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Editorial on the Research Topic
The Role of Innate Lymphoid Cells in Mucosal Immunity

Innate Lymphoid Cells (ILCs) are tissue-resident innate cells that are deeply integrated within
mucosal tissues and play a critical role in tissue homeostasis and inflammatory processes. The
collection of articles in this Frontiers Research Topic investigates and discusses the new and
emerging roles of ILCs in mucosal immunity.

The field of ILC biology has increased exponentially in recent years. Although the scientific
community had been aware of the existence of certain innate cells of lymphoid origin for many
years, it has only been in the past decade that the full extent of the ILC family and their
wide-reaching biological roles has been recognized. As the field expanded, to avoid confusion
due to the different names being used in the literature for the same ILC subsets, in 2013 it was
proposed that ILCs should be divided into three broad lineages based on specific transcription
factor expression and the cytokines they produce. Group 1 (ILC-1) express T-bet and produce IFN-
v; Group 2 (ILC-2) express GATA-3 and produce IL-5, IL-4, and IL-13; and Group 3 (ILC-3) express
RORyt and produce IL-17 and IL-22 (1). These groups parallel the transcriptional and functional
characteristics of T helper 1 (Th1), Th2, and Th17 conventional T cells, respectively. Like T helper
subset plasticity, there is heterogeneity within the different ILCs groups, and some overlap between
the subsets.

When comparing studies, it is important to recognize that methods to identify and
categorize ILCs and their subsets vary from laboratory to laboratory. The lineage cocktail used
to identify non-ILCs is the first potential source of variation between studies. This may result in
contamination of ILCs and account for differences in the numbers of ILCs in different studies
(2). The molecules used to categorize ILCs also vary and can greatly influence the number of cells
identified in each subset; some studies use transcription factors to categorize ILCs, whilst others
rely on the presence or absence of specific cell surface molecules.

Unlike their adaptive counterparts, activation of ILCs is not modulated by genetically rearranged
antigen receptors. Rather, in the absence of conventional antigen recognition, ILCs respond directly
or indirectly to a diverse array of pathogen- and host-derived stimuli including stress-related
neuropeptides and hormones, cytokines, and metabolites (Jacquelot et al.). Due to their integration
in tissues at barrier surfaces, and their ability to respond directly to signals without the requirement
for antigen presentation, ILCs are poised to respond rapidly to pathogens and tissue injury. This
response is facilitated by a transcriptional program that enables phenotypic and functional plasticity
of ILCs such that they can mediate and regulate tissue homeostasis, morphogenesis, metabolism,
repair and regeneration.

Frontiers in Immunology | www.frontiersin.org 5

June 2020 | Volume 11 | Article 1233


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2020.01233
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2020.01233&domain=pdf&date_stamp=2020-06-17
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:jessica.borger@monash.edu
http://orcid.org/0000-0003-0704-1254
http://orcid.org/0000-0002-5721-0442
http://orcid.org/0000-0002-4802-7048
https://doi.org/10.3389/fimmu.2020.01233
https://www.frontiersin.org/articles/10.3389/fimmu.2020.01233/full
http://loop.frontiersin.org/people/563239/overview
http://loop.frontiersin.org/people/60614/overview
http://loop.frontiersin.org/people/158126/overview
https://www.frontiersin.org/research-topics/8253/the-role-of-innate-lymphoid-cells-in-mucosal-immunity
https://doi.org/10.3389/fimmu.2019.00405

Borger et al.

ILCs in Mucosal Immunity

ILCs are located throughout the body, though they are
concentrated at barrier sites, including the skin and mucosal
surfaces. ILCs in the skin are important for regulating and
maintaining epithelial and stromal cells and maintaining skin
barrier homeostasis. Although skin ILCs are not covered in
this Research Topic, understanding how their unique effector
functions may underlie their contribution to the pathogenesis
of inflammatory skin disorders such as dermatitis, psoriasis and
immunity remains an exciting area for future investigation.

This Research Topic comprehensively addresses the role
of ILCs in maintaining tissue homeostasis at mucosal sites
including: the maternal and fetal compartments (Miller et al;
Vacca et al.), lung (Ardain et al.; Borger et al.), gut (Vojkovics
et al.), adipose tissue (Bénézech and Jackson-Jones), and kidney
(Cameron et al.). ILCs function within these mucosal tissues is
regulated through a delicate and complex cross-talk between the
immune system and the signals received from the physiological
systems of the body. This cross-talk requires an exquisite balance
to maintain homeostasis and when appropriate to respond
to environmental cues to control infection and restore tissue
damage (Jacquelot et al.).

During infection, ILCs are sensitive to diverse environmental
signals and are critical for regulating responses to commensal
bacteria (Castleman et al.) and pathogens including bacteria
(Jacquelot et al.), helminthic parasites (Bouchery et al; Loser
et al.), and viruses (Ardain et al; Panda and Colonna; Trittel
et al.). Indeed, understanding how the dysregulation of ILC
responses can lead to chronic inflammatory diseases including:
allergy (Helfrich et al; Panda and Colonna) and asthma
(Ardain et al; Borger et al.), chronic obstructive pulmonary
disease (COPD) (Ardain et al; Borger et al; Panda and
Colonna), and pulmonary fibrosis (Ardain et al.); as well as
autoimmune diseases such as inflammatory bowel disease (IBD)
(Vojkovics et al.), colitis (Panda and Colonna) and Crohn’s
disease, is a consistent theme within this Research Topic. ILCs
also influence the development of mucosal tumors, such as
colorectal cancer (Loyon et al.). Some ILC subsets play a pro-
tumorigenic role; others appear to have a protective role through
promotion of anti-tumor responses or by limiting damage to
tissue (Loyon et al.). Although many mechanisms and fine
details of the interplay between ILCs and their environment
remain to be elucidated, it is clear that ILCs are critical for
protecting mucosal barriers against communicable and non-
communicable disease.

REGULATION OF ILCS

The physiological regulation of ILCs in the maintenance of
tissue homeostasis in mucosal sites is reliant on the exquisitely
sensitive sensing of host-derived peptide and non-peptide signals
that enable ILCs to integrate the physiological systems of the
body including nervous, endocrine, digestive and reproductive
systems. Jacquelot et al. reviews recent advances in our
understanding of the mechanisms by which ILCs are regulated
by physiological signals. Jacquelot et al. evaluates how ILCs
are able to integrate these signals to maintain homeostasis

and prevent
infection control.

One such host-derived signal is S1P, a blood-borne bioactive
lysosphingolipid which binds to the S1P receptor 1 (SIPRI)
to promote lymphocyte egress from the secondary lymphoid
organs. Until recently, the effects of S1P and pharmacological
agonists of SIPRI on ILCs was unknown. Such agonists
include fingolimod, an immunomodulatory drug approved to
modify the autoimmune disease multiple sclerosis (MS). In this
Research Topic, Eken et al. reveals that ILCs express SIP1R
and administration of S1P agonists including fingolimod, drives
ILC-penia in MS patients and decreases ILC accumulation in
the secondary lymphoid organs of mice. Notably, long-term
administration of fingolimod in mice led to decreased ILC3s in
the small intestine. This study characterizes a further mechanism
by which ILCs can sense and respond to host-derived signals to
maintain tissue homeostasis.

immunopathology ~ without compromising

ILCS IN THE RESPIRATORY TRACT

The lung is considered a non-lymphoid mucosal organ
comprising an innate cell network of epithelial cells,
macrophages, and dendritic cells, all crucial for maintenance
of immune homeostasis and the initiation of inflammatory
processes. In addition, ILCs, which although only comprise a
small proportion of the total immune cells in the lung, have been
shown to promote lung homeostasis and contribute to disease
processes. In mice, ILC2s are the predominant ILC subset in the
lung (3) and in this Research Topic, Helfrich et al., provides a
comprehensive review on the contribution of ILC2s to allergic
airway inflammation including allergic asthma, obesity-induced
asthma, and rhinosinusitis.

Helfrich et al. considers the effect of experimental and
therapeutic strategies that are employed to ameliorate respiratory
inflammation on ILC responses in the lung. Corticosteroids and
B2-agonists are common treatments for asthmatic patients and
B2 adrenergic receptors are expressed by both human and murine
ILC2s. The ILC2s respond p2-agonists by reducing proliferation
and effector function, suggesting that targeting ILC2s early in
disease could also block initiation of respiratory inflammation
and redirect ILC2 activity Helfrich et al..

Although the role of ILC2s in Th2 allergic airway responses
is well-supported, the contributions of ILCs to chronic lung
inflammation are poorly understood. In this issue Borger et al.
and Panda and Colonna review the contribution of ILCs to
chronic pulmonary diseases. Dysregulation of ILCs and their
ability to respond to changing local tissue environmental cues
by altering their traits and functional attributes, contributes
to the immunopathology underlying COPD, asthma, and
chronic rhinosinusitis (Borger et al; Panda and Colonna). The
dysregulation of ILCs becomes even more pronounced during
disease exacerbations, which are common in COPD and asthma.
The major cause of disease exacerbation is viral infection. During
viral infection, ILC2-activating cytokines, IL-25 and IL-33, are
released by airway epithelial cells upon viral infection, enhancing
type 2 responses and the recruitment of ILC2s.
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ILCs in Mucosal Immunity

ILClIs also contribute to the clearance of murine influenza
infections of the lung. Trittel et al. provide evidence that
ILC1s can be modulated via activated iNKT cells, to improve
functional responsiveness. Notably, heightened cytokine
production appeared restricted to the ILCls that expressing
checkpoint molecules on their surface. This suggests the
exciting possibility that control of influenza infection and
potentially other rhinovirus infections could be modulated by
immunotherapeutic interventions.

In humans, by using cell surface markers to categorize
ILCs, ILC3s, rather than ILC2s, are the most prevalent subset
in lung tissue (4). ILC3 secretion of IL-17A and IL-22 has
prompted investigations into their involvement in inflammatory
and infectious diseases. Although the importance of ILC3s
as a source of GM-CSF in the lung remains unknown, its
role in allergic airway disease, antimicrobial pulmonary host
defense function, and surfactant homeostasis is recognized.
Together, this lends ILC3s in humans to have a pronounced
capacity to drive inflammation and repair in numerous infectious
and autoimmune diseases including: tuberculosis, bacterial
pneumonia, asthma, COPD, and pulmonary fibrosis. In their
review, Ardain et al. highlight the intriguing possibility of ILC3s
as a therapeutic target for human pulmonary disorders.

In addition to the critical role tissue-resident ILCs provide in
lung homeostasis and during inflammation, the contribution of
other innate-like unconventional af- and y3-T cells including
MR1-restricted MAIT cells and CD1d-restriced NKT cells is
now emerging in pulmonary immunity. Borger et al. evaluate
the role of these tissue-resident unconventional T cells in
chronic pulmonary disorders and interrogate their interplay
and functional overlap with ILCs, asking whether these cell
subsets co-regulate one another or function independently.
The heterogenous nature and functional plasticity of ILCs
and their deep integration within the lung tissue, would
suggest that unconventional T cells can influence ILC responses
during inflammation and this important relationship remains to

be addressed.

ILCS IN THE GASTROINTESTINAL TRACT

ILCs are involved in normal mucosal lymphoid tissue formation
as well as in inflammation and epithelial regeneration in IBD.
Nkx2-3 is a transcriptional regulator of MAdCAM-1, which is a
susceptibility factor for IBD in humans, and is associated with
neogenesis of lymphoid tissue in inflamed intestines. In this
Research Topic, Vojkovics et al., explore the role of Nkx2-3
in the organogenesis of the solitary intestinal lymphoid tissues
involving type 3 innate lymphoid cells (ILC3). It was found that
the total absence of MAdCAM-1 partially impaired postnatal
seeding of ILC3s in the intestine and caused partial blockade of
solitary intestinal lymphoid tissues maturation, suggesting other
adhesion molecules may compensate for the intestinal homing of
ILC3s in the absence of MAACAM-15(Vojkovics et al.).

