC2s are
conventional players involved in IL-5 and IL-13 production and
can interact with eosinophils. However, in cystic fibrosis and
possibly Th2 low asthma, ILC2s have the ability, in response to
IL-1b, IL-23, and TGF-b, to differentiate into ILC3-like cells that
no longer produce IL-5 but retain the capacity to produce IL-13
and IL-17, and in this manner contributes to the neutrophilic
inflammation observed in these types of diseases. Created with
Biorender.org.
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Several other unanswered questions and caveats remain in

the field of ILC2 plasticity in the lungs. Given that in vitro

stimulation of gut ILC2s with IL-12 and IL-18 does not induce

the upregulation of T-bet, there is the question of whether

phenotypic changes in the lung represent a tissue-specific

phenomenon (71). Indeed, different organs and tissues may be

more permissive to induced plasticity or altered transcriptional

profiles of a given ILC subset. In addition, different mouse

strains with distinct genetic backgrounds may also underlie

some variability observed in divergent phenotypes owing to

their inherent genetic proclivity for Th1- or Th2- immunity.

For example, the mouse-adapted influenza model PR8 induces a

greater number of CD90+CD25+ ILC2s, which are essential in

the amphiregulin-dependent reparative process following

exposure to this cytopathic virus (41). This finding contradicts

the phenotypic switch observed by Silver et al, in which lung

resident ILC2s downregulate GATA3 and convert into IFNg-
producing ILC1-like populations in response to infection with

PR8 influenza virus (46). Additionally, it is important to note

that, in the study by Silver et al., ST2+/GFP mice on a BALB/c

background, known to be genetically Th2-skewed, were used to

survey the plastic behaviour of ILC2s instead of C57BL/6 mice

which have a more balanced Th1/Th2 immune response (72).

Thus, it remains unclear to what extent this phenotypic plasticity

is a host strain-dependent phenomenon.

It is important to note that ILC2s are functionally

heterogeneous. The notion of ILC2 functional plasticity was

first demonstrated through intraperitoneal administration of IL-

25 or infection with the migratory helminth Nippostrongylus

brasiliensis. Both treatments in mice induce the expansion of an

ST2-KLRG1high ILC2 population in the lung termed

“inflammatory ILC2s” (iILC2s) (50). This study revealed that

these cells are absent during homeostasis in the lungs and are

insensitive to both endogenous and exogenous IL-33. Instead,

ST2-KLRG1high iILC2s express IL-25R (Il17rb), low levels of

CD90 (Thy-1) compared to ST2+ lung-resident “natural” ILC2s

(nILC2s) and intermediate amounts of RORgt accompanied by a

robust expression of GATA3. The dual expression of RORgt and
GATA3 hinted that these iILC2s may function both as type 2

and type 3 cytokine producing cells (50, 73). Predictably, under

Th17-like culture conditions in the presence of TGF-b, IL-1b,
IL-23 and IL-6, these iILC2s acquired the ability to produce IL-

17 while maintaining the ability to produce IL-13, suggesting

that lung iILC2s do indeed have the flexibility to become ILC3-

like cells (Figure 2) (50).

To investigate the possibility that nILC2s can transition into

IL-17-expressing iILC2s, nILC2s were exposed to various

activating signals in vitro including the Notch activator, delta-

like ligand (Dll1). Zhang et al. showed that the presence of the

Notch ligand, Dll1, induces sorted nILC2s to downregulate Il1rl1

and upregulate Il17rb and convert into IL-13 and IL-17

producing iILC2s. Without adequate Notch signaling, this

transition is abolished (73). Although these studies further
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support the concept of ILC2 plasticity, the true extent of

nILC2 to iILC2 conversion in vivo can only be addressed

definitively by barcoding and fate-mapping approaches of lung

resident nILC2s during conversion. Interestingly, IL-33-

activated, or allergen-experienced nILC2s can upregulate

Il17rb (IL-25R) upon re-exposure to papain or IL-33 and

become potent IL-5+IL-13+ “memory” ILC2s, which are

capable of responding more quickly and robustly during

secondary exposures or after treatment with intranasal IL-25,

unlike naïve nILC2s not previously exposed to IL-33 (52). It is

less clear whether memory ILC2s can transition into cells that

produce both type 2 cytokines and IL-17, especially in IL-17-

dependent airway inflammatory models such as obesity-related

airway hyperreactivity or oral Candida albicans infection model

(50, 74).

In addition to IL-17 producing iILC2s, IL-17 producing

ST2+ ILC2s (ILC217s) have been documented as the main

source of IL-17 in the context of papain challenge or IL-33

induced lung inflammation (75). Systemic administration of IL-

33 into C57BL/6-wild-type or Rag1-/- mice resulted in the

accumulation of IL-17-producing, Lineage- (CD3, B220, CD5,

Gr-1), GATA3+ ILC2s in the inflamed lung, which retain the

ability to express IL-5 and IL-13. While these ST2+ ILC217s are

reminiscent of iILC2s in terms of their cytokine profile (50), the

former was dependent on the aryl hydrocarbon receptor (AhR)

and not RORgt for IL-17 production as they were not responsive

in Ahr-deficient mice (75). Despite Rag1-/-Rorcgfp/gfp mice

exhibiting a lack of ILC3s (another source of IL-17) and

having similar pathogenic outcomes in IL-33 induced lung

inflammation (75), IL-17-producing ILC3s can still play an

important role in different disease contexts such as obesity-

induced asthma in which they can mediate the development of

airway hyperreactivity and thus, should be at the forefront when

considering IL-17-producing ILC populations (74). Moreover,

the epigenetic circuits that control the conversion of resting

ILC2s into IL-17 producing cells are not well understood and

whether lung resident ILC2s are indeed poised to become IL-17

producing cells remains unknown. Certainly, future studies are

needed to further clarify the relative contributions of the pool of

IL-17-producing ILCs in response to tissue perturbation.

There are several possible approaches to address the extent

of ILC2 plasticity in the lungs more adequately. Although ILCs

do not express functional T cell receptors, we have previously

shown that, surprisingly, lung ILC2s exhibit similar TCR

rearrangement patterns to mature Vg2+ gd T cells but that

these rearrangements are largely abortive Vg2-Jg1 locus

rearrangements. This raises an interesting possibility that

many lung-resident ILC2s are developmental relics of cells

that failed to properly rearrange their TCR genes during

neonatal gd T cell development. This intriguing phenomenon

aside, the TCR rearrangements may provide a convenient

ontological “fingerprint” that allows tracking of lineage

relationships between nILC2s, IL-17-producing ILC2s, and
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lung ILC3s (76, 77). In short, these gene rearrangement patterns

could be used as a genetic barcode to identify whether ILCs

switch lineages. With this in mind, it would be of interest to

evaluate whether ILC2s and ex-ILC2s (in response to influenza

infection, chronic obstructive pulmonary disease (COPD)

triggers, or other inflammatory perturbations) display the

same genomic rearrangements. Future scRNA-seq analysis

during inflammation may reveal the presence of an ILC1-ILC2

subset, ILC2-ILC3 subset, or occult intermediate subsets with

mixed transcriptional phenotypes that may be revealed only with

appropriate genomic or transcriptional analyses at the single-cell

level. Future studies using computational models that better

capture continuous variation in ILC transcriptional profiles and

explicitly model dependencies among biological topics may help

identify key relationships across heterogeneous samples. Finally,

the transition potential of ILCs needs to be validated in vivo

using fate-mapped mice and in vitro polarization experiments.

While the role of “ex-ILC2s” and “IL-17 producing ILC2s”

remains an active area of research, it is also important to

investigate whether these populations provide a redundant or

physiologically relevant source of IFNg or IL-17 in inflammatory

conditions such as viral infection, helminth infection

and asthma.
Human ILC2s: A jack of all trades
involved in immune tolerance and
airway diseases

In humans, the three major groups of Lineage-CD127+ ILCs

are conventionally defined based on differential expression of c-

Kit (CD117) and CRTH2 (CD294): ILC1s are c-Kit-CRTH2-,

ILC2s are CRTH2+c-Kit+/-, and ILC3s/ILCps are c-Kit+CRTH2-

(78, 79). However, the nature of these ILCs is still somewhat

controversial and challenging to elucidate because commonly

used surface markers (e.g. CRTH2 for ILC2s) may not capture all

ILCs (80), and they can exhibit different functions and

phenotypes depending on their tissue localization and

activation state (81). For example, NKp44- ILC3s are the

stereotypical players involved in IL-17 production, but recent

reports indicate that human ILC2s are poised to become IL-17

producing cells in response to epithelium-derived cytokines that

skew polarization of ILC subsets in the context of

different pathologies.

A recent study by Golebski et al. examined the role of ILC2

plasticity in the pathology of chronic rhinosinusitis with nasal

polyps (CRSwNP) in cystic fibrosis patients (66). In 2012,

Mjosberg et al. previously demonstrated that CRTH2+ ILC2s

predominate in CRSwNP (16). However, IL-5-producing ILC2s

are almost absent in nasal polyps from cystic fibrosis patients

(CFwNP) (66). Instead, there is an enrichment of IL-17

producing NKp44- ILC3s in CFwNP. The changes in the
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accumulation of different ILC subtypes and cytokine profiles

between CRSwNP and CFwNP were proposed to be mediated by

the transdifferentiation of ILC2s into IL-17 producing ILC3s.

The researchers isolated nasal epithelium and designed an air-

liquid interface model in an attempt to test this hypothesis.

When blood-derived ILC2s were added alongside S. aureus and

P. aeruginosa (common opportunistic bacteria in patients with

CF), they stopped producing IL-5 but instead produced

significant amounts of IL-17. They found that Th17-polarizing

cytokines (IL-1b, IL-23, and TGF-b), generated from the nasal

epithelium, stimulated ILC2s to transdifferentiate into IL-17-

producing cells. The establishment of a Th17-biased local tissue

environment increased RORgt expression in IL-17 producing

ILC2 clones. This plasticity was reversible because the addition

of IL-4 was sufficient to recover the ILC2-like phenotype and

inhibit IL-17 production due to a downregulation in the

receptors (IL1RL1 and TGFBR1) necessary for the induction of

plasticity. In support of these findings, flow cytometry analysis

revealed that blood-derived ILC2s produced IL-17 in response to

stimulation with IL-1b, IL-23, and TGF-b (82). The functional

plasticity of IL-17 producing ILC2s depended on the

downregulation of GATA3 and the induction of RORC given

that RORgt blockade diminished IL-17 production via ILC2s. Of

note, scRNA-seq and flow cytometry analysis revealed the

presence of peripheral RORgt+c-Kit+ ILC2s that expressed

CCR6, a marker also found on mouse LTi-like ILC3s, but

expressed conventional ILC2-defining genes, including RORA,

IL17RB, and BCL11B (82). However, c-Kit+ ILC2s were unique

because they contained RORgt+CCR6+ ILC2s and were able to

produce IL-17 in response to IL-1b and IL-23 without the need

for TGF-b. Conversely, c-Kit- ILC2s were somewhat refractory

to the conversion into IL-17-producing ILC3-like cells but could

be pushed towards the production of IL-17 with the additional

presence of TGF-b. Therefore, the graded expression of c-Kit

seems to correlate with the degree of ILC2 plasticity or their

mature state.

Another potential mechanism is the recruitment of different

ILC subsets from the blood to inflamed tissues. Chen et al.

demonstrated that 24 hours after challenge with grass-pollen

allergen, ILC2 numbers increased in the sputum but decreased in

the blood, suggesting that ILC2s are recruited from the blood

upon allergen challenge in asthmatic patients (83). Sputum

ILC2s produced significantly more IL-13 post-allergen-

challenge. On the other hand, in the periphery, there was no

change in IL-13 producing ILC2s, which strongly suggests that

ILC2s are recruited from the blood during allergic exacerbation,

but the activation of ILC2s occurs in the lung tissue and not the

periphery (83). This study illustrates one example of the

phenotypic and functional differences between blood and

tissue ILCs. Indeed, when ILC2s were isolated from nasal

polyps and blood and cultured with IL-2, a cytokine that

supports the survival and growth of these cells, only ILC2s

derived from the nasal polyps could secrete IL-5 and IL-13,
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suggesting that tissue-resident ILCs display a more activated or

functionally mature state (84). Blood ILC2s display a relatively

naive phenotype, and the majority of ILCs in the blood are ILC

precursors that only upon migration to tissue may become more

activated and differentiate towards a particular ILC subtype (79,

85). Therefore, plasticity may not be the sole mechanism by

which ILCs contribute to disease exacerbation, and the

recruitment of ILCs remains a possible source of the observed

switches in effector ILC programs in human pathophysiology.

The modulation of ILC2 plasticity in humans and in

immunotherapy will be beneficial only if plasticity is the causal

cellular and molecular pathway by which ILCs regulate disease

pathogenesis. While there is not much data on this yet, a recent

report demonstrated that a combination of IL-33 and retinoic

acid is able to induce IL-10 production by human GATA3+

ILC2s, which upregulate Treg-associated genes, including

CTLA4 and IL2RA (CD25) (86). This makes these ILC2s

resemble cells with a more regulatory phenotype that can

potently inhibit both non-IL-10 producing ILC2s as well as

Th2 cells. These IL-10-producing ILC2s (so-called regulatory

ILCs or ILCregs) were detected in IL-10 reporter mice upon

induction of house dust mite (HDM)-mediated lung allergy but

were not present at steady state. Golebski et al. further

demonstrated that in patients treated with grass pollen

immunotherapy for 12 months, peripheral blood ILC2s have

greater IL-10 production capacity (compared to blood ILC2s

from placebo-treated patients), which indicates that this could

be a way for the immune system to dampen the immune

response (87).
ILC3 plasticity in the gut:
Controversial players within a
continuous spectrum in health
and disease

The dominant cellular source of IL-22 in the intestine of

humans and mice is RORgt+ ILC3s (8, 12, 15, 58). ILC3s are

functionally and phenotypically heterogeneous in nature and

include a natural cytotoxicity receptor (NCR)+ ILC3 subset that

can co-express T-bet and RORgt as well as a subset that

expresses high levels of CCR6 (originally defined as lymphoid

tissue inducer cells that persist postnatally) termed LTi-like

ILC3s. NCR+ ILC3s are largely absent from intestinal

cryptopatches and are, instead, localized primarily to the

lamina propria, where they are tuned and poised for IL-22

production (10, 57). Conversely, LTi-like ILC3s are enriched

in adult lymphoid tissues (53, 88).

Interestingly, despite a shared core ILC3 program (Rorc,

Il23r, and Il22 expression), NCR+ ILC3s and LTi-like ILC3s are

characterized by subset-specific transcriptional signatures. In

fact, global gene expression analysis demonstrates that NCR+
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ILC3s exhibit a transcriptional profile more like that of ILC1s

(Ifng, Il12rb, Xcl1, and Tbx21) than LTi-like ILC3s, which are T-

bet (Tbx21) deficient (89). Despite the high level of Ifng

expression, intestinal NCR+ ILC3s produce minimal IFNg at a

steady state inWTmice or after ex vivo restimulation with IL-12,

IL-18 and PMA/ionomycin with brefeldin A (55, 60, 90), but

NCR+T-bet+ ILC3s appear poised for IFNg production as part of

the innate defense against infection (91). However, this type 1

functionality may also promote tissue inflammation reminiscent

of pathogenic RORgt+T-bet+ Th17 cells that participate in

autoimmune diseases and are dependent on IL-23 (92).

Initial fate-mapping studies in mice have demonstrated that

a proportion of adoptively transferred RORgt-fate mapped (FM)

intestinal NCR+RORgt+ ILC3s (isolated from RORgt-GFP
reporter mice) can, over time, downregulate RORgt and

further upregulate T-bet, thereby becoming so-called “ex-

ILC3s” or “ILC1-like” cells, that express NK cell surface

markers and transcriptional features associated with type 1

immunity (NK1.1, NKp46, NKG2D, IL-12Rb2) (53, 54). These
ex-ILC3s require IL-15 for their maintenance (32), and are

capable of producing IFNg under distinct inflammatory

cytokine conditions (IL-12 and IL-15), implicating them as a

major pathological source of IFNg production. Accordingly, they
exacerbate chronic intestinal inflammation in mouse models of

CD40-triggered colitis or induce colitis-like pathologies in

response to infection (53, 54). These results, only revealed

through RORgt-Cre fate mapping strategies, highlight the

plasticity of intestinal RORgt+ ILC3 subsets and their ability to

switch from “homeostatic” ILC3s to IFNg-producing
“inflammatory” ex-ILC3s/ILC1s. While the transition of NCR+

ILC3s to ex-ILC3s/ILC1s can be pathogenic, this plasticity is

dichotomous and may also be beneficial by evoking protective

immunity to certain intracellular pathogens through the

production of pro-inflammatory cytokines, namely IFNg that

enables the production of mucus-forming glycoproteins to

protect the epithelial barrier (53, 93).

The overexpression of T-bet and progressive loss of RORgt
causes a subset of NCR+T-bet+ ILC3s to transition into an ILC1-

like/ex-ILC3 phenotype and display a surface marker phenotype

that is akin to cNK cells (Lineage-NK1.1+NKp46+ population),

thus making it difficult to distinguish ex-ILC3s with a type 1

effector profile from bona fide ILC1s or NK cells (53, 56).

Environmental cues such as IL-7R signalling or activation by

the microbiota support RORgt expression within NCR+ ILC3s

and prevent the emergence of ex-ILC3s as seen by the reduced

Tbx21 and Il22 expression in microbiota-perturbed mice (10, 36,

53, 54, 90). Early studies lacked high-resolution transcriptomic

and epigenetic analyses, which are needed to reveal intermediate

states and the sum of regulatory elements that dictate each

subset’s identity and function.

Adding to the diversity within the ILC3 compartment in the

intestine, CCR6- ILC3s contain a subset of “double negative”

(DN) precursor cells (CCR6-NKp46-) that upregulate T-bet and
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give rise to NCR+ ILC3s (NKp46+RORgt+T-bet+) (53, 54, 56).
Thus, NCR+ ILC3s develop along a T-bet gradient (Figure 3). In

addition, Notch signalling, microbial cues and IL-23 exposure

instruct the upregulation of T-bet, thereby regulating the

development of NCR+ ILC3s and revealing the importance of

environmental cues and the cytokine milieu in regulating the

fate of ILC3 subsets (53, 56). However, the differential gene

signatures defining these intestinal precursor-like DN ILC3s

remain challenging, since DN ILC3s can exist in a transitional

T-bet+ state (between DN ILC3s and NCR+ ILC3s) but NKp46−

CCR6−RORgt+ DN ILC3s are still present in Tbx21−/− and germ-

free mice, indicating that T-bet is dispensable for their

development (53, 60). Therefore, there is a need to identify

additional surface markers that distinguish DN ILC3s. Future

unbiased scRNA-seq of RORgt-expressing cells using RORgt-
reporter mice is required to fully define the role(s) and identity

of DN ILC3s and their functional plasticity relative to other

RORgt+ ILC subsets.

Between the NCR+ ILC3 and LTi-like subsets, there lies a

range of transcriptional states that has not been previously

appreciated. The first scRNA-seq analyses under homeostatic

conditions revealed five unique transcriptional states among

ILC3s (ILC3a-e) in the small intestinal lamina propria in mice

that blurs the boundaries of the current ILC3 subset

classification and the diversity within each subset (36). These

transcriptional states indicate the possibility of dynamic

functional plasticity in response to polarizing signals from the

local environment or may represent discrete diversity (36, 40).

This could explain the ability of the IL-23 responsive

CCR6+NCR-CD4- LTi-like ILC3 population to co-produce IL-
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17 and IFNg in response to Helicobacter hepaticus infection in

129SvEv-Rag-/-mice (94). However, in the C57BL/6-Rag-/- strain,

this functional plasticity is not induced, and no intestinal

inflammation is observed (95). Given that CCR6 and NKp46

are used as mutually exclusive markers to discriminate LTi-like

ILC3s and NCR+ILC3s, it is unclear whether IL-17 producing

LTi-like ILC3s do indeed have functional plasticity to produce

IFNg, seemingly in contrast to reports indicating that NCR+T-

bet+ ILC3s represent the ILC3 subset with the capacity to

produce IFNg upon transition to ex-ILC3/ILC1-like cells under

distinct inflammatory conditions (40, 53, 54).

NCR+ ILC3s have an unconventional transcription factor

profile that consists of master regulators, RORgt, T-bet, and
GATA3 (53, 56, 96). Of note, although NKp46 is not stably

expressed in ILC3s, fate-mapping studies using R26eYFPNcr1-

iCre revealed a population of NCR- ILC3s (FM+) that still

expressed YFP, indicating that NKp46 expression has occurred

in their life history (97). Using mice that could report and ablate

IL-22 expression in NCR+ ILCs, NCR- ILC3s (FM+) were shown

to produce IL-22. In line with this finding, conditional gene

targeting in NKp46+ ILCs using Ncr1creGFP mice demonstrated

that fate-mapped NKp46FM ILC3s (ex-NKp46+ ILC3s) in the

small intestinal lamina propria produced more IL-22 than NCR+

ILC3s at steady-state and expressed higher levels of c-Kit

(CD117), reminiscent of DN ILC3s (98). Importantly, these

ex-NKp46+ ILC3s did not produce IL-17A or IFNg, indicating
that these murine ‘ex-NKp46 ILC3s’ revert to a DN ILC3

phenotype and are distinct from ex-ILC3s/ILC1s.

Although T-bet is important for the development of NCR+

ILC3s, NCR- ILC3s (FM+) are still present in a T-bet deficient
FIGURE 3

ILC3 plasticity and heterogeneity in the intestine. RORgt+ ILC3s are enriched in the intestine where they are heterogeneous and consist of two
major subsets. CCR6+ ILC3s resemble the fetal lymphoid tissue inducer cells that are required for lymph node organogenesis. The CCR6- ILC3
compartment is distinguished mainly by its expression of the type 1 transcription factor, T-bet. DN (NKp46-CCR6-) ILC3-precursor cells give rise
to NCR+ ILC3s, which develop along a T-bet gradient that is controlled by Notch signalling, microbiota, and IL-23. Of note, NCR+ ILC3s are
poised to express IFNg under distinct inflammatory cytokine conditions such as IL-12 and IL-15. Created with Biorender.org.
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background (97). Therefore, T-bet is not required for the

transition of NCR- ILC3s to NCR+ ILC3s but may be required

for the maintenance of NCR+ ILC3s. In addition to T-bet, Notch

signalling also plays an important role in the balance of NCR-

ILC3s and NCR+ ILC3s (97, 99). When pure NCR+ ILC3s are

sorted and cultured in the presence of Dll1 (Notch ligand), the

majority of NCR+ ILC3s retain NKp46 expression. In the

absence of Notch, a substantial fraction of NCR+ ILC3s lose

NKp46 expression, which is associated with a downregulation of

T-bet (97). Notch2 signals found in the tissue microenvironment

are critically important in the transition of DN ILC3s into NCR+

ILC3s by inducing the expression of T-bet and RORgt (99).

Indeed, bone marrow reconstitution experiments and mouse

models in which the Notch pathway was abrogated or

constitutively activated revealed a direct, cell-intrinsic action

whereby DN ILC3 precursor cells differentiate into NCR+ ILC3s

(Figure 3) (99). Of note, TGF-b plays an important role in

regulating the balance between NCR- ILC3s and NCR+ ILC3s

because it antagonizes Notch signalling and suppresses the

transition of DN ILC3s to NCR+ ILC3s. This highlights the

ability of ILC3 subsets to modulate their transcription factor

profiles, effector functions, and phenotype in response to

environmental signals (97).
What we know about the
transcriptional regulatory circuits
governing ILC3 functional
phenotype and plasticity

ILC3s are critically dependent on the master transcription

factor RORgt for their development, but the transient inhibition

of RORgt expression in mature ILC3s does not affect core ILC3

functions, such as IL-22 production, likely because there are other

key-ILC associated transcription factors regulating ILC function

and phenotype (100). A recent study utilizing 5X polychromic

reporter mice (Id2BFPGata3hCD2RoraTealBcl11btdTomRorcKat)

demonstrated that all ILC subsets express RORa, including small

intestinal ILC1s/ex-ILC3s and this finding concurs with other gene

expression analyses (89, 101). NK cells, however, failed to express

RORa (101). Crucially, our previous findings revealed that RORa
plays a key role in preserving ILC3 characteristics (102, 103). We

demonstrated that dysregulated RORa expression reshapes the

transcriptional spectrum of ILCs and attenuates expression of

core ILC3-signature genes, including downregulation of Rorc,

Il23r, and Il1r - an aberrant gene signature likely reflecting

dysfunctional ILC3s that are unable to detect an inflammatory

milieu. Moreover, in a Salmonella-driven model of Crohn’s disease-

like fibrosis, we showed that RORa-deficient mice were protected:

RORa inactivation dampened Th17/ILC3-type cytokine

production, including IL-17 and IL-22. The role of RORa in

preserving ILC3 phenotype and function indicates that ILC fate
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and/or plasticity is dictated by an intricate balance andmaintenance

of transcription factor programs.

Another recent study investigated the roles of key-ILC

associated transcription factors in regulating ILC3

heterogeneity, function, and phenotype using scRNA-seq of

ILCs isolated from the small intestinal lamina propria from

four inducible transgenic mouse models that allow

combinatorial deletion of RORgt, RORa and T-bet in ILCs

(60). Five ILC “superclusters” were identified from all

genotypes: ILC1s/Ex-ILC3s, ILC2s, NCR+ ILC3s, LTi-like

ILC3s, and an “unknown” ILC cluster. Of note, RORgt
depletion together with RORa led to the complete loss of

NCR+ ILC3s and a concomitant expansion of ex-ILC3s/ILC1s,

which was associated with enhanced T-bet expression and a

downregulated ILC3 program. Although the deletion of RORgt
was associated with a loss in ILC3-related genes such as Rorc,

Il1r, and Il23r, the full acquisition of a T-bet orchestrated type 1

immunity program and trans-differentiation towards an ex-

ILC3/ILC1-like population required the deletion of RORa.
These ex-ILC3s converge upon the same transcriptional and

functional state as ILC1s (Figure 4).

Among ILC3s, c-Maf expression is highly correlated with

that of T-bet, and conditional deletion of Maf along with fate

mapping RORgt+ ILC3s demonstrated that c-Maf regulates the

balance of lineage-defining transcription factors, RORgt and T-

bet (55). Specifically, c-Maf is downregulated with ILC3 to ILC1

conversion and deletion of c-Maf results in the upregulation of

T-bet and concomitant downregulation of RORgt. Rorc fate-

mapping approaches demonstrated that ex-ILC3s are increased

in the Maf knockout, indicating increased conversion in the

absence of c-Maf. Therefore, it appears that c-Maf functions to

restrain this ILC3 to ILC1 cell plasticity, acting as a gatekeeper

for the acquisition of type 1 features in ILC3s (55).

These regulatory circuits and co-expressed transcription

factors appear to play a critical role in the identity and

plasticity of ILC3s and possibly other ILC subsets and offer an

exciting area for future research and manipulation.
The spectrum of ILC3-ILC1-like cells
in humans

It is noteworthy that the ILC3 to ILC1 transitions identified

in mouse models have also been observed in humans. At steady-

state conditions, ILC3s represent the most abundant ILC subset

in the human intestine, whereas the frequency of ILC1s is

extremely low. When highly purified NKp44+ ILC3s from fetal

gut or tonsils are cultured with IL-2 and IL-12 in the presence of

feeder cells, ILC3s stop producing IL-22 and lose expression of

NKp44 and c-Kit (ILC3 phenotypic markers), but instead start

producing large amounts of IFNg, suggesting the differentiation
of NKp44+ ILC3s towards CD127+ ILC1s (61, 62). This shift has
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been proposed as a contributor to the observed changes between

non-inflamed tissue versus inflamed regions of patients with

Crohn’s disease where there is a substantial increase in IFNg-
producing CD127+ ILC1s at the cost of homeostatic IL-22

producing NKp44+ ILC3s in the inflamed intestine (61).

Beyond the conventional IL-22 producing CD103-NKp44+

ILC3s (ILC3a) and IFNg-producing CD103+NKp44+ ILC1s

(ILC1a), two additional ILC subsets are detected in inflamed

t o n s i l s . T h e s e CD1 0 3 +NKp 4 4 + I LC s i n c l u d e d

CD196+CD300LF+ and CD300LF−CD196+ subsets referred to

as ILC3b and ILC1b, respectively (105). Functional analysis of

clones derived from these four ILC3-ILC1 subsets revealed a

gradient in which the capacity to produce IFNg increased from

ILC3a to ILC3b to ILC1b, to ILC1a clones, which were

exclusively IFNg-producing cells. These four ILC3-ILC1

subsets were subjected to scRNA-seq and RNA velocity

analysis to interrogate the whole spectrum of ILC3-ILC1-like

cells and predict the future state of ILC3-ILC1 subsets in the

human tonsils and lamina propria of ileal specimens (105). In

this report, an intermediate cluster expressing IL7R, CD300LF,

and KLRD1 (CD94) manifested itself along the ILC3-ILC1

trajectory and appeared in a vector heading towards an IFNg-
producing ILC1 cluster that expressed TBX21 and IFNG,

indicative of plasticity. However, this work does not exclude

the possibility that certain ILC subsets may directly derive from

the differentiation of undetected rare progenitor cells. While

there is strong evidence for ILC3s becoming more plastic and

perhaps more ILC1-like cells in inflammatory bowel disease (61,

62), there could be other pathways regulating this shift in ILC

composition, as discussed. Additionally, there certainly could be

oxidative stress and cell death occurring in the context of ILC3s
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in inflammatory bowel disease (IBD) patients, which to the best

of our knowledge, has not been carefully examined and warrants

further investigation.
NK cells and ILC1s in the liver: A
brief insight on the presence of
locally maintained progenitors
versus plasticity

NK cells and ILC1s are both defined as Lineage-

NK1.1+NKp46+ IFNg-producing cells that are driven by the

transcription factor T-bet (106). Despite these similarities, the

mouse liver represents one location in which one can clearly

discriminate NK cells from ILC1s based on differential

expression of CD49a and CD49b (107, 108). ILC1s are

CD49a+CD49b- whereas NK cells are CD49a- CD49b+. Liver

ILC1s are further defined by the expression of CD200R1, TRAIL,

and CD69, which are all not found on NK cells. On the other

hand, NK cells express the transcription factor EOMES, which

distinguishes them from ILC1s. Surprisingly, in contrast to NK

cells, liver ILC1s are not reconstituted by bone marrow cells

(108). Instead, fetal liver cells are more efficient in reconstituting

the liver ILC1 compartment. Intriguingly, fetal liver and adult

liver contains a population of Lineage-Sca-1+Mac-1+ cells with

preferential ILC1 progenitor, over NK cell progenitor, activity. It

is noteworthy that ablation of the capacity of NK cells and ILC1s

to produce IFNg attenuates the number of liver ILC1s,

suggesting that IFNg is a prerequisite for liver ILC1

development. A previous study using Ncr1creEomesfloxed mice
FIGURE 4

A binary matrix of ILC signature genes in the intestinal lamina propria (red = expressed, blue = not expressed). Common genes that distinguish
ILC subsets in the intestinal lamina propria based on ScRNA-seq reports (36, 60, 103, 104). Id2 and Il7r are core ILC genes. ILC1s/ex-ILC3s
express Tbx21, Ifng, Il12rb2, Ccl5, Gzmc. ILC2s express high levels of Gata3, Il17rb, Areg, Il5, and Il13. ILC3s express Rorc, Il1r1, and Il23r (ILC3
program), which makes these cells exquisitely sensitive to stimulation with IL-23 and thus produce high levels of IL-22 on a per cell basis.
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showed that ablation of EOMES in NKp46+ cells depleted NK

cells but had no impact on liver ILC1s (109). In aggregate, these

results suggest that, like myeloid cells, which are derived in part

from progenitors from embryonic life, a vanguard of fetal

Lineage-Sca-1+Mac-1+ ILC1 precursors from the fetal liver

seed this tissue and persist during adulthood. Thus, liver

ILC1s develop locally via an IFNg− dependent loop (108).

This, in turn, has led to speculation that NK cells can convert

into ILC1-like cells (110, 111). For example, Cortez et al.

demonstrated that ablation of SMAD4 in NKp46-expressing

cells can induce NK cells to acquire an ILC1-like gene signature,

including Itga1 (CD49a) and Tnfsf10 (TRAIL) expression (111).

These ex-NK cells (ILC1-like) upregulate CD49a and were

unable to control NK-cell-dependent containment of B16 lung

metastasis. The presence of locally maintained ILC1 progenitors

in the liver raises the question of whether the observed shift

towards an ILC1-like phenotype by TGF-b imprinted SMAD4-

deficient NK cells is in part due to a pathway that affects these

progenitors, instead of plasticity.
Methodologies to ascertain ILC
plasticity

ILC immune responses feature complex heterogeneity and

transitions among cell states within what would be considered a

single cell type. Therefore, to truly evaluate plasticity, there must

be corroborative evidence that consists of techniques such as

single-cell transcriptomic studies accompanied by lineage

tracing, barcoding and epigenetic analyses.

For example, a recent study by Bielecki et al. conducted

scRNA-seq of ILCs (CD45+Lineage-CD90+) sorted from naïve

and psoriatic skin of WT and Rag1-/- mice and identified a dense

continuum of functional states and graded gene expression with

overlapping expression of type 2 and type 3 genes (47). Due to

the continuous variability in scRNA-seq data, this study used a

probabilistic topic modelling to infer biological “topics”,

including “repressive/quiescent”, “type2/ILC2-like”, and

“mixed type 3/pro-inflammatory ILC3-like”, to describe the

transcriptional profile in each cell. This revealed a spectrum of

ILC states that was not previously anticipated. In fact, this

spectrum shifted to a type 2/3 hybrid phenotype upon disease

induction, hinting that classical IL-5 and IL-13 producing ILC2s

transition to a new, pathology-associated mixed ILC2/ILC3-like

subset. These mixed states and ILC2-ILC3 plasticity were

experimentally validated in vivo by IL-5 fate-mapping and IL-

22BFP/IL-17AGFP reporter mice that demonstrated a proportion

of cells that expressed type 3 cytokines also previously expressed

IL-5 (47). This suggests that some of the ILC3-like cells that arise

after disease induction express the ILC2 program at an earlier

point in their lifetime. Single-cell assay for transposase-

accessible chromatin sequencing (scATAC-seq) of ILC
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populations from untreated skin showed open chromatin at

transcription start sites for Il5 and Il13 alongside open

chromatin at regulatory elements for Il22, Il17a, Il17f, and

Il13, indicating that steady-state skin ILCs are epigenetically

poised to become ILC3-like cells.
Discussion

Inflammatory diseases elicit a markedly different tissue

environment compared to that of healthy, non-inflamed

tissues, and these conditions can be remarkably disease-

specific. At baseline, ILC subsets are present in characteristic

frequencies in distinct anatomical locations, and they exhibit

tissue-specific phenotypes and effector programs (81, 112).

However, multiple studies suggest that different ILC subsets

are expanded in the inflammatory environment and that ILCs

can dramatically change their phenotype and function from

that observed at homeostasis (39, 113). These perturbation-

induced changes in mature effector ILC populations play a

crucial role in the pathogenesis of upper and lower airway

diseases as well as gut and skin inflammatory diseases. Thus, a

critical question is how these shifts in frequency and phenotype

occur mechanistically: de novo generation of cells in situ from

precursors? Influx from a novel population from peripheral

sites? Plastic reprogramming of local ILC populations?

Ultimately, these mechanisms are key to understanding how

inflammatory and repair functions are initiated, executed, and

resolved and how they can be targeted to ameliorate

inflammation or facilitate tissue repair. It is important to

note that a combination of mechanisms might contribute to

shifts in effector ILC populations. For instance, even if mature

effector cells exist in a much more fluid state than as discrete

entities, immature precursors may also directly contribute to

the ILC compartment wi thout the need for ce l l -

state transitions.

The skewed ILC composition during chronic imbalances

and inflammatory diseases in humans and mice has been

proposed to be caused by “ILC plasticity”. The concept of ILC

plasticity suggests that the identity of ILC subsets is not set in

stone and that, in response to potent local microenvironmental

stimuli, these cells can transdifferentiate to produce different

cytokines and adopt alternate cell-fates. However, as noted

above, there are several confounders in many of these studies

(Figure 5). We do not yet know to what extent the accumulation

of different ILC subsets reflects in situ proliferation of tissue-

resident ILCs, including expansion from rare undetected steady-

state populations, versus recruitment of ILCs from the

peripheral blood. Alternatively, these shifts in ILC subset

numbers could result from the differentiation of locally-

maintained precursor-like cells upon receiving appropriate

localizing signals in tissue. Of note, each of those mechanisms

has been shown to be relevant in different tissues or disease
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contexts. For example, the lung contains a range of Il18r1+ ILC

progenitors (43), and when perturbed by N. brasilinesis

infection, these precursors are pushed to transition from

Il18r1highTcf7high to Gata3highIl1rl1high through a proliferating

transit-amplifying stage to give rise to a plethora of effector

ILC2s (44). In terms of recruitment from circulatory cells, IL-25-

activated ILC2s can upregulate S1P receptors and acquire the

ability to enter the lymphatic vessels of villi (48). Once they enter

the periphery, BATF-dependent iILC2 cells can accumulate in

systemic sites of infection such as the lungs to contribute to

tissue repair and orchestrate the re-establishment of barrier

integrity (48, 49). Campbell et al. further found that

Trichinella spiralis, an entirely gastrointestinal-dwelling

mucosal parasite that never enters the lungs, caused intestinal

iILC2s to proliferate and these effector IL-13-producing ILC2s

moved into the blood to provide systemic innate protection in

the lungs (51). Thus, there is evidence for dramatic local ILC

differentiation and rapid influx from peripheral sites as a

confounder to many studies of “plasticity”.

Given the competing (or complementary) mechanistic

explanations of current ILC plasticity studies, we advocate for

a more critical approach that examines each case before inferring

ILC plasticity and that, ideally, bona fide plasticity is confirmed

through single-cell assays and cell tracking. Future studies are

needed to further clarify lineage relationships, transition

potential, and whether ILC plasticity can be manipulated for

improved treatment of clinical disease. It is important to conduct

appropriate epigenetic and transcriptional analysis at the single-

cell level, along with functional assays and fate-mapping
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strategies to confidently claim “plasticity”. While ILC plasticity

may allow for flexible immunity to intracellular pathogens

(beneficial), it has also been associated with autoimmunity

(pathogenic), particularly inflammatory bowel disease in

humans (61, 62, 113). Therefore, improved experimental

rigour and the use of genomic rearrangements may offer

additional insight into the extent of each subset’s adaptability

in response to the local tissue microenvironment and previous

findings need to be revisited to avoid misleading interpretations.
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Enrichment of type I interferon
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innate lymphoid cells in
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Group 2 innate lymphoid cells (ILC2s) serve as frontline defenses against

parasites. However, excluding helminth infections, it is poorly understood

how ILC2s function in intestinal inflammation, including inflammatory bowel

disease. Here, we analyzed the global gene expression of ILC2s in healthy and

colitic conditions and revealed that type I interferon (T1IFN)-stimulated genes

were up-regulated in ILC2s in dextran sodium sulfate (DSS)-induced colitis. The

enhancement of T1IFN signaling in ILC2s in DSS-induced colitis was correlated

with the downregulation of cytokine production by ILC2s, such as interleukin-

5. Blocking T1IFN signaling during colitis resulted in exaggeration of colitis in

both wild-type and Rag2-deficient mice. The exacerbation of colitis induced by

neutralization of T1IFN signaling was accompanied by reduction of

amphiregulin (AREG) in ILC2s and was partially rescued by exogenous AREG

treatment. Collectively, these findings show the potential roles of T1IFN in

ILC2s that contribute to colitis manifestation.
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Introduction

Innate lymphoid cells (ILCs) are a population of lymphocytes

that lack an antigen-specific receptors. ILCs were initially classified

into three subsets, group 1, 2, and 3 ILCs, based on the expression

pattern of signature cytokines and lineage-determining

transcription factors (1) and are now recognized as five subsets,

natural killer cells, ILC1, ILC2, ILC3, and lymphoid tissue inducer

cells, based on their development and function (2). ILCs are

enriched at mucosal sites, including the gut, and play critical

roles, particularly ILC3s, in the early immune response, tissue

protection, and maintenance of intestinal integrity (2, 3). In line

with its importance in the gut, the potential roles of ILCs in the

context of intestinal inflammation in inflammatory bowel disease

(IBD) and its animal models have been gradually recognized (4, 5).

ILC3s are one of the most extensively studied classes of ILCs in the

context of intestinal inflammation and are known to induce

interleukin (IL)-22, which promotes epithelial regeneration and

production of antimicrobial peptides (6). ILC2s provide an early

source of Th2 cytokines, serve as a frontline defense against

parasites such as helminths, and are important part of tumor

immunity (7–9). Therefore, it is highly likely that ILC2s

contribute to the manifestation of intestinal inflammation (4).

However, the precise roles of ILC2s in intestinal inflammation

and IBD are poorly understood.

Herein, we focused on the roles of colonic ILC2s and analyzed

its transcriptome in healthy and diseased conditions to identify

molecular networks chiefly regulated during murine experimental

colitis. We demonstrated that ILC2s are the most abundant cells

found in the small and large intestine than in the spleen and lymph

nodes. In dextran sodium sulfate (DSS)-induced colitis, IL-5, the

hallmark cytokine of ILC2s, was significantly reduced, while the

type I interferon (T1IFN) signature was enriched. To investigate

the role of T1IFN signaling in ILC2s, we assessed mice treated with

anti-T1IFN receptor and observed reduced amphiregulin (AREG)

production in ILC2s and exaggeration of colitis in wild-type (WT)

and Rag2-deficient mice, which was rescued by supplementation

with AREG. Our research highlights the potential protective

mechanism of ILC2s through T1IFN signaling.
Methods

Mice

C57BL/6 WT mice were purchased from CLEA Japan

(Tokyo, Japan). They were maintained in the germ-free (GF)

facility of the Keio University School of Medicine. Sex (female)-

matched mice aged 6 to 8 weeks were used in the experiments.