ILCs are also important regulators of adipose tissue function,
and in particular ILC2s in the adipose tissue of mucosal sites,
such as the mesenteries, and play a critical role in innate B cell

activation and antibody production. Bénézech and Jackson-Jones
discuss the role of adipose tissue ILCs in the lean state and
in obesity, including their link to metabolic dysfunction. Fat
associated lymphoid clusters are found throughout the pleural
and peritoneal cavities and the ILCs located within these are
critical for initiation of immune responses near mucosal sites and
for maintaining intestinal barrier function.

Another important means by which ILCs promote gut
homeostasis is via IL-22 produced by ILC3s, which enhances
epithelial barrier integrity. When the epithelial barrier is
compromised, either due to inflammation or infection, microbes
can translocate from the gut lumen into the lamina propria,
and in mouse models this induces pro-inflammatory cytokine
production from ILC3. Castleman et al. used an in vitro
human lamina propria mononuclear cell model to investigate
whether enteric commensal and pathogenic bacteria drives
human ILC3 to produce pro-inflammatory cytokines such as
IFN-y. Although IFN-y was not induced in this in vitro model
by commensal or pathogenic bacteria, the model provided
insight into the mechanisms by which commensal bacterial
drive IL-22 production by ILC3. Enteric commensal bacteria
cannot directly induce cytokine production by ILC3s, but
rather acted on mononuclear cells to produce cytokines that
in turn enhanced IL-22 production by ILC3s (Castleman
etal.).

In addition to their role in lymphoid and adipose tissue
formation and homeostasis in the gastrointestinal tract, ILCs
are important for controlling infection. ILC2s were first
discovered in experimental studies of intestinal helminth
infection (Bouchery et al). ILC2s sense a wide array of
stimuli from helminths, allergens and some bacteria as well
as host-derived danger signals induced by tissue damage
and release of chemical messengers and other molecules
from stressed cells. As helminths mature within the gut
tissue, they drive epithelial and mucosal defenses from
the host to activate tissue resident intestinal ILC2s, that
closely associate with the sensory enteric neuron network.
In this Research Topic Loser et al. and Bouchery et al
discuss how ILC2s are embedded in a network of barrier
responses during helminth infection, including luminal and
epithelial crosstalk, the translation of alarmin signals from host
epithelium and eicosanoid mediators, as well as the essential
role of ILCs in neuro-immune responses in the lung and
gut respectively.

ILCs can play a dual role in the context of tumors, displaying
pro- or antitumour effects dependent on the ILC subset and
type of cancer. Loyon et al. reveal that treatment-free naive
metastatic colorectal cancer patients have increased peripheral
ILCs skewed toward the ILC1 subset and in particular CD56™
ILC1-like cells, which negatively correlate with the anti-tumor
CD4T cell response. Of interest, this study also highlights that
although different chemotherapy routines did not alter ILC
numbers, there was potential to modulate ILC1 subsets such that
the balance of ILC1 and CD56™ ILC1-like cells could be reversed,
with ILC2 refractory to the effects of treatment, highlighting the
importance of considering the ILC compartment in treatment
and monitoring of cancer (Loyon et al.).
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ILCS IN THE GENITOURINARY TRACT

In this Research Topic Cameron et al. show that in mice, a
higher proportion of CD45" cells are ILC2s in the kidney than
in the lungs. The kidney resident ILC2s constitutively produced
IL-5 under homeostatic conditions. Others have found that
artificially-induced ILC2s can reduce the severity of experimental
renal injury. In this study, the impact of ILC2-deficiency on
ischemia-reperfusion injury was investigated, and surprisingly
the extent of renal injury was similar whether or not ILC2s
were present (Cameron et al). Thus, although ILC2s can
ameliorate renal injury, other compensatory mechanisms exist in
their absence.

During pregnancy there is an careful balance between
maternal and fetal immune systems, with reviews by Miller
et al. and Vacca et al. discussing the potential role of ILCs
within the maternal and fetal compartments Miller et al
provide a broad characterization of ILC populations within
the uterus, decidua, fetal tissues, and amniotic cavity and
highlights the many differences between human and mouse
ILC subsets in these locations. For example, although ILCI,
ILC2, and ILC3 are present in the mouse uterus prior
and during pregnancy, they have only been detected in
the non-pregnant endometrium in humans demonstrating a
vast disparity in the requirement of ILCs for shaping a
successful pregnancy between humans and mice. Moreover, in
the decidua which contains decidual NK cells, tissue-resident
NK cells and ILC3s, Vacca et al. consider how the changing
decidual microenvironment has influenced the plasticity and
function of ILCs during early pregnancy, and reflects that their
involvement in the establishment and maintenance of pregnancy
remains unanswered.
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CONCLUSION

The collection of original research articles and reviews in this
Research Topic demonstrated the ability of ILCs to modulate
the course of infection, inflammatory processes, and cancer
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Pregnancy success is orchestrated by the complex balance between the maternal and
fetal immune systems. Herein, we summarize the potential role of innate lymphoid
cells (ILCs) in the maternal and fetal compartments. We reviewed published literature
describing different ILC subsets [ILC1s, ILC2s, ILC3s, and lymphoid tissue inducer
(LTi) cells] in the uterus, decidua, fetal tissues [liver, secondary lymphoid organs (SLO),
intestine, and lung] and amniotic cavity. ILC1s, ILC2s, and ILC3s are present in the murine
uterus prior to and during pregnancy but have only been detected in the non-pregnant
endometrium in humans. Specifically, ILC2s reside in the murine uterus from mid-
pregnancy to term, ILC1s increase throughout gestation, and ILC3s remain constant.
Yet, LTi cells have only been detected in the non-pregnant murine uterus. In the human
decidua, ILC1s, ILC3s, and LTi-like cells are more abundant during early gestation,
whereas ILC2s increase at the end of pregnancy. Decidual ILC1s were also detected
during mid-gestation in mice. Interestingly, functional decidual ILC2s and ILC3s increased
in women who underwent spontaneous preterm labor, indicating the involvement of such
cells in this pregnancy complication. Fetal ILCs exist in the liver, SLO, intestine, lung, and
amniotic cavity. The fetal liver is thought to be the source of ILC progenitors since the
differentiation of these cells from hematopoietic stem cells occurs at this site, and mature
ILC subsets can be found in this compartment as well. The interaction between LTi cells
and specialized stromal cells is important during the formation of SLO. Mature ILCs are
found at the mucosal surfaces of the lung and intestine, from where they can extravasate
into the amniotic cavity. Amniotic fluid ILCs express high levels of RORyt, CD161, and
CD103, hallmarks of ILC3s. Such cells are more abundant in the second trimester than
later in gestation. Although amniotic fluid ILC3s produce IL-17A and TNFa, indicating their
functionality, their numbers in patients with intra-amniotic infection/inflammation remain
unchanged compared to those without this pregnancy complication. Collectively, these
findings suggest that maternal (uterine and decidual) ILCs play central roles in both the
initiation and maintenance of pregnancy, and fetal ILCs participate in the development of
immunity.

Keywords: amniotic cavity, decidua, LTi, maternal-fetal interface, neonate, pregnancy, preterm labor, uterus
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INTRODUCTION

Successful pregnancy requires the participation of numerous
immune cell subsets that must be maintained at perfect
equilibrium in the maternal and fetal compartments (1, 2). Both
innate and adaptive immune cells have been shown to play
important roles in the maintenance and completion of pregnancy
(3, 4). The discovery of innate lymphoid cells (ILCs), which
bridge the innate and adaptive immune systems, has opened up
a new field of investigation with the potential to further uncover
the complex immune state of pregnancy.

Innate lymphoid cells (ILCs) are defined by the following
characteristics: (1) a lack of antigen-specific receptors, (2)
the absence of the expression of known immune cell lineage
markers, and (3) lymphoid cellular morphology (5-7). ILCs were
divided into three primary groups based on their phenotype
and functions (6). Type 1 ILCs (ILC1s) include the prototypical
natural killer (NK) cells as well as non-cytotoxic IFNy-producing
ILC1s, identified by expression of the transcription factor T-bet
(6,8, 9). Type 2 ILCs (ILC2s) function through the release of type
2 cytokines such as IL-5 and IL-13 (10-15) and are thought to
rely primarily on GATA-binding protein 3 (GATA3) and retinoic
acid receptor-related orphan receptor-a (RORa) during their
differentiation (6, 16, 17). These ILC2s participate in immune
responses such as parasitic infection (12) and allergy (18) but
also serve as systemic regulators of homeostasis (19-21). Type 3
ILCs (ILC3s) were divided into two main groups: lymphoid tissue
inducer (LTi) cells and non-LTi ILC3s, referred to hereafter as
ILC3s (6). LTi cells are critical for the formation of secondary
lymphoid organs (SLO) and isolated lymphoid tissues (i.e.,
Peyer’s patches) during fetal development (22-26). Such cells are
also found in adults, where they are referred to as LTi-like cells
since they do not generate new lymphoid tissue (27). LTi cells
and ILC3s rely on expression of RORyt for their development
(26) and can express IL-17A and/or IL-22; however, multiple
ILC3 subsets with slightly different phenotypes and functional
profiles have been described (6). Moreover, a degree of plasticity
exists between ILCs, creating an additional layer of complexity
within the ILC family (28-31). Recently, it was proposed that
the classification of ILCs be expanded to five subsets in order
to reflect their distinct developmental pathways: NK cells, ILCls,
ILC2s, ILC3s, and LTi cells (7).

In this review, we aimed to highlight the potential roles of
ILCs in the uterus, the decidua, which is the site of direct
contact between the maternal and fetal (chorion or trophoblast)
tissues, the fetal organs, and the amniotic cavity. Within the field
of perinatal immunology, it has been established that uterine
(decidual) NK cells play important roles in the maintenance
of pregnancy, and their functions are well reviewed elsewhere
(32-35). Recent studies have shown that the other ILC subsets
exist in the maternal and fetal tissues, suggesting that they also
contribute to pregnancy maintenance and outcome. Therefore,
in this review, we have focused on ILCls, ILC2s, ILC3s, and
LTi cells. Despite recent advances in the study of ILCs during
pregnancy, several gaps still exist in the current knowledge. This
review may provide insight into the known roles of ILCs during
pregnancy and reveal new potential areas for future studies.

UTERINE INNATE LYMPHOID CELLS

Over the last decade, valuable information has been provided
about the presence of ILCs in both the non-pregnant and
pregnant uterus. A subset of ILC-like cells was first described
in the human uterine mucosa (36). Such cells were originally
considered precursors to uterine NK cells, yet showed a divergent
phenotype and functionality through the expression of ILC3- and
LTi-specific genes such as RORC, LTA, and IL22 (36), indicating
a different role for these cells. These results were confirmed later
by the detection of ILCls (37), ILC2s (38), and ILC3s (37, 38)
in the human non-pregnant endometrium and reinforced by the
demonstration that such cells are present in the murine uterus
during pregnancy as well (37-41). Such studies have formed a
foundation for the understanding of uterine ILCs; yet, future
research is needed to further elucidate the role of these cells
during pregnancy.

UTERINE ILC1s

Uterine ILCls were first described in non-pregnant mice
as a distinct subset of NK-like cells (42). This ILCI-like
population was maintained in the murine uterus of Nfil3~/~
and Thet—/~ mice, whereas NK cell subsets were affected (42).
The transcription factors Nfil3/E4BP4 (43-45) and Tbet (6, 8,
9, 46) are both thought to be important for general NK and
ILC development; thus, this study indicates that uterine ILCls
may have alternative developmental pathways. This study was
confirmed by the detection of a similar ILC1 subset in the uterine
mucosa of non-pregnant mice which was negative for CD127
expression (38), highlighting the variability of uterine ILCs since
CD127 (IL-7Ra) is also considered to be important for ILC
development (6).

In mice, uterine ILCls are increased throughout gestation
compared to the non-pregnant state (37, 39, 40). The production
of IFNy by stimulated total uterine ILCs is increased during
gestation (40), which would suggest that these cells have an
enhanced capacity for activation in this reproductive tissue.
Indeed, uterine ILCls were shown to contribute to IFNy
production during pregnancy, although not to the same extent
as uterine NK cells (38). Consistent with previous findings (42),
the uterine ILC1 population was not affected by the knockout
of Nfil3 (38); indeed, ILCls were increased in these mice (38,
39), indicating that alternative developmental pathways exist
for such cells. Since Nfil3 is crucial for expression of Eomes
(47), a transcription factor associated with NK cells (48), it
was proposed that the uterine ILC1 population observed in
Nfil37/~ mice includes developmentally arrested NK cells (38).
However, these residual ILC1s may not be sufficient for mediating
uterine adaptation during pregnancy since placental and fetal
abnormalities are observed in Nﬁl3’/ ~ mice (39).

In humans, ILCls are found in the non-pregnant
endometrium as a subset of Lin-CD56+CDI127-CD117-
RORyt-cells, which are further distinguished based on
expression of NKp44 and CD103 (37). ILCl-like cells, which
are CD103+NKp44-, are the most significant source of IFNy
(37). Expression of CD103, which facilitates the communication
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between lymphocytes and epithelial cells (49), was previously
described on tonsillar ILCls (50), suggesting an epithelial
association of such cells in the uterus. However, additional
research is needed to determine the role of uterine ILC1s prior to
pregnancy and whether such cells are present during gestation.

UTERINE ILC2s

A low frequency of ILC2s has been detected in the human
non-pregnant uterine wall (38, 51). In addition, ILC2s and
ILC2-like cells have been identified in the non-pregnant murine
myometrium (38, 40, 41). The ILC2-like population is the most
abundant ILC subset in the pregnant murine myometrium (40).
The proportions of murine uterine ILC2s and ILC2-like cells are
higher during pregnancy compared to the non-pregnant state,
reaching their peak during mid-gestation (38, 40, 51). However,
the uterine ILC2-like population (CD45+Lin-Thyl.24+-RORyt-
NKp46-KLRG1+ cells) identified by Li et al. may have also
included other cell types since conventional ILC2 markers such
as GATA3 (16) or CRTH2 (52) were not included (40). A
recent study utilizing conventional ILC2 markers identified
a population of CD127-ILC2s in the non-pregnant human
endometrium and in both the non-pregnant and pregnant
murine myometrium, confirming the presence of such cells (51).
Total uterine ILCs expressing IL-5 and IL-13 were increased
during gestation (40), supporting functional roles for uterine
ILC2s such as promotion of homeostatic immune cell phenotypes
and resolution of inflammatory responses (51).

Uterine ILC2s are almost completely ablated in Nfil3~/~ mice
as opposed to the other subsets (38, 39), confirming that these
cells are developmentally reliant on this transcription factor.
It is possible that the placental and fetal changes observed
in Nfil37/~ mice are due to the loss of ILC2-dependent
regulatory mechanisms in the myometrium (39); however, since
conventional NK cells were also greatly impacted in such mice
(38, 39), this finding will require further studies to confirm.

It was recently shown that murine uterine ILC2s express the
IL-33 receptor, ST2 (IL-1RL1) (41). A previous report highlighted
the importance of IL-33/ST2 signaling for homeostatic immune
responses such as those mediated by T helper 2 cells, regulatory
T cells, M2-polarized macrophages, and ILC2s, among others
(53). In line with these findings, uterine ILC2s were increased
in proportion after in vitro stimulation with IL-33 (41). ILC2
activity was also increased by in vitro IL-33 stimulation as
indicated by enhanced release of IL-5 and IL-13 (41). Moreover,
an IL-5 reporter mouse (54) was used to verify that in vivo
administration of IL-33 increased uterine ILC2 proportions
and expression of IL-5 (41). Interestingly, the original research
describing the IL-5 reporter mouse model demonstrated that
the majority of IL-5+ cells in different murine tissues had
an ILC2 phenotype, including expression of CD127 and ST2
(54), providing further evidence that IL-33-receptive ILC2s are
important for the production of IL-5. Pups born to ST2~/~
dams had significantly reduced viability (41), suggesting that
this pathway may be beneficial for fetal development; however,
IL337/~ mice do not experience any fertility or pregnancy
complications (55). Additionally, IL-33 is important for type 2
mucosal immune responses (55). Together, these observations

support pregnancy-specific functions for IL-33-receptive ILC2s
in the murine uterus.

Murine uterine ILC2s can also express the estrogen receptor
o (41). The proportion of these cells is increased in response
to in vitro stimulation with 17@-estradiol; however, such a
response is not seen in ILC2s from the murine lung (41),
providing evidence for specific female sex hormone-driven
regulation of uterine ILC2s during pregnancy. Yet, whether
female sex hormones specifically target ILC2s, or the observed
ILC2 proliferation was a secondary response due to signaling
within the uterine tissues, has not been shown (41).

Collectively, these findings provide firm evidence of ILC2s in
the non-pregnant uterine tissues from humans and mice, and that
such cells are enhanced in number and function during murine
gestation. Further studies are required to uncover the specific
mechanisms and cellular interactions of uterine ILC2s.

UTERINE ILC3s

ILC3s were first described in the human non-pregnant
endometrium as a distinct subset of NK precursor-like cells
expressing ILC-associated markers such as CD127 and CD161
(36). Further analysis of these cells revealed expression of the
RORC and IL22 genes, indicative of an ILC3 phenotype (36).
Later studies confirmed the presence of ILC3s in the human
endometrium (37, 38) and indicated that these cells could be
divided into two main subsets: NCR- (human NKp44-; mouse
NKp46-) and NCR+ (human NKp44+; mouse NKp46+) ILC3s
(7), with the NCR- ILC3s being the dominant population in
mice and the NCR+ ILC3s in humans (38). During murine
pregnancy, uterine ILC3s are elevated compared to non-pregnant
mice (38) with the highest proportions occurring in early- and
mid-gestation (40). Uterine ILC3s from both pregnant and non-
pregnant mice constitutively produce IL-17A and IL-22, which
is further upregulated in response to in vitro stimulation with
IL-1B and IL-23 (38). Yet, production of IL-17A and IL-22 by
uterine ILC3s from pregnant mice is not significantly elevated in
mid-gestation compared to that of non-pregnant mice (38, 40),
suggesting that either an increase in ILC3-specific functionality
is not required for successful pregnancy, or that such an increase
may only occur in late gestation/prior to parturition. Further
studies are required to pursue this concept.

In contrast with ILC2s, the uterine ILC3 population is not
affected in non-pregnant Nfil3~/~ mice (38, 39); however, such
cells fail to undergo the pregnancy-specific expansion observed
in wildtype mice (39). This lack of ILC3 expansion is associated
with fetal growth compromise and defective placentation (39),
indicating that uterine ILC3s may be important for the
physiological progression of pregnancy, e.g., decidualization (see
decidual ILC section for more information).

UTERINE LTi-LIKE CELLS

Information regarding LTi-like cells in the human and murine
uterus is scarce. One potential explanation is that LTi-like cells
have been identified as ILC3s due to the shared expression
of markers such as RORyt (6). LTi-like cells were reported in
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the non-pregnant murine uterus in similar proportions to the
closely-related ILC3s (38). Moreover, similar to ILC3s, LTi-like
cells were not affected in the uterus of non-pregnant Nfil3~/~
mice (38), suggesting a distinct developmental pathway for these
cells. It will be interesting for future studies to uncover the
functions of LTi-like cells in the human uterus.

In conclusion (Figure1A), ILCls, ILC2s, and ILC3s are
present in the murine uterus prior to and during pregnancy,
but have only been detected in the non-pregnant endometrium
in humans. Specifically, ILC2s reside in the murine uterus from
mid-pregnancy to term, ILCls increase throughout gestation,
and ILC3s remain constant. Yet, LTi cells have only been detected
in the non-pregnant murine uterus. Further studies are needed
to confirm the presence and functions of uterine ILCs during
human pregnancy.

DECIDUAL INNATE LYMPHOID CELLS

Upon implantation, endometrial stromal cells undergo
a specialized transformation that includes significant
morphological and functional changes to the endometrium, a
phenomenon termed as “decidualization” (56, 57). This process
facilitates invasion of the fetal trophoblast (56) and leads to
formation of the area of contact between the endometrium
and the placenta (decidua basalis) or fetal membranes
(decidua parietalis). The decidua is therefore an interface
in which maternal and fetal cells converge and unique immune
interactions take place.

ILCs have been identified in the decidua as early as 9-12
weeks of gestation (58). The origin of decidual ILCs is unclear.
Several sources have been proposed for the prototypical ILCls,
NK cells, in the reproductive tissues including derivation from
hematopoietic precursors (59), maturation from already-present
endometrial NK cells (36), or migration from the periphery
(60). Since hematopoietic precursor cells can express the ID2
transcription factor [required for ILC differentiation (61)], this
is one plausible explanation for the source of decidual ILCs
(59). The origin and developmental timeline of decidual ILCs
requires further investigation. Importantly, phenotypic (58) and
functional (62) evidence suggests that decidual ILC subsets have
unique profiles that are not found in other non-reproductive
tissues.

DECIDUAL ILC1s

ILCs expressing an ILC1-like phenotype distinct from NK cells
have been detected in the human decidua during the first
trimester (37, 58). Two ILC1 subsets were detected. The first
was identified within the CD56+ population (Lin-CD56+CD94-
CD127-CD117-) and expressed the ILC1-associated Tbet as well
as Eomes (37, 58). Interestingly, this ILC1 subset also expressed
CD103 (36, 37), indicating a possible epithelial association
(50). The other subset fell within the CD56- population (Lin-
CD56-CD127-CD117-Tbet+Eomes-) and was therefore more
distinguishable from decidual NK cells (36). In line with
defined ILC1 phenotypes, both described subsets expressed IFNy

(37, 58). In mice, ILC1s were also described in the decidua during
mid-gestation, where they produced IFNy (38).

At the end of pregnancy, ILCls are the rarest ILC subset in
the human decidua and were not altered with the presence of
spontaneous labor, suggesting that such cells may have only a
minor role in late gestation that may be shared by other decidual
ILC subsets due to the unique cytokine profile observed in such
cells (62).

DECIDUAL ILC2s

The first-trimester human decidua has been reported to contain
a small proportion of ILC2s (38, 51, 58). The expression of
the ILC2 marker CRTH2 (52) was only minimally detected on
decidual ILCs (38, 58); however, CD161 (52) was expressed by
two of the potential ILC subsets described, indicating possible
plasticity or shared expression of ILC2 markers by other
subsets (58). ILC2s were found in the murine uterus, but not
the decidua, in mid-gestation (38, 51) and at term (51). In
contrast, ILC2s were the most abundant decidual ILC subset
in the third trimester (62) where they may play a role in
maintaining the homeostatic environment at the maternal-fetal
interface. ILC2s are considered to have a homeostatic phenotype
(19, 20), rendering them unnecessary in early pregnancy
when the inflammatory mechanisms of implantation and tissue
remodeling occur within the endometrium. Interestingly, ILC2s
were increased in the decidua basalis of women with spontaneous
preterm labor compared to those who delivered preterm without
labor (62), suggesting that this ILC subset may participate in the
chronic inflammatory process that occurs during pathological
pregnancy. Moreover, ILC2s from the third-trimester human
decidua seemed to share the expression of cytokines such as IL-13
and IL-22 with ILC3s, suggesting that decidual ILC subsets may
have shared functionality toward the end of pregnancy (62).