Rag2-deficient mice were obtained from the Taconic Laboratory.

All experiments were approved by the regional animal study

committees (Keio University) and performed according to

institutional guidelines and home office regulations.
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DSS-induced colitis model

Colitis was induced in mice using 2.5% DSS solution in

drinking water for 7 days. The mice were weighed daily and

visually inspected for diarrhea and rectal bleeding. The disease

activity index (DAI) was assessed in each mouse group

(maximum total score, 12) (10).
Isolation of colonic lamina propria
mononuclear cells in mice

Lamina propria mononuclear cells were isolated as described

in the previous studies (11). The dissected colon mucosa was cut

into 5mM pieces. Tissue was incubated with Ca2+ and Mg2+-free

HBSS containing 1 mM dithiothreitol (DTT) and 5 mM
Ethylenediaminetetraacetic acid (EDTA) at 37°C for 30 min,

followed by further digestion with collagenase and DNase for

30 min. The cells were separated using a Percoll density gradient.

The numbers of live cells was determined using the Countess II

(Thermo Fisher Scientific).
Flow cytometry and cell sorting

After blocking with anti-mouse CD16/CD32 antibody for

20 min, the cells were incubated with the specific fluorescence-

labelled monoclonal antibodies at 4°C for 30 min, followed by

permeabilization with Foxp3/Transcription Factor Fixation/

Permeabilization Concentrate and Diluent (eBioscience) and

intracellular staining. The following monoclonal antibodies

were used for the fluorescence-activated cell sorting (FACS)

analysis: anti-mouse CD45.2, CD45, CD3e, CD5, CD19, NK1.1,

B220, KLRG1, GATA3, IL-5, IL-13, IL-17A, IL-22, IFN-g,
amphiregulin, FOXP3, T-bet, and RORgt. Dead cells were

excluded using the Fixable Viability Dye eFluor. Events were

acquired with FACS Canto II or LSRFortessa (BD Biosciences)

and analyzed using FlowJo software (BD Biosciences). Colonic

ILC2s (CD127+NK1.1−CD3−CD5−CD19−B220−KLRG+ cells)

were stained after using EasySep Mouse ILC2 Enrichment Kit

(STEMCELL Technologies) to remove other cells and sorted

using BD FACSAria II (BD Biosciences). See Supplementary

Table 1 for information on the antibodies.
RNA sequencing

RNA sequencing (RNA-seq) was performed and analyzed as

described in the previous studies (12). Total RNA was prepared

from approximately 10,000-50,000 cells by using the TRIzol

reagent and was subsequently processed to generate an mRNA-

seq library using the NEBNext Poly(A) mRNA Magnetic
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Isolation Module (NEB, E7490S), NEBNext Ultra II Directional

RNA Library Prep with Sample Purification Beads (NEB,

E7765S), and NEBNext Multiplex Oligos for Illumina (Index

Primers Set 1 and 2) (NEB, E7335S, and E7500S), according to

the manufacturer’s protocol. The libraries were sequenced for

150-bp paired-end read using Illumina HiSeq X Ten. To

quantify transcript abundance, we pseudo-aligned RNA-seq

reads to ENSEMBL transcripts (release 95 GRCm38), using

Kallisto (v.0.44.0, options: -b 100) (13). Differentially expressed

transcripts were identified using the sleuth R package. Transcript

abundances were output by Kallisto in transcripts per million

(TPM). Differentially expressed genes (DEGs) were calculated as

genes with a sleuth q-value of < 0.05, fold change > 2, and

expression > 10 TPM in at least one condition. Enrichment

analyses of DEGs were performed using Metascape (http://

metascape.org). Pathway analysis of DEGs were performed

using Ingenuity pathway analysis (IPA) (Qiagen, Denmark).
Single-cell RNA sequencing

Colonic CD45+EpCAM− live cells were sorted from the

pooled colonic mononuclear cells and loaded into a chromium

controller (10X Genomics). RNA-seq libraries were then prepared

using the Chromium Single Cell 3′ Reagent Kit v2 according to the
manufacturer’s instructions (10X Genomics, CA, USA). The

generated scRNA-seq libraries were sequenced using 150 cycles

(paired-end reads) with a HiSeq X (Illumina, CA, USA).
In vitro culture

For in vitro experiments, 1.0×106 cells per well were cultured

in a 24-well flat bottom plate in complete medium. Depending

on the experiment, different combinations of 100 ng/mL IL-25

(R&D), 100 ng/mL IL-33 (Pepro Tech), or Phorbol-12-

myristate-13-acetate (PMA) plus ionomycin were added and

cultured for 4 h in a humidified incubator at 37°C. To stimulate

lamina propria mononuclear cells (LPMC) for 24 h in vitro,

2.0×105 cells were cultured with 10 ng/ml IFN-b (PBL, NJ, USA)

and 100ng/ml IL-33 or PMA plus ionomycin in complete

medium in a 96-well plate.
In vivo cytokine treatment

To treat DSS-induced intestinal inflammation, mice were

injected intraperitoneally (i.p.) with 1 mg of either IFN-alpha/

beta receptor (IFNAR) blocking antibody (Ab), MAR1-5A3

(BioXCell, NH, USA),an isotype control Ab, MOPC-21

(BioXCell, NH, USA) or PBS on day 0 (14). Recombinant

murine AREG (400 mg/kg; carrier-free, R &D) was administered

i.p. on days 2, 4, and 6.
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Histological assessment of
intestinal inflammation

Colon samples were fixed in buffered 10% formalin and

embedded in paraffin. Paraffin-embedded colon sections were

stained with hematoxylin and eosin and then examined. The

histological activity score (maximum total score, 40) was

assessed as the sum of three parameters: extent, inflammation,

and crypt damage related to the percentage of involvement of the

mucosal surface in each slide (15).
Statistics

Prism (GraphPad Software) was used for statistical analyses.

Data were tested using unpaired two-tailed Student’s t-test

or one-way ANOVA, as indicated. Data are presented as the

mean ± SEM. Statistical significance was set at P < 0.05.
Result

ILC2s are the most frequent population
among the colon ILCs

We first investigated the distribution of ILCs in the digestive

and immune system organs of the peritoneal cavity, including

the colon, small intestine, liver, spleen, and mesenteric lymph

nodes (MLN). ILCs were gated on CD45+ and CD127 (IL-7R)+

cells after removing lineage markers (Lin; CD3, CD5, CD19, and

B220) with lymphoid morphology (1, 7, 16). In line with the

roles of frontline defenses at the mucosal surface, ILCs are

mainly populated in the colon and small intestine

(Supplementary Figure 1A). Among the total ILCs, the

proportion of ILC2s as transcription factor GATA3+ cells

among Lin− CD45+ CD127+ cells (Figure 1A) (1) was

significantly higher in the colon than in the small intestine,

spleen, and MLN (Figure 1B). This finding is consistent with a

previous study showing the predominance of ILC2s among total

ILC subsets in rats (16). To confirm the profile of immune cells

in the colonic lamina propria, we generated an scRNA-seq

library of 4266 immune cells purified as CD45+ EpCAM− live

cells from the colonic lamina propria of healthy mice. The

immune cells were unbiasedly clustered into 16 subsets,

including T cells (cluster (Cl) 2, 6, 10, 11, and 12; Cd3e), B

cells (Cl 0 and 1;Cd19), plasma cells (Cl 5 and 15; Igha),

macrophages and dendritic cells (Cl 4, 8, and 9; Csf1r, Itgam),

and ILCs (Cl 3, 7, and 13; Il7r) (Figure 1C and Supplementary

Figure 1B). Substantial proportion of ILC2s were identified as

Cd3e− Il7r+ Gata3+ (Cl 3 and 7) and expressed genes encoding

signature cytokines and growth factors, such as Il5, Il13, Calca,

and Areg, which is consistent with previous reports (17–20)

(Figures 1D, E, Supplementary Figure 1B). These results
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highlight that ILC2s are the dominant ILC subset in

colonic tissues.
Type I interferon-stimulated genes
were up-regulated in ILC2s in
DSS-induced colitis

To investigate the phenotype of ILC2s in colitis, we fed mice

with 2.5% DSS to induce acute colonic inflammation. DSS-

induced colitis is a commonly used mouse model for

investigating the pathology of IBD (21). DSS-treated mice

showed significantly more sever body weight loss, shorter

colon length, and higher DAI than that of the control mice

(Figure 2A). Post 7 days of DSS treatment, the frequency of

colonic ILC2s among lymphocytes decreased; however, the

numbers of ILC2s were comparable in DSS-induced colitis and

control mice (Figure 2B). We next assessed the cytokine

production in ILC2s and observed that production of IL-5, but

not IL-13, was significantly reduced in DSS-induced colitis when

stimulated by PMA plus ionomycin (Supplementary Figures 2A,

B). We also confirmed that colonic ILC2s obtained from DSS-
Frontiers in Immunology 04
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induced colitis mice showed significantly reduced IL-5

production only when stimulated with IL-25 and IL-33 alone

or in combination (Supplementary Figure 2C).

Given that the phenotype of colonic ILC2s is altered in DSS-

induced colitis, we assessed the global gene expression of ILC2s

under healthy and colitic conditions (sorting strategy is shown in

Supplementary Figure 2D). First, we analyzed the signature

genes of ILC2s (22). As expected, substantial levels of ILC2s’

signature genes, such as Gata3, Klrg1, Rora, Il1rl1, Areg, Il5, and

Il13, were detected in ILC2s in both groups, while signature

genes for ILC1 and ILC3 were at marginal levels (Supplementary

Figures 2E, F). To elucidate the phenotypic changes of ILC2s

during colitis, we used DEGs as shown in the heatmap

(Figure 2C) and performed gene ontology (GO) analysis

(Figure 2D). GO analysis indicated that genes related to

T1IFN and IFN-g signaling or response to viruses were

significantly enriched in ILC2s in DSS-induced colitis.

Consistently, pathway analysis also showed the upregulation of

genes related to T1IFN signaling, such as interferon-stimulated

genes (ISGs) and IFN-stimulated gene factor3 (ISGF3) in ILC2s

in DSS-induced colitis (Figures 2E, F). These data suggest that

T1IFN signaling is enhanced in colonic ILC2s during colitis.
B

C D E

A

FIGURE 1

Comparison of ILC2s across digestive organs (A, B) Representative flow cytometry plots (A) and frequencies among CD45+ lymphocytes (B) of
Lin−CD127+GATA3+ ILC2s in the colon (LI), small intestine (SI), liver, spleen, and mesenteric lymph nodes (MLN) of SPF (specific pathogen free)
mice. n=5 for each tissue. Data are representative of two independent experiments (mean and SEM in B). (C–E) ScRNA-seq analysis of colonic
CD45+ cells. (C) Uniform manifold approximation and projection (UMAP) of CD45+ cells (n = 4266) derived from pooled 5 SPF mice, showing
the formation of 16 main clusters represented by different colors. The functional description of each cluster is determined by the gene
expression characteristics of each. (D) Dot plot visualizing the expression of representative genes of ILC2s. The color represents the average
expression level, and the circle size represents the proportion of cells expressing each gene. (E) Expression levels of the specified marker genes
on the UMAP plots. ****P < 0.0001.
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Neutralization of T1IFN signaling
reduced amphiregulin in ILC2s in
DSS-induced colitis

T1IFN acts as an anti-inflammatory immunomodulator

with protective effects against colitis (23, 24). T1IFN may be
Frontiers in Immunology 05
118
associated with the phenotypic changes that occur in ILC2s to

impart protection against colitis. To analyze the effects of T1IFN

signaling on ILC2s during colitis, we blocked T1IFN signaling in

mice by i.p. injecting anti-IFNAR1 antibody to mice on day 0

and administered DSS. Although no significant reduction in

body weight was observed (Figure 3A), injection of anti-IFNAR1
B

C D

E

F

A

FIGURE 2

Enhancement of T1IFN signaling in ILC2s in DSS-induced colitis (A, B) WT mice were administered DSS for 7 days. Graphs show pooled data
from three independent experiments (n=12 for each group). (A) Change in % body weight relative to initial body weight of control mice (drinking
water) and DSS-treated mice in two representative experiments (n=8 for each group). Disease activity index (DAI) score on day 7 and colon
length of mice of each group (n=12 for each group). (B) % lymphocyte and absolute number of colonic ILC2s in each group (n=12 for each
group). (C) Heatmap showing relative gene expression of highly expressed differentially expressed (DE) genes (max TPM>10, log2FC>1, log2FC<-
1) and the number of upregulated (22 genes) and downregulated genes (43 genes) in DSS treated (n=3) compared to that of control mice (n=3).
(D) Gene Ontology (GO) analysis of the DSS-activated genes defined in panel C including names of representative genes. (E) Ingenuity pathway
analysis (IPA) of interferon signaling pathway of genes differentially expressed in DSS-induced colitis. (F) Absolute gene expression (TPM) of Type
I IFN related genes. Data are mean and SEM in (A, B, F) ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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antibody resulted in increased DAI and shortened colon length

(Figure 3B) compared with that in control DSS mice. Histology

also showed exacerbation of colitis in anti-IFNAR1 treated mice

compared with that in control mice (Figures 3C, D). Consistent

with WT mice (Figures 3A–D), neutralizing T1IFN signaling

resulted in a more sever colitis histology in Rag2-deficient mice

(Supplementary Figures 3A–D).

We next investigated the potential contribution of ILC2s in

exacerbating colitis. Blocking of IFNAR1 reduced AREG-

expressing ILC2s in WT and Rag2-deficient mice (Figure 3E,

Supplementary Figure 3E), which have been reported to play

critical roles in DSS-induced colitis (20). In addition, ILC2s are a

major source of AREG in hematopoietic cells in the colon

(Figures 1D, E). Eosinophils and mast cells produce AREG in

some allergic models challenged by specific antigens; however,

there are very few eosinophils and mast cells in the colon of

healthy and colitis C57BL/6 WT mice (Supplementary

Figure 3F). Next, we evaluated the colonic ILC2-derived

AREG expression following type I IFN stimulation in vitro

and observed that IFN stimulation significantly increased

AREG expression in colonic ILC2s (Supplementary

Figure 3G). We also reanalyzed publicly available RNA-seq

data (GSE73272) (25) and found that IFN-g, another STAT1-
activating cytokine, induced Areg expression in ILC2s

(Supplementary Figure 3H). These data suggest that T1IFN
Frontiers in Immunology 06
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signaling is important for AREG production in colonic ILC2s

and protection of the host from intestinal inflammation.
Exogenous AREG rescued severity of
DSS-induced colitis exacerbated by
neutralization of T1IFN signaling

To confirm the protective role of AREG in intestinal

inflammation by neutralizing T1IFN signaling, WT mice were

treated with exogenous recombinant AREG (rAREG) over the

course of DSS exposure. Administration of rAREG significantly

ameliorated body weight loss (Figure 4A) and DAI (Figure 4B) in

the anti-IFNAR1 treated DSS mice. Shortened colon length in

anti-IFNAR1 treated DSS mice was diminished in rAREG-treated

DSS mice (Figure 4B). Histological scoring confirmed the

improvement owing to rAREG treatment (Figures 4C, D).

Unlike lung ILC2s in allergic inflammations (26), IRF7

expressing ILC2s in the colon were reduced in anti-IFNAR1

treated mice compared to that of control mice, regardless of

rAREG treatment (Figure 4E, Supplementary Figure 4), which

indicates that exogenous rAREG does not recover the

downregulation of T1IFN signaling in ILC2s. Collectively, these

results demonstrate that the T1IFN signaling exacerbation of

colitis was partly due to AREG in an ILC2-dependent manner.
B C

D E

A

FIGURE 3

Inhibition of T1IFN signaling exacerbated DSS-induced colitis. WT mice were injected anti-IFN-alpha/beta receptor1 (IFNAR1) antibody
intraperitoneally (i.p.) on day 0 and administered DSS (n=4 for each group). (A) Change in % body weight relative to initial body weight of control
(DSS treated) mice (n=4) and anti IFNAR1 i.p. injected (DSS treated) mice (n=4). (B) Disease activity index (DAI) score on day 7 and colon length
of mice of each group (n=4 for each group). (C, D) Histological score (n=4 for each group) and histopathology of distal colon. (E) Amphiregulin
(AREG) expression in ILC2s of control mice and anti-IFNAR1 treated mice. Representative contour plots showing AREG expressing ILC2s in
control mice (DSS treated) and anti IFNAR1 i.p. injected mice (DSS treated). Frequency of AREG expressing ILC2s among all ILC2s and mean
fluorescence intensity (MFI) of AREG in ILC2s (n=4 for each group). Data are mean and SEM. *P < 0.05, **P < 0.01.
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Discussion

The roles of ILC2s in the intestinal tract have been extensively

studied in the context of helminth infections (7, 18, 27). These

studies have revealed the critical roles of ILC2s during type 2

immune responses and mainly focused on type 2 cytokines, such

as IL-5 and IL-13, which induce eosinophilia and goblet cell

hyperplasia. However, the roles of ILC2s in intestinal

inflammation, except for type 2 inflammation, remains unclear.

Herein, we revealed a previously unrecognized role of ILC2s in

controlling the pathogenesis of acute intestinal inflammation.

ILC2s are the most abundant cells in the colon among visceral

organs, and ILC2s obtained from the colonic mucosa under

inflammatory conditions showed significant enrichment of

T1IFN signaling. Neutralization of T1IFN signaling exacerbated

colitis severity accompanied by a reduction in AREG-producing

ILC2s in DSS-induced colitis, which was ameliorated by

exogenous treatment with AREG.

ILC2s play a central role in the formation of type 2 immune

responses during infections by parasites and fungi and allergic
Frontiers in Immunology 07
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conditions in the lungs and other organs. Multiple factors

contribute to the activation and repression of ILC2s. ILC2s

proliferate and produce IL-5 and IL-13 upon IL-25 and IL-33

stimulation, which are suppressed by STAT1-dependent

cytokines such as T1IFN, IFN-g, and IL-27 (25, 28).

Transcriptomic analysis unbiasedly revealed the enrichment of

genes related to T1IFN signaling in ILC2s during colitis. Our

data suggests that ILC2s show enhanced production of genes

related to T1IFN responses and a reduction in IL-5 production

in colitis. Our findings indicate that upregulation of T1IFN alters

the ILC2 phenotype.

AREG plays a critical role in wound repair and tissue

remodeling by promoting epithelial cell proliferation (29).

Despite the importance of AREG production by hematopoietic

cells in the context of mucosal damage, regulation of AREG

expression in ILC2s is not yet fully understood, and the roles of

STAT1 dependent cytokines, including IFN-b, IFN-g, and IL-27,

show inconclusive results for AREG production in ILC2s (25, 28).

A recent report suggested that long-term stimulation with IFN-b
enhanced AREG production (30). Consistently, GO analysis
B

C D E

A

FIGURE 4

Amphiregulin treatment partially rescued severity of DSS-induced colitis in anti-IFNAR treated mice. WT mice were injected exogenous
recombinant AREG (rAREG) over the course of DSS exposure with anti-IFNAR1 i.p. injection. Data are representative of two independent
experiments (n=6 for control group, n=8 for anti IFNAR1 only and anti IFNAR1 plus rAREG injected group). (A) Change in % body weight relative
to initial body weight of control mice (DSS treated) (n=6), anti IFNAR1 i.p. injected mice (DSS treated) (n=8) and anti IFNAR1 plus rAREG i.p.
injected mice (DSS treated) (n=8). **P<0.01 vs anti IFNAR1 group, #P<0.05, ##P<0.01 vs control group. (B) Disease activity index (DAI) score on
day 7 and colon length of mice of each group. (C, D) Histological score and histopathology of distal colon. (E) Frequency of IRF7+ ILC2s in each
group. Data are mean and SEM. *P < 0.05, **P < 0.01, ****P < 0.0001.
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showed enrichment of genes related to T1IFN signaling and a

decrease in AREG expression in ILC2s upon neutralization of

T1IFN signaling, providing an additional aspect of the protective

roles of ILC2s through T1IFN signaling in vivo. Consistently,

adoptive transfer of ILC2s expanded in mice treated with IL-33

into mice with DSS-induced colitis, resulting in a significant

improvement in the severity of colitis compared to mice

without ILC2 transfer (31). Although both pro- and anti-

inflammatory roles of T1IFN in intestinal inflammation have

been reported (32), and clinical trials have shown inconclusive

results for T1IFN in IBD patients (33), tissue- or cell type- specific

manipulation of T1IFN signaling or AREG supplementation

might be a potential therapeutic option for treating IBD or

other intestinal inflammatory diseases.

ILC2s have been reported to exacerbate colitis (34, 35) and

promote wound healing (20, 36). Recent reports suggest that

cytokines known to activate ILC2s, such as IL-33 and thymic

stromal lymphopoietin (TSLP), have protective effects against

DSS-induced colitis (20, 37). It was unexpected that T1IFN,

known to repress type 2 cytokine production in ILC2s, enhances

AREG production in ILC2s in vivo. AREG is expressed by

intestinal epithelial cells (29); however, type III IFN, rather

than type I IFN, induces the nuclear translocation of STAT1

in colonic epithelial cells (38). Therefore, it is possible that

T1IFN and AREG act on both colonic epithelial cells and

hematopoietic cells. In addition to epithelial cells and ILC2s,

there are several hematopoietic cell types that are known to

produce AREG, such as eosinophils, mast cells, and T cells (39–

42). However, we detected a minimal number of eosinophils and

mast cells in colitic Rag2-deficient mice, in which blocking

T1IFN worsened colitis. In addition, scRNA-seq analysis

showed that ILC2s are a major source of AREG among

hematopoietic cells, suggesting that ILC2s are a major

producer of AREG upon T1IFN signaling in hematopoietic

cell populations in the colon. A limitation of this study is the

lack of evidence regarding the importance of ILC2-derived

AREG in colitis. Although the generation of ILC2-specific

deletions of AREG is technically challenging, future studies are

expected to reveal an ILC2-specific role of AREG in intestinal

homeostasis. Another issue that remains to be clarified is that

although colonic ILC2s produce AREG upon T1IFN stimulation

in vitro, colitis itself does not induce AREG. We speculate that

AREG production is induced or repressed by multifactorial

cytokine networks during colitis; however, leastwise, “tonic

T1IFN signaling” (43, 44) is important in maintaining AREG

production; thus, blocking T1IFN signaling significantly reduced

AREG production in colonic ILC2s.

In summary, this study is the first to demonstrate the

anticolitic role of T1IFN signaling in ILC2s during acute

intestinal damage. AREG production mediates the anticolitic

phenotype of ILC2s. However, the effect of the neutralization of

T1IFN signaling in the chronic phase has not been clarified

because the functions of ILC2s are different in the acute and
Frontiers in Immunology 08
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chronic phases of inflammation (45). The role of T1IFN in

colonic ILC2s found in a murine colitis model is expected to be

further explored in human diseases.
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SUPPLEMENTARY FIGURE 1

(A) Frequency of Lin–CD127+ total ILCs among CD45+ lymphocytes in the
colon (LI), small intestine (SI), liver, spleen, and MLN of SPF mice. n=5 for

each tissue. Data are representative of two independent experiments
(mean and SEM). ****P < 0.0001. (B) UMAP (Uniform Manifold

Approximation and Projection) of representative gene expression for T

cells (Cd3e), B cells (Cd19), plasma cells (Igha), macrophages and dendritic
cells (Csf1r, Itgam, Itgae), T cells and ILCs (Il7r), and ILC2s (Rora, Il5, Il13,

Calca). (n=5 SPF mice).
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SUPPLEMENTARY FIGURE 2

(A) Representative flow cytometry plots of cytokine production by ILC2s
in the control and DSS-treated groups stimulated with PMA plus

ionomycin. (B) Frequency of IL-5 and IL-13 producing colonic ILC2s in
each group among all ILC2s. Graphs show pooled data from three

independent experiments (n=12 for each group). (C) Frequencies of IL-5
producing colonic ILC2s among all ILC2s of each group stimulated with

PMA plus ionomycin, IL-25, IL-33, and IL-25 plus IL-33 for 4h (n=4 for
each group). (D) Gating strategy for the enrichment of colonic ILC2s. (E)
Heatmap showing the relative expression of signature genes of ILC2s (22)

and the number of upregulated (12 genes) and downregulated genes (20
genes) in DSS-treated mice compared to that in control mice (n=3 for

each group). (F) TPM values of signature genes of ILC2s and other groups
of ILCs. *P<0.05, **P<0.01, ***P<0.001.

SUPPLEMENTARY FIGURE 3

Rag2-deficient mice were injected anti IFNAR1 antibody i.p. on day 0 and

administered DSS (n=4 for control group and n=5 for anti IFNAR1 i.p.
injected group). (A)Change in % body weight relative to initial body weight

of control mice (DSS treated) (n=4) and anti IFNAR1 i.p. injected mice (DSS
treated) (n=5). (B) Disease activity index (DAI) score on day 7 and colon

length of the mice in each group. (C, D) Histological score and
histopathology of the distal colon. (E) Frequency of AREG expressing

ILC2s among all ILC2s in each group. (F) The number of colonic ILC2s,

eosinophil, andmast cells in control and DSS-treated Rag2-deficient mice
(n=3 for each group). (G) Frequency of AREG expressing ILC2s among all

ILC2s following 4h in vitro stimulation with or without IFNb. 12 mice were
used and 2 mice were pooled in one sample. n=3 for each group. (H)
FPKM (fragments per kilobase million) values of Il5, Areg, and Stat2 of
ILC2s treated with IL-33 or IL-33 plus IFN-g. Data are mean and SEM.

SUPPLEMENTARY FIGURE 4

(A) Representative contour plots showing IRF7 expressing ILC2s in

control mice (DSS treated), anti IFNAR1 i.p. injected mice (DSS
treated), and anti IFNAR1 plus rAREG i.p. injected mice (DSS treated).

(B) MFI of IRF7 in ILC2s (n=4 per group from one experiment). (C)
Absolute number of IRF7+ ILC2s in each group. Graphs show pooled

data from two independent experiments (n=6 for control mice, n=8 for

anti IFNAR1 i.p. injected mice and anti IFNAR1 plus rAREG i.p. injected
mice). Data are mean and SEM.
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Recherche Médicale (INSERM), France

REVIEWED BY

Christoph Siegfried Niki Klose,
Charité Universitätsmedizin Berlin,
Germany
Lisa Anna Mielke,
Olivia Newton-John Cancer Research
Institute, Australia

*CORRESPONDENCE

Xiaofei Shen

dg1535058@smail.nju.edu.cn

Wenxian Guan

wenxian_guan@126.com

Xiaofeng Lu

lxf_doctor@sina.com

†These authors have contributed equally to
this work

SPECIALTY SECTION

This article was submitted to
NK and Innate Lymphoid Cell Biology,
a section of the journal
Frontiers in Immunology

RECEIVED 19 December 2022
ACCEPTED 20 February 2023

PUBLISHED 07 March 2023

CITATION

Song P, Cao K, Mao Y, Ai S, Sun F, Hu Q,
Liu S, Wang M, Lu X, Guan W and Shen X
(2023) Tissue specific imprinting on innate
lymphoid cells during homeostasis and
disease process revealed by integrative
inference of single-cell transcriptomics.
Front. Immunol. 14:1127413.
doi: 10.3389/fimmu.2023.1127413

COPYRIGHT

© 2023 Song, Cao, Mao, Ai, Sun, Hu, Liu,
Wang, Lu, Guan and Shen. This is an open-
access article distributed under the terms of
the Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that
the original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

TYPE Original Research

PUBLISHED 07 March 2023

DOI 10.3389/fimmu.2023.1127413
Tissue specific imprinting on
innate lymphoid cells during
homeostasis and disease process
revealed by integrative inference
of single-cell transcriptomics

Peng Song1,2†, Ke Cao3†, Yonghuan Mao1,2†, Shichao Ai1,
Feng Sun1, Qiongyuan Hu1, Song Liu1, Meng Wang1,
Xiaofeng Lu1*, Wenxian Guan1* and Xiaofei Shen1,2*

1Department of Gastrointestinal Surgery, Nanjing Drum Tower Hospital, The Affiliated Hospital of
Nanjing University Medical School, Nanjing, China, 2Department of Gastrointestinal Surgery, Nanjing
Drum Tower Hospital, Drum Tower Clinical Medical College of Nanjing Medical University,
Nanjing, China, 3Department of Critical Care Medicine, Nanjing Drum Tower Hospital, The Affiliated
Hospital of Nanjing University Medical School, Nanjing, China
Introduction: Innate lymphoid cells (ILCs) are key components of the immune

system, yet the similarity and distinction of the properties across tissues under

homeostasis, inflammation and tumor process remain elusive.

Methods: Here we performed integrative inference of ILCs to reveal their

transcriptional profiles and heterogeneity from single-cell genomics. We

collected a large number of ILCs from human six different tissues which can

represent unique immune niches (circulation, lymphoid tissue, normal and

inflamed mucosa, tumor microenvironment), to systematically address the

transcriptional imprinting.

Results: ILCs are profoundly imprinted by their organ of residence, and tissue-

specific distinctions are apparent under pathological conditions. In the

hepatocellular carcinoma microenvironment, we identified intermediate c-kit+

ILC2 population, and lin-CD127- NK-like cells that expressed markers of

cytotoxicity including CCL5 and IFNG. Additionally, CD127+CD94+ ILC1s were

preferentially enriched in inflamed ileum from patients with Crohn’s disease.

Discussion: These analyses depicted a comprehensive characterization of ILC

anatomical distribution and subset heterogeneity, and provided a base line for

future temporal or spatial studies focusedon tissue-specific ILC-mediated immunity.

KEYWORDS

innate lymphoid cells, single-cell transcriptomics, tissue imprinting, cell heterogeneity,
integrative inference
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Introduction

Innate lymphoid cells (ILCs) are newly discovered lymphocytes

which are functionally analogous to polarized CD4+ T helper (Th)

cells, acting as important contributors to the regulation of immunity,

inflammation, and tissue homeostasis (1). ILCs lack antigen-specific

receptors on their surface, making them distinct from dendritic cells

(DCs), macrophages, B and T lymphocytes (termed Lineage

negative, Lin-) (1, 2). ILCs have the capacity to adjust to tissue-

specific environments and respond to shocks or infections by

producing cytokines, which direct and enhance immune responses

on the front line of attack (2–4). Currently, ILCs are well

characterized into five categories: NK cells, lymphoid-tissue

inducer (LTi) cells together with group 1, 2 and 3 ILCs (ILC1s,

ILC2s and ILC3s, respectively). ILC1s (CD127+CD117−CRTH2−)

and NK cells (CD127−) share several common features, including

their expression of the transcription factor T-bet (encoded by

TBX21), the responsiveness to IL-15, IL-12 and IL-18, and the

capacity to secrete interferon-g (IFN-g). Most NK cells are also

dependent on EOMES for lineage specification, and it appears the

characteristics of killer cells in immunosurveillance, whereas ILC1s

are innate helper cells with weaker cytotoxic activity (5–7). With

regard to ILC2s (CD127+CD117 ± CRTH2+), GATA3 is the master

transcriptional regulator for their development, as well as their

capacity of producing IL-5 and IL-13 that govern a wide spectrum

of features, including type 2 immune response, helminth infection

and tissue fibrosis (8). ILC3s (CD127+CD117+CRTH2−) are defined

by RORgt (encoded by RORC) expression, produce IL-17and IL-22,

which have important functions in lymphoid tissue development

and protection against extracellular bacteria and fungi (9, 10).

Recently, the single-cell RNA sequencing (scRNA-seq)

technologies have been increasingly applied to characterize tissue-

specific imprinting of ILCs, which improved our knowledge of the

human immune system’s diversity. For example, Mazzurana et al.

identified a novel unconventional ILC2 subpopulation (CRTH2–

ILC2) in the lung, expressing receptors for IL-33 and IL-25, by full-

length Smart-seq2 scRNA-seq (11). Heinrich et al. discovered c-

Kit+ ILC2s increased in frequency from non-tumor liver to tumor

tissue in contrast to NKp44− ILC3s (12). Among the ILC3s,

Rethacker et al. identified a CD56+ILC3 subset expressed

cytotoxicity genes (such as PRF1, GZMA and GZMB) shared with

NK cells, which infiltrated metastatic breast cancer lymph nodes

(13). Besides, combination of measurements of many cellular

properties by flow cytometry and unbiased cell type identification

by scRNA-seq allowed us to find the best cellular parameters to

purify any cell type of interest (14).

In this study, using a combination of published scRNA-seq

data, we painted the landscapes of ILCs across six human tissues

including blood, colon, lung, tonsil, inflamed ileum from Crohn’s

disease patients and hepatocellular carcinoma (HCC). By

characterizing the degree of commonalities and differences of

those subsets in different tissues, we aim to reveal the diversity

and plasticity of human ILCs, and extend understanding of innate

immune system.
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Methods

Single-cell RNA-seq datasets collected in
this study

We searched PubMed databases through September 2022 using

the following search terms: single-cell RNA sequencing OR scRNA-

seq AND ILC. In order to find any relevant studies, the manual

search was augmented by carefully reading the reference lists from

those retrieved publications. For inclusion, the study must meet the

following criteria: (1) human tissue samples were obtained from

adult or pediatric donors (excluding fetal tissues); (2) for the scRNA-

seq characterization, ILCs were purified by flow cytometry (CD45+

Lineage-); (3) raw sequencing reads or count matrix could be

obtained. When study populations were overlapped or duplicated

in some studies, we chose the most complete and suitable research.
Single-cell RNA-seq data processing
and integration

For collected scRNA-seq datasets, cell annotation tables (ILC

types) were obtained from the original publications; otherwise, we

applied Seurat (version 4) with default parameters to filter and

identify ILC types. Briefly, cells with fewer than 200 genes detected

or > 40% mitochondrial counts or > 50% ribosomal counts were

filtered out; genes detected in > 3 cells and UMI count > 1000 were

kept. The GSE179795 dataset was run via Scrublet to eliminate any

potential doublets, setting the expected doublet rate to 0.05 (15).

Considering the heterogeneity from different platforms and

different studies, we applied “computesumFactors” function from

scran R package to compute the size factor of each cell, which in

turn was used to normalized the counts (16). A log2 transformation

was also performed on normalized counts. Next, we used the

“modelGeneVar” function to compute the biological variation for

each gene, and the top 2000 genes were identified as highly variable

features (HVGs). Mitochondrion, ribosomal and cell cycle genes

were not interesting in our research, and thus were excluded in

HVGs. Then gene expression matrix was scaled to z-score which

could remove much of the batch effect caused by differences in

platforms. To further handle more batches, “harmony” (17) or

“LIGER” (18) was applied immediately after PCA. For visualization,

the dimensionality of this combined dataset was further reduced

using Uniform Manifold Approximation and Projection (UMAP).

In order to quantitatively evaluate the performance on

integration, the Local Inverse Simpson Index (LISI) that defines

the effective number of datasets in a neighborhood of a cell was

calculated (17). LISI represents the local neighborhood of a sample

with respect to the batch (integration LISI, iLISI) or accuracy (cell-

type LISI, cLISI), respectively. While in good and accurate

integration, higher iLISI value indicated that neighborhoods

presented by more datasets and lower batch effect; lower cLISI

value reflected a separation of unique cell types throughout the

embedding and thus accurate integration.
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Tissue distribution of clusters

To quantify the tissue preference of ILC subsets, odds ratios

(OR) were calculated. As Zheng et al. described, the OR is a

disproportional measure based on the ratio of the odds of one

ILC subset in a specifical tissue, compared to the odds of remaining

ILC subsets in the other tissues (19). One subset was identified as

being enriched in a specific tissue if OR > 1.5.
Differential expression analysis

To identify differentially expressed genes for cluster

demarcation, “FindAllMarkers” function in Seurat was used. GO

enrichment analysis was performed using the clusterProfiler R

package separately for differentially upregulated genes (adjusted

p-value < 0.05) for each cluster (20). The functional gene sets

belonging to biological process were focused and selected with an

adjusted p-value cutoff of 0.05. Cytokines were annotated according

to the “KEGG_CYTOKINE_CYTOKINE_RECEPTOR_

INTERACTION” gene set. Only the cytokine genes that were

detected in at least 0.25 percent of cells in either of the two

populations were retained.
Pseudo-bulk differential expression analysis
across different tissues

Given that our samples are from different tissues, it was crucial

to consider sample-to-sample variation. Therefore, pseudo-bulk

samples were created for differential expression testing based on

the subpopulation-stratified scRNA-Seq data (21, 22). Specifically,

we summed counts transcript per gene for each subpopulation per

sample, and then performed DESeq2 differential analysis (21).

Pseudo-bulk samples consisting of fewer than 10 cells

were removed.
Results

Integration of multiple scRNA-seq datasets

We compiled an integration of single-cell transcriptomics of

ILC across six human tissues (Supplementary Table 1). As

Mazzurana et al. described, one minor cluster of cells lacking

expression of PTPRC (encoding CD45) and another minor cluster

of cells coordinating antigen-presenting function (e.g., high

expression of HLA-DQA1, HLA-DRA and HLA-DPA1) were

identified and removed (11). After stringent quality-control

filtering, we obtained 6670 ILCs from 20 samples, derived from

three single-cell RNA-seq datasets [GSE150050 (11), GSE179795

(12) and GSE173642 (23)]. As shown in Figures 1A, B, we used

Harmony and LIGER to integrate the above three datasets,

respectively. Both Harmony and LIGER successfully removed

batch effects from different platforms, whereas Harmony
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exhibited low bio-conservation score (Figures 1C, D). Thus, we

used LIGER to integrate the above three scRNA-seq datasets for

further analysis.
Single-cell transcriptional landscape of
ILCs in different tissues

To characterize the subsets of 6670 ILCs among different tissues

(blood, colon, lung, tonsil, ileum and HCC), we performed

unsupervised graph-based clustering and then identified 10

clusters based on canonical cell markers (Figures 2A, B). Two

clusters expressed NKG7, EOMES, GZMA/B, NCAM1 (CD56),

KLRF1 and KLRD1 (CD94) but lacking IL7R were annotated as

NK cells (NK_c1 and NK_c2). One cluster lacked expression of

IL7R, NCAM1 and KLRD1, but expressed IL1 related genes

(IKZF3), which shared characteristics of both NK cells and ILC1s,

and thus named “NK_like” subset (12). One cluster was identified as

ILC1_c1 subset, with higher levels of expression of specific

transcription factor (IKZF3), and T cell markers (CD3D, CD3G

and CD3E). One ILC2 subset (ILC2_c1) shared common ILC2s

markers (GATA3, MAF and RORA). The ILC2-specialized gene

PTGDR2 (encoding CRTH2) was not examined because it was

absent in GSE173642 dataset. Four clusters were characterized as

ILC3s (ILC3_c1, ILC3_c2, ILC3_c3 and ILC3_c4) on the basis of

uniquely high RORC, IL23R, IL1R1, KIT, AHR, TOX and TTN

expression. We discovered c-Kit+ ILC2 specific clusters in the

GSE179795 dataset and CD127+CD94+ ILC1 subset in

GSE173642 dataset as a result of independent analysis of the

included datasets (Supplementary Figure 1). Therefore, one

cluster in this integrated graph with both GATA3 and KIT high

expressing, was annotated as CD127+c-Kit-/+CD94-/+ ILC subset for

further analysis. The proportion of cells in these lineages varied

highly among different tissues, indicating a heterogeneous cellular

condition (Figure 2C). To further dissect in variability within the

CD127+c-Kit-/+CD94-/+ ILC subset, 1537 aligned cells were re-

clustered. Intriguingly, we found 5 clusters: one CD94+ ILC1

subset (ILC1_c2), two c-Kit+ ILC2 subsets, one c-Kit- ILC2 subset

(ILC2_c2) and one ILC3 subset (ILC3_c5) using above cell markers

(Figures 2D, E; Supplementary Figure 2). Interestingly, ILC1_c2

subset consisted primarily of CD127+CD94+ ILCs from inflamed

ileum in GSE173642 dataset (Supplementary Figure 2). Moreover,

Krabbendam et al. reported that no IL-22 expression was detected

when IL-23, IL-1, or IL-15 were used to cultivate with ex vivo

isolated CD127+CD94+ ILCs; whereas IFN-g expression was clearly

detected in response to IL-15 or IL-12+IL-1b stimulation, which

confirming that CD127+CD94+ cells belong to the group 1 ILCs

(23). We also assigned each cluster to a cell type using gating

strategy base on gene expression, which validated the clustering

strategy is considerably accurate (Supplementary Figure 3).
Transcriptome analysis of ILC1s

As shown in Figure 3A, we identified two ILC1 subsets: ILC1_c1

and ILC1_c2 (CD94+). ILC1_c1 population were mainly distributed
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in blood and tonsil. To identify unique profiles to the ILC1

populations, we compared the gene expression of ILC1s with the

combined expression profile of genes in the other populations

pooled together. Notably, ILC1_c1 cells had significantly higher

expression of CD3D, CD3E, CD3G and CD8A, as previously

described (11, 24), which were involved in T-cell development

and signal transduction. Among these markers, CD3D was most

strongly transcribed. This subset also expressed TCR-associated

signaling molecules such as LCK, which has previously been

regarded as T-cell specific gene, and glycolysis-associated

transcript LDHB (Figure 3B). Furthermore, ILC1_c1 cells

displayed differential expression of genes encoding transcription
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factors (LEF1, BCL11B, IKZF3, GTF3A and ARID5B) and secreted

eff ec tors (TNFSF8 and CCL5 ) . ILC1_c2 populat ions

(CD127+CD94+ ILC1) co-expressed IL7R, KLRD1, GNLY, and

shared characteristics of both NK cells and conventional ILCs.