DECIDUAL ILC3s

Among the described ILC subsets in the human decidua, ILC3s
have been the most extensively studied (37, 38, 58, 62, 63). During
the first trimester, a subset of ILCs expressing the traditional
ILC3-associated transcription factor RORyt (26) is found in the
human decidua (37, 38, 58). Decidual ILC3s expressed GM-
CSF (63), IL-22 (58), and IL-8 (58). Notably, GM-CSF and IL-8
released by decidual ILC3s were shown to promote neutrophil
migration and survival in the first-trimester decidua (63). This
finding is consistent with a previous study that showed the
participation of neutrophils in spiral artery remodeling during
pregnancy (64), and adds a new layer of complexity to the role of
decidual ILC3s in the successful establishment of pregnancy (63).
Interestingly, the murine decidua did not contain ILC3s during
mid-gestation (38).

During the third trimester, human decidual ILC3s express a
unique cytokine profile that includes IFNy, IL-13, IL-17A, and
IL-22 (62). Previous findings have suggested that some degree of
plasticity exists between ILC subsets (28, 29, 65), which would
explain the expression of the ILC1-associated cytokine IFNy by
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FIGURE 1 | Innate lymphoid cells in the uterus and decidua. (A) ILC1s, ILC2s, and ILC3s are present in the murine uterus prior to and during pregnancy, but have
only been detected in the non-pregnant endometrium in humans. ILC2s reside in the murine uterus from mid-pregnancy to term, whereas ILC1s increase throughout
gestation and ILC3s remain constant. However, lymphoid tissue inducer (LTi) cells have only been detected in the non-pregnant murine uterus. Further studies are
needed to confirm the presence and functions of uterine ILCs during human pregnancy. (B) In the human decidua, ILC1s, ILC3s, and LTi-like cells are more abundant
during early gestation, whereas ILC2s are increased at the end of pregnancy. Decidual ILC1s were also detected during mid-gestation in mice. Interestingly, functional
decidual ILC2s and ILCSs are increased in women who underwent spontaneous preterm labor (PTL), indicating the involvement of such cells in this pregnancy

decidual ILC3s. This may also explain the low proportions of
decidual ILCl1s in late gestation (62), since their presence may
be redundant.

Interestingly, increased proportions of ILC3s in the decidua
parietalis are found in women who undergo spontaneous preterm
labor (62), suggesting that a local dysregulation of such cells
may occur in these patients. Whether decidual ILC3s directly
participate in the inflammation associated with spontaneous
preterm labor or are increased as a consequence of such a process
remains to be determined.

DECIDUAL LTi-LIKE CELLS

Human LTi cells have important functions in the formation
of fetal SLO (66), a process described in more detail below;
however, their role at the maternal-fetal interface is less
understood. A population of LTi-like cells has been described
in the human first-trimester decidua where they express IL-
17A and TNFa (58). These decidual LTi-like cells are closely
related to ILC3s as evidenced by the shared expression of
RORyt and production of IL-17A (58). Moreover, both decidual
LTi-like cells and ILC3s display lymphoid tissue inducer-like
functions (22-25, 67-69) through the upregulation of ICAM-1
and VCAM-1 on decidual stromal cells (58), further indicating
a degree of redundancy between these two cell types (27, 70).
However, the developmental pathways of LTi cells and ILC3s
are different and, unlike other ILC subsets, no LTi plasticity
has been reported (27). It is possible that the initiation of
a lymphoid tissue induction-like process in the decidua is
necessary for recruitment of other immune cells and pregnancy
maintenance. Therefore, it is important for future studies to

investigate the purpose of LTi-like activity at the maternal-fetal
interface.

In conclusion (Figure 1B), the human decidua contains
ILCls, ILC3s, and LTi-like cells, which are more abundant during
early gestation. In contrast, decidual ILC2s are increased at the
end of pregnancy. Decidual ILCls were also detected during
mid-gestation in mice. Functional decidual ILC2s and ILC3s
are increased in women who underwent spontaneous preterm
labor, indicating the involvement of such cells in this pregnancy
complication.

FETAL INNATE LYMPHOID CELLS

Fetal ILCs are reported to exist in the human liver, SLO, intestine,
and lung, which are described in detail below. The fetal liver
is a center of hematopoiesis (71, 72), and it has been shown
that ILC progenitors (ILCP) originate from this compartment
(65, 73-76). Indeed, ILCPs can be detected in the cord blood
as well, indicating that such cells may migrate to other sites of
organogenesis (76). It has been proposed that the differentiation
of ILCPs to mature ILC subsets primarily takes place after such
cells have migrated to their sites of residence (76). In the fetus,
the presence of specialized ILCs (i.e., LTi cells) is important for
the successful formation of SLO such as the spleen, mesenteric
lymph nodes (mLN), and Peyer’s patches (23, 26, 77, 78). At
non-lymphoid sites such as the intestine and lung, mature ILC
subsets may participate in mucosal immunity after birth by
regulating inflammation during colonization with commensal
bacteria (79, 80).

In mice, development of the fetal lymphatic system is
described as early as gestational day 10.5 (81). The murine
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fetal lymph nodes follow a staggered developmental timeline
beginning with the mLN at gestational day 10.5, closely followed
by the sacral and cervical lymph nodes and ending with the
complete formation of Peyer’s patches in the intestine [for more
information about fetal lymphogenesis, please see (82, 83)]. The
mesenteric and peripheral lymph nodes are present in the fetus by
gestational day 16.5 (68). ILCPs are detected in the murine fetal
liver at day 12.5 (84-88), and in both the fetal liver and intestine
at day 13.5-14.5 (74, 89). Information regarding the presence of
ILCPs in the fetal tissues in early pregnancy is lacking; therefore,
further studies are required to determine the complete timeline
for the generation of ILCPs and mature ILC subsets during fetal
development.

ILCs IN THE FETAL LIVER

A subset of ILCPs was described in the human fetal liver during
the second trimester (76). It was shown that these ILCPs were
generated from the CD34+ hematopoietic stem cells (76) also
found in this compartment (71, 72, 76). These ILCPs primarily
express RORyt and, after in vitro expansion, mainly produce IL-
17A, indicating an ILC3 phenotype (76). However, subsets of fetal
liver ILCPs also produce IFNYy or IL-13, suggesting that such cells
have differentiation potential for ILCls and ILC2s as well (76).
The murine fetal liver also contains an ILCP subset with potential
for differentiation into ILCls, ILC2s, or ILC3s (75). Ablation of
Zbtb16, which encodes the ILCP-associated transcription factor
PLZF [reviewed in (88)], affected fetal ILC1s and ILC2s but not
ILC3s or NK cells (75), supporting the existence of alternative
progenitors or developmental pathways for these ILC subsets.
The human fetal liver also contains mature ILC populations
during the first and second trimester (90). ILCl1s, ILC2s, and both
NCR+ and NCR- ILC3s are detected (90). Prior to 15 weeks of
gestation, only NCR- ILC3s can be distinguished, whereas the
remaining subsets appear later (90). A population of fetal liver
ILC3s express neuropilin-1 (NRP-1) (90, 91), suggesting an LTi
phenotype (92). Together, these findings indicate that the fetal
liver is the primary site of ILC progenitors. Mature ILC subsets
also exist within the fetal liver, yet their role is currently unknown.

ILCs IN THE FETAL LYMPHOID TISSUES

Murine experiments have shown that the interaction between
LTi cells and mesenchymal stromal cells is fundamental for the
formation of SLO (93). It has been observed that during murine
embryogenesis a subset of stromal cells interacts with LTi cells
at the site of LN formation (25, 26, 68). LTi cells express ligands
such as lymphotoxins o and B (LTA and LTB) that activate
specific stromal cells (25, 94-96). Such activated stromal cells
will upregulate expression of the adhesion molecules ICAM-1
and VCAM-1 (25, 69, 78, 97) and begin the process of forming
SLO (26).

A subset of Lin-CD127+ ILCs was originally described in
human fetal mesenteric tissue (97). It was shown that these
ILCs were localized at the same locations at which the mLN
developed (91, 97), indicating that lymph node-specific ILCs

are present in the fetal mesentery even prior to the complete
formation of the mLN. Moreover, stromal organizer cells form
a niche for LTi cells in the human fetal spleen and LN between
8 and 15 weeks of gestation (78), providing further evidence of
an important role for fetal LTi cells in tissue neogenesis. The
mLN from first- and second-trimester human fetuses have been
shown to contain an ILC subset that expressed RORyt and had
increased gene expression of IL17A and IL22 (98), and a similar
subset was described in the fetal spleen that also expressed NRP-1
(91, 92). NRP1~/~ knockout mice have severely affected yolk sac
and embryonic development (99), suggesting that the expression
of this receptor is required for organogenesis. Additionally,
RORyt+ ILCs are found in specific physiological locations in
the human fetal LN and spleen in the second trimester, where
they are co-localized with specialized stromal cells (78). This
interaction leads to induced expression of [ICAM-1 and VCAM-1
on the stromal cells (78, 97), indicating that these ILCs have LTi
functions. LTi cells in the human fetal LN express IL17A and IL22
and participate in LN formation (97).

ILCs IN THE FETAL INTESTINE

LTi cells cluster at the site where Peyer’s patches are formed in
the developing murine fetal intestine (22, 89). The development
of intestinal lymphoid tissues such as the Peyer’s patches is
imperative for regulation of mucosal immunity in the intestine
(100, 101), and fetal LTi cells have been shown to be crucial to
this process (23, 26). Importantly, a subset of transitional ILCPs
exists in the fetal intestine that can further differentiate into other
ILC subsets, indicating that some of these ILCs are not terminally
differentiated and can provide other functions even after SLO
formation is complete (89).

Recently, the presence of mature ILC subsets in the
fetal intestine was confirmed using mass cytometry (102).
All known ILC subsets were detected together with several
novel intermediates that included a subset with potential to
differentiate into ILC3s or NK cells (102). These findings
confirmed previous studies that indicated the presence of ILC2s
(52) and ILC3s (52, 98, 103) in the second-trimester human fetal
intestine. ILC2s in the fetal intestine produce IL-13 (52), whereas
ILC3s and LTi-like cells produce IL-17A and IL-22 (98). ILC3s
are increased in the fetal intestine during the second trimester
compared to the first (98, 103). Importantly, fetal CD103+ ILC3s
can be found in the amniotic fluid during the first and second
trimesters (see amniotic cavity section for more information)
(103), suggesting that these cells can migrate from the fetal tissues
into the amniotic cavity.

ILCs are increased in the intestinal tissues from neonates
with gastroschisis compared to those from healthy controls
(104). This finding was corroborated using a murine model
with gastroschisis-like symptoms showing that ILC2s and ILC3s
are increased in the intestines of affected mice compared to
littermate controls (104). Neutralization of IL-5 [a primary ILC2
cytokine (13)] during late gestation results in a dramatic decrease
in eosinophil and ILC2 infiltration in the fetal intestine (104),
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FIGURE 2 | Fetal innate lymphoid cells. Fetal ILCs exist in the liver, secondary lymphoid organs (SLO), intestine, lung, and amniotic cavity. The fetal liver is thought to
be the source of ILC progenitors (ILCP) since the differentiation of these cells from hematopoietic stem cells (HSC) occurs at this site, and mature ILC subsets can be
found in this compartment as well. The interaction between lymphoid tissue inducer (LTi) cells and specialized stromal cells is important during the formation of SLO.

Mature ILCs are found at the mucosal surfaces of the lung and intestine, from where they can extravasate into the amniotic cavity. These findings support a role for
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implicating ILC2s in the chronic inflammatory process that
accompanies this condition.

Collectively, these data confirm the requirement for LTi cells
during the formation of fetal SLO, and indicate that mature
ILC1s, ILC2s, and ILC3s are found in the intestinal mucosa where
they may participate in inflammatory processes; however, their
specific role during fetal life is unclear.

ILCs IN THE FETAL LUNG

A single report established the presence of ILC2s (identified by
CRTH2 and CD161 expression) in the human fetal lung mucosa
during the second trimester (52). In the neonatal and adult lungs,
the primary function of ILC2s is to protect against threats such
as helminth infection (12, 13, 105). ILC2s are also implicated in
asthma and its complications as well as allergy (18, 106, 107).
A subset of CD103+ ILC3s is also detected in the human fetal
lung, which is increased in the second trimester compared to the
first (103). Recently, a population of ILC2s was described in the
murine fetal lung just prior to birth (gestational day 19), which
rapidly expanded during the first 2 weeks of life (108). It was

suggested that these homeostatic cells may help prevent hyper-
inflammation resulting from exposure of the newborn lungs to
airborne particles (108). Future studies may further reveal the
specific role of ILC2s and ILC3s in this fetal compartment.

In conclusion (Figure 2), fetal ILCs exist in the liver, SLO,
intestine, lung, and amniotic cavity. The fetal liver is thought
to be the source of ILC progenitors since the differentiation of
these cells from hematopoietic stem cells occurs at this site, and
mature ILC subsets can be found in this compartment as well.
The interaction between LTi cells and specialized stromal cells is
important during the formation of SLO. Mature ILCs are found
at the mucosal surfaces of the lung and intestine, from where they
can extravasate into the amniotic cavity. These findings support
a role for ILCs as central regulators in fetal development and
immunity.

INNATE LYMPHOID CELLS IN THE
AMNIOTIC CAVITY

The amniotic cavity serves as the fetal habitat, which is
surrounded by the protective liquid termed amniotic fluid
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FIGURE 3 | Innate lymphoid cells in the amniotic cavity. Functional ILC3s are found in the mucosal epithelium of fetal tissues such as the intestines, from where they
may extravasate into the amniotic cavity. Amniotic fluid ILCs reach their highest proportions during the second trimester, yet are still present at the end of gestation.

(109). Besides providing mechanical cushioning, the amniotic
fluid contains nutrients as well as other factors required
for fetal growth and represents an immunological barrier
against invading pathogens (109, 110). In clinical medicine,
the amniotic fluid is used to assess fetal well-being (111-
114), lung maturity (115-117), karyotype (118, 119), and intra-
amniotic inflammation associated with bacteria [intra-amniotic
infection (120-132)] or danger signals [sterile intra-amniotic
inflammation (133-138)]. In the context of intra-amniotic
inflammation, the most abundant leukocytes in the amniotic
fluid are neutrophils (139, 140), which can be of fetal and/or
maternal origin (141, 142). These innate immune cells actively
participate in the mechanisms of host defense against microbial
invasion of the amniotic cavity by releasing cytokines (140) and
anti-microbial molecules (143-145), performing phagocytosis
(146), and forming neutrophil extracellular traps or NETs (147,
148). Therefore, it was thought that, in the absence of intra-
amniotic inflammation, the cellular component of the amniotic
fluid was of limited research value. Recent studies have shown
that, indeed, the opposite is true (103, 149). The amniotic fluid
contains both innate (monocyte/macrophages, neutrophils, NK
cells, and ILCs), and adaptive (T cells and B cells) immune cell
populations, each of which fluctuates independently throughout
gestation (149).

Amniotic fluid ILCs are abundant during the second trimester
(103) and their numbers decay as gestation progresses (149)
(Figure 3). In this compartment, ILCs express high levels of
RORyt (103, 149), a hallmark of ILC3s (6, 26). Amniotic fluid
ILC3s also express CD127, CD117, CD161, and CD56 but not
NK cell-markers such as Eomes, T-bet, CD94/NKG2A, and CD16
(103). Such ILCs are functional since they produce high levels

of IL-17A and TNFa upon PMA/ionomycin stimulation (103).
The fetal origin of amniotic fluid ILC3s was demonstrated by the
expression of HLA class I molecules, which were not expressed on
maternal peripheral blood mononuclear cells (103). Interestingly,
amniotic fluid ILC3s seem to originate in the fetal lungs and
intestine since a similar ILC subpopulation was identified in
these organs (103). Amniotic fluid ILC3s expressed CD103,
indicating an epithelial association (49, 50) that was confirmed
by detection of these cells in the fetal intestinal epithelium (103).
Moreover, CD103+4 ILC3s were not detected in the amnion or
chorion (chorioamniotic membranes), eliminating those tissues
as a source of such cells in the amniotic fluid (103). Together
with the observation that immune cells in the amniotic fluid
during preterm gestation can be predominantly of fetal origin
(142), evidence points to the fetus as a likely source of CD103+
ILC3s (Figure 3). It was proposed that these cells participate
in regulating intra-amniotic infection (103); yet, their numbers
remain constant between patients with and without this clinical
condition (149). This finding does not discard the possibility that
amniotic fluid ILC3s can acquire a regulatory phenotype, which
can then participate in controlling the inflammatory response
induced by microbes or danger signals in the amniotic cavity.
Together, these studies demonstrate the presence of functional
ILC3s in the amniotic cavity, which are likely derived from
the fetal tissues. Such cells reach their highest proportions
in the second trimester yet are still present at the end of
gestation. Moreover, the detection of ILC3s in the amniotic
cavity of patients with intra-amniotic inflammation suggests the
participation of these cells in such a clinical condition.
Molecular studies have suggested that there is a placental
microbiome (150-161). Nonetheless, recent publications have
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not confirmed that the placenta harbors a unique microbiome
[(162); Theis et al, Am J Obstet Gynecol; in press], which
supports the ongoing controversy [(162-166); Theis et al., Am ]
Obstet Gynecol; in press]. The absence of a placental microbiota,
however, does not exclude the possibility that the fetus is
exposed to microbial products from the mother. This concept
is supported by another recent study showing that transient
microbial colonization of the maternal gut during pregnancy
induces short- and long-term innate immune changes in the
offspring (167). Of interest to the ILC field, neonates born to
mothers transiently microbial-colonized displayed an increased
number of ILC3s in their mucosal tissues (167). The proposed
mechanism for fetal exposure to maternal gut microbiota was
mediated by transmission of microbial-derived metabolites via
antibodies (167). Such education of the neonatal immune system
was enhanced by breastfeeding (167). Therefore, microbial-
derived metabolites, rather than viable bacteria, may be required
for fetal and neonatal development of the ILC system.

CONCLUSION

The discovery of ILCs in the reproductive and fetal tissues
has led to new knowledge of the immune cellular processes
required for successful pregnancy and fetal development. At the
same time, new questions have arisen as to the functions and
interactions of ILCs in the maternal and fetal compartments.
The studies reviewed herein have provided evidence that ILCs
fill an important role during pregnancy, especially in mucosal
defenses and fetal development, yet also share certain functions
with other innate and adaptive immune cell subsets. In the
mother, uterine ILCs may participate in mucosal immunity and
help facilitate tissue remodeling and homeostasis during and
after implantation, while decidual ILCs take part in the immune
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Type 3 ILCs in Lung Disease
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The lungs represent a complex immune setting, balancing external environmental signals
with a poised immune response that must protect from infection, mediate tissue repair,
and maintain lung function. Innate lymphoid cells (ILCs) play a central role in tissue
repair and homeostasis, and mediate protective immunity in a variety of mucosal tissues,
including the lung. All three ILC subsets are present in the airways of both mice and
humans; and ILC2s shown to have pivotal roles in asthma, airway hyper-responsiveness,
and parasitic worm infection. The involvement of ILC3s in respiratory diseases is less
well-defined, but they are known to be critical in homeostasis, infection and inflammation
at other mucosal barriers, such as the gut. Moreover, they are important players in the
IL17/1L22 axis, which is key to lung health. In this review, we discuss the emerging role of
ILC3s in the context of infectious and inflammatory lung diseases, with a focus on data
from human subjects.

Keywords: ILC3, lung disease, pnemonia, tuberulosis, COPD, airway hypersensitivity, pulmonary fibrosis

INTRODUCTION

The lungs are complex organs, the proper functioning of which is essential for good health,
but whose exposure to the external environment renders them susceptible to infections and
environmental toxins. The average person will breathe 11,500 L of air into their lungs in a given
day. This air is full of small particulate matter that includes more than just the bacteria and
viruses most typically associated with a lung immune response, and also includes dust, dirt, smoke,
pollen, aerosols, and liquid droplets. The lung immune environment must therefore strike a delicate
balance between dealing with this constant assault, whilst preventing immune mediated damage.
This results in an intricate immune setting that is still not completely understood (1), but which
growing evidence suggests includes an important role for innate lymphoid cells (ILCs).

Innate lymphoid cells (ILCs) are a family of innate immune cells that lack specific antigen
receptors but produce a broad range of effector cytokines and have diverse roles at barrier surfaces.
ILCs mediate protective immunity from pathogens and promote tissue repair and homeostasis
following infection, but may also play a role in pathogenesis when their functions become
dysregulated (2-4). Broadly, ILCs are classified into three subsets based on surface markers,
cytokine production, and transcription factor requirements (5). ILCls are classically associated
with the immune response to viral infection and tumor cells, while ILC2s are often compared
to CD4" Th2 cells and mediate the response to helminth infections and allergies. ILC3s are the
most heterogeneous subset of ILCs, defined by expression of the Retinoid-related orphan receptor
yt (RORyt), and produce IL-17, IL-22, granulocyte-macrophage colony stimulating factor (GM-
CSF) and/or tumor necrosis factor a (TNFa) in response to IL-23, IL1-f and aryl hydrocarbon
receptor (AHR) ligands (2, 6) (Figure 1). ILC3s can be broadly categorized into two lineages:
the lymphoid tissue inducer cells (LTi cells) including fetal and adult-equivalent LTi-like cells
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FIGURE 1 | Under conditions of stress or infection, ILC3s produce an array of effector cytokines in response to activating ligands secreted by phagocytic
mononuclear cells.

(7), that have established roles in lymphoid organogenesis and  with various innate cell types playing important roles in killing
secondary lymphoid tissue development, respectively; and non-  infected cells and/or limiting viral replication. However, an
LTi ILC3s which may or may not express natural cytotoxicity = excessive innate immune response correlates with poor outcomes
receptors Nkp44 and/or Nkp46 (8). ILC3s are widely distributed ~ and can lead to pathology (19, 20), and lung regeneration
throughout the body and are constitutively present at mucosal  following viral-induced injury is vital (18). ILC2s have been best
barrier sites such as the lung, liver, gut, spleen, skin and secondary  studied in relation to influenza, due to their ability to mediate
lymphoid tissues (9), where they play crucial roles in immunity  tissue repair following Influenza infection via the production of
and tissue homeostasis through the production of cytokines and ~ amphiregulin (3). However, both IL-22 and IL-17 are implicated
interaction with the adaptive immune system (10). in the immune response to pulmonary viral infection, suggesting

While all three ILC subsets have been identified in the  a potential role for ILC3s, particularly prior to the onset of the
airways, the majority of studies to date have focused on ILC2s,  adaptive immune response or in primary infection. Mice infected
highlighting their importance in tissue repair, protection from  with Influenza A/PR/8, for example, produced IL-17A as early
helminth infections, and involvement in multiple allergic diseases 45 2 days post-infection, resulting in lung injury associated with
(3, 11, 12). However, ILC3s are in fact the most prevalent group  excessive neutrophil recruitment (21), and IL-17 deficiency or
in human lung tissues (13), and their rapid secretion of IL-17A" treatment with anti-IL-17 antibodies is able to ameliorate IL-
and IL-22 has prompted investigations into their involvementin 17 associated lung injury in infected mice (22). However, as
inflammatory and infectious diseases in the lung, as the IL-17/IL-  ith many things in immunology, this is a double edged sword,
22 axis is so important to lung health (14) (Overview in Figure 2). 45 [1.-17 also plays an important protective role in preventing
Moreover, GM-CSF also plays an important role in allergic  secondary bacterial infections. Two separate studies have shown
airway disease, antimicrobial pulmonary host defense function,  jp co-infection experiments with influenza and Staphylococcus
and is essential for surfactant homeostasis (15). Although the ;45 that the induction of type I interferon from the virus
importance of ILCs as a source of GM-CSF in the lung remains  jpcreased susceptibility to secondary bacterial pneumonia by
untested, ILC3s in the gut are known to orchestrate inflammation directly inhibiting IL-17 production (23, 24). Irrespective, IL-17

through its activity (6). is likely to be relevant in human influenza infection, as elevated
levels of IL-17 and IL-17 associated cytokines are detected in
INFECTIOUS DISEASES serum from humans infected with swine-origin Influenza virus

(22). As antigen-specific CD4™ T cells do not appear in the lung
The constitutive presence of ILC3s at mucosal barriers, including  earlier than 4 days post-infection (25), innate sources of IL-17 are
the lung, and their rapid production of cytokines allows them likely to play an important role. y8 T cells have been implicated
to efficiently orchestrate inflammation and antimicrobial peptide ~ as being the early source of IL-17 (21, 26) however, although not
production, providing essential protection at these mucosal sites  directly linked as yet, it is likely that ILC3s represent an additional
(4, 16, 17). Here we discuss several important human lung  source of IL-17 during the first week of an influenza infection,

infections in which ILC3s may play an important role. particularly in primary infections.
IL-22, also has critical functions in host defense and in
Viral Infections maintaining epithelial integrity during influenza infection (10,

The influenza viruses are some of the most important  27). In mice infected with a sub-lethal dose of H3N2 Influenza
human respiratory pathogens, causing substantial seasonal, and A, ILCs had enhanced expression of IL-22 transcripts as early
pandemic morbidity and mortality (18). Following infection,  as 2 days post-infection, and mice able to produce IL-22 had
the innate immune system provides the first line of defense,  reduced lung injury and better protection from post-influenza

Frontiers in Immunology | www.frontiersin.org 24 January 2019 | Volume 10 | Article 92


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

Ardain et al.