Theses ILC1s accumulated within inflamed ileum, and were

proposed to contribute to inflammation. The ILC1_c2 subset also

specifically expressed genes encoding JUND and FOSB (Figure 3B;

Supplementary Table 2), belonging to functional component of the

AP1 transcription factor complex, which appeared to have distinct

effects on cell proliferation and transformation (25). By performing

GO analysis, we noted the upregulation of functions associated with

regulation of T cell activation and cellular homeostasis related to
A

B

DC

FIGURE 1

Integration of ILCs from three scRNA-seq datasets. (A) UMAP plots showing the integration of three scRNA-seq datasets by Harmony. (B) UMAP
plots showing the integration of three scRNA-seq datasets by LIGER. (C) Schematic workflow to the quantitative assessment of data integration and
batch-correction fidelity. iLISI metrics and cLISI provide measures of the degree of mixing among datasets and integration accuracy on cell types,
respectively. (D) Boxplot showing the iLISI and cLISI distribution of data integrated by PCA, Harmony and LIGER.
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focal/cell adhesion. Besides, the ILC1_c2 subset of genes were

enriched for cytoplasmic translation and ribosome biogenesis.

(Figure 3C; Supplementary Table 3).
Transcriptome analysis of ILC2s

The distribution of ILC2s exhibited obvious cross-group

differences, indicating surprising levels of heterogeneity among
Frontiers in Immunology 05128
cells. We totally identified four subsets of ILC2s, and ILC2_c1

(KLRG1+) and ILC2_c2 (CD69+) were major ILC populations in

the blood and tonsil, respectively. The other two subsets (c-Kit+

ILC2_c1 and c-Kit+ ILC2_c2) were only detected in HCC

(Figure 4A). All subsets had high expression of transcription

factor GATA3 required for ILC2 development (Figure 4B;

Supplementary Table 2). The TNF family-related transcripts

TNFSF10 (encoding TRAIL, also known as APO-2 ligand) were

also highly expressed by ILC2_c1 and ILC2_c2 subsets, acting as a
A

B

D E

C

FIGURE 2

Single-cell transcriptome profiles of ILCs among different tissues. (A) UMAP visualization of all cells (6670) color-coded on the basis of annotated
clusters. (B) Dot plot displaying average and percent expression of marker genes across ten ILC clusters. (C) Proportion of each cell type among
different tissues. (D) UMAP visualization of c-Kit-/+ ILC2/ILC3 subset (1537 cells). (E) Dot plot displaying average and percent expression of marker
genes for c-Kit-/+ ILC2/ILC3 subset across five clusters.
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cytotoxic protein which activates rapid apoptosis in tumor cells, but

not in normal cells (26). In addition, early differentiation markers,

including SELL, IL10RA, and KLRG1, were expressed differentially

in ILC2_c1 subset, that appeared to be in an immune quiescence

state (27). Interestingly, circulating KLRG1+ ILC2s from individuals

with allergic disease were unable to generate IL-10, but this ability

was recovered after effective allergen immunotherapy (8, 28).

CD200R1 encoding a receptor for the OX-2 membrane

glycoprotein was also shown to be expressed most highly on

ILC2_c1 subset (Supplementary Table 2). The tissue-residency

marker CD69 was mostly expressed in ILC2_c2 subset. Within

the ILC2_c2 population, several endogenous regulators of the anti-

inflammatory response (DUSP1 and EGR1) were identified (28).

Specifically, one study analyzed the nasal epithelium exposed to

grass-pollen allergen, and found IL-10-producing ILC2s reduced

the expression of pro-inflammatory genes NFKB1 and MYC in an
Frontiers in Immunology 06129
IL-10-dependent manner and increased the expression of the anti-

inflammatory transcription factor EGR1 (28).

A strong enrichment of ribosomal protein encoding genes

(starting with RPL- or RPS-) and metabolism-related gene

(FTH1) in c-Kit+ ILC2_c1 subset, indicating a higher level of

oxidative phosphorylation and metabolic changes which was

similar with our previous work (29). Among the genes encoding

secreted proteins, the c-Kit+ ILC2_c1 population expressed XCL1

that involved in the recruitment of dendritic cells (30), and fibrosis-

associated gene TGFB1 with either tumor-suppressing or tumor-

promoting effects (31, 32). The c-Kit+ ILC2_c2 population highly

expressed TLE4, which belongs to Groucho family members

function as transcription co-repressors within the context of Wnt

signaling (33). We next performed GO analysis on all populations,

leading us to note that the pathways mainly involved in T cell

activation (typical associated genes: LEF1, PAG1, TESPA1, B2M,
A

B

C

FIGURE 3

Characterization of ILC1s in different tissues. (A) Box plots showing the frequencies of ILC1s (divided by the total CD127+ ILC number) in lung, colon,
ileum, tonsil, blood and HCC. P value were calculated from Kruskal-Wallis test. (B) The percentage of differentially expressed transcripts (△Percent
of Cells and log-fold change) in ILC1s is shown. (C) Gene ontology analysis (biological processes) of differentially expressed genes showing top 15
GO terms in each ILC1 subset.
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IL2; ILC2_c1 and c2 subsets), leukocyte migration (S1PR1, SELL,

CD200R1, ANXA1, SELPLG; ILC2_c1 subset), metabolic process

(cytoplasmic translation, RPS26, RPL36A, RPL10; ATP metabolic

process, ALDOA, CHCHD10, TMSB4X; c-Kit+ ILC2_c1 subset),

and regulation of RNA splicing (AHNAK, FUS, RBM39, PIK3R; c-

Kit+ ILC2_c2 subset; Figure 4C; Supplementary Table 3).
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Transcriptome analysis of ILC3s

Each tissue has its unique ILC3 subsets distribution. For instance,

in the colon ILC3_c1 subset is the most predominant; the lung is

populated by ILC3_c2 and ILC3_c5 (CD69+) subsets; ILC3_c3

(CD74+) subset is most relevant in tonsil; while ILC3_c4 (CD94+)
A

B

C

FIGURE 4

Characterization of ILC2s in different tissues. (A) Box plots showing the frequencies of four ILC2 subsets (divided by the total CD127+ ILC number) in
lung, colon, ileum, tonsil, blood and HCC. P values were calculated from Kruskal-Wallis test. (B) Differential gene expression analysis showing up-
and down-regulated transcripts across four ILC2 subsets. (C) Functional enrichment analysis showing top 15 GO terms in each ILC2 subset of
biological process.
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are widely localized in blood and ileum, respectively (Figure 5A). To

further reveal the features of these ILC3 clusters, we next examined the

top five highly expressed genes, transcriptional factors, cytokines,

respectively (Figure 5B; Supplementary Table 2). The ILC3_c1

populations expressed high levels of transcription factors including

Fos gene family (FOS, FOSB and FOSL2), steroid-thyroid hormone-
Frontiers in Immunology 08131
retinoid receptor superfamily (NR4A1, NR4A2 and NR4A3),

indicating that Fos/Jun signaling and calcineurin/NFAT might be

important for this subset differentiation (34, 35). In addition to the

cytokines, this subset also expressed LIF, CSF2, TNFSF11 and

TNFSF13B, resulting in strong intestinal inflammation. In all this

subset shared a common transcriptomic signature characteristic of
A

B

C

FIGURE 5

Characterization of ILC3s in different tissues. (A) Box plots showing the frequencies of four ILC3 subsets (divided by the total CD127+ ILC number) in
lung, colon, ileum, tonsil, blood and HCC. P values were calculated from Kruskal-Wallis test. (B) Differential gene expression analysis showing up-
and down-regulated transcripts across six ILC3 subsets. (C) Functional enrichment analysis showing top 15 GO terms in each ILC3 subset of
biological process.
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typical ILC3s. The ILC3_c2 subset was enriched for heat shock

proteins (HSPA6, HSPA1B, HSPH1 and DNAJB1), suggesting that

the unfolded protein response best distinguishes this population. The

ILC3_c3 subset showed abundant amounts of LTB and CD74 which

have been demonstrated to have in vivo significance in murine models

(36, 37), and OTUD5 that also been shown to regulate RORgt stability
(38). Nagasawa et al. reported that NKp46+ ILCs and tonsillar ILC3

populations shared the expression of CD74 that associated with

antigen presentation for immune response, suggesting it as a

distinctive marker for ILC3 (39). LST1 was specifically upregulated

in this subcluster, which can inhibit the proliferation of lymphocytes

(Supplementary Table 2). The ILC3_c4 subset was transcriptionally

less active, and could be characterized by expression of SELL and

ITGAX, involved in cell adhesion and migration, and KLRD1 with

GNLY, expressed in T and NK cells, might correspond to cytotoxic

ILC3s. The residency marker CD69 was strongly expressed in ILC3_c5

subset. Strikingly, consistent with ILC3_c1 subset, the high expression

of proliferation genes NR4A1, NR4A2 and FOSL2, cytokine genes

CSF2 and LIF were also highly expressed in the ILC3_c5 subset,

further indicating colon and lung might share associated

transcriptional imprinting of ILC3. ILC3-derived CSF2 controlled

macrophages and dendritic cells to maintain colonic Treg

homeostasis (40). Besides, high expression of TNFSF4 (encoding

OX40 ligand) was observed in ILC3_c3 and c5 subsets. Deng et al.

revealed the importance of OX40-OX40L signaling for intestinal

homeostasis by the crosstalk between Tregs (OX40) and ILC3s

(OX40L) (41). Consistently, we found that the enriched GO terms

were in line with the function of aforementioned genes (such as

regulation of immune effector processes and responses, Figure 5C;

Supplementary Table 3).
Transcriptome analysis of NK
and NK_like cells

Wenext explored the transcriptome changes for NK andNK_like

cells, and found that differentiated NK cells predominated in tonsil,

ileum (NK_c1) and lung (NK_c2), and NK_like cells distributed in

HCC (Figure 6A). Differential expression analysis showed that NK

cell subsets shared relatively high expression of cytokines (CCL3,

CCL4, CCL5, CCL4L2, FASLG and IFNG, Figure 6B; Supplementary

Table 2). The NK_c1 population highly expressed EOMES that are

related T-box transcription factors that control NK cell development

(7). The NK_c2 and NK_like population uniquely expressed ZEB2

encoding a transcriptional regulator involved in terminal NK cell

maturation (42). Biological process enrichment analysis

demonstrated that the transcriptome of NK and NK_like cells was

specifically enriched in cell cytotoxicity and immune response

(Figure 6C; Supplementary Table 3).
Characteristics and pseudotemporal
analysis of ILCs

To explore the profile of ILC subsets across different tissues, we

continued the analysis of pseudo-bulk samples. As shown in Figure 7,
Frontiers in Immunology 09132
the specificity of ILC distribution was also observed in pseudobulk

data (Supplementary Table 4). ILC1_c2, ILC2_c2, c-Kit+ ILC2_c1/2,

ILC3_c5 and NK-like subsets were the predominant ILC populations

in the corresponding tissues, since the number of related ILCs within

the other tissues was less than 10. Several encoding transcription

factors (KLF4, FOS, JUN and JUND) and early activation markers

(CD69 and DUSP1) were unregulated in unique tissues or different

disease state (43). We further used OR values to quantified tissue

enrichment of ILC subsets across different tissues (Figure 8A). The

compositions of ILCs from different tissues displayed prominent

differences, especially to c-Kit+ ILC2 groups that appeared to be

tumor-enriched. The proximity in UMAP coordinates of ILCs

(excluding NK and NK_like cells) indicated that their

transcriptomes might be connected continuously. Next, we

searched for a potential developmental path by applying the

pseudotime algorithm. As shown in Figure 8B, the trajectory

evinced a pseudotemporal order of ILCs, and placed individual

ILCs into different states with striking fidelity to our annotations.

The root of the trajectory was mainly populated by ILC1s, and the

two termini of the tree were populated mainly by ILC3_c1 and

ILC3_c2. This pseudotemporal analysis further helped identify genes

associated ILC1s from the root to both fates such as CD27, CD3D,

CD3G, and also genes related with ILC3s that were up-regulated in

cells differentiating into both fates such as IL1R1, IL23R and KIT

(Figure 8C). Additionally, ILC2-associated genes LMNA (highly

expressed in c-Kit+ ILC2_c1 subset), MTRNR2L12 (highly

expressed in c-Kit+ ILC2_c2 subset) were mostly expressed in the

intermediate state, indicating the plasticity of ILC2s (44) (Figure 8D).
Discussion

Recent studies of ILCs have focused on their subsets’ specific

roles in these processes like tissue remodeling and repair, immune-

mediated disease, lymphoid tissue production, intestinal and

mucosal defense, and epithelial homeostasis (2, 9). We collected a

large number of ILCs from human six different tissues which can

represent unique immune niches (circulation, lymphoid tissue,

normal and inflamed mucosa, tumor microenvironment), to

systematically address the transcriptional imprinting. Through

this approach, we have identified tissue-specific ILC subsets with

the potential to remodel the local environment.

Two subpopulations of ILC1 cells were characterized in our

study. ILC1_subset showed a strong distribution preference in

blood and tonsil, and exhibited high levels of IKZF3, followed the

regulation pattern of T-bet and EOMES, being predominantly

expressed by ILC1 and NK cells (45). ILC1_c2 subset (CD94+)

exhibited distinct phenotypic profile, tended to be enriched in

inflamed ileum, and highly expressed GNLY, encoding for the

cytotoxic protein granulysin that is linked to chemotaxis or

fugetaxis of monocytes and bacterial lysis. While exploring the

heterogeneity of NK cells, we identified two “conventional” NK

subsets (CD127-CD56+CD94+), and a NK-like subset (CD127-

CD56-CD94-IKZF3+) that expressed markers of cytotoxicity

including IFNG and CCL5. The CD127-NK_like cell population
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mainly presented in the HCC microenvironment, which was in

accord with the results Heinrich et al. described (12).

ILC2s concentrate at barrier surfaces, such as the skin, lung and

intestine, where they are phenotypically and functionally adapted to

the tissue specific environment (46). Recent discoveries have

generated profound insights into ILCs biology of circulating

between different organs upon activation, as they are readily

detectable in healthy human peripheral blood (8, 47). Notably,

the ILC2_c1 cells identified within multiple tissues were

preferentially enriched in blood, resembling the reported

migratory ILC2s. These ILC2s increased expression of genes
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involved in cell migration such as SELL, S1PR1 and CD200R1.

Although distinct subsets of ILCs can be identified in blood, the

precursor ILC (ILCp), which has the ability to home to peripheral

tissues and differentiate into mature ILC subsets, makes up the

majority of the circulating ILC population (48). For example,

Winkler et al. observed that ILC2s accumulate in bronchoalveolar

lavage fluid after allergen challenge in asthmatic patients, whereas

circulating ILC2 numbers decrease at the same time, suggesting

ILC2s are recruited from the blood into the lung during

inflammation (49). Liu et al. have identified two migratory colon

ILC2 subsets (IL-17A+ ILC2s and CD27+ ILC2s) with potential to
A

B

C

FIGURE 6

Characterization of NK and NK_like cells in different tissues. (A) Box plots showing the frequencies of four NK subsets (divided by the total ILC
number) in lung, colon, ileum, tonsil, blood and HCC. P values were calculated from Kruskal-Wallis test. (B) Differential gene expression analysis
showing up- and down-regulated transcripts across three NK subsets. (C) Functional enrichment analysis showing top 15 GO terms in each NK
subset of biological process.
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migrate to the mouse lung in response to IL-25 stimulation (35). As

mentioned above, SELL is also highly expressed in ILC3_c4 subset,

which was preferentially enriched in blood and inflamed ileum.

Krabbendam et al. revealed that co-expression of SELL and CCR7 in

CD127+CD94+ granulysin-expressing ILCs are capable of traveling

to the lymph node via high endothelial venules (23). Additionally,

we observed two unique c-Kit+ ILC2 subsets in HCC, reflecting

plasticity as induced by the tumor environment. Heinrich et al.
Frontiers in Immunology 11134
reported that supernatant derived from HCC tissue with high IL-6

and TGF-b induced an increase in c-Kit+ ILC2s. In parallel, the

frequency of NKp44- ILC3s and ILC1s was reduced (12). Bernink

et al. similarly observed that TGF-b regulates the transition of c-Kit-

ILC2s into IL-17 producing c-Kit+ ILC2 cells, and this switch was

reliant on RORgt and the downregulation of GATA3 (50).

Analysis of human tissue samples shows that diversity spectrum

of ILC3s is dependent on the local environment. ILC3s were
A B

D

C

FIGURE 7

Top 5 differentially expressed genes in ILC subsets (A, for ILC1_c1 subset; B, for ILC2_c1 subset; C, for ILC3 subsets; D, for NK subsets) across
different tissues (DESeq2 on pseudo-bulk).
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previously further subdivided according to the expression of CD56

and especially of NKp44. Human NKp44+ ILC3s are the most

prevalent cells in adult tonsil and gut, and represent an exclusive

source of IL-22 (51). We also observed NCR2 (NKp44)

highly expressed in ILC3_c1 and ILC3_c3 subsets that were

enriched in colon and tonsil, respectively (Supplementary

Figure 4). We further found these two subsets also expressed

ENTPD1 (CD39), an ectoenzyme related to suppression of

inflammation (Supplementary Figure 4). Strictly, CD39 was
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mainly restricted to NKp44+ ILC3 cells in mucosal tissues (52).

ILC3_c1 subset is the predominant source of intestinal ILC-derived

LIF, which belongs to IL-6 family cytokines, and restricts

inflammation by blocking Th17-cell differentiation (53). ILC3s

(except ILC3_c2 subset) demonstrated high levels of

histocompatibility complex class II (MHCII) associated

transcripts including HLA-DQB1, HLA-E, HLA-F and HLA-DRA.

Goc et al. reported that a dialog between ILC3s and CD4 T cells via

major MHCII is disrupted in colon cancer, resulting in destruction
A B

D

C

FIGURE 8

Characteristics and pseudotemporal gene expression analysis of the ILCs across different tissues. (A) Tissue prevalence of ILC clusters estimated by
OR values. OR > 1.5 indicates that this ILC cluster is preferred to distribute in the corresponding tissue. (B) Pseudotime inference of the ILCs
(excluding NK cells) trajectory with cells color-coded according to the corresponding ILC subsets identified by UMAP. (C) Monocle analysis reveals
the kinetics of indicated genes (CD27, CD3D, CD3G, CD4, IL1R1, IL23R, KIT and TNFAIP3) across pseudotime. (D) Heatmap of gene expression
analysis associated with ILC specification in Monocle.
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of immunologic homeostas i s in the gut and tumor

microenvironment (54). Interestingly, we also found ILC3_c4

subset abundantly expressed high levels of GNLY and KLRD1,

that mediate cellular cytotoxicity. ILC3s can be harnessed for

cytotoxic responses via differentiation with IL-12 and IL-15

stimulation as described previously (55, 56). In healthy gut

mucosa, Qi et al. similarly found a population of ILC3/NK cells

that had transcriptomic features in common with both ILC3 and

NK cells (24). This population expressed NKG7, KLRD1, GNLY,

XCL2 and CCL4 similar to NK cells, but differed from conventional

ILC3s. However, Björklund et al. has described a subset with high

SELL expressing as naive ILC3 cells in tonsil (57). CD62L+ (SELL)

ILC3s didn’t respond to IL-23 plus IL-1b stimulation, and neither

IL-22 nor IL-17F was detected, but produced IL-2 relatively

infrequently. The biological role of this ILC3 subset remained to

be addressed. Using scRNA-seq technology, clusters in the UMAP

plot expressed helper ILC-related genes (IL7R and KIT), but lacked

transcripts that encode for effector functions, were usually

annotated as naïve ILCs (nILCs) (11, 23). In ILC-poiesis, nILCs

may represent the functional equivalent of ILC precursors. In our

joint analysis, we did not discover this cluster, which might be

caused by the simultaneous integration across donors and

technologies. Regarding the activation state, ILC3_c5 (CD69+)

subset was preferentially enriched in lung and expressed high

levels of CSF2 (GM-CSF), which plays an important role in

antimicrobial pulmonary host defense function and is essential

for surfactant homeostasis (58).

The past decade has witnessed an explosion of knowledge of

innate immune cell, owing to the definition of many additional

subsets. In this study, we found several ILC subsets across six

tissues, that exhibited tissue-adapted phenotypes and functions. The

typical ILC clusters with specific markers could be distinguished easily,

whereas some cells had transcriptomic features in common, rendering

their identification complicated. Therefore, we defined a population of

CD127+c-Kit-/+CD94-/+ cells, and further divided it into five clusters,

indicating the plasticity between ILC subsets, which can be induced by

changes in the tissue microenvironment. However, we defined theses

subsets based an unbiased transcriptome-wide perspective, ex vivo co-

culture experiments were not performed to confirm their functions.

Overall, the main objective of this study was to characterize the

heterogeneity of ILCs in human tissues under physiological and

pathological conditions. Integrative inference of these single-cell

transcriptomics unveiled the diversity and plasticity of ILCs, and

generated a comprehensive map of human ILC composition, which

provided insights into ILC-mediated tissue-specific immunity.
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SUPPLEMENTARY FIGURE 1

Single-cell RNA sequencing of HCC for GSE179795 dataset. (A) UMAP of
single-cell transcriptomes color-coded by ILC clusters. (B)Dot plot displaying
average and percent expression of marker genes across seven ILC clusters.

SUPPLEMENTARY FIGURE 2

Single-cell transcriptome profiles of CD127+c-Kit-/+CD94-/+ ILC subset

among different tissues. (A) Heatmap of top 3 signature genes for indicated

cell types were shown. (B) Expression of KLRD1 (CD94) plotted in purple on
the UMAP clustering. (C) Proportion of each indicated cell type among

different tissues.

SUPPLEMENTARY FIGURE 3

Gating strategy to identify ILCs using multi-omics single-cell sequencing

data. Representative gates were generated to assign ILCs (ILC1, ILC2, ILC3

and NK+NK_like cells) based on identified specific population markers.

SUPPLEMENTARY FIGURE 4

Single-cell transcriptome profiles of ILC3 subset among different tissues. (A):
Dot plot displaying average and percent expression of representative genes
across five ILC3 clusters. (B) Expression of NCR2 (NKp44) and ENTPD1 (CD39)

in purple on the UMAP clustering.
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Background: As an important early source of IL-17A and IL-22 in immune

responses, type 3 innate lymphoid cells (ILC3s) are critically regulated by the

transcription factor retinoic-acid-receptor-related orphan receptor gamma t

(RORgt). Previously, we have identified a crucial role of the conserved non-

coding sequence 9 (CNS9), located at +5,802 to +7,963 bp of the Rorc gene, in

directing T helper 17 differentiation and related autoimmune disease. However,

whether cis-acting elements regulate RORgt expression in ILC3s is unknown.

Results: Here we show that CNS9 deficiency in mice not only decreases ILC3

signature gene expression and increases ILC1-gene expression features in total

ILC3s, but also leads to generation of a distinct CD4+NKp46+ ILC3 population,

though the overall numbers and frequencies of RORgt+ ILC3s are not affected.

Mechanistically, CNS9 deficiency selectively decreases RORgt expression in

ILC3s, which thus alters ILC3 gene expression features and promotes cell-

intrinsic generation of CD4+NKp46+ ILC3 subset.

Conclusion: Our study thus identifies CNS9 as an essential cis-regulatory

element controlling the lineage stability and plasticity of ILC3s through

modulating expression levels of RORgt protein.

KEYWORDS

ILC3s, RORgt, CNS9, cis-element, plasticity
Introduction

Innate lymphoid cells (ILCs), important in defense against invading pathogens at the

mucosal surface, contain three major subpopulations depending on their distinct gene

expression patterns. Group 3 ILCs (ILC3s), similar to T helper 17 (Th17) cells, express

transcription factor RORgt and secrete interleukin-17A (IL-17A) and/or IL-22 (1, 2). ILC3s
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play important roles in controlling extracellular bacteria and fungi,

as well as tissue repair following mucosal barrier damage (3).

ILC3s are generally divided into three major subsets in mice, based

on expression of chemokine receptor CCR6 and natural cytotoxicity

receptor NKp46. CCR6+(NKp46-) ILC3s include lymphoid tissue

inducer (LTi) and LTi-like cells, are heterogenous in CD4 expression,

which are indispensable for lymphoid tissue formation (4).

CCR6+(NKp46-) ILC3s have been reported to facilitate CD4+/CD8+

T cells in anti-tumor response (5). NKp46+(CCR6-) ILC3s are

pathogenic in anti-CD40-induced innate colitis model, through

recruiting inflammatory monocytes (6). However, the role of CCR6-

NKp46- double-negative ILC3s has not been extensively characterized.

Intestinal NKp46+(CCR6-) ILC3s, developed from NKp46-CCR6-

ILC3s upon up-regulating T-bet expression, have mixed features of

both ILC3s and ILC1s, with expression of NKp46, T-bet and interferon

g (IFN-g), and can convert to ILC1-like cell or even ILC1s (7–11).

ILC3s are thus highly plastic, readily in response to continuously

changing microenvironments.

As the lineage-specific transcription factor of both Th17 cells

and ILC3s, RORgt (encoded by Rorc) is essential for their

development and effector functions. Conserved non-coding

sequences (CNSs) are regulatory cis-acting elements critically

controlling gene expression via interaction with various trans-

acting factors. A number of CNSs have been identified at the Rorc

locus. CNS9 and CNS6 are required for IL-6-STAT3 and TGF-b-
SMAD&c-MAF signaling, respectively (12). Interestingly, deletion

of CNS6 or CNS9 did not affect the development of gdT cells or

ILC3s. Therefore, the cis-regulatory mechanisms controlling Rorc

transcription in ILC3s remain unclear. Comparative transposase-

accessible chromatin using sequencing (ATAC-seq) and RNA-seq

analysis revealed many potentially active cis-elements in ILCs (13),

but none of them have been functionally and genetically analyzed.

In this study, we discovered that CNS9 deficiency altered ILC3

features in intestine, associated with increased ILC1 but decreased

ILC3 signature gene expression. Moreover, loss of CNS9 reduced

RORgt expression at per cell level and causes induction of specific

CD4+NKp46+ ILC3 subset that is not found in healthyWTmice. Our

results thus indicate that cis-regulatory element CNS9 is important in

maintaining the lineage stability or development of ILC3s.
Materials and methods

Mice

C57BL/6J and CD45.1+ mice were obtained from Jackson

Laboratory, and were crossed to generate CD45.1+CD45.2+ mice.

CNS9-deficient mice were generated on C57BL/6J background by

using CRISPR-Cas9 system in our previous study (12). RORgtGFP

mice were generated by the laboratory of Prof. Dan R. Littman (4).

All mice were housed in specific pathogen-free (SPF) conditions

and in isolated ventilated cages in the animal facility at Tsinghua

University, which has been accredited by AAALAC (Association for

Assessment and Accreditation of Laboratory Animal Care

International). All the animal protocols used in this study has

been approved by IACUC (Institutional Animal Care and Use
Frontiers in Immunology 02140
Committee) of Tsinghua University. All mice used in this study

were at 6-15 weeks, age and sex matched.
Isolation of immune cells

Lamina propria lymphocytes (LPLs) were isolated from small

intestine or large intestine. The intestine was collected by removing

mesenteric lymph nodes and Peyer’s patches and cut into 2-3 cm

pieces longitudinally, then digested at 37°C for 30 mins in RPMI

1640 medium containing 5 mM EDTA, 20 mMHEPES, 1 mMDTT

and Penicillin/Streptomycin. The tissues were washed twice using

RPMI 1640 medium containing 2mM EDTA, 20mM HEPES and

Penicillin/Streptomycin. The remaining tissues were chopped into

small pieces and digested in digestion buffer (RPMI 1640 medium

with 20 mMHEPES, 0.5 mg/ml collagenase D, 1 mg/ml Dispase and

2 mg/ml DNase I and Penicillin/Streptomycin) at 37°C for 30 min.

Then the tissues were meshed through 100 mm cell strainer for cells

suspension. LPLs were obtained from the interface of 70% and 40%

Percoll after centrifuging at 2500 rpm, 25°C for 30 min.

Spleen, mesenteric and inguinal lymph nodes were taken out,

ground and passed through 100 mm cell strainer (spleen needed

additional lysing to remove red blood cells).
C. rodentium infection model

Mice were fasted for 7-8 hours and then orally gavaged with

2*109 CFU C. rodentium/mouse. The body weight and fecal

bacterial load were monitored. If indicated, the mice were

sacrificed and intestinal LPLs were analyzed 8 days post-infection.
Ex vivo stimulation

To measure IFN-g expression, ILC3s were stimulated at 37°C for

4 hours with 25 ng/ml IL-12, 50 ng/ml IL-15 and 5 ng/ml IL-23 in the

presence of GolgiStop™. While for measuring IL-22 and IL-17A,

cells were stimulated at 37°C for 4 hours with 5 ng/ml IL-23 in the

presence of GolgiStop™. As specifically indicated, IL-22 production

in Figure S2B was measured with IL-12 and IL-15 stimulation.
Generation of RORgt overexpression
chimeric mice

On day 0, bone marrow cells were isolated from CNS9-deficient

mice, depleted red blood cells and then cultured in 6-well plates (4×106

cell for each well) in RPMI 1640 medium (20 ng/mL IL-3, 50 ng/mL IL-

6 and 50 ng/mL SCF with Penicillin/Streptomycin) at 37°C in a CO2

incubator. On day 2, polybrene was added into the cell mixture at a final

concentration of 8 mg/mL. Bonemarrow cells were infected with RVKM

control or RVKM-RORgt retrovirus, centrifuged at 1800 rpm for 2

hours at 35°C. This infection was repeated on day 3. On day 4, the virus

infected GFP+ bone marrow cells were sorted, and then intravenously

injected into lethally irradiated (2 rounds of 5Gy irradiation, an interval
frontiersin.org
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of 2 hours) CD45.1+ recipient mice at 2 x 106/mouse. Seven weeks later,

the recipient mice were sacrificed and analyzed.
Antibiotic treatment

CNS9-deficient mice were treated with antibiotics (ampicillin:

1 g/L, vancomycin: 500 mg/L, neomycin: 1 mg/mL and

metronidazole: 1 mg/mL) starting from 3 to 6 weeks old. The

antibiotics were supplied in drinking water and changed every two

days to keep fresh.
ScRNA-seq library construction and
data processing

ILC3 (CD45mid CD3- CD90.2high) cells were sorted from small

intestine LPLs using flow cytometry. Single-cell RNA libraries were

generated using 10X Genomics chromium according to the

manufacturer’s instructions. The quality of libraries was

determined by Agilent 2100 bioanalyzer and sequenced with

NovaSeq 6000 PE150(Illumina).

To generate single cell feature counts, the clean data of each sample

were mapped to mouse reference genome (mm10) by the command

“cell ranger count” within cell ranger toolkit (version 6.0.1) provided by

10X genomics. For each sample, cells as outliers in feature count matrix

(proportion of mitochondrial genes > 10% and ncount_feature < 300 or

ncount_feature > 4700) were removed from further analysis. To remove

impure cells, we first filtered the cells by Ptprc+ Cd3e- Thy1+ according

to sorting strategy, and then exclude non-ILC3 based on signature gene

expression, including T cells (Cd3g, Cd3e), B cells (Cd79a, IgIv1, Jchain),

macrophages (Cd68, Apoe, C1qb, Csf1r), endothelial cells (Fabp4, Id3,

Lyve1 (14)), ILC1/NK (Ccl5, Klrd1, Klrc2, Eomes) and ILC2s (Klrg1, Il4,

Il5, Il13) (15). Finally, we obtained 6860 cells and 4517 cells from WT

and CNS9KO samples respectively.
Clustering of single cell data matrix

The Seurat R package (version 4.0.3) was conducted for further

analysis of feature count matrix. For each sample, about 2,000 genes

with the highest variance based on a variance stabilizing transformation

data were selected to compute a PCA dimensionality reduction.

Integration of two samples was conducted by RunHarmony()

function in Seurat R package. The 30 principal components (PCs) of

the integrated Seurat object were used for further nonlinear

dimensional reduction analysis. The integrated data were clustered

using Seurat’s FindClusters() function (resolution parameters was set to

0.8), then visualized by UMAP. The different expression of the selected

marker genes in each cluster were visualized by DotPlot() function.
RNA velocity analysis

For each sample, a.loom file with counts divided in spliced/

unspliced/ambiguous was generated by velocyto.py toolkit (version
Frontiers in Immunology 03141
0.17). Then, the data were pre-processed by scVelo python toolkit

(version 0.2.4). Genes that are detected in less than 20 counts were

filtered out and 2000 genes with the highest variability were selected.

After normalization and logarithmization, the first and second order

moments (means and uncentered variances) were computed among

nearest neighbors in PCA space under default parameters. Then, the

RNA velocity was estimated by scVelo’s scv.tl.velocity() function, and

visualized by scv.pl.velocity_embedding_stream() function.
Generation of bone marrow chimeric mice

Bone marrow cells from C57BL/6J, CNS9-deficient and

CD45.1+CD45.2+ mice were isolated and depleted red blood cells.

C57BL/6J or CNS9-deficient bone marrow cells were mixed with

the ones from CD45.1+CD45.2+ mice at 1:1 ratio, and 4×106 mixed

bone marrow cells were injected intravenously into lethally

irradiated (2 rounds of 5Gy irradiation, an interval of 2 hours)

CD45.1+ recipient mice. The reconstituted mice were then

sacrificed and analyzed 7 weeks later.
Flow cytometry analysis

The antibodies and corresponding dilutions listed below were

used for staining: CD45.2 (104, 109824, BioLegend; 104, 56-0454,

eBioscience; 1:400), CD45.1 (A20, 558701, BD BioSciences; 1:400),

CD3 (17A2, 48-0032-82, eBioscience; 1:400), CD3e (145-2C11, 45-

0031-82, eBioscience; 1:200), CD90.2(53-2.1, 25-0902-82/17-0902-

83, eBioscience; 1:400), CD4(RM4-5, 562314/557956, BD

BioSciences; RM4-5, 25-0042-81, eBioscience; 1:400), CCR6 (29-

2L17, 129819, BioLegend; 1:200), NKp46 (29A1.4, 137606,

BioLegend; 29A1.4, 25-3351-82, eBioscience; 1:400), RORgt (Q31-
378, 562607/562682, BD BioSciences; 1:400), T-bet (4B10, 644814,

BioLegend: 1:400), IL-17a (eBio17B7, 48-7177-82, eBioscience;

1:200), IL-22(IL22JOP, 17-7222-82, eBioscience; 1:200), IFN-g
(XMG1.2, 557998, BD BioSciences; 1:200).
Quantification and statistical analysis

Data were analyzed using Graphpad Prism 6 or Graphpad

Prism 8 and preformed as mean ± SD. Statistical significance was

calculated using unpaired Student’s t test and shown as (*p < 0.05;

**p < 0.01; ***p < 0.001, ****p < 0.0001).
Results

CNS9 deficiency alters intestinal
ILC3 subsets

We have previously identified CNS9, located at +5,802 to

+7,963 bp of the Rorc gene, whose deficiency in mice caused a

profound defect in Rorc expression and RORgt-directed IL-17A

expression in Th17 cells (12). In contrast, CNS9 deficiency had little
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effect on development of total RORgt+ ILC3s (gated on CD45+CD3-

CD90+) in small intestine under steady state, as examinbed in both

percentages and numbers (Figure 1A). In addition, under C.

rodentium infection state, CNS9-deficient mice showed

comparable degrees of weight loss and bacterial loads at the early

stage of infection to control WT mice (Figures S1A, B). These data

suggest that the general development and function of ILC3s were

largely unaffected by CNS9 deficiency.

However, a careful examination revealed that CNS9 deficiency

significantly increased expression of both CD4 and NKp46 in ILC3s

in the LPLs of small intestine under steady state, resulting in a clear

population of CD4+NKp46+ double positive cells (Figure 1B). As

introduced previously, CD4 only expressed by part of CCR6+ ILC3s

but not NKp46+ ILC3s, suggesting the CD4+NKp46+ ILC3 subset in

CNS9-deficient mice is a distinct population compared with WT

mice. In addition, the expression of CCR6 was found decreased in

CNS9-deficient ILC3s (Figure 1C), suggesting the composition of

ILC3 subsets was significantly altered in CNS9-deficient mice,

despite their overall function may not be affected. Consistently,

CD4+NKp46+ ILC3s were also present in the lamina propria of both

small and large intestines in CNS9-deficient mice 8 days after C.

rodentium infection (Figures S1C, D), as well as in other lymphoid

tissues including mesenteric lymph nodes (mLN), inguinal lymph

nodes (iLN) and spleen under steady status (Figure S1E), though

less prominent than in gut-associated mucosal tissues.

At cytokine levels, CNS9-deficient ILC3s secreted 50% to 80% less

IL-22 and IL-17A, but about 3-fold increase of IFN-g, compared with

WT ILC3s (Figure 2A). The CD4+NKp46+ ILC3s showed similar

cytokine producing abilities to CD4-NKp46+ ILC3s in CNS9-deficient

mice, with reduced IL-22 and increased IFN-g but no IL-17A
Frontiers in Immunology 04142
expression, compared with other subsets (Figure 2B). Moreover,

associated with increased IFN-g secretion, an obvious population of

IFN-g and IL-22 double positive cells was detected in NKp46+ ILC3s in
CNS9-deficient mice (Figure 2C). These results indicate that CNS9-

deficient ILC3s gained increased ILC1-related cytokine secretion

potential at the expense of reduced ILC3 effector function.

Notably, there was no defect in IL-22 production in CNS9-

deficient ILC3s under stimulation with IL-12, IL-15 and IL-23

condition (Figure S2A), which was different from cells stimulated

with IL-23 alone (Figure 2A). Interestingly, IL-12 and IL-15

treatment could also induce IL-22 production in ILC3s, in the

absence of IL-23 (Figure S2B), suggesting distinct mechanisms

involved in IL-23- and IL-12/15-stimulated conditions.

We further measured IL-22 production in ILC3s after C.rodentium

infection, but with only a slightly decreased trend in CNS9-deficient

ILC3s compared with WT cells (Figure S2C), indicating a

compensatory mechanism or context-dependent regulation of IL-22

production in ILC3s by CNS9 as revealed in Figures 2A, S2A. In line

with this, CNS9-deficient mice showed comparable weight loss and

fecal bacterial loads after C. rodentium infection (Figures S1A, B).
CNS9 deficiency promotes cell-intrinsic
induction of CD4+NKp46+ ILC3s

Since RORgt and its isoform RORg can be expressed by a number

of cell subsets, including Th17 cells, gdT cells, NKT cells and even non-

immune cells, CNS9 deficiency may affect ILC3 development through

an indirect manner. To test this possibility, mixed bone marrow

chimeric mice were generated by reconstituting lethally irradiated
B

C

A

FIGURE 1

CNS9 deficiency alters the composition of ILC3s. ILC3s were isolated from the small intestine lamina propria lymphocytes (LPLs) of age- and sex-
matched WT and CNS9-deficient (CNS9KO in figure) mice under steady state, directly stained with indicated surface markers and RORgt, and then
analyzed by flow cytometry. (A) Left: intracellular staining of RORgt (pre-gated on Live CD45+ CD3- CD90+); right: statistic of the staining data and
cell number of ILC3s. Staining (left) and statistic (right) of the surface marker CD4 and NKp46 (B) or CD4 and CCR6 (C) on ILC3s (pre-gated on ILC3:
Live CD45+ CD3- CD90+ RORgt+). The data shown are a representative of two to three independent experiments and presented as mean ± SD. Also
see Figure S1. Statistical significance was calculated using unpaired Student’s t test and shown as ****p < 0.0001 or n.s. (non-significant) p > 0.05.
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CD45.1+ mice with WT CD45.1+CD45.2+ bone marrow cells and

CD45.2+ WT or CNS9-deficient bone marrow cells at a 1:1 ratio

(Figure 3A). 7 weeks after reconstitution, a distinct group of

CD4+NKp46+ ILC3s was developed from CNS9-deficient but not

WT bone marrow cells (Figure 3B), similar to CNS9 germline

knockout mice. In addition, CNS9 deficiency led to significantly

increased NKp46+ but decreased CCR6+ ILC3 populations, similar to

unmanipulatedmice at steady state, but the overall frequencies of CD4-

expressing ILC3s were largely not affected in the chimeric animals

(Figure 3B and Figure 1B). Similar to those from CNS9-deficient mice,

ILC3s developed from CNS9-deficient bone marrow cells in the

chimeric mice showed reduced RORgt expression level compared
Frontiers in Immunology 05143
with those from WT bone marrow cells (Figure 3C). These results

thus demonstrate that CNS9 functions in a cell-intrinsic manner in

constraining the development of CD4+NKp46+ ILC3 subset. However,

unlike CNS9-deficientmice, CNS9-deficient bonemarrow cells showed

a severe defect in development towards ILC3s but not ILC1s, compared

with WT bone marrow cells, suggesting their apparent disadvantage in

ILC3 development under competitive microenvironments (Figure 3D).

ILCs, abundant at mucosal barriers, are regulated by microbiota in

development, maintenance and function (15, 16). To examine whether

the development of CD4+NKp46+ ILC3s in CNS9-deficient mice was

regulated by intestinal microbiota, we treated 3-week old mice with

antibiotics (ampicillin, vancomycin, neomycin and metronidazole)
B

CA

FIGURE 2

CNS9 deficiency modulates the cytokine production of ILC3s. ILC3s were isolated from the small intestine lamina propria lymphocytes (LPLs) of age-
and sex-matched WT and CNS9-deficient mice under steady state. Stimulated ex vivo for 4 hours before staining with surface markers, RORgt and
cytokines, and then analyzed by flow cytometry. (A) Left: intracellular staining of IL-22, IL-17A and IFN-g single positive cells in total ILC3s; right:
statistic of the staining data. (B) Statistic analysis of IL-22, IL-17A and IFN-g in different ILC3 subsets. (C) Up: intracellular staining of IL-22 and IFN-g;
down: statistic analysis of IL-22+IFN-g+ double positive cells in total ILC3s and different subsets. The data shown are a representative of two to three
independent experiments and presented as mean ± SD. Also see Figure S2. Statistical significance wascalculated using unpaired Student’s t test and
shown as *p < 0.05; **p < 0.01; ***p < 0.001, ****p < 0.0001 or n.s. (non-significant) p > 0.05.
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supplied in drinking water for 3 weeks to remove gut microbiota.