ILC3s and Lung Disease

Inflammation/
pathology ,

Epithelial

Antimicrobial A
cell

peptides

Proliferation
Tissue remodelling
Wound healing

O

FIGURE 2 | Diverse and overlapping roles of IL-22 and IL-17 within the lung.
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Streptococcus pneumoniae superinfection, in comparison to IL-
22-deficient animals (28). In another study, IL-22 knock out
mice were found to have exacerbated lung injury compared
with wild-type mice, correlating with decreased lung function
21 days post-infection with a PR8/34 HINI virus (29).
Similarly, Kumar et al. (30) found that IL-227/~ mice infected
with a PR8 Influenza virus had severely impaired epithelial
regeneration and continuous loss of body weight, which
was restored by adoptive transfer of IL-22 sufficient, “ILC3-
like” CD3"NCRITNKI.1" cells. Guo and Topham (31), also
identified a CD3-NCR1+4NK1.14 subset as the predominant
producers of IL-22, although the protective role of IL-22 was
less clear in this instance. Subsequently, transcription factor
staining and transcriptomics of mucosal barrier surfaces have
demonstrated that ILC3s are a major source of IL-22 (32).

Bacterial Pneumonia

Pneumonia remains one of the largest infectious causes of death
globally, accounting for the deaths of 16% of children under 5
years old (33).

The severity of pneumonia depends on the interplay between
the ability of the host to control infection and the extent to
which the stress of microbial challenge can be tolerated (34).
IL-17 is important in the control of several key bacterial causes
of pneumonia in humans, including Klebsiella pneumoniae,
Streptococcus pneumoniae, and Pseudomonas aeruginosa (23, 35—
37). Humans with inherited complete autosomal recessive IL-
17RA deficiency, for example, have increased susceptibility to
pneumonia (38). In mechanistic studies, IL-17R knockout mice
were found to be particularly susceptible to K. pneumonia,

demonstrating 100% mortality after just 48h in comparison
to 40% mortality amongst controls (39). This was attributed
to a considerable delay in alveolar neutrophil recruitment via
IL-17. Similarly, IL-17R deficient mice, or mice with depleted
neutrophil populations had significantly diminished protection
from pneumococcal infection in the lung, and IL-17 is known
to enhance the phagocytic activity of neutrophils in vitro (40).
These observations are supported by recent work showing that
IL-17 signaling in the lung epithelium plays a critical role
in establishing the chemokine gradients that are essential for
mucosal immunity against pulmonary bacterial pathogens. Here,
mice that lacked IL-17R expression specifically on lung epithelia
lost CXCR5 signaling and failed to recruit sufficient neutrophils
to clear K. pneumoniae (36). The protective effect of IL-17
is not only limited to the activity neutrophils. Clearance of
primary infection with S. pneumoniae, for example, requires
the recruitment of monocyte/macrophages, and this protective
response is blocked by the depletion of IL-17 (41). Again, while
Th17 and y3 T-cells are important sources of IL-17 in the recall
response to bacterial infection (37, 42), in primary infections,
other sources, including ILC3s are likely to be crucial. This is
highlighted by the recent work of Xiong et al. (43) demonstrating
the importance of ILCs in primary infection with K. pneumoniae.
This study described a positive feedback loop in which TNE-
producing monocytes recruited to lungs drove an increase in IL-
17-secreting ILCs, which in turn enhanced monocyte-mediated
bacterial uptake and killing. Importantly, bacterial clearance
was similar in T-cell deficient and WT mice, but depletion of
ILC3s led to increased bacterial burden and mortality (43). In
experimental infection with P. aeruginosa, for which IL-17 is also
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essential, 90% of early IL-17 production appears to come from
ILC3 rather than CD3+ lineages, including y3 T-cells (35).

As with viral infection, IL-22 also plays key roles in host
response to bacterial pneumonia. In mice, IL-22 is detected
in lungs as early as 6h post-infection, where it increases lung
epithelial cell proliferation and significantly augments killing
of K. pneumoniae in vitro by upregulating the expression of
lipocalin-2 (44). The early expression of IL-22 implicates an
innate source. Following on from this Van Maele et al. (32),
using Rag~/~ and Rag~/~/Il2rg~/~ mice, demonstrated IL-22
production by CCR6+ ILC3s during S. pneumoniae infection.
Interestingly, this ILC3 response could be boosted by exogenous
administration of the TLR ligand flagellin, and was sufficient to
control and protect from an otherwise lethal infection (32). This
raises the intriguing possibility that modulation of ILC3s may
represent a novel treatment modality for some lung infections.
The potential interplay between IL-22 and IL-17 in bacterial
pneumonia is highlighted by recent work showing that, whilst
IL-17 driven neutrophil recruitment maybe required for bacterial
clearance, infection with P. aeruginosa in the absence of IL-
22 is associated with pathogenesis and increased susceptibility
driven by an excessive neutrophil response (45). Finally, IL-
22 production by ILC3s was recently found to be vital in
neonates, being the primary source of this cytokine in both
mice and humans. In this study, recruitment of IL-22-producing
ILC3s to the lung, driven by commensal microbes in the gut,
was required for protection from S. pneumoniae infection (46).
This unexpected link between the gut microbiome and ILC3-
mediated immunity in the lung again raises the possibility of
manipulating ILC3s to improve lung health. It also demonstrates,
as with primary infection, that the importance of ILC3 produced
cytokines may vary depending on the context.

Tuberculosis

Tuberculosis (TB), despite typically being a fully treatable disease,
continues to contribute to more deaths worldwide each year than
any other infectious disease (47), pulmonary or otherwise. While
the immune response to TB is complex and not fully understood,
human and mouse models have progressively elucidated roles
for many different immune cells including alveolar macrophages,
epithelial cells, and CD4+ T cells (48, 49). Studies of ILCs
in this mix are extremely limited to date. However, ILCs are
activated and accumulate in the lungs and lymph nodes of
mice following intranasal vaccination with Mycobacterium bovis
Bacillus Calmette-Guérin (BCG) (50). Moreover, their roles in
lung tissue repair, hepatic granuloma formation (3, 51), and pro-
inflammatory cytokine production support their involvement.
Indeed, prior to the description of ILCs, Feng et al. (52) found
that Rag~/~y¢~/~ mice, which lack T-cells and all ILC subsets,
had significantly poorer survival than T-cell deficient Rag2~/~
mice or WT controls, reflected in a more than 2-fold increase in
lung bacterial burden. Consistent with this, whilst Th1-associated
molecules, such as TNFa and IFNy are crucial to mycobacterial
resistance (53-55), recent studies have extended this to include
IL-17 and IL-22. BCG-infected mice, for example, fail to develop
mature granulomas in the absence of IL-17 (56), and both IL-17
and IL-22 protect mice from the hypervirulent strain Mtb HN878
(57, 58). Using cells sorted from human lung tissue explants,

ILC3s have recently been show to upregulate GM-CSF and IL-
22 transcripts when stimulated with Mtb ex vivo (48), and IL-
22-producing NK cells, now recognized as ILC3s, inhibit Mtb
growth by enhanced phagolysosomal fusion (59). Additionally,
humans with inherited bi-allelic RORC mutations, which lead
to compromised IL-17A/F mediated immunity, have markedly
increased susceptibility to mycobacterial disease (60).

One potential mechanism by which ILCs may contribute to
the immune response to TB infection is through the formation of
inducible bronchus-associate lymphoid tissue (iBALT). These are
tertiary lymphoid structures that develop following pulmonary
inflammation, at least in part through the IL-17/22 axis,
and which appear to orchestrate protective immune responses
(57, 61-63). Several independent studies have highlighted the
importance of iBALT formation in the immunopathology of TB.
Mice deficient in IL-17 had reduced B cell follicle formations
during early stages of Mtb challenge, while IL-22-deficient
mice had impaired follicle formation at an intermediate stage,
although neither of these deficiencies impacted the mouse’s
ability to control the infection. A lack of IL-23, which induces
cytokine production by ILC3s, led to both a sustained follicle
deficiency and increased bacterial growth (64). Separately, IL-
17, and not IFNy, was found to be required for mucosal
vaccine-induced immunity against Mtb, and was associated with
the induction of organized iBALT structures in the lung (65).
Thus, early and/or sustained production of IL17/IL22 by ILC3s
may play and important role in iBALT formation during Mtb
infection. It is important to note, however, that iBALT formation
can be observed in neonatal RORyt KO mice (66), showing that
ILC3s are not absolutely required for this process.

AUTOIMMUNE DISEASE

ILC3s have been associated with several autoimmune diseases,
including inflammatory bowel disease, multiple sclerosis,
psoriatic arthritis, and ankylosing spondylitis, either by direct
evidence or by involvement of the IL17/IL22 axis (67-70). ILCs
are also implicated in numerous autoimmune diseases which
can have lung associated pathology, including systemic sclerosis,
systemic lupus erythromatosus, and the ANCA-associated
vasculitides, however, the relationship is most clearly worked out
in asthma, COPD, and pulmonary fibrosis.

Asthma and Airway Hyper-Reactivity

Asthma is a chronic respiratory disease characterized by airflow
obstruction, excessive inflammation and airway remodeling (71).
IL-17 appears to be an important cytokine driving this this
condition. IL-17 expressing cells, for example, are elevated in
both sputum and Bronchoalveolar lavage fluid (BALF) from
asthmatic patients, (72) and more recently, IL-174+ ILC3s in
particular were found to be increased in BALF from human
patients with severe asthma (73). Consistent with this, ILC3 gene
signatures are enriched in total RNA from patients with adult
onset asthma (74). In mice, ILC3s facilitate obesity-linked asthma
via IL-17 production. Here, in both wild-type mice fed a high
fat diet, and mice that are obese due to a mutation in the leptin
gene, airway hyperresponsiveness was found to mediated by IL-
174 ILC3s (73). Importantly, this was observed in T-cell deficient
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mice and was induced by adoptive transfer of ILC3s into mice
lacking all lymphoid cells. Subsequently, IL-17-producing ILC3s
were similarly implicated in allergic asthma. Here, IL-174 ILC3s
and ILC2s were increased in mice fed a high fat diet following
house dust mite challenge, and this was ameliorated by antibody
depletion of ILCs using anti-CD90 (75).