Compared with water-treated control group, antibiotic treatment did

not affect the population of CD4+NKp46+ ILC3s in CNS9-deficient

mice (Figure 3E), suggesting their generation in CNS9-deficient mice

were independent of gut-associated microbiota.
CNS9-deficient ILC3s exhibit increased
ILC1 gene expression features

To further understand the function of CNS9, total ILC3s (gated

on CD45mid CD3- CD90.2high) were sorted from the LPLs of small

intestine in WT and CNS9-deficient mice and analyzed by single-

cell RNA sequencing. In total, 10 distinct clusters were identified

after removing contaminated cells (Figures 4A, B). A previous study
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from Ido Amit lab (15) has defined a set of uniquely expressed genes

in ILC1, ILC2 and ILC3, based on the RNA-seq data of intestinal

ILC1s (CD45+ Lin- CD127+ RORgt– NKp46+), ILC2s (CD45+ Lin-

CD127+ RORgt– KLRG-1+) and ILC3s (CD45+ Lin- CD127+

RORgt+) in mice, which were used as different ILC signature

genes in this study. Clusters 0, 1, 2, 7 and 9 were characterized as

NKp46+ ILC3s due to high expression of Ncr1 (encoding NKp46)

and Tbx21 (encoding T-bet). Cluster 2 also expressed ILC1-related

signature genes, such as Ccl5 and Xcl1, and may represent ILC1-like

ILC3s. Clusters 4, 5 and 6 had the highest Ccr6 expression, thus

representing CCR6+ ILC3s (Figures 4A, S3A). Consistently, cluster

5 also had the highest expression of Ltb (encoding lymphotoxin

beta), a gene involved in lymphoid tissue development. Cluster 4

had high H2-Aa expression, indicating a MHCII-dependent antigen

presentation potential. Cluster 6 expressed high levels of Il17a, Il17f
B

C D

E

A

FIGURE 3

CNS9 deficiency promotes the generation of CD4+NKp46+ ILC3 subset via a cell-intrinsic manner. (A) Experiment protocol: The CD45.1+CD45.2+ WT
BM cells and CD45.2+ CNS9-deifient BM cells were transferred to irradiated CD45.1+ mice at a 1:1 ratio. Seven weeks later, the recipient mice were
sacificed and the small intestine LPLs were collected and analyzed by flow cytometry. (B) The ILC3s were gated as Live CD3- CD90+ RORgt+ CD45.2+

cells. Left: surface staining of CD4, NKp46, CCR6 of ILC3s; right: statistic of the staining data. (C) MFI of RORgt in CD45.2+ WT and CNS9-deficient
ILC3s. (D) The ratios of CD45.2+ WT/CNS9-deficient versus CD45.1+CD45.2+ WT ILC3s or ILC1s. The data shown are a representative of two
independent experiments and presented as mean ± SD. (E) CNS9-deficient mice were treated with ABX or water (as control) continuously started from 3
weeks after wean. The LPLs of small intestine were isolated and analyzed at the age of 6 weeks old. Left: surface staining of CD4 and NKp46 (gated on
ILC3s); right: statistic of the staining data. The flow data shown are a representative of two independent experiments and the statistical analysis was
performed by combining two experiments and presented as mean ± SD (n=4 for both Ctrl and ABX group). Statistical significance was calculated using
unpaired Student’s t test and shown as *p < 0.05; ***p < 0.001, ****p < 0.0001 or n.s. (non-significant) p > 0.05.
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and Il22, representing mature or effector ILC3s. Cluster 3 expressed

neither CCR6 nor NKp46 and was characterized as IL-22 producing

CCR6-NKp46- ILC3s. Clusters 0 and 5 expressed high amount of

Zfp36, a negative regulator for TNF-a and GM-CSF (17). Cluster 7

highly expressed Tnfrsf9 (encoding CD137 or 4-1BB). Cluster 8

highly expressed Ifit1, a gene involved in induction of type I

interferons. Cluster 9 was identified as actively proliferating ILC3s

due to high expression of Mki67 and Stmn1 (Figure S3A).

In the UMAP plots analysis, CNS9-deficient ILC3s

contained clearly more single Cd4 or Ncr1 expressing and co-

expressing cell populations, with reduced Ccr6-expressing

population (Figure 4C). For effector cytokines secreted by
Frontiers in Immunology 07145
ILC3s, CNS9 deficiency resulted in decreased Il22 and Il17a

but increased Ifng transcription, consistent with the results

obta ined by flow cytometry in CNS9-defic ient mice

(Figures 4C, 2A). In addition, CNS9-deficient ILC3s contained

cells with increased expression of Klrb1c (encoding NK1.1),

Tbx21 (encoding T-bet), Ccl5 and Xcl1, at both population and

per cell levels (Figures 4C, S3B), indicating CNS9-deficient

ILC3s acquired an ILC1-gene expression feature, when

compared with WT ILC3s. Gene set variation analysis (GSVA)

further confirmed our hypothesis that CNS9 deficiency

increased expression of ILC1 signature genes but decreased

expression of ILC3 signature genes (15) (Figure S3C).
B

C

D

A

FIGURE 4

Single cell RNA-seq analysis of ILC3s isolated from CNS9-deficient mice and WT mice. The ILC3s (CD3-CD90.2highCD45mid) were sorted from small
intestine LPLs of WT and CNS9-deficient mice, and single-cell RNA libraries were constructed using 10x Genomics. (A) UMAP plots of CNS9-deficient
and WT ILC3s. (B) Statistic quantification of individual clusters between WT and CNS9-deficient ILC3s. (C) Selected gene expression of UMAP plots.
(D) RNA velocity analysis among clusters. Purple dotted circle indicating RNA velocity direction from Cluster 7 to other clusters. Also see Figure S3.
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We further analyzed the relationships of cell clusters by RNA

velocity. Increased frequency of cluster 2 and decreased frequency

of cluster 0 (Figure 4B), along with the velocity direction from

cluster 0 to cluster 1 and cluster 2 (Figure 4D), indicated a strong

conversion potential from cluster 0 to cluster 2 in CNS9-deficient

NKp46+ ILC3s. Similarly, decreased cluster 5 and increased cluster

4 represented a more flexible change from cluster 5 to cluster 4 in

CCR6+ ILC3 subset after CNS9 deficiency (Figures 4B, D).

Moreover, cluster 7, ending with all velocity arrows, represented

as a fully differentiated cluster in WT ILC3s, but still had a

transition potential towards other clusters in CNS9-deficient

ILC3s (Figure 4D). Taken together, these results suggest that

genetic ablation of CNS9 in ILC3s increased their plasticity and

conversion potentials towards ILC1-like cells.
Decreased cellular RORgt expression
causes induction of CD4+NKp46+

ILC3 subset

Our scRNA-seq data showed that Rorc transcription was

decreased in CNS9-deficient ILC3s compared with WT ILC3s,

also with a trend following velocity directions (cluster 0 -> cluster

1&2 and cluster 5 -> cluster 4) (Figure S4A), suggesting an internal

link between Rorc expression levels with cluster variability. CNS9-

deficient ILC3s showed increased Cd4 transcription (Figure S4B).

Of note, cluster 4 had lower Rorc but higher Cd4 expression,

compared with cluster 5, in both WT and CNS9-deficient ILC3s

(Figures S4A, B), suggesting a potential negative regulation of Cd4

by RORgt in ILC3s. Consistently, CNS9-deficient ILC3s had

reduced RORgt protein expression at per cell levels, as examined

by flow cytometry, compared with WT ILC3s (Figure 5A).

Specifically, the subset of CD4+NKp46+ cells in CNS9-deficient

ILC3s showed the lowest RORgt expression (Figure S4C), indicating

CNS9-directed RORgt expression plays a critical role in restricting

induction of CD4+NKp46+ ILC3s, l ikely in a dosage-

dependent manner.

To test the above possibility, we examined ILC3s in the

heterozygous RORgtGFP mice, in which the Gfp gene was inserted

into the first exon of Rorc and thus disrupted ~50% of RORgt
expression at per cell levels (Figure 5B). Similar to CNS9-deficient

mice, RORgtGFP mice contained a distinct CD4+NKp46+ ILC3

subset (Figure 5C), and showed increased NKp46 and IFN-g
expression in total ILC3s, but a reciprocal decrease of CCR6, IL-

22 and IL-17A, though CD4 expression was normal, compared with

control WT mice (Figures 5C, D).

To further confirm the dosage effect of RORgt protein, Rorc was
retrovirally overexpressed in CNS9-deficient bone marrow cells

(CD45.2+) in vitro, then transferred into irradiated CD45.1+ mice.

7 weeks after reconstitution, the mice were sacrificed and analyzed.

Overall, Rorc overexpression reduced ~70% of CD4+NKp46+ ILC3s

compared with control empty vector (Figure 6A), suggesting that

decreased RORgt expression indeed contributes to the generation of

CD4+NKp46+ ILC3s in CNS9-deficient mice. For unknown

reasons, control retro-virus infection also promoted overall

cellular RORgt expression (Figure 6B) and decreased the
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frequency of CD4+NKp46+ ILC3s compared with mice under

steady state.

It has been reported previously that T-bet is critical for

generation of NKp46+ ILC3s via inducing IFN-g and NKp46

expression (8–10). We further confirmed our scRNA-seq data

with flow cytometry, and found that CNS9-deficient ILC3s,

including ILC3 subsets, had increased T-bet protein expression

compared with WT cells (Figure S5). Thus, this result suggests the

decreased RORgt expression directly promoted T-bet expression,

and further resulted in upregulation of IFN-g and NKp46.

CNS9-deficient ILC3s showed gain of ILC1-like gene expression

feature (Figures 4C and S3B, C), increased T-bet (Figure S5) and

IFN-g expression (Figure 2A), suggesting that RORgt may regulate

the balance between ILC3s and ILC1s, via its dosage expression.

However, the percentages and cell numbers of ILC1s were only

slightly increased, whereas the ratio of ILC3s to ILC1s was not

significantly altered in CNS9-deficient mice, compared with WT

control mice (Figure S6). These suggest that CNS9-directed Rorc

transcription is not involved in transition between ILC3s and ILC1s,

and CD4+NKp46+ ILC3s represent a transient state fixed by

reduced but not abolished RORgt expression in CNS9-

deficient mice.
Discussion

Cis-regulatory mechanisms have been extensively investigated

in different T helper cell subsets, such as Th1, Th2 and Th17 cells,

but remain largely unclear in their corresponding counterparts of

innate immune cells. In previous studies, we showed that CNS9

deficiency abolished RORgt expression and Th17 cell differentiation

in vitro and in vivo. However, this study reveals that CNS9

deficiency did not affect the generation of RORgt+ ILC3s at both

frequencies and numbers, but decreased RORgt expression at per

cell level, which not only caused acquiring ILC1-like gene

expression feature in ILC3 cells but also led to generation of a

specific CD4+NKp46+ ILC3 subset. These findings thus characterize

CNS9 as an essential regulator controlling the development,

stability or plasticity of ILC3s, through fine tuning dose

expression of RORgt.
As the master transcription factor of ILC3s, RORgt inhibits

ILC1/2-related gene expression. The trans-differentiation from

ILC3s to ILC1s, requires down-regulation of RORgt and up-

regulation of T-bet expression (18). Previous reports showed that

T-bet directly instructed IFN-g and NKp46 expression (8–10).

Therefore, the increased T-bet expression, as a result of decreased

RORgt expression, could contribute to the induction of

CD4+NKp46+ ILC3s in CNS9-deficient mice. Consistently,

decreased RORgt expression in CNS9-deficient ILC3s resulted in

decreased IL-22 and IL-17A secretion and increased IFN-g
production (Figures 2, 5A). Moreover CD4+NKp46+ ILC3s are

likely induced by decreased dose of RORgt expression, as

evidenced in both CNS9-deficient and RORgtGFP mice

(Figures 5A–C). This speculation was further confirmed by the

findings that the development of CD4+NKp46+ ILC3s can be largely

prevented by RORgt-overexpression in the bone marrow stage
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(Figure 6). Previously, a small population of CD4+NKR-LTi cells

was reported in adult RORgtfm mice (Rorc-CreTg heterozygous) (7),

and also increased population of NKp46+ILC3s observed in

RORgtGFP mice compared with WT mice (19), which supports

our hypothesis that CNS9 regulates ILC3 subsets development or

plasticity through modulating RORgt expression levels.

However, in the mixed bone-marrow reconstituted mice,

CNS9 deficiency led to about 75% less frequency of

CD4+NKp46+ ILC3s compared with mice under steady state

(Figures 3B, 1B), despite this population was also clearly

detected. The difference could be caused by different ages of

mice analyzed or altered healthy status in the BM-chimeric mice

in the course of experiments. Of note, CNS9-deficient mice had

less RORgt expression than RORgtGFP mice, but contained

noticeably more abundant CD4+NKp46+ ILC3s (Figures 5A–C,

1B), further confirmed a dosage-sensitive role of RORgt in control

of the development of ILC3s.
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Interestingly, we noticed an inverse correlation between Cd4

and RORgt expression levels in CNS9-deficient ILC3s (Figures S4A,

B). Considering upregulation of CD4+ ILC3s was not found in

CNS9-deificent BM-chimeric mice (Figure 3B), neither in

RORgtGFP mice (Figure 5C), suggesting additional mechanism(s)

is involved in regulating Cd4 expression in CNS9-deficient ILC3s,

possibly independent on relative dosages of RORgt expression.
In Th17 cells, deletion of CNS9 completely abolishes IL-6

induced RORgt expression and RORgt-directed Th17 cell

differentiation, and is thus identified as the dominant cis-element

in the Rorc locus in response to IL-6-STAT3 signaling, with a

particularly important role in activating the chromatin structures

across the Rorc gene locus (12). In contrast to Th17 cells, it has been

reported that STAT3 deficiency does not affect RORgt expression in

the development of ILC3s (20). Accordingly, CNS9-deficienct mice

had normal number and frequency of RORgt+ ILC3s compared

with WT mice (Figure 1A). However, CNS9 deficiency reduced the
B

C
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FIGURE 5

RORgt expression levels regulate the generation of the CD4+NKp46+ ILC3 subset. ILC3s were isolated from small intestine LPLs of age- and sex-
matched WT and CNS9-deficient mice (A) or RORgtGFP mice (B–D) under steady state. Stimulated ex vivo for 4 hours before staining with surface
markers, RORgt and cytokines, and then analyzed by flow cytometry. (A) MFI of RORgt in WT and CNS9-deficient ILC3s. (B) Left: intracellular staining
of RORgt (pre-gated on Live CD45+ CD3- CD90+); right: statistic of the staining data and MFI of RORgt. (C) Left: surface staining of CD4, NKp46 and
CCR6 of ILC3s; right: statistic of the staining data. (D) Left: intracellular staining of IL-22, IL-17A and IFN-g after stimulation (pre-gated on ILC3s: Live
CD45+ CD3- CD90+ RORgt+); right: statistic of the staining data. The data shown are a representative of three independent experiments and
presented as mean ± SD. Also see Figures S4 and S5. Statistical significance was calculated using unpaired Student’s t test and shown as *p < 0.05;
**p < 0.01; ***p < 0.001, ****p < 0.0001 or n.s. (non-significant) p > 0.05.
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amounts of RORgt protein in individual ILC3 cells (Figure 5A) and

altered their composition, inducing a population of CD4+NKp46+

ILC3s that is not present in normal health mice (Figure 1B). These

findings thus highlight a distinct role of the same cis-acting element

between adaptive and innate immune cells.

In this study, defective IL-22 production was observed in

mature CNS9-deficient ILC3s stimulated with IL-23 only, but not

in the presence of IL-12 and IL-15 (Figures 2A, S2A). It is known

that IL-12 and IL-23 share a common subunit p40, and a common

receptor subunit IL-12Rb1, so the difference is possibly caused by

competition or compensation between IL-23 and IL-12 signaling in

ILC3s. Interestingly, our scRNA-seq data showed that the mRNA

levels of Il12rb2 (encoding the unique receptor for IL-12) were ~10

times higher in CNS9-deficient than inWT ILC3s (data not shown).

Considering the concentration of IL-12 (25 ng/ml) used was 5 fold

of IL-23 (5 ng/ml) in ex vivo culture, increased IL-12 signaling

strength was expected in CNS9-deficient ILC3s, compared to WT

ILC3s, which may confer different phenotypes under different

stimulation conditions. Since CNS9 functions in a context-

dependent manner, whether it regulates fetal or early stage ILC3

development needs further investigation.

In summary, this study, for the first time, investigated the cis-

regulatory mechanism in ILC3s via a genetic approach. Further

discovered a distinct essential role of cis-element CNS9 in

controlling the development or plasticity of ILC3s, through

modulating dosing expression of its master transcription factor

RORgt. These findings could be useful for understanding the

physiological relevance in response to dynamically changing gut-

associated microenvironments.
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FIGURE 6

Reduced RORgt expression after CNS9 deficiency are the cause of altered ILC3 subsets. RV-GFP control or RORgt-expressing plasmids were
transduced into CNS9-deficient BM cells by retro-virus infection. The infected GFP+ cells were sorted and transferred into irradiated CD45.1+ mice
introveneously. ILC3s from small intestine LPLs were gated as Live CD45+ CD3- CD90+ RORgt+ cells. (A) Up: surface staining of CD4, NKp46 in
ILC3s; down: statistic of the staining data (n=4 for RVKM group and n=3 for RORgt -RVKM group). (B) RORgt protein staining in WT or CNS9-
deficient BM cells before (up) and after (down) retro-virus infection (after retro-virus infection, BM cells were pre-gated on live GFP+ cells). The flow
data shown are a representative of two independent experiments and the statistical analysis was performed by combining two experiments and
presented as mean ± SD. Also see Figure S6. Statistical significance was calculated using unpaired Student’s t test and shown as ***p < 0.001 or n.s.
(non-significant) p > 0.05.
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of Biology, Medicine and Health, Division of Infection, Immunity and Respiratory Medicine, University
of Manchester, Manchester, United Kingdom
Huge progress has been made in understanding the biology of innate lymphoid

cells (ILC) by adopting several well-known concepts in T cell biology. As such,

flow cytometry gating strategies and markers, such as CD90, have been applied

to indentify ILC. Here, we report that most non-NK intestinal ILC have a high

expression of CD90 as expected, but surprisingly a sub-population of cells

exhibit low or even no expression of this marker. CD90-negative and CD90-

low CD127+ ILC were present amongst all ILC subsets in the gut. The frequency

of CD90-negative and CD90-low CD127+ ILC was dependent on stimulatory

cues in vitro and enhanced by dysbiosis in vivo. CD90-negative and CD90-low

CD127+ ILC were a potential source of IL-13, IFNg and IL-17A at steady state and

upon dysbiosis- and dextran sulphate sodium-elicited colitis. Hence, this study

reveals that, contrary to expectations, CD90 is not constitutively expressed by

functional ILC in the gut.

KEYWORDS

innate lymphoid cell (ILC), CD90, intestine, DSS-colitis, fecal microbial transplant (FMT)
Introduction

Resident leukocytes play an important role in maintaining mucosal surfaces at steady

state and early during an infection (1, 2). Since the discovery of innate lymphoid cells (ILC)

about a decade ago, it has become increasingly apparent that these cells play a significant

role in mucosal homeostasis. However, the role for ILC is far from being fully characterized,

and much of the current knowledge has been gained from testing concepts that had

previously been established for T and NK cell biology. As such, group 1, 2 and 3 ILC (ILC1,

ILC2 and ILC3) express T-bet, GATA3 and RORgt, respectively, as characteristic
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transcription factors as well as cytokines associated with Th1, Th2

and Th17 cells (1, 3). Due to the absence of T cell receptor (TCR)

expression in ILC, these cells elicit immune functions in response to

cytokines, chemokines and neurotransmitters, as has been well

described for NK cells (1, 2).

Similarly to T andNK cells, ILC express the glycophosphatidylinositol

(GPI) anchored protein CD90 in diverse tissues, and CD90 has often been

used as a keymarker to identify ILC (4–24) or as key target to deplete ILC

in Rag-deficient mice using a specific antibody (e.g. 25–32). Despite the

presence of CD90 on T and NK cells, very little is known regarding its

functionality (5). In NK cells, CD90 downregulation was associated with

successful differentiation, but its presence has also been linked to an

activation phenotype (33–35). IL-17A-producing inflammatory ILC2 in

lungs and small intestinal lamina propria (SI LP) have been observed to

have lower expression of CD90 in comparison to natural ILC2, but the

implications of this are not known (36–38). In relation to this, transition

of CD90low to CD90high ILC2 precursors has been described using an in

vitro model in which CLP were seeded, but again the role of the gain in

CD90 is unknown (39). Furthermore, IL-10 expressing intestinal ILC2

have a characteristic lack of CD90 expression (40). ILC3 from the

intestinal lamina propria of naïve mice were reported to have a

characteristic CD90high CD45low phenotype, however, ILC3 were also

found among CD90low CD45high ILC from the small intestine (41).

Recently, it was reported that in the murine liver Ly49E+ ILC1 have a

lower expression of CD90 than Ly49E- ILC1 (42, 43).

Here, we report for the first time that cytokine-producing

intestinal lamina propria ILC exhibit varied expression of CD90,

and strikingly some ILC show no expression of this marker. These

CD90- and CD90low ILC are a significant source of IFNg, IL-13 and
IL-17A upon dysbiosis and dextran sulphate sodium (DSS)-elicited

colitis. However, in naïve mice, CD90- ILC have a dominant type 2

cytokine expression profile. Furthermore, stimulation with IL-25/

IL-33 promotes the frequency of CD90-/low ILC2 in vitro.

Conversely, IL-12/IL-18 stimulation results in a lower prevalence

of CD90-/low NKp46+ ILC. These data suggest that CD90 expression

in intestinal ILC is regulated by cytokines and has a limited

suitability as a constitutive marker of the ILC lineage.
Results

CD90-negative colonic lamina propria
CD127+ ILC produce cytokines upon
induced colitis

CD90 expression in ILC was tested in a mouse model of DSS-

induced colitis. BALB/c Rag2-/- mice were treated with 5% DSS in the

drinking water for 5 days after which the animals showed clinical signs

of colitis like weight loss (44), and the cytokine expression profile of

colonic lamina propria (cLP) ILC was analyzed at day 10. Analyses of

CD45+ Lin- (CD3, CD5, B220, CD19, CD11b, TER-119, Gr-1, FcϵRI)
CD127+ cLP ILC re-stimulated with PMA and ionomycin (PMA Iono)

in vitro revealed that in addition to CD90high ILC there were CD90- and

CD90low ILC populations (Figure 1A; Supplementary Figures 1A, B).

The abundance of CD90high ILC was greater than that of CD90-

and CD90low ILC, but these populations represented ~30% and 20%,
Frontiers in Immunology 02151
respectively, of the total CD127+ ILC population. In order to determine

whether CD90- and CD90low ILC were associated with a T-bet-

expressing ILC subset, we analyzed CD90- and CD90low ILC in

Tbx21-/- x Rag2-/- non-ulcerative colitis (TRnUC) mice. This revealed

that the presence of these cells was not dependent on T-bet, and their

frequency was not affected. CD90- and CD90low ILC were a relevant

source of IFNg, IL-13 and IL-17A, but still significantly less potent than
CD90high ILC in these DSS-treated Rag2-deficient mice (Figures 1C, D).

DSS-treated TRnUC mice did not have altered frequencies of CD90-

and CD90low ILC or IL-13 production in these cells in comparison to

DSS-treated Rag2-/- mice (Figures 1B–D). However, TRnUCmice had a

greater frequency of IL-17A expressing CD90- and CD90high ILC than

Rag2-/- mice. This could be explained by the far greater cellularity of

ILC3 in Rag2-/- mice driven by the deficiency of Tbx21 (45).

ILC2 expressing RORgt were reported to have no or lower

expression of CD90 in comparison to RORgt-negative natural ILC2
(36, 37). We detected CD90- and CD90+ ILC co-expressing IL-13

and IL-17A (Figures 1E, F). We also detected more CD90+ than

CD90- inflammatory IL-13+ IL-17A+ ILC2 (Figures 1E, F),

supporting the notion that inflammatory ILC2 have a CD90- and

CD90+ phenotype. We also noted that CD90- ILC can express IL-

17A independently of IL-13 (Figure 1F). Interestingly, T-bet-

deficiency appears to promote the frequency of CD90- IL-17+

among IL-13+ ILC2 in these Rag2-/- mice.

Functional CD90- and CD90low ILC were also observed in DSS-

treated wild-type BALB/cmice (Supplementary Figures 2A, B). In these

DSS-treated mice, CD90high ILC were a vastly more significant source

of IFNg, IL-13 and IL-17A in comparison to CD90- and CD90low ILC

(Supplementary Figures 2C, D). As observed in Rag2-deficient mice,

CD90- and CD90low ILC were able to produce IL-17A and IL-13, but

the proportion of CD90- and CD90low ILC producing these cytokines

was increased in DSS-treated BALB/c-background Tbx21-/- mice

(Supplementary Figures 2C, D). These Tbx21-/- mice also had an

enhanced frequency of IL-17A+ CD90high ILC (Supplementary

Figures 2C, D). CD90- and CD90low ILC were also detected in DSS-

treatedWTC57BL/6mice (Supplementary Figures 3A, B). As observed

in the other mouse strains, CD90- and CD90low ILC produced IFNg,
IL-13 and IL-17A, although CD90high ILC appeared to be a greater

source of these cytokines (Supplementary Figures 3C, D). In contrast to

BALB/c background mice, C57BL/6 background Tbx21-/- mice did not

have a greater prevalence of IL-17A- and IL-13-producing CD90-,

CD90low or CD90high ILC than WT mice, however, the frequency of

CD90low ILCwas reduced significantly (Supplementary Figures 3A–D).

Furthermore, we did not detect any IFNg producing IL-13+ ILC in

contrast to IL-17A production amongCD90+ and CD90- IL-13+ ILC2 in

DSS-treated BALB/c Rag2-/- mice and C57BL/6WTmice (Figures 1E, F;

Supplementary Figure 3E). These data indicate that low expression of

CD90 is not a simple marker of inflammatory ILC2 in these mice.
CD90-negative CD127+ ILC have a
predominant type 2 phenotype at
steady state

Similar to DSS-treated mice (Figure 1; Supplementary Figures 2,

3), most ILC were CD90high in naïve untreated C57BL6 mice.
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However, CD90- and CD90low ILC populations were also detected

in these mice (Supplementary Figures 4A, B). Interestingly, both

CD90- and CD90low ILC produced predominately IL-13 and IL-5

and fewer of these cells produced IFNg and IL-17A (Supplementary
Frontiers in Immunology 03152
Figures 4B–G). Although moderately low, CD90- and CD90low ILC

had a significantly greater frequency of IFNg positivity than

CD90high ILC (Supplementary Figure 4C). A similar trend was

not observed for IL-17A (Supplementary Figure 4D). IFNg and IL-
A B

D

E F

C

FIGURE 1

CD90-negative Rag2-deficient ILC are a substantial source of IFNg and IL-13 during DSS colitis. cLP ILC from 5% DSS-treated Rag2-/- and TRnUC
mice were isolated and stimulated with PMA and ionomycin (3 hours) prior to flow cytometry analysis. (A) Frequencies of CD90hi, CD90low and
CD90- in total CD127+ ILC and (B) statistical analyses are shown. (C) IFNg, IL-13 and IL-17A expression in CD90hi, CD90low and CD90- total CD127+

ILC and (D) corresponding statistical analyses are outlined. (E) CD90 co-expression with IL-17A or IFNg in IL-13+ ILC and corresponding statistical
analyses are shown. (F) Flow cytometry and statistical analysis of CD90 and IL-13 expression in IL-17A+ ILC are presented. Data shown are
representative of 4 biological replicates. *p < 0.05; **p< 0.01; ***p<0.001.
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17A production was also driven mostly by distinct populations of

cells (Supplementary Figure 4B). Further analyses revealed that the

prevalence of IL-13+ and IL-5+ ILC was greater among CD90high

and CD90low ILC in comparison to CD90- ILC (Supplementary

Figures 4B–G, 5A). Tbx21-/- CD90-, CD90low and CD90high ILC

exhibit greater expression of IL-5 than ILC in WT mice

(Supplementary Figures 4B–G), which could be explained by one

of our previous reports indicating increased cLP ILC2 abundance in

Tbx21-/- mice (46). Since CD90- and CD90low ILC appeared to be

predominately functional ILC2, we sought to determine whether

these cells were able to adopt functional characteristics of ILC1 and

ILC3. Plasticity of ILC2 allowing expression of T-bet and RORgt is a
well-known phenomenon (1). Similar to the observations in DSS-

treated WT C57BL/6 and Rag2-deficient mice, we detected minimal

co-expression of IL-13 and IL-17A in CD90- and CD90low cLP ILC

from naïve WT and Tbx21-/- mice indicating the presence of a

minor inflammatory ILC2 population (Supplementary Figure 5A).

However, we could also find IL-13 and IL-17A co-expressing

CD90high ILC. In contrast, virtually no IL-13 and IFNg co-

expressing CD90- and CD90low ILC were detected in these mice

(Supplementary Figure 5B).
CD90 expression in CD127+ ILC is
controlled by stimulatory cues

Overall, we detected CD90- and CD90low ILC in both untreated

and DSS-treated mice. This suggests that CD90 is not a reliable

marker for detection of all ILC in the gut. When we analyzed CD127

and CD90 co-expression in lineage-negative cLP leukocytes, we

noticed that almost all CD90+ cLP ILC had a detectable surface

expression of CD127 in naïve C57BL/6 WT and DSS-treated

C57BL/6 WT, BALB/c WT and BALB/c Rag2 - / - mice

(Supplementary Figure 6). For further analyses, KLRG1 was used

as a marker of intestinal ILC2 in line with recent publications (37,

45–47). The use of KLRG1 as a marker for intestinal ILC2 has an

advantage over GATA3 as intestinal ILC3 have a low expression of

GATA3 and the expression of this transcription factor is variable

within the ILC2 population (48–50). KLRG1hi intestinal ILC as

gated in this study require GATA3 for post-developmental

maintenance, supporting the notion these cells are ILC2 (51). We

found that CD90- and CD90low ILC can be detected among both

KLRG1hi and KLRG1- cLP ILC from C57BL/6 background mice,

demonstrating that CD90- and CD90low ILC are also components of

the non-ILC2 compartment (Figure 2A).

Next, following an established method to develop ILC2 in vitro,

we seeded bone marrow-derived ILC2 precursors (ILC2p; defined

as Lin- CD127+ a4b7hi Flt3- CD25+) in a 6-day culture on OP9-DL1
stromal cells in the presence of IL-7, SCF and IL-33 (52). Strikingly,

the Lin- cell population that was generated also exhibited variable

levels of CD90 (Figure 2B). Most of the ILC were CD90high, but

there were also substantial CD90- and CD90low subpopulations.

In order to determine whether CD90 expression can be altered

by immunological stimulations, we isolated KLRG1+ cLP ILC2 and

KLRG1- cLP ILC for in vitro culture with OP9-DL1 cells in the

presence of distinct cytokines. Strikingly, ILC2 stimulation with IL-
Frontiers in Immunology 04153
25 and IL-33 induced the presence of CD90-/low ILC2 (Figures 2C,

D; Supplementary Figure 7). A similar but less potent effect was

observed when IL-12 and IL-18 were added to the culture medium.

Additional IL-6/IL-1b/TNFa/IL-27 stimulation did not further

alter IL-12/IL-18-mediated CD90-/low ILC2 frequency, while IL-

1b/IL-23 stimulation also had no effect. Conversely to ILC2, IL-12/

IL-18 stimulation of non-ILC2 in the presence or absence of IL-6/

IL-1b/TNFa/IL-27 resulted in fewer CD90-/low NKp46+ ILC

(Figures 2C, D). IL-1b/IL-23 and IL-25/IL-33 stimulation of these

cells had no effect in terms of CD90 expression. Stimulation with

PMA and ionomycin or a soluble agonistic anti-CD28 antibody

[chosen due to reports of its expression in human ILC (53, 54)] also

had no effect on the frequency of CD90 expressing ILC2 or NKp46+

non-ILC2.
All ILC subset populations in the intestine
exhibit variable levels of CD90

In order to investigate CD90 variation in ILC more closely, we

analyzed single-cell (sc)RNA-seq data sets from three recent

publications: ILC2 from gut, skin, lung, fat and bone marrow (BM)

(Ricardo-Gonzalez et al. (49)), intestinal ILC2, LTi-like ILC3, NKp46

(NCR)+ ILC3 and ex-ILC3/ILC1 (47), and intestinal NK cells, ILC1 and

NKp46+ ILC3 (55) (Figures 3A–C; Supplementary Figure 8A).

Visualising clusters of cells that have similar transcriptional profiles

using uniform manifold approximation and projection (UMAP)

dimensionality reduction and overlaying expression levels of Thy1

(encoding CD90), we found that Thy1 expression could be detected

across all of the ILC subsets in each dataset (Figure 3C; Supplementary

Figure 8A). A pseudotime trajectory analysis of these ILC subsets did

not uncover a specific developmental direction from either Thy1 high

to low expression or vice versa (Figure 3C; Supplementary Figure 8A).

Identification of genes up and downregulated in cells positive for CD90

mRNA vs negative/low for CD90 mRNA within each dataset only

identified a limited set of genes (Figure 3D; Supplementary Figure 8B).

Together with the expression of CD90 across the various cell clusters,

this indicates that CD90-/low ILC are not a novel ILC population with

their own expression profile. In terms of ILC2, the Fiancette et al. data

set indicated a higher expression of Nkg7 in CD90 mRNA-high cells,

but no genes specific for CD90 mRNA-negative/low ILC2 were

detected in this data set. In contrast, in the Ricardo Gonzalez et al.

data set intestinal CD90 mRNA-negative/low ILC2 exhibited greater

expression of Gzma (encoding granzyme A) and Gdd45a, Scin and

Ctla4, while intestinal CD90 mRNA-high ILC2 were characterized by

S100a4, S100a6, Cd3d, Cd3g, Furin and Cxcl2 expression. S100a4 and

S100a6 expression was also detected in CD90 mRNA-high ILC2 from

fat, while S100a4 and S100a6 was exhibited in cutaneous and

pulmonary CD90 mRNA-high ILC2, respectively. Lgals1 expression

was detected in CD90 mRNA-high ILC2 from lungs, skin and fat

tissue. As observed in the Fiancette et al. data on intestinal ILC2, Nkg7

expression is also associated with CD90 mRNA-high ILC2 from skin

and bone marrow, in addition to Cd7,Ncr1, Klrk1,Ms4a4b and Ccl5 in

BM CD90 mRNA-high ILC2. No genes showed consistently higher

expression in CD90mRNA-negative/low cells across all the tissue types

but, in the bone marrow, CD90 mRNA-negative/low ILC2 were
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associated with the expression ofHbb-bs,Hbb-b7,Hba-a1,Hba-a2 and

S100a8. The Fiancette et al. data set revealed a characteristic expression

of S100a4, S100a6, Pm29 and Arg1 in CD90 mRNA-high LTi-like

ILC3, while genes specific for CD90mRNA-negative/low LTi-like ILC3

were not detected. Both the Fiancette et al. and Krzywinska et al. data

sets highlight a specific expression of Pcp4 in CD90 mRNA-high

NKp46+ ILC3, while the latter data set also indicate an expression of

Nrgn in CD90 mRNA-high NKp46+ ILC3 and Cd74 in CD90-/low

NKp46+ ILC3. In terms of the ex-ILC3/ILC1 cluster Tmem176a, Rorc

and Gda expression was enhanced in CD90 mRNA-high cells, while

Ccl5 expression was more common in cells in which CD90 mRNAwas
Frontiers in Immunology 05154
absent or low. In the Krzywinska et al. data, CD90 mRNA-high ILC1

exhibited a characteristic expression of Il22, Cd83 and Pxdc1, while

CD90 mRNA-negative/low ILC1 were not defined by specific genes.

No genes were found to be upregulated in CD90 mRNA-high NK cells

but Prf1 and Gzma expression was enhanced in CD90 mRNA-

negative/low NK cells. Further analyses demonstrated that also only

a very few genes were specific for CD90 mRNA-negative/low and

CD90 mRNA-high in total ILC and NKp46+ ILC (Figure 3E). As

similar sets of genes were associated between CD90 mRNA-negative/

low and CD90mRNA-high ILC subsets, it appears that these respective

populations may be related.
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FIGURE 2

cLP ILC have a variable expression of CD90 depending on stimulatory cues. (A) KLRG1 and CD90 co-expression in cLP CD127+ ILC was
demonstrated by flow cytometry (n=12). (B) ILC2 were generated from ILC2p stimulated with IL-7, SCF and IL-33, and seeded onto OP9-DL1.
CD90hi, CD90low and CD90- ILC2 are shown. (C, D) KLRG1+ or KLRG1- CD127+ ILC were isolated and stimulated in vitro for 48 hours prior to
harvest and flow cytometry analyses of KLRG1+ or NKp46+ ILC, respectively. In addition to a control condition, soluble agonistic anti-CD28
antibodies, IL-12&IL-18, IL-1b&IL23, IL-25&IL-33 or IL-12&IL-18& IL-1b&IL-6&TNFa &IL-27 were used as stimuli. In a separate condition designated
as “PMA Iono”, sorted cells were stimulated with PMA and ionomycin in the presence of monensin for the final 4 hours prior to harvesting. (D) Flow
cytometry analyses of CD90hi and CD90low/neg CD127+ ILC and statistical analyses of CD90low/neg ILC frequencies among KLRG1+ or NKp46+ cLP
ILC are outlined. Data shown are representative of 3 biological replicates. **p< 0.01; ***p<0.001.
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FIGURE 3

Transcriptomic analyses of CD90 expression in intestinal ILC. scRNA-seq data sets of intestinal ILC from published studies (47, 49, 55) were
employed to analyze expression of Thy1 (encoding CD90) across ILC subsets and its role on the global transcriptional profile. (A) UMAP plots of ILC
subset annotation from the scRNA-seq data sets of the (47, 55) studies. (B) UMAP analyses of gene expression in the ILC subset clusters in the data
set obtained from (55). (C) UMAP analysis of Thy1 expression intensity in ILC subsets in the respective studies. A trajectory analysis along the Thy1
expression intensity was performed in the indicated ILC subsets. (D, E) Volcano plots comparing gene expression (log2 fold change and padj)
between Thy1high ILC versus Thy1low/negative (D) ILC subsets, as annotated in the respective published data set, and (E) total ILC. The most
differentially expressed genes are labelled. In order to generate the volcano plots the median normalized Thy1 expression across all datasets was
calculated and used to delineate Thy1high and Thy1low/negative cells.
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Dysbiosis correlates ILC1 and ILC3
lymphopenia and altered CD90 expression
in ILC

Next, we sought to further analyze CD90 expression dynamics in

a model of dysbiosis-driven spontaneous colitis in Rag2-/- mice. We

have previously shown that spontaneous colitis in Tbx21-/- x Rag2-/-

ulcerative colitis (TRUC) mice is partially driven by IL-17A-

producing CD90+ ILC (25, 56). Hence, it was anticipated that these

ILC would also promote inflammation in Rag2-/- mice receiving a

transfer of feces derived from TRUC mice. These mice developed

colitis with decreased body weight and increased colon weight (data

not shown). However, in contrast, we detected reduced frequency of

DN ILC3, CCR6+ ILC3, NKp46+ ILC3 and ILC1 (Figures 4A, B;

Supplementary Figure 1A). Hence, ILC2 formed a large proportion of

the cLP ILC upon fecal microbial transfer (FMT). In addition to these

ILC subset frequency alterations, we detected fewer CD90high and

more CD90low cells among the ILC population upon FMT treatment,

but the frequency of CD90- ILC was not altered in these mice

(Figures 4C, D). Consistent with a greater frequency of ILC2 in

FMT-treated mice, cLP ILC production of IL-13 was enhanced, while

a significant alteration in IFNg or IL-17A production was not

detected (Figure 4E). However, the frequency of IFNg producing

CD90high, CD90low and CD90- ILC was much reduced upon the

enforced dysbiosis (Figures 4F, G). Furthermore, pathogenic FMT

also resulted in a lower frequency of IL-17A+ CD90high ILC, while IL-

17A production in CD90low and CD90- ILC was not affected. When

comparing CD90high, CD90low and CD90- ILC that produced IFNg
and IL-17A, only a reduction in IFNg production in CD90- ILC was

observed. In contrast to IFNg and IL-17A, FMT appeared to promote

IL-13 production in CD90high, CD90low and CD90- ILC subsets.
Discussion

Ever since the discovery of ILC around a decade ago, there have

been refinements to the ILC analysis strategy by flow cytometry. This

is still an active process, as an increasing number of functional states

within the ILC subsets are being reported. In the past, many groups

have used CD90 as a marker for ILC and CD90-specific antibodies

are often employed to deplete ILC in vivo (e.g. 25, 27–32). However,

our results demonstrate that the use of CD90 to detect and purify ILC

has limitations when analyzing intestinal populations. In contrast to

the notion that CD90 is a pan-ILC marker, the data presented in this

study reveal that intestinal ILC can be separated into CD90- and

CD90high ILC in addition to CD90low ILC, which are most likely

transitional cells. CD90- ILC2 were also detected in the lungs

indicating that the findings in our study are applicable to ILC from

diverse tissues (57). In our hands, CD127 is a far more reliablemarker

of ILC than CD90. Virtually all CD90+ cLP ILC express CD127,

however other reports indicate that pulmonary ILC can lose CD127

in vivo and IL-7 downregulates CD127 expression in ILC in vitro (27,

58). Hence, in the absence of better ILC markers, we advise using a

combination of CD127 and CD90 to detect ILC.

In BALB/c background mice, CD90- ILC accounted for about a

fifth to a third of cLP ILC, and we detected a substantial amount of
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IFNg, IL-13 and IL-17A production by these cells in the context of

DSS- or dysbiosis-elicited colitis. Hence, we believe these findings

support the notion that these cells play a relevant role in the ILC

response in intestinal tissue. It is out of the scope of this report to

define a functionality of CD90 in ILCs, but it was striking to note

that whilst ILC2 accounted for most cytokine-producing cLP CD90-

ILC in C57BL/6 at steady state, the lack of CD90 expression was not

restricted to ILC2. The combination of IL-33 and IL-25, known to

activate ILC2, was a potent stimulus for CD90 downregulation in

cLP ILC2 in vitro, suggesting that low CD90 expression may be an

indicator of intestinal ILC2 activity. In this experiment CD90 in

sorted ILC2 was reduced within a relatively short culture period of

48 hours indicating that CD90 expression is dynamic. Interestingly,

CD90 expression in pulmonary ILC2 was also shown to drop upon

stimulation with IL-33 (59). Furthermore, distinct ILC2 clusters

from adult and neonate lungs with high and low expression of

CD90 were detected by scRNAseq analysis (60). This publication

also presents a trajectory analysis predicting transformation of adult

pulmonary ILC2 along these clusters which may also indicate a

dynamic expression of CD90 in ILC2. In our report cLP ILC2

stimulation with IL-12 and IL-18 also enhanced the frequency of

CD90-/low cells. It has been reported that IL-12/IL-18 and IL-25/IL-

33 can induce ILC2 to express T-bet and RORgt, respectively (37,

61). In a model of DSS-induced colitis, we could not associate either

IFNg or IL-17A production by cLP ILC2 with loss of CD90

expression. In contrast to ILC2, CD90 expression was enhanced

by IL-12/IL-18-mediated stimulation in NKp46+ cLP ILC, which

may further indicate that CD90 plays a functional role.

Furthermore, in dysbiotic mice we noticed a reduced expression

of CD90 in IL-13-producing ILC indicating that CD90

downregulation occurs in activated ILC2 in these mice. Such

modified expression of CD90 upon exposure to pathogens is not

without precedent. The frequency of intestinal CD90- ILC2 was

enhanced in Hoil1-/- mice, a mouse model defined by microbe-

driven intestinal inflammation (62). In comparison, an alteration of

CD90+ ILC2 prevalence was not observed in these mice (62).

Furthermore, Aspergillus fumigatus-induced inflammation also

leads to the promoted occurrence of pulmonary CD4+ T cells

with low expression of CD90 (63). In the intestine, variable

expression of CD90 can be observed in Vg7+ intraepithelial

lymphocytes in addition to conventional CD4+ and CD8+ T cells

(64, 65).

The functional role of CD90 expression on murine ILC is

unknown and is also ill-defined in other lymphocytes, while

CD90 expression in human ILC appears to be lacking. Known

ligands of CD90 are integrins avb3, axb2, aMb2, a5b1, aVb5,
syndecan-4 and CD97, and interactions with binding partners have

reported to occur either in cis or in trans (4, 66–69). In vitro studies

in unpolarized and polarized CD4+ T cells suggested that CD90

activation with a specific antibody can promote proliferation as well

as IFNg, IL-17A and IL-13 production, in particular in the case of

co-stimulation with an agonistic anti-CD28 antibody in the absence

of TCR stimulation (70, 71). Further work is required to determine

the significance of this signaling axis, but, strikingly, scRNA-seq

analysis in germinal center (GC) T follicular helper (TFH) cells

showed distinct transcriptional differences between cells with high
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expression of CD90 versus cells with low or no expression of CD90

(72). These differences included high expression of genes indicative

of exocytosis/degranulation in CD90-/low GC TFH cells, and genes

relating to chemokine receptors and proliferation in CD90high GC

TFH (72). Moreover, in addition to CD90high CD8+ T cells, splenic

CD90- and CD90low CD8+ T cells are also a relevant source of IFNg
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in a mouse model of LCMV infection (73). The CD90 extracellular

domain has binding sites for avb3 and syndecan-4, which may be

the basis of a reported in trans interaction of CD90 with avb3 and

syndecan-4 expressed on other cells (4, 74). Indeed, the interaction

between CD90 and avb3 was functional in CD4 T cells in terms of

promoting the differentiation of Th2 cells (74). Binding sites for the
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FIGURE 4

Dysbiosis-triggered appearance of functional cLP ILC with a low expression of CD90. Feces from TRUC mice were transferred into Rag2-/- mice and
cLP leukocytes were isolated 21 days later from treated and untreated mice. (A) KLRG1+ ILC2, KLRG1- RORgt- NKp46+ NK1.1+ ILC1, KLRG1- RORgt+

ILC3 subsets from FMT-treated and untreated control mice were analyzed by flow cytometry. ILC3 subsets were defined as NKp46+ CCR6-, CCR6+

NKp46- or DN (‘double negative’) in these analyses. (B) A statistical analysis of ILC subset frequency among the whole cLP ILC population is outlined.
(C) ILC with no or a low or high expression of CD90 were analyzed by flow cytometry and (D) a statistical analysis of the frequency of these ILC
among the whole ILC population is presented. (E) The per cell expression of IFNg, IL-17A and IL-13 in ILC was analyzed statistically. (F) IFNg, IL-17A
and IL-13 expression in CD90-, CD90low and CD90high ILC was determined by flow cytometry. (G) Related statistical analyses investigating the
frequency of respective ILC and the per cell expression of IFNg, IL-17A and IL-13 in the CD90-, CD90low and CD90high ILC populations are shown.
Data are representative of 4 biological replicates. ns, non-significant; *p < 0.05; **p< 0.01; ***p<0.001; ****p<0.0001.
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in trans interaction with other integrins or CD97 are yet to be

characterized. In addition to in trans interactions, avb5 is

inactivated by binding CD90 in cis, preventing activation of latent

TGF-b1 (4, 75). Cis CD90-CD90 interactions have been suggested

to promote cluster formation in lipid rafts, which may play a critical

role for RhoA-dependent signaling, as reported downstream of

CD90 (4, 69). Due to its numerous known ligands, CD90 may equip

ILC for intercellular interactions with several hematopoietic or non-

hematopoietic cell types, but the functional role of CD90 for ILC

has still to be defined (5). Interestingly, CD90 was demonstrated to

regulate PPARg expression in adipocytes (76), and other groups

have reported previously that PPARg plays an important role in

ILC2 functionality (77, 78). Our study marks the first step to

defining CD90 function in ILC by revealing that intestinal ILC

can be separated into CD90+ and CD90- populations. These data

have critical implications for the analysis procedures through which

ILC functionality will be uncovered in intestinal tissue.
Methods

Animals

C57BL/6 WT, Tbx21-/- (both C57BL/6 and BALB/c background)

and Rag2-/- (BALB/c background) mice were sourced commercially

(Charles River). A colony of colitis-free BALB/c Rag2-/- x Tbx21-/-

(TRnUC) mice was generated from a descendant of the TRUC colony

described previously (25, 56, 79). All mice were housed in specific

pathogen–free facilities at King’s College London Biological Services

Unit or at Charles River Laboratories.
Isolation of cells

cLP leukocytes were isolated using a published method (80).

Briefly, the epithelium was removed by incubation in HBSS lacking

Mg2+ or Ca2+ (Invitrogen) supplemented with EDTA and HEPES.

The tissue was further digested in 2% of fetal calf serum (FCS Gold,

PAA Laboratories) supplemented in 0.5 mg/ml collagenase D, 10

mg/ml DNase I and 1.5 mg/ml dispase II (all Roche). The LP

lymphocyte-enriched population was harvested from a 40%-80%

Percoll (GE Healthcare) gradient.
Flow cytometry

Flow cytometry was performed using a standard protocol. Fc

receptor blocking was carried out with anti-CD16/32 specific

antibodies. A lineage cocktail of antibodies specific for CD3,

CD45R, CD19, CD11b, TER-119, Gr-1, CD5 and FcϵRI was used
for cLP ILC analyses. Live/Dead Fixable Blue Cell Stain Kit

(Invitrogen) stain was used to exclude dead cells from the

analysis. The cLP ILC gating strategy is outlined in our recent

publications (44, 45). For a complete list of the antibodies used see
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Table 1. A FoxP3 staining kit (ebioscience) was used for

intracellular staining of cytokines and transcription factors. In

case of cytokine expression analyses, cells were pre-stimulated

with 100 ng/ml PMA and 2 µM ionomycin in the presence of 6

µM monensin for 3-4 hours prior to flow cytometry analysis.

Samples were acquired using an LSRFortessa™ cell analyser

(Becton Dickinson, USA), and all the data were analyzed using

FlowJo software (Tree Star, USA).
ILC2 generation in OP9-DL1 system

ILC2p were seeded on OP9-DL1 to generate ILC2 using an

established method (52). Briefly, 7,500 cells were co-cultured with

mitomycin pre-treated OP9-DL1 in presence of rmIL-7, rmSCF and

rmIL-33 (all 20 ng/ml) for 6 days prior to FACS analysis.
TABLE 1 Antibody clones and distributors.

Antibody Clone Company

a4b7 DATK32 eBioscience

CD25 PC61.5 eBioscience

CD3 17A2 eBioscience

CD5 53-7.3 eBioscience

CD19 1D3 eBioscience

B220 RA3-6B2 eBioscience

CD11b M1/70 eBioscience/Biolegend

Gr-1 RB6-8C5 eBioscience

Flt3 A2F10 eBioscience

Ter119 TER-119 eBioscience

FcϵRI MAR-1 eBioscience

CD127 A7R34 eBioscience

NKp46 29A1.4 eBioscience

IL-13 eBio13A eBioscience

IFNg XMG1.2 eBioscience

CD45 30-F11 Invitrogen

CD90.2
5a-8

30-H12
eBioscience

BD

IL-5 TRFK5 BD

IL-17A eBio17B7 eBioscience

KLRG1 2F1 eBioscience

CCR6 29-2L17 eBioscience

NKp46 29A1.4 eBioscience

RORgt AFKJS-9 eBioscience

NK1.1 PK136 Biolegend
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cLP ILC sorting and in vitro culture

Single-cell suspensions from colonic lamina propria were

stained with fluorescently labelled antibodies and isolated using a

BD FACSAria III cell sorter (BD Biosciences). Live CD45+ Lin-

CD127+ ILC FACS sorted as KLRG1+ and KLRG1- were cultured in

DMEM supplemented with 10% FCS, 1xGlutaMax (Gibco), 50 U/

ml penicillin, 50 µg/ml streptomycin, 10 mM HEPES, 1x non-

essential amino acids (Gibco), 1 mM sodium pyruvate and 50 mM
b-mercaptoethanol (Gibco). 20,000 cells were plated per well of a

96-well plate pre-seeded with OP9-DL1 using an established

method (52, 81). The medium was further supplemented with

rmIL-7 and rhIL-2 (both at 10 µg/ml) and further recombinant

mouse cytokines or anti-CD28 antibody (2µg/ml; clone 37.51) as

indicated (all cytokines were used at a final concentration of 10 µg/

ml unless indicated otherwise). Cells were harvested and analyzed

by flow cytometry after 2 days in culture. FACS sort-derived cells

from these conditions were harvested and analyzed without

additional pre-stimulation.
In vivo models

DSS-elicted colitis was induced by adding 3 or 5% DSS (36-50

KDa, MP Biomedicals, Ontario, USA) to the drinking water for 5 days

and mice were sacrificed 10 days after the beginning of the treatment.

To establish a non-colitic control condition, mice were administered

sterile drinking water. Regarding all in vivo models, body weights and

clinical abnormalities were monitored on a daily basis.

For dysbiosis-induced colitis models TRUC mice cecal feces

were administered to colitis-free Rag2-/- mice via the oral route

using a published method and sacrificed 21 days after FMT (45).

Regarding all in vivo models, body weights and clinical

abnormalities were monitored on a daily basis.
Single-cell RNA-seq analysis

Raw expression matrices were obtained from GEO accession

GSE117567 (49) and raw sequencing data were obtained from

ArrayExpress accessions E-MTAB-9795 (47) and E-MTAB-11238,

(55). Raw reads were mapped to mm10 using CellRanger 6.0.1.

UMAP co-ordinates and clustering metadata was obtained from

correspondence with the authors of (47, 55), therefore downstream

processing steps can be considered identical to those carried out by

the respective authors. For the matrices obtained from 49, cells with

over 10% reads mapping to mitochondrial genes and cells with less

than 400 genes detected were removed. Each matrix was then

normalized using SCTransform (82), followed by RunPCA

(PCs = 30) and RunUMAP (dims = 30). Shared nearest neighbor

and clustering were carried out using FindNeighbours (dims = 30)

and FindClusters respectively. NormalizeData was then ran, and

this assay was used for downstream visualization and differential

expression analysis using the MAST algorithm (83). Pseudotime/

trajectory analyses were carried out using monocle3 (84, 85).
Frontiers in Immunology 10159
Statistics

Results are expressed as mean ± SEM. Data were analyzed using

Student’s t-test using GraphPad Prism 5.0 (GraphPad Inc., USA).

ns: non-significant; *p < 0.05; **p< 0.01; ***p<0.001; ****p<0.0001.
Study approval

All animal experiments were performed in accredited facilities in

accordance with the UK Animals (Scientific Procedures) Act 1986

(Home Office Licence Numbers PPL: 70/6792, 70/8127 and 70/7869).
Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and accession

number(s) can be found below: https://www.ebi.ac.uk/arrayexpress/,

E-MTAB-9795. https://www.ebi.ac.uk/arrayexpress/, E-MTAB-

11213. https://www.ebi.ac.uk/arrayexpress/, E-MTAB-11212.
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SUPPLEMENTARY FIGURE 1

Gating strategy for cLP ILC. Murine cLP ILC were isolated from Rag2-deficient

mice for flow cytometry analysis. (A) ILC were gated as live single CD45+ Lin-

CD127+ leukocytes. The lineage cocktail contained CD3, CD5, CD19, B220,

CD11b, Gr-1, FcϵR1 and Ter119. (B) CD90 expression intensity in cLP ILC was
evaluated using an FMO control sample.
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SUPPLEMENTARY FIGURE 2

CD90-negative WT cLP CD127+ ILC are a source of IFNg, IL-13 and IL-17A
upon DSS treatment of BALB/c mice. cLP ILC from 3% DSS-treated BALB/c

WT and Tbx21-/- mice were isolated and stimulated with PMA and ionomycin

(3 hours) prior to flow cytometry analysis. (A) Frequencies of CD90hi, CD90low

and CD90- in total CD127+ ILC and (B) statistical analyses are outlined. (C)
IFNg, IL-13 and IL-17A expression in CD90hi, CD90low and CD90- CD127+ ILC
and (D) corresponding statistical analyses are shown. Data shown are

representative of 4 biological replicates. *p < 0.05; **p < 0.01; ***p<0.001.

SUPPLEMENTARY FIGURE 3

CD90-negative WT cLP CD127+ ILC are a minor source of IFNg, IL-13 and IL-
17A during DSS colitis in C57BL/6 mice. cLP ILC from 3% DSS-treated C57BL/6

WT and Tbx21-/- mice were isolated and stimulated with PMA and ionomycin (3
hours) prior to flow cytometry analysis. (A) Frequencies of CD90hi, CD90low and

CD90- in total CD127+ ILC and (B) statistical analyses are outlined. (C) IFNg, IL-
13 and IL-17A expression in CD90hi, CD90low and CD90- CD127+ ILC and (D)
corresponding statistical analyses are shown. (E) CD90 co-expression with IL-

17A or IFNg in IL-13+ ILC is demonstrated. Data shown are representative of 4
biological replicates.*p< 0.05; **p< 0.01; ***p<0.001.

SUPPLEMENTARY FIGURE 4

Intestinal CD90-negative CD127+ ILC have a predominant type 2 phenotype.
cLP CD127+ ILC were isolated from untreated C57BL/6 WT and Tbx21-/- mice

and stimulated with PMA and ionomycin (4 hours) prior to flow cytometry

analysis. (A) Frequencies of CD90hi, CD90low and CD90- in CD127+ ILC and
statistical analyses are outlined. (B) IL-13, IL-5, IFNg and IL-17A expression in

CD90hi, CD90low and CD90- total CD127+ ILC and statistical analyses of (C)
IFNg and (D) IL-17A, (E) IL-13 and (F) IL-5 expression flow cytometry analyses

in CD90hi, CD90low and CD90- CD127+ ILC are illustrated. (G) Statistical
analysis of IL-5+ IL-13- CD90hi, CD90low and CD90- CD127+ ILC. Data shown

are representative of 3 biological replicates. *p < 0.05; **p< 0.01; ***p<0.001.

SUPPLEMENTARY FIGURE 5

Characterization of CD90 expression in inflammatory ILC2. cLP CD127+ ILC
were isolated from untreated C57BL/6 WT and Tbx21-/- mice and stimulated

with PMA and ionomycin (4 hours) prior to flow cytometry analysis. Flow
cytometry analyses of IL-13 co-expression with (A) IL-17A and (B) IFNg in

CD90hi, CD90low and CD90- CD127+ ILC are outlined. Data shown are

representative of 3 biological replicates.

SUPPLEMENTARY FIGURE 6

CD90 and CD127 co-expression in cLP ILC. cLP leukocytes were isolated

from untreated C57BL/6 and DSS-treated C57BL/6, BALB/c and Rag2-
deficient BALB/c mice. CD127 and CD90 co-expression in lineage-negative

leukocytes are shown.

SUPPLEMENTARY FIGURE 7

Gating strategy for cLP ILC for in vitro assay analysis. KLRG1+ or KLRG1-

CD127+ ILC were isolated and stimulated in vitro for 48 hours prior to harvest

and flow cytometry analyses of KLRG1+ or NKp46+ ILC, respectively. ILC from
these cultures were gated as live single CD45+ Lin- leukocytes. The lineage

cocktail contained CD3, CD5, CD19, B220, CD11b, Gr-1, FcϵR1 and Ter119.

SUPPLEMENTARY FIGURE 8

Transcriptome analyses of CD90 expression in intestinal ILC2. A scRNA-seq
data set from a published study (49) was employed to analyze CD90

expression across ILC2 isolated from lungs, skin, fat and bone marrow (BM)
and its role on the global transcriptional profile. (A) A UMAP plot of Thy1

expression intensity in ILC2 and a trajectory analysis along the CD90

expression intensity was performed in these ILC2. (B) Volcano plots
comparing gene expression (log2 fold-change and padj) between CD90high

ILC versus CD90low/negative ILC2, as annotated in the published data set. The
most differentially expressed genes are labelled.
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Bojan Jevtić , Ivana Stojanović and Đorđe Miljković*
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Republic of Serbia, University of Belgrade, Belgrade, Serbia
Innate lymphoid cells type 3 (ILC3s) are the first line sentinels at the mucous

tissues, where they contribute to the homeostatic immune response in a major

way. Also, they have been increasingly appreciated as important modulators of

chronic inflammatory and autoimmune responses, both locally and systemically.

The proper identification of ILC3 is of utmost importance for meaningful studies

on their role in immunity. Flow cytometry is the method of choice for the

detection and characterization of ILC3. However, the analysis of ILC3-related

papers shows inconsistency in ILC3 phenotypic definition, as different inclusion

and exclusion markers are used for their identification. Here, we present these

discrepancies in the phenotypic characterization of human andmouse ILC3s. We

discuss the pros and cons of using various markers for ILC3 identification.

Furthermore, we consider the possibilities for the efficient isolation and

propagation of ILC3 from different organs and tissues for in-vitro and in-vivo

studies. This paper calls upon uniformity in ILC3 definition, isolation, and

propagation for the increased possibility of confluent interpretation of ILC3’s

role in immunity.

KEYWORDS

innate lymphoid cells, phenotype, flow cytometry, humans, mice
1 Introduction

Group 3 innate lymphoid cells (ILC3s) have been identified as critical regulators of

intestinal homeostasis and immune responses to both commensal and pathogenic bacteria

in the gut. Subsequent studies showed that ILC3s are present in a variety of tissues and

organs, including the lungs, skin, and lymphoid tissues. ILC3s are now recognized as

important players in the immune response against different pathogens and are suggested to

interfere with the development of inflammatory and autoimmune diseases (1, 2). The

discovery of ILC3 has opened new avenues for the study of the role of the innate immune

system in health and disease. Overall, the discovery of these cells represents a significant

milestone in our understanding of the innate immune system.

ILCs were first identified in the early 2010s by researchers studying the immune system

in the intestinal mucosa. Before being classified as a distinct cell population, they had been

identified in mice and humans as cells that lack antigen-specific T-cell or B-cell receptors
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(TCR or BCR), expressing natural killer (NK) cell markers and

producing various cytokines in response to stimulation. There are

three populations of ILCs, namely, ILC1, ILC2, and ILC3, broadly

corresponding to Th1, Th2, and Th17/Treg cells, respectively.

Initially, ILC3s were described as RORgt-dependent NKp46+ NK

cells that produce IL-22 and provide mucosal immune defense in

the intestine of mice (3–5). At the same time, IL-2-producing

NKp44+ NK cells were detected in human mucosa-associated

lymphoid tissues, such as tonsils and Peyer’s patches (6). Due to

the almost simultaneous discovery by several research groups, IL-

22-producing natural cytotoxicity receptor-expressing (NCR+) cells

have been referred to as NK22 (6, 7), NCR22 (8), NKR-Lti (9), or

ILC22 (10). Given the similarities between IL-22-producing NCR+

ILC and NK cells, researchers sought to elucidate their

developmental pathways. Although RORgt+ ILCs were originally

thought to be a subpopulation of NK cells, cell fate-mapping studies

showed that their developmental pathways were distinct. This

conclusion is supported by the fact that NK cells do not express

RORgt during development (8, 9). Further distinctions between

ILC3 and NK cells are observed at the mature stage. Like T helper

(Th) 17 cells, ILC3s express RORgt and aryl hydrocarbon receptor

(AhR) and produce a high amount of IL-22 in response to IL-23. On

the other hand, NK cells from peripheral or cord blood cultured

under Th17 conditions with or without AhR ligands are unable to

produce IL-22 (6). Additionally, under Th17-polarizing conditions,

IL-22-producing NCR+ ILC cells do not produce IL-17 (6). In light

of this, it has been suggested that ILC3s and NK cells undergo

distinct differentiation pathways.

Since ILC3s express RORgt, another explanation was that they

may develop from lymphoid tissue inducer (LTi) cells, previously

known to also express RORgt (9). LTi cells are involved in the

formation of lymphoid tissue during fetal development in mice and

humans. While LTi cells express IL-17 and IL-22, NKp46+ ILCs

express only IL-22 (11, 12). Moreover, LTi cells are distinguished

from (NKp46+/−) ILCs by expressing markers such as CD4, CD25,

and CCR6 on their surface (13, 14). In contrast to LTi, which are

only found during fetal development, “adult LTi,” called LTi-like

cells, can be found in the lamina propria of the intestine and in the

tonsils, and they arise from bone marrow precursors (15). Although

LTi-like cells and LTi are very similar in their expression profile,

only the former express OX40L and CD30L (16). Evidence that

NCR+ ILCs are a distinct lineage from LTi was provided by studies

showing that RORgt+a4b7+ cells develop into CD4+ and CD4− LTi,

whereas RORgt+a4b7− give rise to IL-22-producing NKp46+ cells in
mice (12). Therefore, the term ILC3 was introduced by Spits and

colleagues to describe the group 3 ILCs which are distinct from LTi

(17). However, it is still not clear if NCR+ ILC3s have a different

developmental pathway from LTi. It is generally presumed that LTi

cells arise in the fetal liver and are primarily involved in developing

lymphoid tissues, while NCR+ ILC3s develop from bone marrow

lymphoid progenitors in the gut and lymphoid tissue. Accordingly,

RORgt+CD34+a4b7+ hematopoietic progenitor cells have been

defined in humans as IL-22+ ILC3-specific precursors (18). Still,

there was a report that LTi cells gave rise to ILC3 in fetal lymph

nodes (11), thus suggesting that the development of LTi and ILC3 is

not strictly divergent. Furthermore, NCR+ ILC3 can be generated
Frontiers in Immunology 02164
from RORgt+ precursors stemming from LTi-like cells. Indeed, in a

study on mice, it was shown that NKp46+RORgt+ cells differentiate
directly from LTi-like cells (NKp46−RORgt+) (9). Along the same

line, it was demonstrated that human RORgt+NKp46+ cells can be

generated in vitro from LTi-like cells obtained from adult

tonsils (19).

As in mice, the development of ILC in humans begins with the

common lymphoid progenitor (CLP), characterized as lineage

(Lin)−CD34+CD45RA+CD10+KIT–, from which all lymphocyte

subsets, including ILC, T, and B cells can develop. Intermediate

stages of NK development are also thought to differentiate from this

progenitor, at least in secondary lymphoid tissues, such as tonsils

and lymph nodes (20). ILC differentiation further leads to the early

tonsil progenitor cells (EToP), with two distinct phenotypes, EToP1

(Lin−CD34+CD10+KIT−) or EToP2 (Lin−CD34+CD10+KIT+) (21,

22). EToP2 can be divided into two groups based on ST2 (IL-33R,

IL1r1) expression and on their ability to form ILC (21). Unlike ST2−

EToP, which can give rise to T cells and dendritic cells (DCs) in

vitro, ST2+ EToPs give rise exclusively to ILC, both in vitro and in

vivo, when isolated from pediatric tonsils and injected into

immunodeficient NGS mice (22), and cannot give rise to non-ILC

cells. Thus, these cells are the earliest human common ILC

progenitors identified to date (22). Two other restricted

progenitors were identified, one of which is a Lin–CD34–CD7+IL-

7R+KIT+ ILC progenitor (ILCP), found in cord blood, fetal liver,

peripheral blood, and other human tissues (23). This progenitor is

common for ILC3, LTi, and ILC2 cells. Another progenitor,

identified downstream of the ILCP, is CD34–KIT+CD56+, termed

restricted ILCP (rILCP) (24), and can give rise to NK cells, ILC1,

and ILC3, but not to ILC2 cells (25). This may partially explain the

ILC plasticity observed in different tissues and under different

conditions. Single-cell RNA sequencing of human ILC3 and ILC1

from the tonsils and intestine and bioinformatics analysis (RNA

velocity) recently enabled the identification of a cluster of cells that

represent a spectrum of cell conversions between ILC3 and ILC1,

with a pronounced bias toward ILC1. Cell transfers into humanized

mice demonstrated in-vivo conversion of ILC3 to ILC1, which

occurred preferentially in TGF-b-expressing tissues, such as the

spleen (26). As observed in mice, the formation of mature human

ILC3 subsets not only occurs during fetal development but can also

occur after birth locally in tissues, such as adult tonsils and intestine

(19). Different developmental pathways and marked plasticity even

in adult ILC complicate their classification into subtypes.
2 Literature survey results

A detailed survey of papers on ILC3 was performed using the

PubMed database (https://pubmed.ncbi.nlm.nih.gov/) until 15 June

2023. Searching for “ILC3 mouse” and “ILC3 human” retrieved

more than 300 articles each. Papers containing data on ILC3

identification by flow cytometry (121 and 226 for human and

mouse ILC3, respectively) were analyzed for the following

information: phenotypic markers used for the definition of ILC3,

lineage markers used for excluding immune cells other than ILC3,

and organ/tissue of ILC3 origin. The obtained information was
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compiled in Tables 1, 2, dedicated to human and mouse ILC3,

respectively. The overview of the tables shows inconsistency in the

markers used for the identification of ILC3, as well as of those used

in lineage cocktails for the exclusion of non-ILC3 cells. The most

commonly used inclusion markers for human ILC3 are CD117,

CD127, and CD161, while CD294 is the most frequently used

exclusion marker (Figure 1A). The most frequently used marker

combinations for the identification of human ILC3 are 1)

CD127+CD117+CD294−, 2) CD127+CD117+CD161+CD294−, and

3) CD127+CD117+ (Figure 1B). The most commonly used markers

for mouse ILC3 are RORgt, CD127, and CD90 (Figure 1C), while

the prevalent combinations are CD127+RORgt+ and CD90+RORgt+

(Figure 1D). A detailed list of the markers and their combinations is

given in Table 3. Interestingly, RORgt is frequently used as a single

marker for ILC3 identification in mice and is by far the

predominantly used marker for ILC3 in mouse, but not in human

samples (vide infra). The adequacy of the phenotypic markers used

for defining ILC3 in relation to the tissue/organ of their origin is

discussed in the following chapters.
3 Lineage cocktails

CD3 is a marker that is targeted by almost all lineage cocktails.

Additionally, in some of the mouse studies, CD3 is the only negative

marker used for ILC3 identification. The logic behind this strategy is

clear when RORgt is used as the key positive ILC3 marker. As RORgt
is expressed by T cells and ILC3 (346), the latter can be identified as

CD3−RORgt+ cells. It is known that human bone marrow and blood

neutrophils, as well as mouse lung neutrophils, can express RORgt
(347, 348). However, neutrophils are easily distinguished from the

lymphocytic populations by flow cytometry using forward and side

scatter. Also, there is a report on a RORgt-expressing DC subset in the

spleen (349), while the existence of a similar subset was not confirmed

in the intestine (98). Thus, CD3 and RORgt can be used as the basic

discriminators of ILC3 in the murine intestine, but not the spleen. As

for human samples, it seems that RORgt can be expressed by all ILC

subsets, as well as by NK cells (24), thus making it an unsuitable

marker for ILC3 discrimination.

Other T-cell markers can be used instead of CD3, such as

TCRab and TCRgd. Lineage cocktails used in some studies

contained both CD3- and TCR-specific antibodies, even though

this combination seems redundant having in mind that CD3

already defines all TCR-positive cells. Additionally, CD4 and

CD8a were used as lineage markers in some studies. While there

are no data on the expression of CD8 in ILC3, there are studies

showing that the LTi ILC3 subset can express CD4 (160, 350), thus

making CD4 inadequate as a lineage marker. Also, there are data on

the expression of RORgt by CD3+CD4−CD8− cells in patients with

systemic lupus erythematosus and psoriasis (351, 352), which

contribute to the view that CD3, and not CD4 and CD8, should

be used in lineage cocktails. CD5-specific antibodies are also

frequently used in mice, as this marker is specific for T cells and

a subset of B cells.

The second most commonly used lineage markers are B-cell

markers, including B220 (CD45RA) and CD19. CD45RA is an
Frontiers in Immunology 03165
isoform of CD45, a molecule expressed on all types of

hematopoietic cells except mature erythrocytes and platelets

(353). Although it is expressed in mouse DC (354), naive T cells

(355), and T cells undergoing apoptosis (356, 357), it is considered a

pan-B-cell marker in mice, present on pre-B cells and at all stages of

B-cell maturation (358), making it a suitable negative marker for

phenotyping ILC. CD19 is a molecule belonging to the

immunoglobulin superfamily, and its expression is specific to

normal and neoplastic B cells, as well as follicular DC (359). Both

B220 and CD19 molecules are suitable B-cell markers in mice,

whereas in humans, B220 is detected on ILC3 in the blood and cord

blood, with heterogeneous expression in tonsillar, intestinal, and

lung ILC3 (360). Therefore, CD19, and not B220, should be used as

a B-cell-related lineage component for human ILC detection.

The most challenging distinction is the one between NK and

ILC3 cells. NK cells and ILC share the same progenitor, while the

mature forms of ILC also share some markers with NK cells. For

instance, ILC1, some ILC3, and NK cells express T-bet. Therefore, it

is important to distinguish these cells when detecting ILC3. NK1.1-

specific antibodies are frequently used in mice lineage cocktails,

while CD94 (Klrd1) is preferentially used in human samples to

exclude NK cells, although the use of NKG2A has also been

reported in some studies. Additionally, CD56 is used to exclude

NK cells and other immune cells able to express this molecule, such

as T cells, DC, and monocytes (361). Some researchers also use

markers specific for lymphocyte subpopulations, such as CD49b for

some T cells (Tr1, NKT), Klrg1 for effector memory CD8+ T and

NK cells, or CD27 for activated effector T cells, NK cells, and

activated B cells. One important issue is that different mouse strains

carry different NK-related markers. For example, the Balb/c strain

lacks NK1.1 (362), so CD49b can be used for the determination of

NK cells.

CD11b, CD11c, Gr1, Ly6G, Ly6C, and Ly6B are markers that are

used in lineage cocktails to eliminate monocytes, DC, granulocytes,

macrophages, NK cells, and subsets of T and B cells. Additionally, F4/

80 is a relevant marker of murine macrophages. FcϵRIa is also used

to detect epidermal Langerhans cells, eosinophils, mast cells,

basophils, and various antigen-presenting cells. However, there are

reports on ILC3 expressing CD11b and CD11c (27), thus

compromising their use in lineage cocktails. Finally, Ter119 is

routinely used to exclude erythrocytes from analyses.

Different lineage cocktails can be used while studying ILC3. It is

on the researchers to make the best choice for a particular species

and tissue in which ILC3s are being detected. It seems that the

uncritical use of redundant markers in the lineage cocktails does not

improve the efficacy of ILC3 detection, while the use of markers that

are potentially expressed by ILC3 increases the risk of excluding

some ILC3 subpopulations from the analysis. So, the advice on

lineage cocktails might be the following: keep it simple and efficient.
4 Markers used for the discrimination
of ILC3

Various markers are used, alone or in combination, to identify

ILC3. CD45 is a marker of hematopoietic cells and is, therefore,
frontiersin.org
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TABLE 1 Phenotypic characterization of human ILC3.

Tissue/organ Reference

Tonsils (27)

Tonsils (28)

UCB (29)

Ileum (30)

PB (31)

UCB (32)

Colon (33)

Intestine (34)

Colon LP (35)

Tonsils, intestine, mLN (36)

Colon (37)

Colon (38)

PBMC (39)

Colon (40)

Nasal epithelium (41)

mLN (42)

Colon LP, tonsils (43)

PB, UCB, tonsils (44)

Tonsils, PB (45)

PB (46)

PBMC, tonsils (47)

PB (48)

PBMC (49)

PBMC (50)

UCB (51)

PB (52)

Thymus (53)
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Phenotype Lineage

CD103− CD3, CD19

CD117+ CD3, CD19, CD34, CD94

CD117+ CD94/NKG2A

CD117+CD294− CD3, CD19, CD16, CD62L

CD117+CD294− CD3, CD1a, CD11c, CD14, CD19, CD34, CD123, TCRab, TCRgd, CD303, FceR1a, CD94

CD117+RORgt+ CD94/NKG2A−

CD117+RORgt+ CD14, CD19, CD3, CD11b, CD11c, TCRgd

CD127+ CD3

CD127+ CD3

CD127+CD117+ CD1a, CD3, CD14, CD19, CD94, CD34, CD123, TCRab, TCRgd, CD303, FceR1a

CD127+CD117+ CD3, CD5, CD14, CD19, CD11c

CD127+CD117+ Data not found

CD127+CD117+ CD3, CD19, CD14, CD28, CD11c

CD127+CD117+ CD19, CD11b, CD11c, CD3, CD5, CD14, FceR1a,

CD127+CD117+ CD1a, CD3, CD14, CD19, CD20, CD203c

CD127+CD117+ CD3, CD4, CD5, TCRab, TCRgd, CD33, CD14, CD19, CD235a

CD127+CD117+CD294− CD3, CD20, CD13, CD123, CD303, CD34, FceR1a, CD11c

CD127+CD117+CD161+ CD3, TCRab, TCRgd, CD34, CD123, CD94, CD14, CD303, FceR1a, CD1a, CD11c, CD19, B220

CD127+CD117+CD161+ CD3, CD4, CD19, CD20, CD14, CD34, CD11c, CD94

CD127+CD117+CD161+CD294− CD3, CD14, CD16, CD20, CD56

CD127+CD117+CD161+CD294− CD1a, CD3, CD14, CD19, CD34, CD94, CD123, FceR1a, TCRab, TCRgd, CD303

CD127+CD117+CD161+CD294− CD1a, CD34, CD3, TCRab, TCRgd, CD14, CD19, CD16, CD94, CD123, CD303, FceR1a

CD127+CD117+CD161+CD294− CD3, CD4, CD14, CD16, CD19, CD21, CD94, CD11c, CD123, CD303

CD127+CD117+CD161+CD294− CD3, TCRab, TCRgd, CD34, CD123, CD94, CD14, CD303, FceR1a, CD1a, CD11c, CD19, B220

CD127+CD117+CD161+CD294− CD3, TCRab, TCRgd, CD34, CD123, CD94, CD14, CD303, FceR1a, CD1a, CD11c, CD19, B220

CD127+CD117+CD161+CD294− CD3, CD19, CD20, CD14, CD11c

CD127+CD117+CD161+CD294− CD1a, CD3, CD4, CD8, CD14, CD16, CD19, CD34, CD94, CD303, TCRab, TCRgd, FceR1a
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TABLE 1 Continued

Tissue/organ Reference

Spleen, PBMC (54)

PBMC (55)

PBMC, skin (56)

PB, UCB (57)

Bladder (58)

Abdominal fat, PBMC (59)

Distal ileum (60)

PB, tonsils (61)

Lip tissue (62)

PB (63)

Entheseal tissue (64)

PBMC (65)

PBMC (66)

PB (67)

UCB, tonsils (68)

PB (69)

PBMC (70)

PB (71)

PBMC (72)

Tonsils (73)

PB (74)

PB (75)

Tonsils (19)

PBMC (76)

Decidua (77)

Tonsils (26)

UCB (78)

(Continued)
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CD127+CD117+CD161+CD294− CD3, CD14, CD19, CD20, CD94, FceR1a, TCRab, TCRgd, CD123, CD34

CD127+CD117+CD161+CD294− CD3

CD127+CD117+CD294− CD1a, CD3, CD11c, CD14, CD19, CD34, CD94, CD123, CD303, FceR1a, TCRab, TCRgd

CD127+CD117+CD294− CD1a, CD3, CD4, CD5, CD14, CD19, CD16, CD34, CD94, CD123, CD303, TCRab, TCRgd, FceR1a

CD127+CD117+CD294− CD3, CD19, CD11b, CD11c

CD127+CD117+CD294− CD3, CD14, CD16, CD19, CD20, CD56

CD127+CD117+CD294− CD3, CD19

CD127+CD117+CD294− CD3, CD19, CD94, CD14, CD34, CD303

CD127+CD117+CD294− CD3, CD4, CD14, CD16, CD19, CD8, CD15CD20, CD33, CD34, CD203c, FceR1a

CD127+CD117+CD294− CD1a, CD8, CD19, CD3, CD4, CD14, CD16, CD34, CD123, TCRab, TCRgd,

CD127+CD117+CD294− CD1a, CD3, CD14, CD11c, CD19, CD34, CD94, CD123, CD303, FceR1a, TCRab, TCRgd

CD127+CD117+CD294− CD34, CD3, CD19, FceR1a, CD123, CD94, CD14, CD11c, CD1a, CD303

CD127+CD117+CD294− CD3, CD19, CD14, TCRab, TCRgd, CD94, CD16, FceR1a, CD34, CD123, CD303

CD127+CD117+CD294− CD34, CD3, CD19, FceR1a, CD123, CD94, CD14, CD11c, CD1a, CD303

CD127+CD117+CD294− CD3, CD1a, CD14, CD19, TCRab, TCRgd, CD1, CD303, FceR1a, CD235a, CD66b, CD34, CD20, CD94

CD127+CD117+CD294− Data not found

CD127+CD117+CD294− CD3, CD14, CD19, CD11c, CD303a, CD15, CD203c, FceR1a

CD127+CD117+CD294− CD1a, CD34, CD3, TCRab, TCRgd, CD14, CD19, CD16, CD94, CD123, CD303, FceR1a

CD127+CD117+CD294− CD3, CD4, CD8, CD14, CD15, CD16, CD19, CD20, CD33, CD34, CD203c, FceR1a

CD127+CD117+CD294− CD3, CD19, CD94, CD1a, CD11c, CD123, CD303, CD14, FceR1a, CD34

CD127+CD117+CD294− CD1a, CD3, CD4, CD56, CD16, CD11c, CD14, CD19, CD94, CD34, CD123, TCRab, TCRgd, CD303, FceR1a

CD127+CD117+CD294− CD3

CD127+CD294− CD3, CD19, CD14, CD94

CD127+IL-23R+ CD2, CD3, CD14, CD16, CD19, CD56, CD235a

CD127+RORgt+ CD15, CD14, CD3, CD19, CD56, CD11b

CD300LF+CD196+ CD3, CD19

CD336+ CD3, CD14, CD19, CD20, CD94
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TABLE 1 Continued

Tissue/organ Reference

UCB (79)

Ileum (80)

Colon LP (13)

UCB (81)

PBMC, ileum/colon (82)

PB, skin (83)

Decidua, tonsils, PBMC (84)

Tonsils, colon (85)

PBMC (86)

PBMC (87)

PBMC (88)

PB (89)

Inguinal LN (90)

Sputum, PB (91)

PB (92)

Lung (93)

Duodenum (94)

Distal ileum (95)

Tonsils, intestine (96)

Periodontal ligament tissues (97)

Colon (98)

Tonsils, LP (99)

Terminal ileum (100)