IL-22 expression is associated with increased eosinophil
recruitment to lungs and airway hyper-responsiveness, and can
be detected in mice with ovalbumin induced allergic asthma (76),
and in serum from human patients (77). The major source of IL-
22 in mouse models is yet to be confirmed, as one study identified
the origin to be CD4+4 T cells (78), while another study found
it was predominantly produced by lineage negative, CD90™,
Sca-11 ILCs (79). However, in both studies, as well as others,
neutralization of IL-22 led to increased eosinophil infiltration
and allergic inflammation, while treatment with recombinant IL-
22 ameliorated this response (76-79). Here, the implication that
IL-17 is detrimental and IL-22 protective in these situations is
likely to be a simplistic one due to the cross talk between these
cytokines. Besnard et al. (77), for example found that IL-22 played
a protective role in the initial stages following antigen challenge,
but exacerbated inflammation in the later stages.

COPD

Chronic obstructive pulmonary disease (COPD) is largely caused
by smoking, and is associated with an aberrant inflammatory
lung environment (80), characterized by lung destruction and
increased neutrophilic infiltration (81). Consistent with their
roles in tissue immunity and homeostasis, recent studies have
identified roles for ILCs in COPD, particularly ILCls (82).
However, ILC3s may also be involved, as IL-17 is recognized as a
key driver of neutrophilic inflammation in COPD (83). In mice,
cigarette smoke exposure leads to an increase of all ILC subsets in
BALE particularly IFNy+ and IL-17+4 ILCs (84). In line with this,
human patients with COPD have higher sputum IL-17 than non-
smoking controls (85), and IL-17-, IL-22-, and IL-23-expressing
cells are increased in bronchial biopsies from COPD patients
(81). While direct mechanistic evidence linking ILC3s to COPD
is limited, one human study showed that a subset of ILC3s was
notably increased in lung tissue from COPD patients, and an
increase in IL-17 and IL-22 production by ILC3s (13). In separate
work, gene set enrichment analysis revealed LTi ILC3s and NK
genes are enriched in lymphocytes sorted from human lungs
tissues of patients with severe COPD (86).

Pulmonary Fibrosis

Pulmonary fibrosis occurs as a result of damage and scarring of
the lung parenchyma that can have numerous causes including,
environmental toxins, medication side effects, radiation therapy,
and autoimmune conditions. In fibrotic disease, chronic
inflammation and persistent extracellular matrix deposition can
lead to remodeling and progressive tissue destruction (87). This
remodeling and extracellular matrix deposition is largely driven
by connective tissue cells, such as fibroblasts, whose functions are
directly affected by pro-fibrotic cytokines produced by adaptive
and innate immune cells (88). The types of inflammatory
processes facilitated by ILCs, and their cytokine expression
suggests they are substantial contributors to fibrosis (87). While

all three ILC subsets secrete fibroblast activating cytokines, ILC3s
have capacity to regulate synovial fibroblasts and connective
lung tissue cells via IL-17 (89, 90), and elevated levels of IL-
17 have been observed in patients with cystic and pulmonary
fibrosis (91, 92). In a mouse model of fibrosis, IL-17 was
produced early on (between days 2 and 7), and associated
with neutrophil influx into the lungs. Mice deficient in IL-17
had lower neutrophil frequencies and better disease outcomes
(92). It seems that timing is important, however, as treatment
with IL-17 has no effect on collagen deposition during chronic
disease (93).

IL-22 is also involved in fibrosis, again in a largely protective
role. In a mouse model of hypersensitivity pneumonia, for
example, blockade of IL-22 signaling caused accelerated lung
fibrosis and enhanced collagen deposition in the lung, which
was inhibited by the administration of recombinant IL-22
(94). Similarly, bleomycin treatment in mice, which induces
fibrosis, significantly reduced IL-22 in their lungs, and human
epithelial cell lines treated with IL-22 had a slower progression
to fibrosis (95). However, again this protective view of IL-
22 is probably simplistic as one study found that bleomycin
induced IL-22 production was only protective in IL-17 deficient
mice (96). Conversely, in the presence of IL-17, IL-22 was
proinflammatory and promoted airway pathology, which was
blocked by the administration of anti-IL-22 antibody. Clearly
then, the involvement of IL-17 and IL-22 in the lung should not
be considered separately. As important innate sources of both
cytokines in the lung, it appears likely that ILC3s would have a
role in pulmonary fibrosis and they produce represent promising
new targets for molecular therapies (92, 94).

CONCLUDING REMARKS

As we have highlighted here, there are many studies showing
the importance of ILC3 cytokines in lung immunity. In many
cases the early source of cytokines such as IL-17 and IL-22 has
been assumed to be y3 T cells, as antigen-specific T cells only
accumulate after several days (25). However, we now know that
ILC3s, though fewer in number, are prolific producers of IL-17
and/or IL-22, as well as other important lung cytokines such as
GM-CSE and thus have the capacity to drive inflammation or
repair in a number of infectious and autoimmune diseases (97-
100). This is certainly supported by the relatively few studies to
date that have directly sought to investigate their importance as a
source of these cytokines. Clearly much remains to be done, but
the possibility that lung ILC3s may be manipulated to influence
lung health is intriguing and should encourage these further
studies.
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ILC2s were originally identified as IL-5 and IL-13 secreting “natural helper cells” present
within the fat-associated lymphoid clusters of the mesenteries in both mouse and man.
The presence of ILCs in adipose tissue has more recently expanded to include all ILC
groups. Since their initial discovery, our knowledge of these cells and their role in adipose
immune responses has expanded significantly. In this review we summarize the current
literature on the role that ILC2s play in orchestrating adipose tissue function in both lean
and obese states. We go on to address new data detailing interactions of adipose ILCs
with innate like B-cells (IBC) and discuss how this interaction results in localized protection
of mucosal sites during infection and inflammation via the production of innate antibodies.

Keywords: adipose, ILC2, FALCs, innate, antibodies, thermogenesis, mucosal, atherosclerosis

INTRODUCTION

Innate lymphoid cells are the newest kids on the block in terms of innate immune cell function,
however the previous 8 years have revealed a wealth of information on these previously enigmatic
lymphocyte like cells. In a non-activated state, ILCs possess lymphocyte morphology but lack
the expression of surface markers used to define other immune cell populations. ILCs are
thus described as “lineage negative.” Non-cytotoxic ILCs are currently segregated into three
transcriptionally defined groups that mirror the four major T-helper cell subsets. Tbet dependent
ILC1s which secrete IFNy and TNFa, GATA3 dependent ILC2s which secrete IL-5/IL-13 [and can
secrete IL-10 (1)], RORyt dependent ILC3s which secrete IL-17A/IL-22, and include a population of
Lymphoid tissue inducer (LTi) cells which are critical for secondary lymphoid organ development
(2) and finally, Id3 dependent ILCregs which produce IL-10 and require autocrine TGF-p1 (3). In
addition to these non-cytotoxic cell types, are the classical cytotoxic NK cells that are important
for protection against viruses and cancer. Although ILCs were first described as natural helper
cells (ILC2) in the fat-associated lymphoid clusters (FALCs) of the mesenteries where they support
antibody responses, their presence and importance has since been extended to the whole adipose
organ with ILCs having been reported in most fat depots. ILCs are now considered as key regulators
of adipose tissue function. IBCs are B cells with “innate like” properties; they have a poly-specific
B-cell receptor repertoire and rapidly produce polyclonal IgM in response to both self and microbial
antigens (4). Here we will discuss (1) the central regulatory role of ILC2 in the regulation of adipose
tissue homeostasis and (2) the key role of ILCs in activation of the IBC compartment during
infection at mucosal sites.

ILC2s ARE CRITICAL REGULATORS OF TYPE 2 IMMUNE CELLS
TO MAINTAIN WHITE ADIPOSE TISSUE HOMEOSTASIS

Recently, it has become apparent that type 2 immune cells play a critical role in the maintenance
of homeostasis in lean, healthy adipose tissue and that ILC2 are central regulators of this function.
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Type 2 immune cells including ILC2, T regulatory cells (Treg),
T-helper type 2 cells (Th2), Eosinophils, mast cells, and M2
macrophages are prevalent in healthy adipose tissue where
they contribute to adipose tissue remodeling, counteracting the
inflammatory effect of obesity and inducing browning of white
adipose tissue (5, 6). Here, we will concentrate on the role of ILC2
in orchestrating the function of type 2 immune cells in adipose
tissue.

ILC2s and Immune Homeostasis in White

Adipose Tissue

ILC2s are present within visceral adipose tissue (VAT), where
they are the predominant producers of IL-5 and IL-13 at
homeostasis and following prolonged exposure to IL-33 or
helminth infection (7, 8). Th2 cells remain a minor population
of IL-5 and IL-13 producing cells within the VAT even during
helminth infection (8). In lean adipose tissue, IL-33 drives
the recruitment and/or proliferation of ILC2 but the cellular
origin of IL-33 and the mechanisms leading to its secretion
at homeostasis remains poorly understood. While we reported
that Gp38* stromal cells of fat-associated lymphoid clusters
express high levels of IL-33, others showed that IL-33 is also
expressed by Gp38™ fibroblasts, Cadherin-11*" mesenchymal
cells, or endothelial cells of the stromal vascular fraction of
adipose tissue (9-12). It is likely that the relevant source of IL-
33 in adipose tissue is context dependent and further work is
needed to elucidate the mechanism of IL-33 action in adipose
tissue. Tissue ILC2s are key producers of systemic IL-5 required
for homeostatic eosinophil maintenance (13). In adipose tissue,
secretion of IL-5 by ILC2 is essential for the recruitment and
maintenance of eosinophils (8) and is dependent on IL-33 (8)
(Figure 1). Secretion of IL-13 and IL-4 by ILC2 and eosinophils is
critical for the maintenance of alternatively activated or M2-like
adipose tissue macrophages and glucose homeostasis (8, 14). The
precise phenotype and origin of these macrophages is not known.
Interestingly IL-33 has been shown to be competent to induce
macrophage proliferation independently of IL-4Ra expression in
other non-adipose macrophages populations (15) and whether
IL-33 can directly activate adipose tissue macrophages remains
to be investigated.

Pioneering work by the group of Diane Mathis demonstrated
the existence of a unique subset of GATA-3" PPARy™ regulatory
T cells in adipose tissue important for preventing insulin
resistance (16, 17). Regulatory T cells in adipose tissue express
the IL-33 receptor ST2 and require IL-33 for their maintenance
(18). Additionally, expression of ICOSL by adipose tissue ILC2
provides additional signaling through ICOS in regulatory T
cells for their accumulation within VAT (10). Halim et al.
elegantly advance these finding by showing that in the absence
of ILC2s or specifically the absence of OX40L expression by
ILC2s there is a significant deficit in the number of GATA3™" T-
regulatory cells within the perigonadal adipose tissue following
IL-33 delivery (19).

ILC2s and Adipose Tissue Browning
Brown and beige adipose tissue are fat depots specialized in
the dissipation of energy for the production of heat. While

brown adipose tissue is mostly found in infants and regresses
with age, white adipose tissue can undergo “browning” to form
beige adipose tissue, expressing the thermogenic protein Ucpl
during exposure to cold (20). Two distinct mechanisms involving
ILC2s have been implicated in the browning of adipose tissue.
Mechanism one relies on the IL-33 dependent induction of
methionine-enkephalin peptide release from ILC2s that acts
directly on adipocytes to upregulate UCP-1 and induce beiging
(21). The second published mechanism involves pharmacologic
expansion and activation of ILC2 with IL-33 in thermoneutral
mice which induces the proliferation of adipocytes and their
differentiation into beige adipocytes (22). This is dependent on
the release of IL-4 and IL-13 by ILC2 and the direct activation
of adipocyte precursor cells via the IL-4Ra (22). ILC2 may also
be important for the activation of eosinophils during acute cold
exposure and the secretion of IL-4/13, which have been reported
to induce browning through activation of alternatively activated
macrophage production of catecholamines (23). However, the
mechanisms leading to secretion of IL-33 upon cold exposure
were not elucidated. The production of catecholamines by
alternatively activated macrophages is controversial with a recent
report stating that alternatively activated macrophages do not
produce catecholamines and are thus unlikely to have a direct role
in adipocyte metabolism or adaptive thermogenesis (24).