Decidua (101)

Decidua (102)

Decidua (103)

PB (104)

(Continued)
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Phenotype Lineage

CD336+CD56+ CD3, CD1a, CD14, CD19, TCRab, TCRgd, CD123, CD303, FceR1a, CD235a, CD66b, NKG2A

CD45+ CD3, CD4, CD8, CD56, CD14, CD19, TCRgd

CD45+CD117+ CD3, CD5, CD14, FceR1a, CD11b, CD11c, CD19

CD45+CD117+ CD3, CD14, CD19, CD56, CD34, CD11a, CD94

CD45+CD117+CD294− TCRab, TCRgd, CD19, CD94, CD1a, CD123, CD14, CD303, FceR1a, CD34

CD45+CD117+CD294– CD3, CD19, CD20

CD45+CD127+ CD19, CD14, CD3

CD45+CD127+ CD3, CD14, CD19, CD20, CD123, CD141, FceR1a

CD45+CD127+ CD3, CD14, CD16, CD19, CD20, CD56

CD45+CD127+ CD117+CD294− CD3, CD5, CD11c, CD16, CD19, TCRab

CD45+CD127+CD117+CD294− CD3, CD5, CD11b, CD11c, CD14, CD16, CD19, CD34, CD123, FceR1a

CD45+CD127+ CD117+CD294− CD1a, CD3, CD4, CD14, CD16, CD19, CD34, CD303, FceR1a

CD45+CD127+CD117+ CD3, CD14, CD19, CD34

CD45+CD127+CD117+ CD3e, CD11c, CD11b, CD14, CD19, CD49b, FceR1a

CD45+CD127+CD117+ CD34, CD19, CD20, CD3, CD16, CD14, CD11c, CD123

CD45+CD127+CD117+ CD3, CD19, CD11c, CD11b

CD45+CD127+CD117+ CD3, CD14, CD19, CD20

CD45+CD127+CD117+ CD19, CD3, CD1a, CD11b, CD34, FceR1a, CD14, CD11c, CD94

CD45+CD127+CD117+ CD3, CD11b, CD11c, CD14, CD19, CD34, CD94, CD123, FceR1a

CD45+CD127+CD117+ CD3, CD19, CD94, CD14, CD16, CD1a, CD303, CD123, FceR1a, CD34

CD45+CD127+CD117+ CD3, CD11c, CD14, CD19, CD34, CD94, CD123, FceR1a

CD45+CD127+CD117+ CD1a, CD3, CD11c, CD14, CD19, CD94, CD34, CD123, TCRab, TCRgd, CD303, FceR1a

CD45+CD127+CD117+ CD11b, CD11c, B220, CD3e, CD5, CD8a

CD45+CD127+CD117+ CD34, CD19, CD14, CD3, CD94

CD45+CD127+CD117+ CD34, CD14, CD19, CD3, CD94

CD45+CD127+CD117+ CD19, CD14, CD3, CD94

CD45+CD127+CD117+ CD3, CD4, CD5, CD14 CD16, CD19, TCRab, TCRgd, CD94, NKG2A
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TABLE 1 Continued

Tissue/organ Reference

Tonsils (105)

Colonic mucosa, PBMC (106)

Tonsils, ileum/colon (107)

PB (108)

Tonsils (109)

Skin, PBMC (110)

PBMC, tonsils, UCB, bone marrow (111)

Tonsils, PBMC (112)

Intestine, colon, PB (113)

PB (114)

PBMC (115)

Colon, PBMC (116)

PB (117)

PBMC (118)

PB (119)

PB, UCB, placenta (120)

Ileum, colon (121)

Terminal ileum, colon (122)

Thymus, PB (123)

PB (124)

Ileal LP, PBMC (125)

PBMC (126)

Intestine (127)

PB (128)

PB (129)

Liver, PB (130)

PB (131)

(Continued)
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CD45+CD127+CD117+CD161+ CD3, TCRab, TCRgd, CD14, CD16, CD19, CD94, FceR1a, CD123, CD303

CD45+CD127+CD117+CD161+ CD3, CD19

CD45+CD127+CD117+CD161+CD294− CD14, CD1a, CD3, CD34, CD123, FceR1a, TCRab, TCRgd, CD303, CD19

CD45+CD127+CD117+CD161+CD294− CD3

CD45+CD127+CD117+CD161+CD294− CD3, CD14, FcR1a, CD34, CD123, CD1a, TCRab, TCRgd, CD94, CD303, CD19

CD45+CD127+CD117+CD161+CD294− CD1a, CD3, CD14, CD16, CD19, CD34, CD94, CD123, CD303, FceR1a, TCRab, TCRgd,

CD45+CD127+CD117+CD161+CD294− CD1a, CD3, CD4, CD8, CD14, CD16, CD19, CD34, CD94, CD123, CD303, FceR1a, TCRab, TCRgd

CD45+CD127+CD117+CD161+CD294− CD1a, CD3, CD14, CD19, FceR1a, CD34, CD123, CD94, CD303, TCRab, TCRgd

CD45+CD127+CD117+CD161+CD294− CD1a, CD3, CD11c, CD14, CD16, CD19, CD34, CD123, FceR1a, NKp80, CD303, TCRab, TCRgd

CD45+CD127+CD117+CD161+CD294− CD1a, CD4, TCRab, TCRgd, CD3, CD11c, CD14, CD94, CD19, CD123, CD303, CD34, FceR1a, CD16

CD45+CD127+CD117+CD161+CD294− CD3, CD4, CD19, CD94, CD1a, CD11c, CD123, BDAC2, CD14, CD34, FceR1a

CD45+CD127+CD117+CD161+CD294− CD11c, CD123, CD14, CD19, CD1a, CD3, CD303a, CD94, FceR1a, TCRab, TCRgd, CD34

CD45+CD127+CD117+CD161+CD294− Without

CD45+CD127+CD117+CD161+CD294− CD3, CD4, CD19, CD11b

CD45+CD127+CD117+CD161+CD294− CD3, CD45CD19, CD14, CD1a, CD94, CD34

CD45+CD127+CD117+CD161+CD294− CD3, CD1CD11c, CD34, CD123, TCRgd, TCRad, CD303, FceR1a, CD19, CD14, CD94

CD45+CD127+CD117+CD294− CD3, CD4, CD8, CD11c, CD14, CD19, CD34, CD94, CD123, FceR1a

CD45+CD127+CD117+CD294− CD3, CD14, CD19, CD11b, CD11c, CD49b, FceR1a

CD45+CD127+CD117+CD294− CD3, CD16, CD19, CD20, CD14, CD56

CD45+CD127+CD117+CD294− CD3, CD11c, CD14, CD16, CD19, CD20, CD34, CD56, CD94, FceR1a

CD45+CD127+CD117+CD294− CD3, CD19, CD11c, CD11b, CD14

CD45+CD127+CD117+CD294− CD3, CD11c, CD14, CD16, CD19, CD34

CD45+CD127+CD117+CD294− CD3, CD5, CD11b, CD11c, CD19, FceR1a

CD45+CD127+CD117+CD294− CD3, CD14, CD16, CD19, CD20, CD56

CD45+CD127+CD117+CD294− CD3, CD14, CD19, CD303, CD123, CD1a, TCRab, TCRgd, CD34, FceR1a,

CD45+CD127+CD117+CD294− CD3, CD19, CD14, CD34, CD94, CD123, TCRab, TCRgd, FceR1a

CD45+CD127+CD117+CD294− CD3, CD14, CD16, CD19, CD20, CD56

169

https://doi.org/10.3389/fimmu.2023.1271699
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
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Tissue/organ Reference

D34, CD303, FceR1a Intestine, PB (132)

PBMC (133)

Terminal ileum LP, PBMC (134)

PB (135)

PBMC (136)

4, FceR1a PBMC (137)

303, TCRab, TCRgd, CD94 Tonsils (138)

23, CD34, FceR1a, CD1a, CD94, CD3, CD20, CD11c PB (139)

LN, spleen, tonsils, PB (140)

ab, TCRgd, CD303, FceR1a, CD94 PB, skin (141)

CRab PB (142)

CD94 PB (143)

PB, peritoneal fluid, endometrium (144)

D16, CD1a, CD12, FceR1a, BDCA−2 Liver, tonsils, colon, blood (145)

, FceR1a, CD31, CD34. Endomyocardium (146)

Cerebrospinal fluid (147)

BALF, lungs (148)

PB (149)

MC, peripheral blood mononuclear cell; UCB, umbilical cord blood.
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170
Phenotype Lineage

CD45+CD127+CD117+CD294− TCRgd, TCRab, CD3, CD19, CD14, CD16, CD94, CD123, C

CD45+CD127+CD117+CD294− Data not found

CD45+CD127+CD117+CD294− CD3, CD14, CD19, CD20

CD45+CD127+CD117+CD294− CD3, CD14, CD19, CD94

CD45+CD127+CD117+CD294− CD3, CD14, CD16, CD19, CD20, CD56

CD45+CD127+CD117+CD294− CD3, CD11c, CD14, CD16, CD19, CD20, CD34, CD56, CD9

CD45+CD127+CD117+CD294− CD14, CD16, CD19, FceR1a, CD3, CD34, CD123, CD1a, CD

CD45+CD127+CD117+CD294− CD11b, CD14, CD16, CD303a, TCRab, TCRgd, CD19, CD1

CD45+CD127+CD117+CD294− CD3, CD19, CD14, CD34, CD94

CD45+CD127+CD117+CD294− CD1a, CD3, CD4, CD11c, CD14, CD19, CD34, CD123, TCR

CD45+CD127+CD117+ CD294− CD3, CD19, CD14, CD11c, CD123, CD34, FceR1a, CD94, T

CD45+CD127+CD117+CD294− CD3, CD19, CD14, CD11c, CD123, CD34, FceR1a, TCRab,

CD45+CD127+CD117+CD294– CD3, CD11c, CD14, CD19, CD34, CD94, CD123, FceR1a

CD45+CD127+CD294− CD3, TCRab, TCRgd, CD14, CD19, CD20, CD94, NKp80, C

CD45+CD127+RORgt+ CD3, TCRab, CD20, CD11c, CD11b, CD123, CD303, CD14

CD45+CD127+RORgt+ CD3, CD5, CD19

CD45+CD127+RORgt+ CD3, CD5, CD11b, CD11c, CD14, FceR1a

RORgt+ CD3, CD14, CD16, CD19, CD20, CD56

BALF, bronchoalveolar fluid; LN, lymph node; LP, lamina propria; mLN, mesenteric lymph node; PB, peripheral blood; PB
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TABLE 2 Phenotypic characterization of mouse ILC3.

Phenotype Lineage Tissue/organ Reference

CD117+CD4+ CD3, CD19 PBMC (150)

CD117+RORgt+ Data not found SI LP (151)

CD117+RORgt+ CD3, CD8a, CD11c, CD19, B220, Ly6G/6C, TCRb, TCRgd, NK1.1 Spleen (152)

CD127+CD117+ CD3, B220, CD11b, Ter119, Ly6G Aorta, spleen (153)

CD127+CD117+RORgt+ Data not found Fetal spleen (154)

CD127+CD117+RORgt+ CD3 Neonatal SI LP (155)

CD127+CD117+RORgt+ NK1.1 PL (156)

CD127+Id2+
CD3, CD19, CD4, CD5, CD8, TCRb, TCRgd, NK1.1, CD11b, Ly6G/6C, CD11c,
Ter119, NK1.1, Bcl11b

Lung (157)

CD127+IL-22+ CD3 SI LP (158)

CD127+KLRG− CD19, CD3, CD11c, CD25, Ly6G/6C Lung (159)

CD127+RORgt+ CD3 SI LP (160)

CD127+RORgt+ CD3e, CD5, CD19, B220, Ly6G/6C SI LP (161)

CD127+RORgt+ CD3, B220, CD5, NK1.1, CD11b, CD11c Colon, mLN (40)

CD127+RORgt+ CD3, B220, CD11b, Ly6G, Ter119 Skin (162)

CD127+RORgt+ CD3, B220, CD11c, CD11b, CD5 Ear skin, auricular LN, SI LP, lung, mLN (163)

CD127+RORgt+ CD3e, CD5, CD19, B220, CD11b, CD11c, Ter119, F4/80, Ly6G/6C, CD49b, FceR1a Liver, spleen (65)

CD127+RORgt+ Data not found SI LP (164)

CD127+RORgt+
CD3e, CD8a, CD19, B220, CD11c, CD11b, Ter119, Ly6G/6C, TCRb, TCRgd,
NK1.1

Blood (165)

CD127+RORgt+ TCRgd, CD3e, CD19, CD5, Ly6G/6C, Ter119 SI LP (166)

CD127+RORgt+ CD3, CD19 SI (167)

CD127+RORgt+ CD3, B220, CD11b, Ter119, Ly6G/6C, CD11c, NK1.1, CD8a, CD4 Spleen (168)

CD127+RORgt+ Data not found Blood, spleen, kidney (169)

CD127+RORgt+
B220, CD3, CD5, CD11b, CD11c, CD19, CD49b, CD123, F4/80, FceR1a, Ly6G/6C,
Ter119, CD8a, CD3i

Thymus, mLN (170)

CD127+RORgt+ Data not found Lung (171)

CD127+RORgt+KLRG1− CD3, CD5, CD11b, CD11c, B220 SI (172)

CD127+RORgt+ CD3, CD8a, CD19, Ly6G/6C SI LP (173)

CD45+CD117+RORgt+ CD3, Ly6G/6C, CD11b, B220, Ter119 Colon (174)

CD45+CD117+RORgt+ CD3, CD8, CD11b, CD19, MHC II, F4/80, CD161, Ly6G, F4/80 Neonatal lung (175)

CD45+CD127+ CD3, NK1.1 SI LP (176)

CD45+CD127+ CD3, CD19, CD8a, CD11b, CD4, NK1.1 SI (177)

CD45+CD127+ Data not found Colon LP (178)

CD45+CD127+ NK1.1, other data not found SI LP (179)

CD45+CD127+CD117+ CD3, CD19, CD11c, CD11b, Ly6G/6C, NK1.1 SI LP (180)

CD45+CD127+CD117+ Data not found Colon, SI (181)

CD45+CD127+CD117+ CD3, CD19, B220, CD11b, Ly6G/6C, CD11c, TCRb, TCRgd Colon LP (182)

CD45+CD127+CD117+RORgt+ CD3e, CD11b, B220, Ter119, Ly6G/6C, ICOS Lung (183)

CD45+CD127+CD117+RORgt+ CD3e, CD11b, B220, Ter119, Ly6G/6C SI LP (184)

CD45+CD127+CD117+CD4+RORgt+ CD3, other data not found LP (185)

CD45+CD127+CD117+RORgt+IL-23R+ CD3, CD19, CD11c, Ly6G, F4/80, CD14, NK1.1 PL, LP, spleen (186)

CD45+CD127+CD25+ CD3, CD5, CD8, NK1.1, B220, CD11c, CD11b mLN (13)

CD45+CD127+CD4+ CD3 Spleen (187)

(Continued)
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TABLE 2 Continued

Phenotype Lineage Tissue/organ Reference

CD45+CD127+RORg+ NK1.1, other data not found Pooled spleen, lung, intestine, peripheral LN (188)

CD45+CD127+RORgt CD3, Ly6G/6C, CD11b, B220, Ter119 Lungs (189)

CD45+CD127+RORgt+ CD8, CD3e, TCRb, TCRgd, B220, Ter119, Ly6G/6C, NK1.1 Bladder, kidney, SI (190)

CD45+CD127+RORgt+ CD3, B220, CD11b, Ter119, Ly6G/6C SI (191)

CD45+CD127+RORgt+ ICOS, other data not found Lung (192)

CD45+CD127+RORgt+ Data not found Colon LP (193)

CD45+CD127+RORgt+ CD3e, TCRb, CD19 Colon (194)

CD45+CD127+RORgt+ CD19, CD3, CD5, F4/80, FceR1a, Ly6G/6C SI (195)

CD45+CD127+RORgt+ CD3e, B220, Ly6G/6C, CD11c, CD11b, Ter119, FceR1a Liver (196)

CD45+CD127+RORgt+ CD3, CD11b, CD11c, B220, Ter119, FceR1a, T-bet SI (197)

CD45+CD127+RORgt+ Data not found Colon LP (198)

CD45+CD127+RORgt+ CD3, NK1.1, CD11b, Ter119, Ly6G/6C, CD11c, B220 Colon LP (199)

CD45+CD127+RORgt+ CD3e, CD5, CD8a, NK1.1, CD11c, CD11b, B220 SI LP (127)

CD45+CD127+RORgt+ CD3, CD19, Ly6G/6C Meninges (200)

CD45+CD127+RORgt+ CD3, CD19 Colon LP, SI LP PP (201)

CD45+CD127+RORgt+ CD3 SI LP (202)

CD45+CD127+RORgt+ Data not found SI LP (203)

CD45+CD127+RORgt+ CD3, CD4, CD19, NK1.1, CD11b, CD11c, Ly6G/6C, F4/80, Ter119 SI LP (204)

CD45+CD127+RORgt+ TCRb, TCRd, CD19, CD11c, CD11b, Ly6G/6C, Ter119 SI LP (205)

CD45+CD127+RORgt+ B220, CD3, CD5, CD11b, CD11c mLN (206)

CD45+CD127+RORgt+ CD3, CD19 SI LP (207)

CD45+CD127+RORgt+ CD3 SI LP (100)

CD45+CD127+RORgt+ CD3e, CD5, F4/80, CD11b, CD19, Ly6G Lung, bone marrow, SI LP (148)

CD45+CD127+RORgt+ CD3 SI LP, colon LP (208)

CD45+CD127+RORgt+
CD3, CD4, CD5, CD11b, CD11c, CD19, B220, F4/80, FceR1a, Ly6G/6C, TCRb,
TCRgd, Ter119

Lung, intestine (209)

CD45+CD127+RORgt+ CD3, B220, CD11b, Ter119, Ly6G/6C SI LP (210)

CD45+CD127+RORgt+ CD3, CD19, CD11c Spleen (210)

CD45+CD127+RORgt+ CD3, B220, CD19, CD11b, Ter119, Ly6G/6C, CD5, FceR1a Colon LP, SI LP (211)

CD45+CD127+RORgt+ CD3, B220, CD19, CD11b, Ter119, Ly6G/6C, CD5, FceR1a Colon LP, SI LP (212)

CD45+CD127+RORgt+ CD3, Ly6G/6C, CD11b, B220, Ter119 Lung (213)

CD45+CD127+RORgt+ CD3, CD4, CD14, CD16, CD19, CD8, CD15, CD20, CD34, CD203 Meninges (147)

CD45+CD127+RORgt+ CD3, CD19 SI (214)

CD45+CD127+RORgt+ CD3, CD19, NK1.1, CD11b Liver (215)

CD45+CD127+RORgt+ CD3 SI (216)

CD45+CD127+RORgt+ CD11b, CD3e, B220, SiglecF, FceR1a Lung (217)

CD45+CD127+RORgt+ CD3, CD4, CD11b, CD11c, CD19, CD49b, F4/80, FceR1a Colon (122)

CD45+CD127+RORgt+ Data not found mLN, inguinal LN (218)

CD45+CD127+RORgt+KLRG1− CD5, CD8a, CD3, Ly6G/6C, TCRgd, FceR1a, CD19, CD11c, NK1.1 SI LP (219)

CD45+CD127+RORgt+ CD3, CD4, CD19, CD11b, CD11c, Ly6G/6C, F4/80, Ter119 SI LP (220)

CD45+CD127+RORgt+ CD3, CD19 Colon LP, SI LP (221)

CD45+CD127+RORgt+ CD3, CD11b, B220, Ly6G/6C, Ter119 SI LP (222)

CD45+CD127+RORgt+ CD3e, CD11b, B220, Ly6G/6C, Ter119 Colon LP (223)
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TABLE 2 Continued

Phenotype Lineage Tissue/organ Reference

CD45+CD127+RORgt+ CD3e, CD11b, B220, Ter119, Ly6G/6C, CD49b LN, spleen, lung (224)

CD45+CD90+ CD11b, CD11c, B220, Ly6G/6C, FceR1a, Ter119 Skin (225)

CD45+CD90+ CD3, CD5, CD19, B220 SI LP, colon LP (226)

CD45+CD90+ CD3e, CD5, CD19, CD11b, CD11c, NK1.1, KLRG1 SI (227)

CD45+CD90+ NK1.1 SI LP (202)

CD45+CD90+ CD3e, CD11b, CD45R, TER119, Ly6GLy6C PP (228)

CD45+CD90+
CD3, CD5, CD19, B220, Ly6G, FceR1a, CD11c, CD11b, Ter119, NK1.1, CD16/
CD32

SI LP, colon LP (229)

CD45+CD90+ CD3 Colon LP (230)

CD45+CD90+ CD3e, CD5, CD19 SI LP (231)

CD45+CD90+KLRG1− CD8, CD11b, CD11c, CD19, NK1.1, Ly6G/6C, Ter119, CD3e mLN (232)

CD45+CD90+CD127+ Data not found mLN, inguinal LN (218)

CD45+CD90+CD127+ CD11b, CD3e, CD5, CD11c, CD19, NK1.1, Ly6G/6C, Ter119, TCRgd Lung (233)

CD45+CD90+CD127+ CD3, CD4, CD5, CD8, CD11b, CD11c, CD19, CD49b, Ly6G/6C, NK1.1 Spleen, mLN, PP, SI, colon (234)

CD45+CD90+CD127+ CD3, CD19 SI LP (235)

CD45+CD90+CD127+KLRG1− CD3e, CD5, CD8a, NK1.1, CD11c, CD11b, B220, CD27 SI LP (127)

CD45+CD90+CD127+RORgt+ CD3e, CD4, CD8, TCRgd, CD11b, CD11c, CD19, B220, Ly6G/6C, NK1.1, Ter119.
Spleen, mLN, SI LP, colon, lung, liver, bone
marrow

(236)

CD45+CD90+CD127+RORgt+ CD19, CD3, CD11b, Ly6G/6C, CD11c Spleen (237)

CD45+CD90+CD127+RORgt+ CD11b, CD11c, B220, CD3e, CD5, CD8a SI LP, colon LP (100)

CD45+CD90+CD127+RORgt+ CD11b, CD11c, CD19, CD3e, CD5, CD8a mLN, spleen, PP (238)

CD45+CD90+CD127+RORgt+KLRG1− CD3, CD5, CD19, B220, Ly6G/6C, NK1.1, CD11b, CD11c Intestine, mLN (98)

CD45+CD90+CD127+RORgt+KLRG1−
CD3e, CD49b, CD11b, CD94, CD5, TCRgd, CD19, Ter119, Ly6G/6C, CD45RB,
Ly6G

Lung (239)

CD45+CD90+CD127+RORgt+KLRG1− CD3e, CD5, CD8a, NK1.1, TCRgd, CD11b, CD11c, B220 SI, colon (240)

CD45+CD90+CD127+CD117+RORgt+KLRG1− CD3e, TCRb, CD19, B220, Ly6G/6C, CD11b SI LP, lung, mLN (241)

CD45+CD90+CD127+KLRG1− B220, CD11c, NK1.1 Spleen, colon LP (242)

CD45+CD90+CD127+RORgt+ CD3, CD5, NKK1.1, B220, CD11b, CD11c mLN, SI LP (243)

CD45+CD90+CD127+RORgt+ Ter119, F4/80, CD11b, CD11c, FceR1a, Ly6G/6C, CD19, CD3, TCRb, TCRgd SI LP, skin (244)

CD45+CD90+CD127+RORgt+ CD3, B220, CD11b, CD11c Ter119, Ly6G/6C, TCRgd Bladder (58)

CD45+CD90+CD127+RORgt+ CD3e, CD5, FceR1a, F4/80, CD11b, CD11c, B220 mLN, SI LP, PP (125)

CD45+CD90+CD127+RORgt+ CD3e, CD11b, Ter119, B220, Ly6G/6C Colon LP (245)

CD45+CD90+CD127+RORgt+ CD3e, CD8a, TCRb, TCRgd, CD19, Ly6G/6C, CD11c, Ter119 Colon LP (246)

CD45+CD90+CD127+RORgt+KLRG1− CD3, CD19, NK1.1 SI LP (247)

CD45+CD90+IL-17+ B220, CD11b, CD11c, Ly6G/6C, NK1.1 Skin (248)

CD45+CD90+IL-23R+ CD3, NK1.1, CD11b Ileum LP (50)

CD45+CD90+KLRG1−
CD3e, CD8a, CD19, B220, CD11c, CD11b, Ter119, Ly6G/6C, TCRb, TCRgd,
NK1.1

SI LP, mLN, spleen, lung (165)

CD45+CD90+KLRG1− CD3, Ly6G/6C, CD11b, B220, Ter119, NK1.1 Ileum LP, colon LP, mLN, spleen (249)

CD45+CD90+RORgt+
CD4, CD8, CD11b, CD11c, CD19, B220, NK1.1, Ter119, Ly6G/6C, FceR1a, TCRb,
TCRg, CD3e

Skin (250)

CD45+CD90+RORgt+ CD3, Ly6G/6C, CD11b, B220, Ter119 SI LP (251)

CD45+CD90+RORgt+ CD3, B220, CD11c, CD11b, NK1.1 Colon LP, spleen, SI LP (252)

CD45+CD90+RORgt+ CD3, other data not found SI LP, ileal LP (253)

CD45+CD90+RORgt+ B220, CD3, NK1.1, CD11b SI LP, blood, inguinal LN, spleen (44)
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TABLE 2 Continued

Phenotype Lineage Tissue/organ Reference

CD45+CD90+RORgt+ CD3 Colon, SI, skin, lung (254)

CD45+CD90+RORgt+ CD3, CD19 SI LP, colon LP (255)

CD45+CD90+RORgt+ Data not found SI LP, colon LP, cecum (256)

CD45+CD90+RORgt+ CD11b, CD11c, CD19 SI LP (257)

CD45+CD90+RORgt+ CD3, CD5, CD8a, CD11b, B220, NK1.1 mLN, PP, SI LP (258)

CD45+CD90+RORgt+
CD3, CD49b, TCRb, TCRgd, CD5, F4/80, CD11c, Ly6G/6C, CD19, FceR1a, B220,
CD27

Lung (259)

CD45+CD90+RORgt+ CD3e, CD11b, CD11c, F4/80, Ly6G/6C, Ter119, B220 SI LP (260)

CD45+CD90+RORgt+ NK1.1 Bone marrow (235)

CD45+CD90+RORgt+ CD3, TCRb, CD5, CD19, CD11b, CD11c, Ly6G/6C, FceR1a, CD31, Ter119 Heart (146)

CD45+CD90+RORgt+ CD11b, CD11c, B220, CD4, TCRb Lung (261)

CD45+CD90+RORgt+ Without SI LP, colon LP, mLN (262)

CD45+CD90+RORgt+ Data not found Colon LP (262)

CD45+CD90+RORgt+ Ter119, CD11b, Ly6G/6C, CD3e, B220, TCRb, NK1.1 Colon LP (263)

CD45+CD90+RORgt+
CD4, TCRb, TCRgd, CD8a, CD8b, CD19, CD11b, CD11c, DX5, Ly6G/6C, Ter119,
NK1.1

SI LP, colon LP (264)

CD45+CD90+RORgt+ Without SI LP (265)

CD45+CD90+RORgt+ CD11c, CD11b, NK1.1, B220, CD3 Colon LP (266)

CD45+CD90+RORgt+ CD3, CD19, B220, CD11c, Ly6G/6C SI LP (267)

CD45+CD90+RORgt+ CD3 Colon LP (268)

CD45+CD90+RORgt+ CD3, CD5, CD19, CD11c, CD11b SI (269)

CD45+CD90+RORgt+ CD3e, Ly6G/6C, CD11b, B220, Ter119 SI LP, colon LP, lung, liver, PP, skin (270)

CD45+CD90+RORgt+ Data not found Colon, SI (271)

CD45+CD90+RORgt+ CD3e, CD5, CD19 SI (272)

CD45+CD90+RORgt+ CD3 SI LP (273)

CD45+CD90+RORgt+ KLRG1− Ly6G/6C, CD3e, CD11b, B220 Liver (274)

CD45+CD90+RORgt+ Data not found SI (275)

CD45+CD90+RORgt+KLRG1− CD3, B220, CD49a, CD11b, CD11c, NK1.1 SI (128)

CD45+CD90+RORgt+KLRG1− CD11c Colon LP, SI (242)

CD45+CD90+RORgt+KLRG1− CD3, Ly6G/6C, CD11b, B220, Ter119, NK1.1 Colon LP, SI LP, mLN, spleen, PP (276)

CD45+CD90+Sca-1hi CD3, B220, CD11b, Ly6G/6C, Ter119 Neonatal SI, colon, mLN, spleen (277)

CD45+CD90hiRORgt+ CD3, Ly6G/6C, CD11b, B220, Ter119 SI, colon (278)

CD45+IL-17+ CD3, CD19, CD11b, CD11c, CD49b, F4/80, FceR1a Lung (279)

CD45+IL-17+ TCRgd, TCRb Spleen (280)

CD45+IL-17+IL-22+ CD5, CD11b, B220, Ly6G/6C, Ter119, CD3 Colon LP (281)

CD45+RORgt+ CD3e, CD19 Liver (282)

CD45+RORgt+ TCRab, TCRgd, CD5, CD3e, CD19, Ly6G/6C, F4/80 Colon LP, SI LP (283)

CD45+RORgt+ CD3, CD11b, B220, Ly6G, Ter119 Colon LP (284)

CD45+RORgt+ Data not found Colon LP (285)

CD45+RORgt+ CD3, CD19 SI LP (286)

CD45+RORgt+ CD3, CD11b, B220, Ly6G, Ter119 Colon, mLN (287)

CD45+RORgt+ CD3, CD19 SI LP (288)

CD45+RORgt+ CD3, CD19 SI, colon, cecum (289)

CD45+RORgt+ CD3, CD19 SI LP (290)
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TABLE 2 Continued

Phenotype Lineage Tissue/organ Reference

CD45+RORgt+ CD3 SI LP (291)

CD45+RORgt+ CD3, CD19 SI LP, colon LP (292)

CD45+RORgt+ CD3, B220, Ter119, Ly6G/6C, CD11b, CD19, NK1.1 SI LP (293)

CD45+RORgt+ CD3, CD19 SI LP (294)

CD45+RORgt+ TCRb, B220, TCRgd mLN, jejunum LP, colon LP, cecum (295)

CD45+RORgt+ Data not found SI LP, colon LP (296)

CD45+RORgt+ NK1.1, other data not found Colon LP (297)

CD45+RORgt+ CD3, CD19, B220, Ly6G/6C, CD11c, CD11b
Pooled axillary, brachial, inguinal and
cervical LN, mLN

(298)

CD45+RORgt+ Data not found Ileum, colon (299)

CD45+RORgt+ CD3e, CD19 SI LP (300)

CD45+RORgt+ CD3e, CD11b, B220, Ly6G/6C SI LP (301)

CD45+RORgt+ CD3e, CD5, CD19 SI LP, colon LP, mLN (302)

CD45+RORgt+ CD19, CD3 SI LP (303)

CD45+RORgt+ CD3, CD4, CD8, CD19, Ly6G/6C, Ter119 SI LP (304)

CD45+RORgt+ CD3, CD11b, B220, Ly6G, Ter119 Colon LP (190)

CD45+RORgt+ CD3, Ly6G/6C, CD11b, B220, Ter119 Colon, mLN (305)

CD45+RORgt+ CD3e, CD11b, B220, Ter119, Ly6G/6C Colon LP (306)

CD45+RORgt+ CD3 Lung (307)

CD45+RORgt+ CD3e, NK1.1, Ly6G/6C, CD11b, B220, Ter119 Cornea, conjunctiva, lacrimal gland (308)

CD45+RORgt+KLRG1− CD3, CD5, B220, CD11c, NK1.1 SI, Colon, cecum LP (242)

CD90+ CD3e, CD8a, B220, CD11b, CD11c Neonatal SI LP (309)

CD90+CD117+KLRG1−
CD3e, CD8a, CD11b, CD11c, CD19, B220, Ly6G/6C, TCRb, TCRg/d, Ter119,
NK1.1

Spleen, SI (310)

CD90+CD127+ CD3, CD11c, B220 Spleen (311)

CD90+CD127+CD117+ CD3, B220, CD11c, Ly6G/6C, NK1.1 Spleen (312)

CD90+CD127+CD25+ CD3, CD19, CD11c, NK1.1 mLN (313)

CD90+CD127+KLRG1− CD3, CD11b, CD11c, CD14, CD19, TCRb, TCRg, NK1.1 SI LP, colon LP (314)

CD90+CD127+KLRG1−Sca-1lo CD3e, CD4, CD8a, CD5, NK1.1, B220, CD11b, CD11c, Gr-1, FceRIa, Ter119 SI LP (315)

CD90+CD127+RORgt+ CD5, CD3, CD11b, CD11c, B220, Ly6G/6C, Ter119 Colon (316)

CD90+CD127+RORgt+ CD3, CD5, B220, NK1.1, F4/80, Ly6G/6C Colon LP (317)

CD90+CD127+RORgt+ CD3, Ly6C/6G, CD11b, B220, Ter119 SI (318)

CD90+CD127+RORgt+ CD3, CD11b, Ly6G/6C, B220, NK1.1, CD11c, Ter119 Lung (319)

CD90+CD127+RORgt+ Data not found Cecum, mLN (320)

CD90+CD127+RORgt+ CD3, CD5, B220, CD11b, Ly6G/6C, Ly6B, Ter119 Lung (321)

CD90+CD127+RORgt+ CD3e, TCRb, GL3, CD19, Ly6G/6C, CD11b, F4/80, Ter119, NK1.1, CD49b, CD11c LN, spleen (322)

CD90+CD127+RORgt+ CD3e, CD11b, B220, Ter119, Ly6G/6C SI LP (323)

CD90+CD127+RORgt+KLRG1− CD3, CD5, CD19, CD11b, TCRgd Colon LP, SI LP (37)

CD90+IL-23R+ CD3 SI LP (324)

CD90+RORgt+ CD3, CD8a, TCRb, TCRgd, CD11b, CD11c, B220, Ly6G/6C, NK1.1, Ter119 SI (325)

CD90+RORgt+ CD3, TCRgd, CD11b, NK1.1 Colon LP (33)

CD90+RORgt+ TCRb, TCRgd, CD19, Ly6G/6C, Ter119, NK1.1, CD11c, CD11b Colon LP (326)

CD90+RORgt+ Data not found Colon LP (327)

CD90+RORgt+ CD5, CD8, CD3, B220, CD11c, CD11b, T-bet SI (328)
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expressed by ILC3. The use of anti-CD45 antibodies is essential

when identifying ILC3 in the intestine, lungs, and other organs and

tissues where there is plenty of non-hematopoietic cells. There,

gating on CD45+ cells as one of the first steps in flow cytometry

analysis is a prerequisite to prevent contamination with non-

hematopoietic cells and to get precise data on ILC3. On the other

hand, identification of ILC3 in the peripheral blood, spleen, tonsils,

or lymph nodes does not require the use of anti-CD45 antibodies, as

there are few non-hematopoietic cells, if any. Still, it is clear from

Tables 1, 2 that some authors do not use CD45-specific antibodies

where necessary, and the results of such studies should be

carefully considered.

Table 4 presents the most common markers used in ILC3-

related studies. Both CD nomenclature and alternative names are

used in research papers, thus confusing readers who are not

specialized in the ILC3 field. While alternative names have the

advantage of functional comprehension and historical connotation,

CD designation offers a more systematic approach. Thus, it seems

productive to use CD nomenclature as much as possible, or at least

to provide information on CD designation in the papers that use

alternative names.
4.1 CD127

According to the literature (Figure 1; Table 3), CD127 is the

most commonly used ILC3 marker in humans and the second most
Frontiers in Immunology 14176
common in mice. This marker is an a subunit of the IL-7 receptor.

IL-7 is important for the early development of T and B cells from

bone marrow precursors and for the development of T cells in the

thymus (363). As IL-7 is the major growth factor of ILC, but not NK

cells, CD127 is expressed by the former (364), but not by the latter,

and is thus a valuable marker for the distinction of these two cell

types. In addition to ILC, CD127 is expressed in naive (365),

memory (366), and regulatory T cells (367). Therefore, using T-

cell-specific antibodies in the lineage cocktail is necessary to be able

to use CD127 as a reliable marker of ILC. This marker is of

particular interest for discriminating between NK and ILC1 cells,

as both cell types are known to express T-bet. Still, keeping in mind

that NK cells do not express RORgt, CD127 does not appear to

be essential for the discrimination between ILC3 and NK cells. It

seems that it is reasonable to use CD127 in ILC3 research when

analyzing all ILC subsets, while it is not essential for ILC3

subset identification.
4.2 CD117

This marker is used in ILC3 studies in humans almost as

frequently as CD127 is, yet its use in mouse studies is not so

frequent (Figure 1; Table 3). CD117 is a tyrosine kinase, also known

as c-Kit, and it is the receptor for the SCF. CD117 plays an

important role in early hematopoiesis and its expression is lost

during cellular differentiation (368). However, in addition to mature
TABLE 2 Continued

Phenotype Lineage Tissue/organ Reference

CD90+RORgt+ CD3 Colon LP, SI LP (329)

CD90+RORgt+KLRG1− CD3, CD8, CD11c, CD19, B220, Ly6G/6C, TCRb, TCRgd, Ter119 SI, colon (330)

RORgt+ CD3e, CD5, CD8a, CD19, Ter119, Ly6G/6C, TCRb, TCRd Spleen, bone marrow, SI LP (331)

RORgt+ CD3, CD19, B220, CD11b, CD11c, Ter119 SI LP (332)

RORgt+ CD3e, CD11b, B220, Ter119, Ly6G/6C PP (228)

RORgt+ CD3 Colon LP (333)

RORgt+ CD3, CD4, CD8, CD16, CD19, CD11c, FceR1a Colon LP (334)

RORgt+ CD3e SI LP (335)

RORgt+ CD3e, CD5, CD19 SI LP (231)

RORgt+ CD3, CD19 SI LP I IE (336)

RORgt+ CD3, CD5, CD19, B220, Ly6G, CD11b, CD11c, Ter119 SI LP, colon LP (229)

RORgt+ CD3, B220, CD11b, CD11c Spleen, colon LP, SI LP (337)

RORgt+ CD3, B220, CD11b, CD11c Colon LP (338)

RORgt+ CD3e SI LP (339)

RORgt+ CD11b, CD11c, Ter119, B220, CD3e, Ly6G/6C, TCRb SI LP (340)

RORgt+ CD3e, B220, CD11b, CD11c SI, colon (341)

RORgt+CD161+KLRG1− CD3, TCRb, CD11b, CD14, CD19, B220, TCRgd, NK1.1 SI LP (342)

RORgt+IL-22+ Without SI LP (343)

RORgt+MHC II+ Without SI LP (344)

RORgt+MHC II+ CD3, CD19, NK1.1, CD11b, B220, F4/80, CD11c, Ly6G/6C, FceR1a Spleen, mLN (345)
fron
LP, lamina propria; PL, peritoneal lavage; PP, Peyer’s patches; SI, small intestine; LN, lymph node; mLN, mesenteric lymph node.
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mast cells and melanocytes, CD117 is also expressed on recently

activated human CD8+ T cells (369) and circulating B cells (370).

Within the ILC, CD117 is expressed on ILC2 and ILC3 (17). Since

CD117 is not exclusively expressed on ILC3, additional markers

should be used to distinguish between ILC2 and ILC3, and its use

may not be crucial for detecting ILC3.
4.3 CD294

This marker is frequently used in human but not in mouse

studies. CD294, also known as CRTH2, is a prostaglandin D2

receptor expressed on Th2 cells and ILC2 in humans, but not in

mice. It is also present in both human and mouse eosinophils and

basophils (371), while it is not expressed on ILC3 (17). Thus, when

phenotyping ILC3, it serves to exclude the ILC2 population. CD294

is most often used in combination with CD127 and CD117, as based

on the expression of these three markers in lineage-negative cells, all

three ILC subsets can be distinguished. However, when only

detecting the ILC3 population, it does not seem necessary to use

all of these markers.
4.4 CD90

This marker is very frequently used in mouse but not in human

studies, although the mouse and human CD90 proteins are highly

similar. Despite this, CD90 expression is negligible in human cells

and, thus, cannot be used as a marker for ILC (372). CD90 is a

glycophosphatidylinositol-anchored cell surface protein and a

member of the immunoglobulin superfamily. While its function is

still not fully elucidated, it has been shown to interact with integrins

and is therefore presumably important for cell adhesion (274).

Within immune cells, CD90 is expressed in T cells, NK cells, and

ILCs. It is found on the surface of all subtypes of ILC (373). In

Rag1−/− mice, the anti-CD90 antibody is commonly used to deplete

ILC (374). Although CD90 is considered a pan-ILC marker, a recent

study showed that CD90 is not constitutively expressed in intestinal

ILC (375). Additionally, having in mind that CD90 is expressed in

all ILC subsets, CD90 does not appear to be the best choice for the

detection of ILC3. Furthermore, based on their results of different

expressions of CD90 on ILC, Schroeder et al. (375) suggested that

CD127 is a much more reliable ILC marker than CD90.
4.5 CD161

CD161 is used as an additional marker to determine ILC3 in

humans, but not in mice. CD161 is a human homolog of NK1.1

and is expressed in NK cells, T cells, NKT cells, monocytes, and

DCs (376). It is used in combination with CD127 and CD117, with

or without CD294 (Figure 1; Table 3). Aside from ILC3, CD161 is

also expressed on ILC2 (377). Therefore, this molecule cannot be

used as a basic, but only as a supplementary marker for

ILC3 phenotyping.
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4.6 RORgt

RORgt is by far the most frequently used marker for the

discrimination of ILC3 in mouse studies, but not in humans. This

molecule is expressed by T cells and ILC3 (346). Human bone

marrow and blood neutrophils, as well as mouse lung neutrophils

and splenic DCs, can also express RORgt, as previously mentioned

(347–349). However, in human secondary lymphoid tissues,

including the tonsils, lymph nodes, and spleen, RORgt is

expressed in all ILC subsets, as well as in NK cells. In these

tissues, a novel Lin−CD34+CD45RA+CD117+IL-1R1+RORgt+ cell

population was found, capable of differentiating into all major ILC

populations (24). The expression of RORgt was also found in

human fetal gut and adult peripheral blood ILC2 cells (377).

Although there are no data showing the expression of RORgt in
adult human intestinal ILC1 and ILC2, Cogswell et al. (378) have

demonstrated the expression of RORgt in ILC1, ILC3, and NK cells

in the colon of rhesus macaques, which additionally compromises

the use of RORgt in the identification of ILC3 in humans. However,

in all of the abovementioned studies, the expression of RORgt was
much higher in ILC3 than in other ILC subsets. Thus, RORgt is the
crucial marker for the identification of ILC3 in mice and a

supplementary one in humans.
5 Molecules important for the
identification of ILC3 subsets

5.1 CD196

CD196 or CCR6 is a G protein-coupled receptor expressed on

DCs, CD4+ T cells, B cells, and ILCs. CCL20 is a high-affinity ligand

for CCR6, and pro-inflammatory cytokines have been shown to

induce its expression (379). CCL20 is highly present in inflamed

tissues and drives the recruitment of CCR6-expressing immune

cells (380). Within ILC3, CCR6 is expressed on LTi and LTi-like

cells (381) and is an important marker for identifying these cells.

While CCR6-expressing ILC3s are important for the formation of

lymphoid organs during development, in adult mice, these cells are

usually aggregated with DCs, B cells, and stromal cells in

cryptopatches and isolated lymphoid follicles (382). Thus, CD196

is a valuable marker for the identification of ILC3 subpopulations.
5.2 CD335

CD335 or NKp46 is a member of the immunoglobulin

superfamily and one of the NCRs of NK cells. While there are

three NCRs in humans, namely, NKp30, NKp44, and NKp46, the

only NCR described in mice is NKp46 (383). It is expressed on the

surface of non-activated and activated NK cells (384), a small

population of T lymphocytes, ILC1, and a subset of ILC3, called

NCR+ ILC3 (385). Although the functional role of NKp46 on ILC3

is poorly understood, this molecule is essential for the identification

of ILC3 subsets.
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5.3 CD336

CD336 or NKp44 is another NCR and is expressed only in

humans. Like NKp46, it belongs to the immunoglobulin superfamily,

but there is no homology between these two molecules (386). While
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NKp30 and NKp46 are constitutively expressed in human NK cells,

NKp44 is expressed only upon activation (384), and the use of anti-

NKp44 antibodies has been shown to stimulate cytokine production by

human ILC3 (387). In addition to NK cells, NKp44 is also expressed on

ILC1 and ILC3 (388) and is thus helpful in defining ILC3 subsets.
TABLE 3 Markers used for the identification of human and mouse ILC3.

Human Mouse

Markers n Combinations n Markers n Combinations n

CD127 114 CD127+CD117+CD294− 48 RORgt 189 CD127+RORgt+ 60

CD117 112 CD127+CD117+CD161+CD294− 25 CD127 117 RORgt+ 48

CD294 79 CD127+CD117+ 24 CD90 89 CD90+RORgt+ 32

CD161 30 CD127+CD117+CD161+ 5 KLRG1 19 CD90+CD127+RORgt+ 20

RORgt 7 CD127+ 5 CD117 16 CD90 10

IL-23R 1 CD117+CD294− 4 IL-17 4 CD127+CD117+RORgt+ 8

CD127+RORgt+ 4 IL-23R 3 CD90+RORgt+KLRG1− 5

CD117+ 4 CD90+CD127+ 5

CD117+RORgt+ 2 CD127+ 5

RORgt+ 2 CD127+CD117+ 4

CD127+IL-23R+ 1 CD90+CD127+RORgt+KLRG1− 4

CD127+CD294− 1 CD117+RORgt+ 3

Rest 30
fro
n, number of studies.
B

C

D

A

FIGURE 1

Markers and their combinations used for the identification of ILC3. Visual representation of data from Tables 1, 2. The number of papers in which
specific markers were used for the identification of human (A) and mouse (B) ILC3s. The most frequently used marker combinations for the
identification of human (C) and mouse (D) ILC3s (% of all papers examined).
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6 ILC3 subsets in humans

Three different ILC3 subtypes can be distinguished in humans

(Figure 2). LTi cells are the subtype that is most distinct by their

developmental pathway and functional properties, and some even

consider them to be a separate cell population (385). However,

when it comes to their identification by flow cytometry, there is a

clear lack of appropriate markers (385). Two other important

subtypes are distinguished in humans based on the expression of

CD336 (NKp44) and are referred to as NKp44− ILC3 and NKp44+

ILC3 (38, 48, 387, 389). Still, LTi cells are also defined as NKp44−.

The distinction between NKp44− ILC3 and LTi in humans can only

be performed through analysis of CD45 expression. While NKp44−

ILC3s have high CD45 expression, LTi cells express intermediate

levels of CD45 (385). Thus, we are in need of a novel marker that

would make a clear distinction between NKp44− ILC3 and LTi. An

additional subpopulation of NKp44+ ILC3 that loses the ability to

express RORgt but keeps the expression of T-bet, and thus becomes

closer to the ILC1 phenotype, can be identified as “ex-ILC3”

cells (390).

ILC3s in humans are most often found in mucosal tissue and

are most abundant in the intestine, where they exhibit several

functions (30). For instance, it was shown that after

gastrointestinal transplantation, the recipients’ ILC rapidly

infiltrated the graft (95). Increased frequencies of human NKp44+

ILC3 were observed in the graft, which has been associated with

successful intestinal transplants as it reduces the risk of rejection

(99). A similar observation was made in leukemic patients after

hematopoietic stem cell transplantation (95). These observations

have further strengthened the hypothesis that NKp44+ ILC3s are

essential for maintaining homeostasis and protecting the
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gastrointestinal tract. However, there are conflicting data from

some cancer studies that the role of IL-22-producing NKp44+

ILC3 may be detrimental to patients. For example, patients with

hepatocarcinoma had more NKp44+ ILC3s than healthy controls

(48). On the other hand, NKp44– ILC3s have been described to

exacerbate inflammation, especially in inflammatory bowel disease,

due to their secretion of IFN-g and IL-17A (122, 390, 391).

Additionally, it was shown that upon activation, human ILC3s

were able to induce antigen-specific CD4+ memory T-cell responses

(392). Both NKp44+ ILC3 and NKp44– cells can produce IL-17, but

the ability to produce IL-22 is mainly restricted to NKp44+ ILC3

(387). By producing IL-22, NKp44+ ILC3s promote tissue integrity,

maintain barrier functions, and promote homeostasis (238),

particularly in the gastrointestinal tract. IL-22 secretion by

NKp44+ ILC3 is activated after various stimuli such as food

intake (241, 314), danger signals (111, 393), and changes in the

cytokine milieu (6, 7). In addition, NKp44+ ILC3 can interact with

other cells through the expression of neuroregulatory receptors

which allows them to directly interact with glial cells (246) and

goblet cells (394).

The attempt to classify ILC3 subgroups becomes more complex

when different tissues are observed. For example, single-cell RNA

sequencing analysis has shown that three populations can be

identified in the tonsils based on the expression of NKp44, human

leukocyte antigen D-related (HLA-DR), and CD62L, and each of

these subpopulations has a different cytokine profile (395). HLA-DR+

ILC3s have also been observed in the human intestine (138, 396).

Apart from this, NKp44+ ILC3s can be further divided into

two populations based on the expression of neuropilin-1 (NRP-1).

NRP-1+ ILC3s produce more cytokines than NRP-1− ILC3, and these

cells have been detected only in lymphoid tissues and inflamed lung

tissue (105). Overall, these data make it necessary to find a consensus

in identifying and classifying ILC3s into specific subtypes.

It was generally presumed that all human ILC3s express a

common transcription factor RORgt, which implied that RORgt is
essential for their functions. However, in patients with RORgt
deficiency, IL-22+ but not IL-17+ ILC3s were found. Similarly, in-

vitro experiments showed that chemical inhibition of RORgt did not
affect the ability of ILC3 to produce IL-22 (40). This suggests that

other transcription factors such as AhR or GATA3 may regulate IL-

22+ ILC3, as studies in mice have found that these transcription

factors are implicated in the regulation of IL-22 production by ILC3

(161, 397).
7 ILC3 subsets in mice

Discrimination among ILC3 subgroups in mice is mainly based

on the expression of two cell markers: CD196 (CCR6) and CD335

(NKp46) (Figure 2). There are three basic populations of murine

ILC3: NCR+ ILC3 (CCR6−NKp46+), NCR− ILC3 (CCR6−NKp46+),

and LTi cells (CCR6+NKp46−). LTi cells identified postnatally are

referred to as LTi-like. Additionally, there is a subpopulation of

NCR+ ILC3 that is called “ex-ILC3,” which is characterized by

diminished RORgt and upregulated T-bet expression.
TABLE 4 Cluster of differentiation (CD) and alternative nomenclature of
common ILC3 markers.

CD nomencla-
ture

Alternative
names

Function

CD90 Thy-1
Not elucidated, cell

adhesion

CD117 c-kit, SCFR Receptor tyrosine kinase

CD127 IL-7Ra IL-7 receptor

CD161 Klrb1b, NKRP1A
Negative regulator of

cytotoxicity

CD196 CCR6
Chemokine receptor for

CXCL20

CD294 CRTH2, DP-2 Prostaglandin D2 receptor 2

CD335 NCR1, NKp46
Cytotoxicity triggering

receptor

CD336 NCR2, NKp44
Cytotoxicity triggering

receptor
CCR6, C-C motif chemokine receptor 6; CRTH2, chemoattractant receptor-homologous
molecule expressed on TH2 cells; IL-7R-a, interleukin-7 receptor subunit alpha; Klrb1b, killer
cell lectin-like receptor subfamily B, member 1; Klrd1, killer cell lectin-like receptor subfamily
D, member 1; NCR, natural cytotoxicity triggering receptor; SCFR, mast/stem cell growth
factor receptor; Thy-1, thymocyte differentiation antigen 1.
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LTi cells are vital for the formation of secondary lymphoid

organs throughout the prenatal period as they produce

lymphotoxin-a1b2, which activates lymphoid tissue organizer

cells in future lymph node and Peyer’s patch (PP) sites (15, 398).

Post-birth, LTi-like cells also play a role in the development of

cryptopatches, small lymphoid aggregates in the gut, which can

grow into isolated lymphoid follicles (ILFs) in response to microbial

signals (398). CCL20, the major CCR6 ligand, is constitutively

expressed within the intestinal PP, ILF, and mesenteric lymph

nodes (mLNs), confirming the importance of CCR6-mediated

signals for secondary lymphoid organogenesis. These signals also

help keep leukocytes at sites critical for immune surveillance (399).

Accordingly, CCR6+ LTi-like ILC3s are the prevailing ILC3 subset

in the PP, mLN, and colon lamina propria (243). In the intestine,

LTi-like cells are also important for maintaining local gut

homeostasis, through their interactions with both the innate and

adaptive immune responses. For instance, LTi-like cells can

produce IL-22 and IL-17, which are able to increase the

expression of intestinal antimicrobial peptides (350, 400).

Additionally, LTi-like cells, unlike CCR6− ILC3, constitutively

express MHC II in the gut while lacking the expression of co-

stimulatory molecules CD40, CD80, and CD86, compared with

DCs (369). This is one of the features that allows them to play a part

in maintaining tolerance through the suppression of commensal

antigen-specific T effector cells, enhanced generation of memory T

cells, and promotion of mucosal antibody responses [reviewed by
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Zhong et al. (14)]. LTi-like cells can also be separated into CD4+ and

CD4− subsets, even though gene expression analysis showed that

there were minimal differences between the two groups—probably

not enough to allow functional significance (288). Aside from

confirming that CCR6 transcripts were expressed at higher levels

in LTi-like cells compared with other ILC3s, the same was shown

for an additional chemokine receptor, CXCR5 (288). Finally, fate-

mapping studies have demonstrated that while the LTi lineages

develop from ILC progenitors that have never expressed the

transcription factor PLZF, all other ILC3 subtypes are generated

from progenitors that do express it (401). GATA3 is another

transcription factor that was shown to be necessary for the

development of non-LTi ILCs, while it was not required for the

generation of LTi-like cells (402). Additional precursor single-cell

analyses (403) and the use of multitranscription factor reporter

mice (404) confirmed the distinct origins of ILC and LTi lineages.

Based on the differences in gene expression needed for their

development, LTi-like cells could be considered a separate group

of ILCs, despite sharing similarities in phenotype and function with

NKp46+ ILC3.

NKp46+CCR6− ILC3, unlike CCR6+ LTi-like cells, are marked

by T-bet expression. Their postnatal development from

NKp46−CCR6−RORgt+ progenitors, often labeled as double

negative (DN) ILC3, is in part guided by commensal microbiota

signals and IL-23, while c-Maf-controlled graded T-bet expression

ensures the expression of NKp46 (247, 405). To maintain their
FIGURE 2

Markers for ILC3 subset discrimination in humans and mice. The basic classification of ILC3 includes three subtypes in humans and mice: LTi, NCR+,
and NCR− ILC3. In mice, an additional subpopulation can be identified—LTi-like cells, although it is still not clear if this subpopulation is distinct from
NCR− ILC3. Different NCRs are used for characterizing human and mouse ILC3s: NKp44 and NKp46, respectively. CCR6 is an additional marker used
for ILC3 classification in mice. Aside from these basic subtypes, there is a defined group of ILCs that shares certain markers and properties of both
ILC3 and ILC1. These cells are considered to have converted from ILC3 toward ILC1 and are thus termed “ex-ILC3.” They are distinguished from
NCR+ ILC3 by the expression of RORgt and T-bet.
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phenotype, NKp46+ ILC3s also require Notch signaling, which can

be regulated by both AhR (406) and T-bet (407), while it was shown

that TGF-b impairs their development (290).

In the gut, NKp46+ ILC3s are predominantly found in the small

intestine lamina propria (243), and their localization within the

lamina propria villi is influenced by CXCR6 (160). NKp46+ ILC3s

also make up most of the ILC3s in the cecum and are necessary for

its homeostasis (289). NKp46 has mostly been studied as one of the

NCRs that are expressed by NK cells and whose activation by

various pathogen-derived ligands can trigger NK cell-mediated

cytotoxicity accomplished by the secretion of perforin or

proinflammatory cytokines such as IFN-g and TNF or through

activation-induced cell death. Unlike NK cells, it seems that

intestinal NKp46+ ILC3s are not able to perform these functions,

while they do produce IL-22 to fight intestinal inflammation (3),

similar to LTi-like cells. Interestingly, questions about the

redundancy of the NKp46+ subgroup of ILC3s have been brought

up in some experimental settings. For instance, NKp46+ ILC3s were

shown to be inessential in the fight with a Citrobacter rodentium

infection, when compared with LTi-like ILC3s (256). More

specifically, IL-22 was necessary for the resistance to C.

rodentium, but IL-22 production by NKp46+ ILC3 was not (289).

However, NKp46+ ILC3s also have the potential to secrete GM-CSF

and were crucial in promoting the accumulation and activation of

inflammatory monocytes in an anti-CD40-induced colitis

model (256).

A fate-mapping study by Viant et al. (290) demonstrated a

notable proportion of NKp46− ILC3 used to express NKp46, and

this phenomenon was predominantly observed in mucosal tissues

but not in the bone marrow. Furthermore, an RORgt fate-mapping

study revealed that, in some inflammatory conditions, NKp46+

ILC3 can significantly lower or lose RORgt expression, while T-bet
expression increases. At the same time, these “ex-ILC3s” start

producing IFN-g and upregulate perforin and granzyme B

expression, becoming more akin to ILC1 (9). Following

Salmonella typhimurium infection, these cells were the main

source of IFN-g in the small intestine (405), which implies an

adaptive role in microbial defense. On the other hand, NKp46+

ILC3 plasticity is regulated by c-Maf, which suppresses their

conversion into the ILC1-like state by restraining T-bet

expression and supporting RORgt activity (219, 247). Finally, the

transcriptional profile of NKp46+ ILC3 was shown to have features

in between those of NKp46− LTi-like ILC3 and NKp46+ ILC1 (while

sharing more transcripts with NKp46+ ILC1). This might be the

basis of their plasticity potential, which is probably shaped by their

specific microenvironment (288).
8 ILC3 sorting and culture

Our literature survey shows that a consensus about the minimal

or optimal panel of surface markers for ILC3 sorting is still missing.

However, in most sorting protocols, the live/dead discrimination

and doublet exclusion seem to be mandatory. Some authors suggest

that before cell sorting, enrichment of CD90+ (233) or Lin− cells

(408) should take place. The most efficient sorting of mouse ILC3
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occurs in samples obtained from mice that carry a fluorescently

labeled reporter RORgt. In this case, the sorting protocol might

include only a CD3 staining, after which ILC3s are sorted as

CD3−RORgt+ cells (the exclusion of Th17 cells is achieved).

However, most of the protocols include additional surface

markers—ILC3 can be sorted as CD45intCD90highRORgt+ (275)

or as Lin−CD45+CD90.2+RORgt+ (270). In the studies not using

RORgt reporter mice, investigators tend to use as many markers as

they can for the determination of ILC3. For example, Zhou et al.

( 9 6 ) s o r t e d a n e n r i c h e d p o p u l a t i o n o f I LC 3 a s

Lin−CD45lowCD90.2highCD127+KLRG1−. However, other groups

used fewer denominators for the enrichment of ILC3, for

example, the CD3− and CD90highCD45low gating (254) or

complete lineage-negative population coupled with CD90high and

CD45low markers (238, 269). Some groups use KLRG1 as an

additional discriminative factor for ILC3 enrichment in the

f o l l o w i n g p a n e l L i n −CD9 0 . 2 + K L RG 1 − ( 3 3 0 ) o r

Lin−CD45+CD90.2+KLRG1− (128). As recent data indicate that

surface CD90 can be downregulated when ILC3s are functionally

active, the usage of CD90 for ILC3 sorting is questionable (375).

CD127 and ST2 are also used to determine ILC3 for sorting in

addition to Lin−CD45+CD4−. The same study uses the NKp46

marker to sort-purify NCR+ and NCR− ILC3s (122). In all articles

that we have analyzed so far, the percentage of acquired RORgt+

cells after ILC3 sorting (without the use of knock-in fluorescent

labeling of RORgt) was not determined. Therefore, cells sorted in

such a way can be referred to as enriched ILC3s, or just ILCs (as

they are composed out of all three ILC types). The recommendation

for future studies where these cells are used in vitro would be to

evaluate the ILC distribution in post-sorted samples before

engaging in any treatment or stimulation.

Human ILC3 cell sorting tends to be more difficult, as their

surface markers may be different in peripheral blood mononuclear

cells (PBMCs) and within the tissues. Also, unlike in mice, human

ILC2 and ILC3 cannot exclusively be defined by transcription

factors GATA3 and RORgt (409); therefore, there is no need for

confirmation in post-sort samples. In general, ILC3 sorting from the

PBMC or colon was performed according to the surface markers

Lin−CD45+CD127+CRTH2−CD117+ (410, 411). However, when

ILC3s are sorted from the lungs, additional markers were

included such as CD16−NKG2A− and CD161+ (411).

ILC3 sorting is usually done in order to perform single-cell

RNA sequencing, in-vitro culture, or cell transfer. In-vitro culture of

enriched human ILC3 is a prolonged process that requires several

growth factors (SCF, IL-7, Flt-3L, IL-2, IL-15). The success of ILC3

propagation in vitro can depend upon a layer of cells to support

ILC3 proliferation (such as mesenchymal stem cells) (79). Mouse-

enriched ILC3s are usually cultured with SCF and IL-7 and on

occasion with the addition of IL-1b, IL-12, or IL-23. In-vitro culture
and stimulation of ILC3 with PMA/ionomycin/brefeldin is done in

order to detect ILC3-derived cytokines. However, this can lead to

the downregulation of ILC3-specific surface markers, thus

interfering with flow cytometry analysis of post-treatment ILC3

(412). For performing a cell transfer, ILC3s are usually used freshly

sorted from cell suspension derived from intestinal lamina propria

or the lungs. Lamina propria is most often chosen as the source of
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ILC3 because of the abundance of ILC3s in the innate immune cell

compartment. As the numbers of obtained ILC3 from tissues are

very low, researchers use from 100,000 to 500,000 cells per transfer

(233, 267). Having in mind the required precision in ILC3

phenotyping, sorting, and culture conditions and the paucity of

tissue ILC3, as well as the limited availability of organs/tissues for

their isolation, the use of ILC3 for human cell therapy seems to be

complex and unrealistic. Still, alternative strategies, such as

propagating tissue-like ILC3 from CD34+ hematopoietic

progenitors (79), could overcome the above-stated obstacles on

the road toward ILC3-based therapy.
9 Conclusions

The ILC3 research field is still relatively novel, and ILC3

identification by flow cytometry is not yet standardized. The

expanding complexity of phenotypic determinants of ILC3 and

the tissue specificities of ILC3 contribute to the discrepancies in

protocols used by different research groups. Through analysis of the

current state of phenotypic characterization of ILC3 by flow

cytometry, we conclude that markers for the identification of

ILC3 should be chosen in relation to the study species and

design, as well as to the tissue of origin. The following are our

suggestions for the identification of ILC3 by flow cytometry.
9.1 Mice: CD3−RORgt+

RORgt is the most reliable marker for ILC3 in mice. It is enough

to use CD3 as the lineage marker in combination with RORgt in
most of the studies. Additional lineage markers seem redundant as

long as samples are not obtained from the lungs or spleen when

neutrophil or myeloid/DC exclusion is needed. CD127 is required

as an additional positive marker only if ILC1 and ILC2 are identified

in parallel. CD90 should not be used as an exclusive ILC3 marker.
9.2 Humans: CD3−CD127+CD117+CD294−

CD127 in combination with T-cell-specific lineage markers is a

proper way to distinguish human ILC from NK cells. CD294 is an

ILC2-specific marker and is a good marker to discriminate between

ILC2 and ILC3. As for the distinction of ILC1, CD117 is expressed

on ILC2 and ILC3, but not on ILC1. The addition of CD161 is not

necessary. It can be used instead of CD127, but in that case,

additional lineage markers for myeloid cells are required. RORgt
cannot be used for distinguishing ILC3 from other innate

lymphocytes in humans.
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9.3 General

There is no need to use CD45 when analyzing cells isolated

from the blood, lymph nodes, spleen, or tonsils, but it is necessary to

use it in quantitative analysis of tissue-residing ILC3.

In a number of studies analyzed in this review, we observe a

superfluous use of lineage cocktail markers. Although unnecessary,

such overapplication of markers does not jeopardize proper ILC3

identification. On the other hand, there are studies in which ILC3 is

identified by an insufficient number of markers or inappropriate

marker combinations. This raises the question of the accuracy of the

results and the conclusions of such studies. We hope that this paper

will help researchers interested in ILC3-related studies to tailor their

research design to the best of their specific needs.
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2. Stojanović I, Saksida T, Miljković Đ, Pejnović N. Modulation of intestinal ILC3
for the treatment of type 1 diabetes. Front Immunol (2021) 12:653560. doi: 10.3389/
fimmu.2021.653560
frontiersin.org

https://doi.org/10.3389/fimmu.2021.657622
https://doi.org/10.3389/fimmu.2021.653560
https://doi.org/10.3389/fimmu.2021.653560
https://doi.org/10.3389/fimmu.2023.1271699
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Koprivica et al. 10.3389/fimmu.2023.1271699
3. Satoh-Takayama N, Vosshenrich CA, Lesjean-Pottier S, Sawa S, Lochner M,
Rattis F, et al. Microbial flora drives interleukin 22 production in intestinal NKp46+
cells that provide innate mucosal immune defense. Immunity (2008) 29(6):958–70.
doi: 10.1016/j.immuni.2008.11.001

4. Luci C, Reynders A, Ivanov II, Cognet C, Chiche L, Chasson L, et al. Influence of
the transcription factor RORgammat on the development of NKp46+ cell populations
in gut and skin. Nat Immunol (2009) 10(1):75–82. doi: 10.1038/ni.1681

5. Sanos SL, Bui VL, Mortha A, Oberle K, Heners C, Johner C, et al. RORgammat
and commensal microflora are required for the differentiation of mucosal interleukin
22-producing NKp46+ cells. Nat Immunol (2009) 10(1):83–91. doi: 10.1038/ni.1684

6. Cella M, Fuchs A, Vermi W, Facchetti F, Otero K, Lennerz JK, et al. A human
natural killer cell subset provides an innate source of IL-22 for mucosal immunity.
Nature (2009) 457(7230):722–5. doi: 10.1038/nature07537

7. Cella M, Otero K, Colonna M. Expansion of human NK-22 cells with IL-7, IL-2,
and IL-1beta reveals intrinsic functional plasticity. Proc Natl Acad Sci U.S.A. (2010) 107
(24):10961–6. doi: 10.1073/pnas.1005641107

8. Satoh-Takayama N, Lesjean-Pottier S, Vieira P, Sawa S, Eberl G, Vosshenrich CA,
et al. IL-7 and IL-15 independently program the differentiation of intestinal CD3-
NKp46+ cell subsets from Id2-dependent precursors. J Exp Med (2010) 207(2):273–80.
doi: 10.1084/jem.20092029

9. Vonarbourg C, Mortha A, Bui VL, Hernandez PP, Kiss EA, Hoyler T, et al.
Regulated expression of nuclear receptor RORgt confers distinct functional fates to NK
cell receptor-expressing RORgt(+) innate lymphocytes. Immunity (2010) 33(5):736–51.
doi: 10.1016/j.immuni.2010.10.017

10. Spits H, Di Santo JP. The expanding family of innate lymphoid cells: regulators
and effectors of immunity and tissue remodeling. Nat Immunol (2011) 12(1):21–7.
doi: 10.1038/ni.1962

11. Cupedo T, Crellin NK, Papazian N, Rombouts EJ, Weijer K, Grogan JL, et al.
Human fetal lymphoid tissue-inducer cells are interleukin 17-producing precursors to
RORC+ CD127+ natural killer-like cells. Nat Immunol (2009) 10(1):66–74.
doi: 10.1038/ni.1668

12. Sawa S, Lochner M, Satoh-Takayama N, Dulauroy S, Bérard M, Kleinschek M,
et al. RORgt+ innate lymphoid cells regulate intestinal homeostasis by integrating
negative signals from the symbiotic microbiota. Nat Immunol (2011) 12(4):320–6.
doi: 10.1038/ni.2002

13. Hepworth MR, Fung TC, Masur SH, Kelsen JR, McConnell FM, Dubrot J, et al.
Immune tolerance. Group 3 innate lymphoid cells mediate intestinal selection of
commensal bacteria-specific CD4+ T cells. Science (2015) 348(6238):1031–5.
doi: 10.1126/science.aaa4812

14. Zhong C, Zheng M, Zhu J. Lymphoid tissue inducer-A divergent member of the
ILC family. Cytokine Growth Factor Rev (2018) 42:5–12. doi: 10.1016/
j.cytogfr.2018.02.004

15. van de Pavert SA. Lymphoid Tissue inducer (LTi) cell ontogeny and functioning
in embryo and adult. BioMed J (2021) 44(2):123–32. doi: 10.1016/j.bj.2020.12.003

16. Kim MY, Anderson G, White A, Jenkinson E, Arlt W, Martensson IL, et al.
OX40 ligand and CD30 ligand are expressed on adult but not neonatal CD4+CD3-
inducer cells: evidence that IL-7 signals regulate CD30 ligand but not OX40 ligand
expression. J Immunol (2005) 174(11):6686–91. doi: 10.4049/jimmunol.174.11.6686

17. Spits H, Artis D, Colonna M, Diefenbach A, Di Santo JP, Eberl G, et al. Innate
lymphoid cells–a proposal for uniform nomenclature. Nat Rev Immunol (2013) 13
(2):145–9. doi: 10.1038/nri3365

18. Montaldo E, Teixeira-Alves LG, Glatzer T, Durek P, Stervbo U, Hamann W,
et al. Human RORgt(+)CD34(+) cells are lineage-specified progenitors of group 3
RORgt(+) innate lymphoid cells. Immunity (2014) 41(6):988–1000. doi: 10.1016/
j.immuni.2014.11.010

19. Crellin NK, Trifari S, Kaplan CD, Cupedo T, Spits H. Human NKp44+IL-22+
cells and LTi-like cells constitute a stable RORC+ lineage distinct from conventional
natural killer cells. J Exp Med (2010) 207(2):281–90. doi: 10.1084/jem.20091509

20. Scoville SD, Freud AG, Caligiuri MA. Modeling human natural killer cell
development in the era of innate lymphoid cells. Front Immunol (2017) 8:360.
doi: 10.3389/fimmu.2017.00360

21. Freud AG, Yokohama A, Becknell B, Lee MT, Mao HC, Ferketich AK, et al.
Evidence for discrete stages of human natural killer cell differentiation in vivo. J Exp
Med (2006) 203(4):1033–43. doi: 10.1084/jem.20052507

22. Scoville SD, Freud AG, Caligiuri MA. Cellular pathways in the development of
human and murine innate lymphoid cells. Curr Opin Immunol (2019) 56:100–6.
doi: 10.1016/j.coi.2018.11.003

23. Lim AI, Li Y, Lopez-Lastra S, Stadhouders R, Paul F, Casrouge A, et al. Systemic
human ILC precursors provide a substrate for tissue ILC differentiation. Cell (2017) 168
(6):1086–1100.e10. doi: 10.1016/j.cell.2017.02.021

24. Scoville SD, Mundy-Bosse BL, Zhang MH, Chen L, Zhang X, Keller KA, et al. A
progenitor cell expressing transcription factor RORgt generates all human innate
lymphoid cell subsets. Immunity (2016) 44(5):1140–50. doi: 10.1016/
j.immuni.2016.04.007

25. Chen L, Youssef Y, Robinson C, Ernst GF, Carson MY, Young KA, et al. CD56
expression marks human group 2 innate lymphoid cell divergence from a shared NK
cell and group 3 innate lymphoid cell developmental pathway. Immunity (2018) 49
(3):464–476.e4. doi: 10.1016/j.immuni.2018.08.010
Frontiers in Immunology 21183
26. Cella M, Gamini R, Sécca C, Collins PL, Zhao S, Peng V, et al. Subsets of ILC3-
ILC1-like cells generate a diversity spectrum of innate lymphoid cells in human
mucosal tissues. Nat Immunol (2019) 20(8):980–91. doi: 10.1038/s41590-019-0425-y

27. Fuchs A, Vermi W, Lee JS, Lonardi S, Gilfillan S, Newberry RD, et al.
Intraepithelial type 1 innate lymphoid cells are a unique subset of IL-12- and IL-15-
responsive IFN-g-producing cells. Immunity (2013) 38(4):769–81. doi: 10.1016/
j.immuni.2013.02.010

28. Victor AR, Nalin AP, Dong W, McClory S, Wei M, Mao C, et al. IL-18 drives
ILC3 proliferation and promotes IL-22 production via NF-kB. J Immunol (2017) 199
(7):2333–42. doi: 10.4049/jimmunol.1601554

29. Damele L, Amaro A, Serio A, Luchetti S, Pfeffer U, Mingari MC, et al. EZH1/2
inhibitors favor ILC3 development from human HSPC-CD34+ Cells. Cancers (Basel)
(2021) 13(2):319. doi: 10.3390/cancers13020319

30. Hoorweg K, Peters CP, Cornelissen F, Aparicio-Domingo P, Papazian N,
Kazemier G, et al. Functional differences between human NKp44(-) and NKp44(+)
RORC(+) innate lymphoid cells. Front Immunol (2012) 3:72. doi: 10.3389/
fimmu.2012.00072

31. Munneke JM, Björklund AT, Mjösberg JM, Garming-Legert K, Bernink JH,
Blom B, et al. Activated innate lymphoid cells are associated with a reduced
susceptibility to graft-versus-host disease. Blood (2014) 124(5):812–21. doi: 10.1182/
blood-2013-11-536888

32. Damele L, Montaldo E, Moretta L, Vitale C, Mingari MC. Effect of tyrosin kinase
inhibitors on NK cell and ILC3 development and function. Front Immunol (2018)
9:2433. doi: 10.3389/fimmu.2018.02433

33. Longman RS, Diehl GE, Victorio DA, Huh JR, Galan C, Miraldi ER, et al.
CX3CR1

+ mononuclear phagocytes support colitis-associated innate lymphoid cell
production of IL-22. J Exp Med (2014) 211(8):1571–83. doi: 10.1084/jem.20140678

34. Talayero P, Mancebo E, Calvo-Pulido J, Rodrıǵuez-Muñoz S, Bernardo I,
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351. Crispıń JC, Oukka M, Bayliss G, Cohen RA, Van Beek CA, Stillman IE, et al.
Expanded double negative T cells in patients with systemic lupus erythematosus
produce IL-17 and infiltrate the kidneys. J Immunol (2008) 181(12):8761–6.
doi: 10.4049/jimmunol.181.12.8761

352. Ueyama A, Imura C, Fusamae Y, Tsujii K, Furue Y, Aoki M, et al. Potential role
of IL-17-producing CD4/CD8 double negative ab T cells in psoriatic skin
inflammation in a TPA-induced STAT3C transgenic mouse model. J Dermatol Sci
(2017) 85(1):27–35. doi: 10.1016/j.jdermsci.2016.10.007

353. Thomas ML. The leukocyte common antigen family. Annu Rev Immunol
(1989) 7:339–69. doi: 10.1146/annurev.iy.07.040189.002011

354. Nakano H, Yanagita M, Gunn MD. CD11c(+)B220(+)Gr-1(+) cells in mouse
lymph nodes and spleen display characteristics of plasmacytoid dendritic cells. J Exp
Med (2001) 194(8):1171–8. doi: 10.1084/jem.194.8.1171

355. Merkenschlager M, Fisher AG. CD45 isoform switching precedes the
activation-driven death of human thymocytes by apoptosis. Int Immunol (1991) 3
(1):1–7. doi: 10.1093/intimm/3.1.1

356. Renno T, Attinger A, Rimoldi D, Hahne M, Tschopp J, MacDonald HR.
Expression of B220 on activated T cell blasts precedes apoptosis. Eur J Immunol (1998)
28(2) :540–7 . doi : 10 .1002/(SICI)1521-4141(199802)28 :02<540: :AID-
IMMU540>3.0.CO;2-Y

357. Oka S, Mori N, Matsuyama S, Takamori Y, Kubo K. Presence of B220 within
thymocytes and its expression on the cell surface during apoptosis. Immunology (2000)
100(4):417–23. doi: 10.1046/j.1365-2567.2000.00063.x

358. Melchers F, ten Boekel E, Seidl T, Kong XC, Yamagami T, Onishi K, et al.
Repertoire selection by pre-B-cell receptors and B-cell receptors, and genetic control of
B-cell development from immature to mature B cells. Immunol Rev (2000) 175:33–46.
doi: 10.1111/j.1600-065X.2000.imr017510.x

359. Wang K, Wei G, Liu D. CD19: a biomarker for B cell development, lymphoma
diagnosis and therapy. Exp Hematol Oncol (2012) 1(1):36. doi: 10.1186/2162-3619-1-36

360. Meininger I, Carrasco A, Rao A, Soini T, Kokkinou E, Mjösberg J. Tissue-
specific features of innate lymphoid cells. Trends Immunol (2020) 41(10):902–17.
doi: 10.1016/j.it.2020.08.009

361. Van Acker HH, Capsomidis A, Smits EL, Van Tendeloo VF. CD56 in the
immune system: more than a marker for cytotoxicity? Front Immunol (2017) 8:892.
doi: 10.3389/fimmu.2017.00892

362. Carlyle JR, Mesci A, Ljutic B, Belanger S, Tai LH, Rousselle E, et al. Molecular
and genetic basis for strain-dependent NK1.1 alloreactivity of mouse NK cells. J
Immunol (2006) 176(12):7511–24. doi: 10.4049/jimmunol.176.12.7511

363. Sheikh A, Abraham N. Interleukin-7 receptor alpha in innate lymphoid cells:
more than a marker. Front Immunol (2019) 10:2897. doi: 10.3389/fimmu.2019.02897

364. Artis D, Spits H. The biology of innate lymphoid cells. Nature (2015) 517
(7534):293–301. doi: 10.1038/nature14189

365. Alves NL, van Leeuwen EM, Remmerswaal EB, Vrisekoop N, Tesselaar K,
Roosnek E, et al. A new subset of human naive CD8+ T cells defined by low expression
of IL-7R alpha. J Immunol (2007) 179(1):221–8. doi: 10.4049/jimmunol.179.1.221

366. Huster KM, Busch V, Schiemann M, Linkemann K, Kerksiek KM, Wagner H,
et al. Selective expression of IL-7 receptor on memory T cells identifies early CD40L-
dependent generation of distinct CD8+ memory T cell subsets. Proc Natl Acad Sci
U.S.A. (2004) 101(15):5610–5. doi: 10.1073/pnas.0308054101
frontiersin.org

https://doi.org/10.4049/jimmunol.1900781
https://doi.org/10.4049/jimmunol.1900781
https://doi.org/10.4049/jimmunol.1601984
https://doi.org/10.1084/jem.20170518
https://doi.org/10.1080/19490976.2023.2181928
https://doi.org/10.1038/mi.2013.101
https://doi.org/10.1084/jem.20211861
https://doi.org/10.1371/journal.ppat.1006357
https://doi.org/10.3389/fimmu.2019.00075
https://doi.org/10.4049/immunohorizons.2200070
https://doi.org/10.4049/immunohorizons.2200070
https://doi.org/10.3389/fimmu.2019.00001
https://doi.org/10.1038/s41385-021-00432-4
https://doi.org/10.1126/scisignal.aaf2223
https://doi.org/10.1016/j.immuni.2016.06.027
https://doi.org/10.1016/j.immuni.2016.06.027
https://doi.org/10.1038/s41598-017-04091-z
https://doi.org/10.1038/s41598-017-04091-z
https://doi.org/10.3389/fimmu.2017.01969
https://doi.org/10.3389/fimmu.2017.01969
https://doi.org/10.1002/eji.201847480
https://doi.org/10.1080/2162402X.2018.1475875
https://doi.org/10.1080/2162402X.2018.1475875
https://doi.org/10.1038/s41423-019-0200-x
https://doi.org/10.1038/s41467-019-11304-8
https://doi.org/10.1111/pim.12791
https://doi.org/10.1038/s41467-020-19400-w
https://doi.org/10.1038/s41467-020-19400-w
https://doi.org/10.1016/j.celrep.2022.110530
https://doi.org/10.1016/j.cell.2015.08.061
https://doi.org/10.3390/nu14224789
https://doi.org/10.3390/nu14224789
https://doi.org/10.1016/j.bbi.2018.05.024
https://doi.org/10.3390/ijms22031250
https://doi.org/10.3390/ijms22031250
https://doi.org/10.1038/mi.2016.86
https://doi.org/10.1038/ni.2797
https://doi.org/10.1371/journal.pone.0153829
https://doi.org/10.1371/journal.pone.0153829
https://doi.org/10.1016/j.cell.2019.09.035
https://doi.org/10.1016/j.immuni.2010.12.009
https://doi.org/10.4049/jimmunol.181.12.8761
https://doi.org/10.1016/j.jdermsci.2016.10.007
https://doi.org/10.1146/annurev.iy.07.040189.002011
https://doi.org/10.1084/jem.194.8.1171
https://doi.org/10.1093/intimm/3.1.1
https://doi.org/10.1002/(SICI)1521-4141(199802)28:02%3C540::AID-IMMU540%3E3.0.CO;2-Y
https://doi.org/10.1002/(SICI)1521-4141(199802)28:02%3C540::AID-IMMU540%3E3.0.CO;2-Y
https://doi.org/10.1046/j.1365-2567.2000.00063.x
https://doi.org/10.1111/j.1600-065X.2000.imr017510.x
https://doi.org/10.1186/2162-3619-1-36
https://doi.org/10.1016/j.it.2020.08.009
https://doi.org/10.3389/fimmu.2017.00892
https://doi.org/10.4049/jimmunol.176.12.7511
https://doi.org/10.3389/fimmu.2019.02897
https://doi.org/10.1038/nature14189
https://doi.org/10.4049/jimmunol.179.1.221
https://doi.org/10.1073/pnas.0308054101
https://doi.org/10.3389/fimmu.2023.1271699
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Koprivica et al. 10.3389/fimmu.2023.1271699
367. Liu W, Putnam AL, Xu-Yu Z, Szot GL, Lee MR, Zhu S, et al. CD127 expression
inversely correlates with FoxP3 and suppressive function of human CD4+ T reg cells. J
Exp Med (2006) 203(7):1701–11. doi: 10.1084/jem.20060772

368. Lennartsson J, Rönnstrand L. Stem cell factor receptor/c-Kit: from basic science
to clinical implications. Physiol Rev (2012) 92(4):1619–49. doi: 10.1152/
physrev.00046.2011

369. Frumento G, Zuo J, Verma K, Croft W, Ramagiri P, Chen FE, et al. CD117 (c-
kit) is expressed during CD8+ T cell priming and stratifies sensitivity to apoptosis
according to strength of TCR engagement. Front Immunol (2019) 10:468. doi: 10.3389/
fimmu.2019.00468

370. Onkanga IO, Hamilton R, Mwinzi PNM, Schneider T, Ondigo BN, Sang H,
et al. Expression of CD117 (c-kit) on circulating B cells in pediatric schistosomiasis.
Infect Immun (2022) 90(8):e0016022. doi: 10.1128/iai.00160-22

371. Oliver ET, Chichester K, Devine K, Sterba PM, Wegner C, Vonakis BM, et al.
Effects of an oral CRTh2 antagonist (AZD1981) on eosinophil activity and symptoms
in chronic spontaneous urticaria. Int Arch Allergy Immunol (2019) 179(1):21–30.
doi: 10.1159/000496162

372. Sauzay C, Voutetakis K, Chatziioannou A, Chevet E, Avril T. CD90/thy-1, a
cancer-associated cell surface signaling molecule. Front Cell Dev Biol (2019) 7:66.
doi: 10.3389/fcell.2019.00066

373. Corral D, Charton A, Krauss MZ, Blanquart E, Levillain F, Lefrançais E, et al.
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Distinct regulatory machineries
underlying divergent chromatin
landscapes distinguish innate
lymphoid cells from
T helper cells

Yime Zhang1,2†, Luni Hu3,4†, Guanqun Ren3,4, Yanyu Zeng1,2,
Xingyu Zhao1,2 and Chao Zhong1,2,3,4*

1Department of Immunology, School of Basic Medical Sciences, Peking University Health Science
Center, Beijing, China, 2Key National Health Commission Laboratory of Medical Immunology, Peking
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Innate lymphoid cells (ILCs), as the innate counterpart of CD4+ T helper (Th) cells,

play crucial roles in maintaining tissue homeostasis. While the ILC subsets and

their corresponding Th subsets demonstrate significant similarities in core

programming related to effector function and regulatory mechanisms, their

principal distinctions, given their innate and adaptive lymphocyte nature,

remain largely unknown. In this study, we have employed an integrative

analysis of 294 bulk RNA-sequencing results across all ILC and Th subsets,

using scRNA-seq algorithms. Consequently, we identify two genesets that

predominantly differentiate ILCs from Th cells, as well as three genesets that

distinguish various immune responses. Furthermore, through chromatin

accessibility analysis, we find that the ILC geneset tends to rely on specific

transcriptional regulation at promoter regions compared with the Th geneset.

Additionally, we observe that ILCs and Th cells are under differential

transcriptional regulation. For example, ILCs are under stronger regulation by

multiple transcription factors, including RORa, GATA3, and NF-kB. Otherwise, Th

cells are under stronger regulation by AP-1. Thus, our findings suggest that,

despite the acknowledged similarities in effector functions between ILC subsets

and corresponding Th subsets, the underlying regulatory machineries still exhibit

substantial distinctions. These insights provide a comprehensive understanding

of the unique roles played by each cell type during immune responses.

KEYWORDS

innate lymphoid cells, T helper cells, transcriptome, chromatin accessibility,
transcription factor
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Introduction

In recent years, innate lymphoid cells (ILCs) have garnered

increasing attention owing to their functional parallels with CD4+ T

helper (Th) cells of the adaptive immune system (1–3). Both ILCs

and Th cells play pivotal roles by secreting effector cytokines,

sharing similarities in their effector functions and regulatory

mechanisms. These shared characteristics lead to the

categorization of both cell types into distinct subsets based on the

expression of signature effector cytokines and master transcription

factors (4–7). For instance, type 1 ILCs (ILC1s) and Th1 cells

mainly produce IFN-g and TNF-a, regulated by the master

transcription factor T-bet (8, 9). Likewise, ILC2s and Th2 cells

predominantly express IL-5 and IL-13, controlled by the

transcription factor GATA3 (10–12). Furthermore, ILC3s,

encompassing natural killer receptor expressing (NCR+) ILC3s,

double-negative (DN) ILC3s, and lymphoid tissue-inducer (LTi)

cells, mirror Th17 cells as they primarily secrete IL-22 and IL-17,

under the regulation of the transcription factor RORgt (13, 14).
Although the ILC subsets and their corresponding Th subsets

share functional and regulatory similarities, it remains imperative to

acknowledge their fundamental differences as innate and adaptive

lymphocytes, respectively. One notable distinction lies in the role of

T-cell receptor (TCR) signaling, which is crucial for the activation,

differentiation, and effector functions of Th cells (15). TCR

signaling triggers downstream transcription factors like AP-1,

NF-AT, and NF-kB (16). In contrast, ILCs, lacking TCR

expression, rely on cytokines, neuropeptides, eicosanoids, and

other environmental signal for activation (17–21). Additionally,

ILCs are characterized by their tissue residency, meaning that their

activation and functions are regulated by local environmental cues

and they exert crucial regulatory roles in maintaining tissue

homeostasis (22, 23). Th cells, however, are primarily circulatory,

undergoing initially activated and differentiated in secondary

lymphoid organs before migrating to exert effector functions in

peripheral tissues (24). This distinction underscores that despite

parallels, there exist key functional and regulatory differences

between ILCs and Th cells intrinsic to their identities as innate

versus adaptive lymphocytes.

The transcriptomic differences between ILC subsets and their

corresponding Th cells should, to varying degrees, reflect their

functional and regulatory differences. Previous studies have

attempted transcriptional comparison between these cell types

(25–27). For instance, in a study examining Nippostrongylus

brasiliensis infection, lung ILC2s and Th2 cells isolated on day 14

were subjected to bulk RNA-sequencing (RNA-seq) analysis. The

resulting differentially expressed genes between the two cell types

were indeed substantial (25). However, the core programing of lung

ILC2 and Th2 cells, including cell-surface receptors, cytokines, and

transcription factors, exhibited significant shared properties (26,

28). Furthermore, other studies have demonstrated that

differentiated Th2 cells and memory Th2 cells can produce

effector cytokines independently of TCR signaling, similar to

innate lymphocytes (29, 30). These findings may partially explain

the resemblance between lung Th2 cells and ILC2s after N.

brasiliensis infection. Nevertheless, it remains unclear whether all
Frontiers in Immunology 02193
ILC subsets and their corresponding Th cells exhibit such

comparable features under different conditions. Moreover, ILCs

primarily reside in local tissues, where they participate in

maintaining tissue homeostasis. Conversely, Th cells typically

undergo activation and differentiation in secondary lymphoid

organs, specializing in cytokine production to facilitate immune

responses. Therefore, further investigation into the fundamental

difference between ILCs and Th cells is still imperative.
Results

Integrated transcriptome analysis uncovers
distinct gene expression signatures
between ILC and Th subsets

ILCs and Th cells exhibited parallel effector functions in innate

and adaptive immunity, respectively (31). However, the

transcriptomic differences between these cell types had remained

largely unclear. To comprehensively compare their transcriptomes

and minimize variations from a single data source, we performed an

integrative analysis leveraging publicly available bulk RNA-

sequencing (RNA-seq) datasets. In total, we collected bulk RNA-

seq datasets from 52 published studies, comprising 294 samples,

including 21 ILC1, 64 ILC2, 41 ILC3, 61 Th1 cell, 49 Th2 cell, and

58 Th17 cell samples (Figure 1A, Supplementary Table 1).

Subsequently, we applied a series of data processing steps to the

bulk RNA-seq datasets, including normalization of data, filtration

of genes with low expression, and removal of batch effect (Figure 1B,

Supplementary Figure 1A). Through these steps, we identified 8,393

genes with significantly high expression levels (transcripts per

million or TPM >10) in at least one ILC or Th subset (expressed

in more than 80% of the samples for each respective subset)

(Figure 1C, Supplementary Figure 1B). Following the removal of

batch effects, the RNA-seq samples underwent UMAP

classification, a commonly used algorithm frequently used for

single-cell RNA-seq (scRNA-seq) analysis, based on the gene

expression profiles of the samples (Figure 1D, Supplementary

Figure 1C). The UMAP analysis accurately assigned the samples

to their respective cell type categories, indicating that the gene

expression profiles effectively captured the cellular heterogeneity

within the dataset. To further validate the accuracy of the RNA-seq

dataset processing, we examined the expression of expected

signature genes in ILC and Th subsets. Specifically, all three ILC

subsets exhibited enriched expression of the ILC marker Kit,

whereas the three Th subsets showed specific expression of the T-

cell marker Cd3e (Figure 1E). Moreover, the master transcriptional

factors Tbx21, Gata3, and Rorc, associated with different immune

cell types, were accurately and highly expressed by their respective

ILC or Th subsets (Figure 1E).

The successful classification allowed us to further investigate the

distinct transcriptional features present in each ILC and Th subset

by employing algorithms specifically designed for scRNA-seq

analysis. Despite sharing similarities in effector functions, we

anticipated significant transcriptional differences between ILC

subsets and their corresponding Th subsets, reflecting their
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inherent differentiation as innate and adaptive immune cells,

respectively. To elucidate such transcriptional differences, we

conducted paired transcriptome comparisons between ILC

subsets and their parallel Th subsets (ILC1 versus Th1, ILC2

versus Th2, and ILC3 versus Th17). This analysis revealed 258

ILC-specific genes and 434 Th-specific genes, referred to as the ILC

geneset and Th geneset, respectively (Figure 1F, Supplementary

Table 2). To further verify the reliability of the geneset and eliminate

the interference of the tissue environment, we conducted a

comparison of the expression levels of the ILC geneset and the

Th geneset between ILC and Th subsets originating from the same

source (25, 32, 33). As we anticipated, most genes in the ILC geneset
Frontiers in Immunology 03194
exhibit a higher expression level in ILC subsets, whereas most genes

in the Th geneset exhibit a higher expression level in Th subsets

from the same source (Supplementary Figure 2). Overall, the ILC

geneset and Th geneset represent fundamental distinctions

between ILC and Th cells and are minimally affected by

environmental factors.

The different subsets of ILCs, along with their corresponding Th

subsets, play distinct roles in immune responses. Therefore, we next

conducted a screening process to identify genes that underlay

specific immune responses, exhibiting conserved, subset-specific

expression patterns in individual ILC subsets and their

corresponding Th counterparts, aiming to identify genes
B
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FIGURE 1

Integrative RNA-seq analysis uncovers principal genesets distinguishing ILC and Th subsets. (A) Bar chart showing the sources and numbers of bulk
RNA-seq datasets across different ILC and Th subsets, and donut plot showing the numbers of bulk RNA-seq datasets collected for each cell type.
(B) Schematics of the RNA-seq data preprocessing strategy. RNA-seq datasets of ILCs and Th cells are normalized into TPM, and then low-
expression genes are filtered out, followed by batch effect removal using the limma package. (C) Violin plot showing average gene expression (log2
TPM) in each cell type after low expression gene filtering. (D) UMAP plot showing distribution of ILC and Th RNA-seq samples after batch effect
removal. Cell types and data sources are annotated. (E) Scatter plot showing the expression of Kit, Cd3e, Tbx21, Gata3, and Rorc across ILC and Th
subsets. (F) Heatmap showing differentially expressed genes between ILC and Th (log2 fold-change > 0.25, P. value < 0.01). The top 10 ILC-specific
and Th-specific genes ranked by fold change are listed. (G) Heatmap showing conserved genes in ILC and Th subsets of each immune response
(log2 fold change > 0.25, P. value < 0.01). The top 10 genes with minimum fold change among ILC and Th subset are listed. UMAP, Uniform Manifold
Approximation and Projection. TPM, transcripts per million mapped reads.
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underlying specific immune responses. As a result, we defined 167

genes as the type 1 geneset, which included Ifng and Tbx21,

specifically expressed in both ILC1s and Th1 cells. We also

defined 98 genes as the type 2 geneset, such as Il4, Il5, Il13, and

Gata3, which were preferentially upregulated in both ILC2s and

Th2 cells. Additionally, we defined 148 genes as the type 3 geneset,

like Il17a, Il17f, Il22, and Rorc, exhibiting significant increases in

both ILC3s and Th17 cells (Figure 1G, Supplementary Table 3).

Collectively, by conducting an integrated analysis of 294 bulk

RNA-seq datasets across ILC and Th subsets using scRNA-seq

algorithms, we have successfully identified genesets that highlight

the key transcriptional differences between ILCs and Th cells, as

well as the variations in immune response programs.
GO enrichment analysis reveals
fundamental functional and regulatory
disparities across ILC and Th subsets

These genesets identified in our analysis provided valuable

insights into the fundamental transcriptional characteristics

underlying the functional properties of the ILC and Th subsets.
Frontiers in Immunology 04195
To further elucidate the functional differences between ILCs and Th

cells, as well as between distinct immune response programs, we

performed gene ontology (GO) enrichment analysis on these

genesets. The analysis revealed the top 100 enriched GO terms in

the ILC and Th genesets, highlighting the significant

overrepresentation of pathways related to “lymphocyte activation

and chemotaxis” in both ILCs and Th cells. This finding

underscored the critical role of these processes in shaping the

functional properties of ILCs and Th cells in the immune system

(Figure 2A, Supplementary Tables 4, 5). To validate this

observation, we examined the expression profile of representative

genes within these GO terms across different ILC and Th subsets

(Supplementary Figure 3A). Additionally, GO terms associated with

pathways of “cell migration”, “epithelium development”,

“mesenchyme development”, “blood vessel development”, and

“nervous system process” were specifically enriched in the ILC

geneset (Figure 2A, Supplementary Table 4), consistent with the

known role of ILCs as tissue-resident immune cells involved in

maintaining tissue homeostasis (22, 23). Specifically, GO terms

related to “cytokine production”, “MAPK-ERK pathway” and

“SMAD pathway” were also enriched in the ILC geneset,

suggesting distinct regulation machineries underlying the immune
B

A

FIGURE 2

GO enrichment analysis reveals fundamental functional and regulatory differences between ILCs and Th cells. (A) GO analysis of the ILC and Th
genesets. Enrichment map shows the top100 terms enriched in the ILC or Th genesets. (B) Dot plot showing the top10 terms enriched in immune
response-specific genesets. GO, gene ontology.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1271879
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhang et al. 10.3389/fimmu.2023.1271879
effects of ILCs compared with Th cells (Figure 2A). In contrast, GO

terms associated with “cell cycle” were highly enriched in the Th

geneset, indicating fundamental disparities between Th cells and

ILCs in terms of proliferation (Figure 2A, Supplementary Table 5).

This observation aligned with the knowledge that T cells underwent

clonal expansion during activation and differentiation, resulting in a

significant increase in cell number (34). Furthermore, the

expression profiles of representative genes within the specifically

enriched GO terms in the ILC and Th genesets confirmed the

functional distinctions between ILCs and Th cells (Supplementary

Figures 3B–D).

In addition, we examined the enriched GO terms in the three

immune response-related genesets. Although there were discernible

differences between these immune response programs, it was noted

that GO terms associated with cytokine production, defense

response, and inflammatory response were consistently enriched

across all three genesets (Figure 2B, Supplementary Figures 3E–G,

Supplementary Tables 6–8). This suggested a similarity in their

helper- l ike functional i t ies and their contr ibution to

immune responses.

Together, the combined GO enrichment analysis of the

predefined ILC and Th genesets, as well as the immune response-

related genesets, provides a comprehensive understanding of the

functional and regulatory similarities and differences between the

different ILC and Th subsets.
Expression-concordant opening chromatin
regions associated with the ILC geneset
tend to distribute in close proximity to the
transcription start sites

Gene expression levels often exhibited correlation with the

accessibility of corresponding chromatin loci (35, 36). To further

understand the transcriptional disparities between ILCs and Th

cells, we compared the chromatin accessibility across the ILC and

Th genesets using publicly available sequencing of DNase I

hypersensitive sites (DNase-seq) data (GSE172358) (37)

(Figure 3A). Through this analysis, we identified 3,292 opening

chromatin regions (OCRs) across the ILC genesets and 4,293 OCRs

across the Th geneset (within 50 kb to the transcriptional start site

or TSS). The accessibility of these OCRs was then compared

between ILCs and Th cells. OCRs that exhibited accessibility

changes consistent with the expression changes of their associated

genes when comparing ILCs and Th cells were referred to as

expression-concordant OCRs (Figures 3A, B). Conversely, OCRs

showing discord accessibility and expression changes between ILC

and Th subsets were categorized as expression-non-concordant

OCRs. As a result, we identified 1,022 concordant OCRs across

the ILC genesets, which we termed as ILC concordant OCRs

(Figure 3C). These OCRs corresponded to majority (79.5%) of the

genes in the ILC geneset (Figure 3D). Additionally, we identified

2,270 ILC non-concordant OCRs, encompassing 94.2% of the genes

in the ILC geneset (Supplementary Figures 4A, B). Similarly, we

discovered 1,559 concordant OCRs across the Th genesets, named

as Th concordant OCRs (Figure 3E). These OCRs accounted for
Frontiers in Immunology 05196
72.4% in the genes in the Th geneset (Figure 3F). We also identified

2,734 Th non-concordant OCRs, corresponding to 92.6% of the

genes in the Th geneset (Supplementary Figure 4C, D). Similar to

RNA-seq, Th subsets for DNase-seq are differentiated in vitro

whereas ILC subsets are isolated in vivo. For eliminating the

interference of the tissue environment and differentiation method,

we validated chromatin accessibility of ILC concordant OCRs and

Th concordant OCRs in ATAC-seq data of ILC and Th subsets in

vivo (25). As we anticipated, most of ILC concordant OCRs are

specifically opened in ILC subsets, whereas most of Th concordant

OCRs are specifically opened in Th subsets in vivo (Supplementary

Figure 5). This confirmed that the specific regulatory regions of ILC

geneset and Th geneset are not affected by environmental factors.

Furthermore, we performed a detailed characterization of the

ILC and Th concordant and non-concordant OCRs associated with

the ILC and Th genesets. Notably, we observed that the peak widths

of the ILC concordant OCRs in all ILC subsets were broader

compared with the peak widths of the Th concordant OCRs in

the Th subsets (Figures 3C, E). To statistically confirm this

difference, we quantified the peak widths of the ILC and Th

concordant and non-concordant OCRs (Figure 3G). The ILC

concordant OCRs exhibited a significant increase in width

compared with the Th concordant OCRs (Figure 3G). Conversely,

the width of the ILC non-concordant OCRs showed some variation

and even reduction when compared with the width of the Th non-

concordant OCRs (Supplementary Figure 4E). Previous studies had

suggested that wider OCRs might result from the merging of

multiple accessible regions and were more likely to be located in

the promoter and super-enhancer regions of the associated genes

(38). Therefore, we also investigated the genomic distribution of

these ILC and Th concordant and non-concordant OCRs.

Consistent with the previous studies (39–41), ILC concordant

OCRs demonstrated a preferential distribution within 1 kilobase

pair (kb) around TSSs compared with the Th concordant OCRs

(Figure 3H). However, the distribution of ILC non-concordant

OCRs did not show such a tendency (Supplementary Figure 4F).

Overall, these findings suggest that the transcriptional regulation of

the ILC geneset tends to heavily rely on promoter regions compared

with the transcriptional regulation of the Th geneset.
Different transcription factors are involved
in distinguishing the functionalities of ILCs
from Th cells

The observed differences in chromatin landscapes between the

ILC and Th genesets suggested that they might be regulated by

distinct transcriptional control mechanisms mediated by unique

regulators. To explore this further, we conducted an analysis to

identify enriched transcription factor binding motifs within the ILC

and Th concordant OCRs. Indeed, we found that the ILC

concordant OCRs displayed enriched binding motifs for

transcription factors including RORa, GATA3, GABPA, and c-

Rel (Figure 4A), whereas differentially enriched binding motifs were

observed for transcription factors such as BATF, AP-1, and ELK4 in

the Th concordant OCRs (Figure 4A). Subsequently, we considered
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the average expression levels of these predicted transcription factors

across ILC or Th subsets, providing further evidence of their

potential roles in driving the divergence of gene expression

programs between ILCs and Th cells (Figure 4B). Importantly,

the motifs for BATF and AP-1, both belonging to the bZIP family,

were notably enriched in the Th concordant OCRs (Figures 4A, B).

This observation aligned with the notion that these transcription

factors could form the AP-1-BATF transcriptional complex,

exerting crucial regulatory functions downstream of TCR

signaling to promote the activation and function of Th cells (16,
Frontiers in Immunology 06197
42). In contrast, the transcriptional regulation of the ILC geneset

appeared to rely on a distinct set of transcription factors, primarily

belonging to different transcription factor families rather than the

bZIP family (Figure 4B). On the other hand, a diverse range of

transcription factors were enriched in the expression-non-

concordant OCRs in both ILCs and Th cells, indicating their

unlikely involvement in regulating the gene expression in the ILC

or Th geneset (Supplementary Figures 6A, B).

In our analysis of the ILC concordant OCRs, we identified 10

potential transcription factors with highly enriched binding motifs
B
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FIGURE 3

Expression-concordant opening chromatin regions associated with the ILC geneset tend to distribute in close proximity to the transcription start
sites. (A) Schematics of identifying all OCRs associated with the genes in the ILC and Th genesets. (B) DNase-seq tracks at the Kit locus and Cd3g,
Cd3d, and Cd3e loci in ILC and Th subsets. Expression-concordant OCRs (fold change > 1.5 between ILC and Th, minimum BPM in both repeats of
each ILC subset > maximum BPM in both repeats of each Th subset, BPM in all ILC/Th sample > 0.5, red in ILC and blue in Th) and expression-non-
concordant OCRs (gray) are signed. (C) Heatmap showing chromatin accessibility of ILC concordant OCRs in the ILC and Th subsets. Profile plot
illustrates the average chromatin accessibility of corresponding regions. (D) Pie chart showing the number and proportion of genes in the ILC
geneset with ILC concordant OCRs at their gene loci. (E) Heatmap showing chromatin accessibility of Th concordant OCRs in ILC and Th subsets.
(F) Pie chart showing the number and proportion of genes in the Th geneset with Th concordant OCRs at their gene loci. (G) Histogram showing
peak size distribution of expression-concordant OCRs in ILCs and in Th cells. The percentage of OCRs broader than 500 bp are calculated. (H)
Histogram showing distances of expression-concordant OCRs to transcription start sites (TSSs) of their neighboring genes in ILC and in Th.
Percentage of OCRs within 1 kb of TSS is calculated. For box plots, the three horizontal lines of the box represent the third quartile, median, and first
quartile, respectively, from top to bottom. The whiskers below and above the box show 5 and 95 percentiles. Statistical significance of peak size and
distance of OCRs to their associated TSSs are calculated by two-sided Mann–Whitney U test. P. value above 0.05 is considered not significant, ***P
< 0.001. OCRs, open chromatin regions. BPM, bins per million mapped reads.
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and significant expression levels, namely, RORa, GATA3, RXRb, c-
REL, REL-B, REL-A, ERRa, ZBTB33, NR4A2, and RUNX3.

Notably, RORa, a member of the nuclear receptor family,

displayed the highest enrichment in the ILC concordant OCRs.

This finding aligned with previous studies that highlighted the

crucial roles of RORa in the development, maintenance, and

immune activation of ILC2s and ILC3s (43–45). Similarly, we

observed significant enrichment of GATA3 binding motifs,

supporting the notion that GATA3 played a regulatory role in the

development, expansion, and activation of both ILC2s and ILC3s in

our previous studies (12, 46, 47). Thus, these results validated the

accuracy of our analysis. Furthermore, we observed substantial

enrichment of binding motifs for REL-A, REL-B, and c-Rel in the

ILC concordant OCRs. Their transcription factors, belonging to the

RHD family, formed complexes with the NF-kB subunits (p50 for
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REL-A and c-Rel, and p52 for REL-B) (48). This suggested a

potential involvement of NF-kB in the transcriptional regulation

of the ILC geneset. In contrast, in the Th concordant OCRs, all of

the top 10 enriched potential transcription factors with significant

expression levels belonged to the bZIP family. This highlighted the

critical role of AP-1 in regulating T-cell function under TCR

signaling (49). Additionally, we discovered substantial enrichment

of potential transcription factors from the ETS family in both the

ILC and Th concordant OCRs. For example, ETS1 was identified as

occupying a significant number of expression-concordant OCRs in

both cell types. Based on literature, ETS1 had been reported to play

crucial regulatory roles in both the expansion of ILC2s and the

activation of Th cells (50, 51). Overall, our analysis identified the top

10 highly enriched potential transcription factors in ILCs or Th cells

based on their expression-concordant OCRs, as well as five
B
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FIGURE 4

Distinct transcription factors are involved in distinguishing the functionalities of ILCs from Th cells. (A) Motif enrichment of expression-concordant
OCRs in ILCs and in Th cells. The top significantly enriched motifs and the associated P. value are shown. TF and the TF family are annotated in the
HOCOMOCO database and Homer software. Similar transcription factors in the same TF family are not shown. (B) Scatter plot of potential
transcription factors that may bind to expression-concordant OCRs in ILCs and in Th cells. TF expression (X axis) and enrichment score (Y axis) are
shown. Potential TFs in ILCs and Th cells are identified by TPM >50 in ILCs or Th cells, and P. value < 0.01. Colors indicate TF families as in (4A). (C)
Bar chart showing percentage of OCRs with binding motifs of the top 10 ILC-specific TFs within the ILC concordant OCRs and within the Th
concordant OCRs (top). The percentages of OCRs with binding motifs of the top 10 ILC-specific TFs within the ILC concordant OCRs and within the
Th concordant OCRs are analyzed by the two-sided Wilcoxon test (bottom). (D) Bar chart showing percentage of OCRs with binding motifs of the
top 10 putative TFs in Th cells, within the ILC concordant OCRs and within the Th concordant OCRs (top). The average percentages of OCRs with
binding motifs of the top 10 Th-specific TFs within the ILC concordant OCRs and within the Th concordant OCRs are analyzed by the two-sided
Wilcoxon test (bottom). (E) Bar chart showing percentage of OCRs with binding motifs of the top five ILC and Th common TFs, within the ILC
concordant OCRs and within the Th concordant OCRs (top). The top 10 TFs in Th cells (TPM >50 in all three Th subsets) are ordered by P. value. The
percentages of OCRs with binding motifs of the top five ILCs and Th common TFs within the ILC concordant OCRs and within the Th concordant
OCRs are analyzed by two-sided Wilcoxon test (bottom). For box plots, the three horizontal lines of the box represent the third quartile, median, and
first quartile, respectively, from top to bottom. The whiskers below and above the box show the 5th and 95th percentile. P. value above 0.05 is
considered not significant, **P < 0.01. ns, no significance.
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potential transcription factors that were commonly enriched in

both cell types.

Subsequently, we investigated the frequencies of binding motifs

associated with these potential transcription factors in the

expression-concordant OCRs of ILCs and Th cells. The top 10

potential transcription factors specific to ILCs displayed enhanced

regulation of the ILC geneset in ILCs compared with the Th geneset

in Th cells, indicating their importance in distinguishing the

functionalities of ILC and Th cells (Figure 4C). Moreover, the top

10 Th-specific transcription factors from the bZIP family exhibited

significant regulation of the Th geneset specifically in Th cells,

whereas their impact on the ILC geneset in ILCs was relatively

limited (Figure 4D). This underscored the essential role of AP-1 in

distinguishing the functionalities of Th cells from ILCs.

Additionally, the five potential transcription factors commonly

enriched in the expression-concordant OCRs of ILCs and Th cells

demonstrated comparable regulation of the ILC geneset in ILCs and

the Th geneset in Th cells (Figure 4E). However, these transcription

factors regulated a relatively high frequency of genes within both the

ILC and Th genesets, suggesting their critical roles. In contrast, the

distribution patterns of these potential transcription factors in the

expression-non-concordant OCRs of ILCs and Th cells did not

align with the gene expression patterns (Supplementary

Figures 6C–E). Collectively, these findings indicate that distinct

functionalities of ILCs and Th cells are regulated by different

transcription factors.
Similar effector roles of ILCs and Th cells
are operated by distinct
regulatory machineries

Given the presence of distinct regulatory machineries for the

ILC and Th genesets, we further wondered whether the immune

response-related genesets, which exhibited similar expression in

both ILC subsets and their corresponding Th subsets, were

differentially regulated. Remarkably, we found that chromatin

regions of signature effector genes associated with different

immune responses, such as the Ifng locus in ILC1s and Th1 cells,

the Il4, Il5, and Il13 loci in ILC2s and Th2 cells, and the Il17a and

Il17f loci in ILC3s and Th17 cells, all displayed variant accessibility

between ILC subsets and their corresponding Th subsets

(Figure 5A). Therefore, we defined the ILC and Th subset-specific

OCRs based on their differential chromatin accessibility between

ILC subsets and their corresponding Th subsets (Figure 5B,

Supplementary Figure 7A). ILC3- and Th17-specific OCRs

displayed exclusive chromatin accessibility in ILC3 and Th17

subsets in vivo, respectively (Supplementary Figure 7B). In

addition, ILC2- and Th2-specific OCRs displayed higher

accessibility in ILC2 and Th2 subsets in vivo, respectively

(Supplementary Figure 7C). Notably, the overall width of ILC

subset-specific OCRs exceeded that of the corresponding Th

subset-specific OCRs, with the former preferentially located in

close proximity to TSSs, suggesting distinct regulation of these

genesets between the two cell types (Figures 5C, D, Supplementary

Figures 7D, E). Consequently, we conducted an analysis of potential
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transcription factors inferred from these subset-specific OCRs in

ILCs and Th cells. As expected, different sets of potential

transcription factors with significant expression were enriched by

the subset-specific OCRs in ILC subsets and the corresponding Th

subsets, respectively (Figure 5E). Interestingly, these potential

transcription factors exhibited considerable consistency with

those we inferred from the expression-concordant OCRs to the

ILC or Th genesets, indicating the utilization of the same regulatory

machinery to govern effector functions in each subset. Notably, the

master transcription factors Tbx21, Gata3, and Rorc displayed the

highest enrichment by the ILC subset-specific OCRs, underscoring

their indispensable regulatory roles in the effector functions of ILC

subsets. Additionally, upon assessing the distribution patterns of

binding motifs linked to these potential transcription factors in the

ILC or Th subset-specific OCRs, we confirmed the preferential

binding of potential transcription factors specific to ILC subsets to

the ILC subset-specific OCRs, whereas those specific to Th subsets

tended to interact with the Th subset-specific OCRs (Figure 5F).

Therefore, despite the striking similarity in effector roles between

ILC subsets and their corresponding Th subsets, the underlying

regulatory mechanisms remain distinctive.
Discussion

ILCs are often regarded as the innate counterparts to Th cells in

the adaptive immune system due to their shared functionalities and

regulatory mechanisms (3, 31). However, it is important to

recognize the fundamental differences between these two cell

types as innate and adaptive lymphocytes, respectively. In this

study, we have demonstrated the presence of significant

distinctions in functionalities and underlying regulatory

mechanisms between ILCs and Th cells by conducting integrative

transcriptome and chromatin landscape analyses.

Bulk RNA-seq has been widely used as a mature approach for

transcriptome analysis for many years. More recently, single-cell

transcriptome analysis, or scRNA-seq, has emerged as a highly

valuable tool in the field (52, 53). While scRNA-seq offers several

advantages over bulk RNA-seq, it also comes with certain

limitations (54). One noticeable drawback is the higher cost

associated with scRNA-seq, resulting in smaller sample sizes for

each cell type. In contrast, bulk RNA-seq is comparatively more

cost-effective, and thus researchers can easily access numerous

publicly available datasets, particularly for the ILC and Th

transcriptomes that are relevant to our study (55). Furthermore,

due to technological differences, scRNA-seq typically captures fewer

genes compared with bulk RNA-seq (52). In our study, we sought to

harness the advantages of both technologies. Therefore, we

compiled and processed a collection of 294 publicly available bulk

RNA-seq datasets for ILCs and Th cells, which were subsequently

analyzed using algorithms designed for scRNA-seq. Through this

integrated approach, we successfully identified two genesets specific

to all ILCs or Th cells, as well as three genesets specific to different

types of immune responses. Although for bulk RNA-seq data, most

of Th cell datasets are derived from in vitro differentiated lineages,

and most ILCs are isolated from mucosal tissue in vivo, we observed
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that our defined ILC geneset and Th geneset still represent

difference between ILC and Th subsets in vivo, suggesting that

these genesets represent fundamental distinctions between ILC and

Th cells.

The accuracy and reliability of the genesets we defined are

ensured by their generation from a large number of bulk RNA-seq

datasets derived from various experiments conducted in different

laboratories. This comprehensive approach guarantees that the

genesets should accurately capture the fundamental differences

between ILCs and Th cells, as well as between different types of
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immune responses. Consequently, we performed GO enrichment

analysis to gain further insights into the functional disparities

underlying the transcriptional differences. While there are some

shared features between the ILC and Th genesets, they are

predominantly enriched in distinct pathways. Consistent with our

understanding of T-cell expansion following activation, we

observed a preferential enrichment of cell cycle-related pathways

in the Th geneset. On the other hand, the ILC geneset exhibited

specific enrichment in pathways associated with their role in

maintaining tissue homeostasis. Moreover, despite ILC and Th
B C D
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FIGURE 5

Similar effector roles of ILCs and Th cells are operated by distinct regulatory machineries. (A) DNase-seq tracks at the Ifng locus, Il4, Il13, and Il5 loci,
and Il17a and Il17f loci in the indicated ILC and Th subsets. ILC-specific OCRs in corresponding ILC and Th subsets are defined as, for example,
accessibility ILC1/Th1 >1.5, minimum accessibility of ILC1 > maximum accessibility of Th1, and minimum accessibility of ILC1 >0.5 (chromatin
accessibility of OCRs are calculated to BPM). Similarly, Th-specific OCRs are defined as, for example, accessibility Th1/ILC1 >1.5, minimum
accessibility of Th1 > maximum accessibility of ILC1, and minimum accessibility of ILC1 >0.5. (B) Schematics of identifying ILC-specific OCRs and Th-
specific OCRs associated with each respective immune response-specific geneset. (C) Box plot showing peak size of ILC-specific and Th-specific
OCRs related to the type 1, type 2, and type 3 genesets. Statistical significance is calculated using two-sided Mann–Whitney U test. (D) Box plot
showing distances of ILC-specific and Th-specific OCRs related to the type 1, type 2, and type 3 genesets to TSSs of neighboring genes. Statistical
significance is calculated using two-sided Mann–Whitney U test. (E) Scatter plot of potential transcription factors that may bind to ILC-specific OCRs
or Th-specific OCRs related to the type 1, type 2, and type 3 genesets. Expression levels of TFs (X axis) and their enrichment score (Y axis) are
shown. Potential TFs in ILCs versus Th cells are identified by TPM >50 in corresponding ILC and Th subsets, and P. value <0.01. Colors indicate TF
families as in Figure 4A. (F) Bar chart showing percentage of putative binding of OCRs by the top five TFs enriched in ILCs and Th cells within OCRs
associated with the type 1, type 2, or type 3 geneset. For box plots, the three horizontal lines of the box represent the third quartile, median, and first
quartile, respectively, from top to bottom. The whiskers below and above the box show the 5th and 95th percentiles. A P. value above 0.05 is
considered not significant, **P < 0.01, ***P < 0.001.
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subsets being involved in diverse immune responses, we identified a

similarity in pathway enrichment for immune response-related

genesets, indicating the existence of certain fundamental similarities

in their T helper cell functions through cytokine secretion.

The differential enrichment of pathways in the ILC and Th

genesets suggests that the functionalities of these two cell typesmay be

regulatedbydistinctmechanisms.Notably, the expression-concordant

OCRs associated with the ILC geneset are generally broader in width

compared with those associated with the Th genesets. ILC concordant

regions preferentially localize around TSSs, which correspond to the

promoter regions of genes. Interestingly, the OCRs specific to the

immune response-related genesets in ILCs also exhibit a similar

distribution pattern as compared with distribution of the Th-specific

OCRs in Th cells. This characteristic may confer an advantage for

multiple transcription factors to bind to the promoter regions in ILCs,

thereby facilitating rapid transcription initiation upon cell activation.

We have conducted further analysis on the expression-

associated OCRs for the ILC and Th genesets, as well as on the

ILC- and Th-specific OCRs for the immune response-related

genesets, to infer the potential involvement of transcription

factors. It is noteworthy that Th cells exhibit a heightened

tendency to specifically utilize AP-1-mediated regulation, which

occurs downstream of TCR signaling. In contrast, ILCs do not favor

AP-1 and exhibit enhanced utilization of master transcription

factors specific to their respective subsets. Additionally, our

findings indicate a preferential reliance on NF-kB for regulatory

processes in ILCs. Furthermore, despite the similar effector

functions of ILC subsets and their corresponding Th subsets, the

underlying regulatory mechanisms are also largely distinct, aligning

with their innate and adaptive lymphocyte properties, respectively

(56). Consequently, our study provides valuable insights into the

functional and regulatory differences between ILCs and Th cells,

contributing to a comprehensive understanding of their unique

roles during immune responses.
Materials and methods

Data acquisition

Raw data for gene expression profiles (RNA-seq) of ILC and Th

subsets were retrieved from Sequence Read Archive (SRA);

accession numbers are given in Figure 1A and Supplementary

Table 1. Raw data for RNA-seq of ILC and Th subsets in vivo

were retrieved from SRA under accession numbers SRP060453,

SRP069783, and SRP337230. Chromatin accessibility profiles

(DNase-seq) of ILC and Th subsets were retrieved from

SRP315389, and ATAC-seq of ILC and Th subsets in vivo were

retrieved from SRP069783.
RNA-seq data processing

TheRNA-seq readswere aligned to theGRCm38/mm10 assembly

of mouse genome using HISAT2 (v 2.2.1), and quantified by

featureCounts. The gene expression level was counted by
Frontiers in Immunology 10201
featureCounts (v 2.0.3) against mouse GRCm38 genome assembly (v

94). Transcripts per million mapped reads (TPM) were calculated

using R package scuttle (v1.4.0). Genes with significantly high

expression levels were filtered by TPM >10 in at least one ILC or Th

subse t . Ba tch e ff ec t remova l was per formed by the

“removeBatchEffect” function in the limma package (v3.50.3) (57).

Dimension reduction of the gene expression matrix before or after

batch effect removal by the Uniform Manifold Approximation and

Projection (UMAP) algorithm was performed by R package Seurat

(v4.3.0) (58). “ScaleData”, “RunPCA”, and “RunUMAP” were

sequentially executed, and top20 principle components (PCs) were

used for UMAP analysis. GSEA was performed by GSEA

software (v3.0).
Differential expression analysis and gene
ontology enrichment

For differential expression analysis between ILCs and Th cells and

among three types of immune responses, the FindConservedMarkers

function in the Seurat package was performed (minimum of log2 fold

change >0.25 and maximum of P. value <0.01). The FindMarkers

functionwasused indifferential expressionanalysis in each ILCandTh

subsets (log2 fold-change >0.25 and P value < 0.01). GO analysis was

performed by overrepresentation test with R package clusterProfiler

(v4.2.2). Function “compareCluster” was performed for GO

enrichment of ILC - and Th-specific genesets (q value < 0.05), and

the top 100 GO terms in q value are shown in enrichment map by the

“emapplot” function in the “enrichplot” package. Function enrichGO

was performed for GO enrichment of immune response-

specific genesets.
DNase-seq data processing

DNase-seq readsweremapped to themm10 genomewith Bowtie2

(v2.4.4). Non-redundant reads with MAPQ ≥10 were remained. The

remaining readswere sorted using Samtools (v 1.13). DNase-seq peaks

(OCRs) were called by MACS2 (v2.2.7.1) with settings of –nomodel –

extsize 75, based on a q-value threshold of 0.01. DNase-seq reads in

each OCR were quantified using bedtools (v2.27.1). Bins per million

mapped reads (BPM) values of OCRs were calculated with R-package

scuttle as TPM in RNA-seq data.
Peak annotation and differential
OCR analysis

Annotation of OCRs to their neighboring genes were performed

by the annotatePeak function in R package ChIPseeker (v1.30.3).

OCRs within 50 kb to TSS of neighboring genes were defined as

OCRs related to these genes. For OCRs related to genes in the ILC

and Th genesets, concordant OCRs were defined as OCRs

exhibiting concordant accessibility changes with the expression

changes of their related genes; the residual OCRs were defined as

non-concordant OCRs. For example, in OCRs related to the ILC
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1271879
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhang et al. 10.3389/fimmu.2023.1271879
geneset, the ILC concordant OCRs were defined as OCRs with a

fold change of ILC/Th >1.5, minimum BPM in both repeats of each

ILC subset > maximum BPM in both repeats of each Th subset, and

BPM of both repeats in all ILC subsets >0.5. The residual OCRs

related to the ILC geneset are defined as ILC non-concordant OCRs.

Similar criteria are used to define Th concordant and non-

concordant OCRs.

For OCRs related to immune response-related genesets, ILC-

specific OCRs are defined as OCRs with fold change between ILC

subsets and the correspondingThsubsets>1.5,minimumBPMinboth

repeats of the ILC subset > maximum BPM in both repeats of the

corresponding Th subset, and BPM of both repeats in the ILC subset

>0.5. A similar criterion is used to define Th concordant OCRs.
Motif enrichment

Transcription factor motif enrichment was performed by the

findMotifsGenome function in Homer software (v4.10), using the

HOCOMOCO database and the database included in HOMER. For

each OCR, transcription factor binding sites were annotated by

FIMO software in MEME Suite (v5.0.5), using a p-value threshold

of 0.0001.
Data visualization and statistics

Data were analyzed by R version 4.1.2. Bar charts, pie charts,

box plots, scatter plots, and histograms were operated by ggplot2

(v3.4.2). Heatmaps in schematic illustration were performed by

pheatmap (v1.0.12). Heatmaps of OCRs in DNase-seq were

visualized by deepTools (v3.5.1). DNase-Seq tracks were visualized

using UCSC Genome Browser. The statistical significance of GO

enrichment and motif enrichment were calculated by a two-sided

hypergeometric test. P values above 0.05 were considered not

significant, *P < 0.05 **P < 0.01, ***P < 0.001.
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