Is There a Link Between the Gut Mucosa and the
Metabolic Regulatory Function of ILC2 in Adipose
Tissue?

In the small intestine, the release of IL-5 and IL-13 by ILC2
is increased by food intake, leading to fluctuation in the levels
of circulating eosinophils during the day (13). It would be
interesting to know if the secretion of IL-5 and IL-13 or other
important mediators such as methionine-enkephalin peptides by
adipose tissue ILC2s fluctuates with food intake, thus allowing
the synchronization of adipose tissue function with food intake
via immune regulation.

A LINK BETWEEN ADIPOSE TISSUE ILC2s
AND METABOLIC DYSFUNCTION

During obesity the number of ILC2s decreases in adipose tissue
both in mouse and human, leading to decrease in overall
Type-2 immunity and increased inflammation in adipose tissue.
Importantly, the loss of ILC2 in obesity can be reversed by
IL-33 injection in obese mice restoring glucose tolerance and
insulin sensitivity. However, the mechanisms leading to the loss
of ILC2 during obesity are not well-understood. Interestingly,
a population of ILCls expand in the adipose tissue during
diet-induced obesity and produce IFN-y in response to IL-12,
contributing to inflammation and insulin resistance (25). IFN-y
has an antagonistic effect on ILC2 (10) which may be responsible
for the loss of ILC2 during obesity. It is also possible that IFNy
and or IL-12 drives the conversion of ILC2 toward ILC1 during
diet-induced obesity, as described in response to IL-12 (26).
In addition, upregulation of PD-1 expression on ILC2 and its
engagement via PD-L1M M1 macrophages has recently been
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T-regulatory cells (Treg) and ILC2 resulting in regulated Type-2 immunity via the activity of secreted and membrane bound type-2 signals (blue arrows); this response is
amplified in the presence of lower ambient living temperature and during infancy and can result in browning thermogenesis within adipose tissue (Left; brown). Type-2
signals that can control browning are shown (brown arrows). In the obese state (right; pink) Inflammation mediated by type-1 signals (red arrows) promotes the
activation of ILC1 and the inhibition of ILC2 which results in inhibition of M2 and expansion of the M1 macrophage population which contribute to the development of
insulin resistance. During Type-2 inflammation within the lung or gut, ILC2 containing FALCs (Black circles) expand; IL-33 produced by stromal cells (green arrow)
increases IL-5 secretion (blue arrow) from ILC2 which induces innate like B cell (IBC) proliferation and secretion of IgM. (MetEnk, methionine-enkephalin peptides; NE,

norepinephrine; Eos, Eosinophils; IBC, Innate Like B cell; M1/M2, M1, or M2 macrophage; FALCs, Fat-associated lymphoid clusters).

described to inhibit the protective function of ILC2s during
obesity. Within obese adipose, increased PD-1 expression on
ILC2s was dependent on TNFa and IL-33 (27).

In the second half of this mini-review, the original role of
ILCs in the initiation of local immune function in FALCs is
discussed and extended to include the newly described pleural
FALGCs (11, 28, 29); finally we discuss the interaction between
ILC2s, IBCs, and IgM during atherosclerosis.

FAT-ASSOCIATED LYMPHOID CLUSTER
FUNCTION IN MUCOSAL DEFENSE

The peritoneal and pleural cavities, primarily considered
as sites of macrophage (30) and Bl cell residence represent

compartments that demarcate, contain and protect the
boundaries between three major mucosal sites directly
exposed to environmental antigens; namely the lungs,
the intestines and the reproductive tract (of females)
(Figure 2). Immune protection within the body cavities is
co-ordinated by small, inducible lymphoid clusters found
within specialized small adipose tissues (the mediastinum,
pericardium, mesenteries, and omentum). Initially described
as “milky-spots” within the omentum (31) these inducible
structures were rebranded in 2010 as Fat-Associated Lymphoid
Clusters or FALCs (32). FALCs are local hubs that are
important for providing a second line of defense between
the mucosal surfaces and a systemic immune response,
working to compartmentalize antibody mediated immune
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FIGURE 2 | Compartmentalized protection of mucosal sites by fat-associated
lymphoid clusters within body cavities. Within the pleural cavity, protection
from/regulation of, microbiota, infection, inflammation, and damage is
mediated by inducible FALCs within the pericardium (green) and mediastinum
(orange). Within the peritoneal cavity, protection from/regulation of microbiota,
infection, inflammation, and damage is mediated by FALCs within the
omentum (purple) and mesenteries (pink) m, mediastinal; PeriC, pericardial;
om, omental; mes, mesenteric; FALCs, Fat-associated lymphoid clusters.

responses within body cavities. Evidence supporting FALC
orchestration of antibody responses within the body cavities
is mounting, with multiple reports linking FALCs to the
initiation of T-independent and T-dependent immune responses
(11, 29, 32-34).

FALCs, ILCs, AND THE INITIATION OF
INNATE LIKE B CELL RESPONSES

Intestinal Barrier Functions

FALCs were identified as immune cell aggregates within the
mesenteries, that were enriched in lineage negative, c-Kit", Sca-
17 cells; these cells are now known as ILC2s (32, 35, 36). ILC2s
are potent producers of IL-5 and IL-13; detectable levels of both
cytokines are induced in the peritoneal lavage of Rag2~/~ mice
which do not have mature T or B cells, but are absent from
yc/~Rag2~/~ following infection with the tissue migrating
parasite Nippostrongylus brasiliensis (32). This result highlighted
the potency of common-gamma chain receptor dependent innate
immune cells for the initiation of immune responses within the
peritoneal cavity in the context of intestinal worm infection. IL-5
is a critical growth factor for B1 B cells (37); Moro and colleagues
showed, using elegant in vivo transfers and in vitro co-cultures

of ILC2 with peritoneal B-cells in the presence or absence of
a blocking antibody against IL-5, that ILC2s provide support
for Bl cell self-renewal (32). ILC2s isolated from mesenteric
FALCs were also shown to be competent for the induction
of IgA secretion by peritoneal B cells in vitro (32). Peritoneal
Bl cells have been shown to migrate to the intestinal lamina
propria in order to secrete IgA (38, 39). In addition to the
conventional “Type-2” cytokines described above, ILC2 have
also been shown to secrete IL-6 (40, 41). As IL-6 has been
described to induce antibody production by B-cells, as well as
act as a growth factor for plasmablasts (42) and contribute to the
regulation of T follicular helper cells (43), it is plausible that ILC2
secretion of this cytokine locally modifies FALC B-cell function;
a hypothesis that warrants further experimental investigation
to confirm. Contrary to secondary organs, the development of
FALCs is not dependent on ILC3 as shown by the normal
development and composition of FALCs in Rorc™/~ mice (29).
However, studies in germ free mice revealed that the number
of FALCs forming in the mesenteries is decreased indicating
that factors derived from the commensal flora are important to
drive the formation of FALCs. ILC3s are an important innate
source of GM-CSE, a cytokine required for the induction of IgM
by innate response activator (IRA) B cells (44). Competency to
support IgA secretion by Bl was also reported for peritoneal
macrophages, which had been exposed to omentum culture
supernatant (45). Given the almost certain presence of ILC
derived factors within the omental culture supernatant, it is
hard to know what component of the IgA secretion mediated
by peritoneal macrophages is in part dependent upon ILCs. A
thorough characterization of the ILC occupation of the murine
omentum has not been carried out; however a recent report
characterized the presence of ILCs in multiple human tissues
including detailing the presence of ILC1 like cells within the
omentum (46).

Pulmonary Barrier Functions

IgM is a large antibody and as such secretion of IgM into
the circulation does not guarantee its presence at tissue sites
where it is required. In the global absence of the IL-33R ST2,
the secretion of IgM from FALCs within the pleural cavity is
ablated (11). This is not a direct effect on the B-cells as co-
transfer of IL-33R sufficient and deficient B-cells resulted in
comparable induction of B-cell activation following Alternaria
alternata delivery. Utilizing blocking antibodies against IL-5
delivered directly into the pleural space, we concluded that the
IL-33 was acting via an IL-5 producing intermediate population
of cells. ILC2s were the only cells found to be expressing IL-5
within FALCs of the pleural cavity during type-2 inflammation
(11). Thus, the presence of IgM secreting B-cells within FALCs
in the context of type-2 inflammation is assumed to depend
upon IL-5 secretion from IL-33 activated ILC2s. The link between
ILC2 and antibody production within the thoracic cavity was
also made by Drake et al. (47) who showed that in vitro culture
of lung derived ILCs with splenic B cells resulted in antibody
production (47). However, as there are fewer B-cells within
the lungs and because fluid phase B cells isolated from the
pleural space do no secrete antibodies, it is likely that pleural
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FALCs are the sites where the ILC/B cell interactions take
place in the thoracic cavity. In support of a tight immune
crosstalk between lung and pleural space is a report showing that
delivery of GM-CSF secreting IRA B cells into the pleural space
mediates protection from pneumonia (48). Neither the role of
FALCs in the activation of the transferred IRA B cells nor the
requirement for lung or FALC resident ILCs in this process was
investigated. This study serves to further highlights the crosstalk
which occurs between mucosal tissues and their associated serous
cavities.

Is FALC Derived IgM Atheroprotective?

Innate like B-cells (IBCs) can be both protective and pathogenic
in atherosclerosis. Recognition of oxidation specific epitopes
on low density lipoproteins (LDL) (49) by natural IgM plays
a protective role in atherosclerosis and clinical studies show
that lower levels of IgM correlates with increased risk of
cardiovascular diseases. The production of atheroprotective IgM
by IBCs is dependent on IL-33 (50), IL-5 and IL-5 producing
ILC2 (51, 52), a signaling loop that is active in FALCs (11).
Importantly, it has been shown that the number of FALCs
in the para-aortic adipose of ApoE™/~ mice increases in the
vicinity of atherosclerotic lesions (52) and that they contain
IBC producing atheroprotective IgM (53). This suggests that
ILC2 regulation of local IgM secretion by FALC IBCs could be
key to IBC mediated atheroprotection and that loss of ILC2
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SUMMARY
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Innate lymphoid cells (ILCs) represent a heterogeneous group of cells lacking genetically
rearranged antigen receptors that derive from common lymphoid progenitors. Five
major groups of ILCs have been defined based on their cytokine production pattern
and developmental transcription factor requirements: namely, natural killer (NK) cells,
ILC1s, ILCZ2s, ILCSs, and lymphoid tissue-inducer (LTi) cells. ILC1s, ILC2s, and ILC3s
mirror the corresponding T helper subsets (Th1, Th2, and Th17, respectively) and
produce cytokines involved in defense against pathogens, lymphoid organogenesis,
and tissue remodeling. During the first trimester of pregnancy, decidual tissues contain
high proportion of decidual NK (dNK) cells, representing up to 50% of decidual
lymphocytes, and ILC3s. They release peculiar cytokines and chemokines that contribute
to successful pregnancy. Recent studies revealed that ILCs display a high degree of
plasticity allowing their prompt adaptation to environmental changes. Decidual NK cells
may derive from peripheral blood NK cells migrated when pregnancy establishes or
from in situ differentiation of hematopoietic precursors. Previous studies showed that
human and murine decidua contain dNK cells, tissue resident NK cells, and ILC3s,
all characterized by unique phenotypic and functional properties, most likely induced
by decidual microenvironment to favor the establishment and the maintenance of
pregnancy. Thus, during the early phase of pregnancy, the simultaneous presence of
different ILC subsets further underscores the complexity of the cellular components of
decidual tissues as well as the role of decidual microenvironment in shaping the plasticity
and the function of ILCs.

Keywords: human and murine pregnancy, innate lymphoid cells (ILCs), natural killer (NK) cells, tolerance, decidua

INTRODUCTION

ILCs represent an extended family of developmentally related hematopoietic cells that differ from
T and B cells because they do not undergo somatic rearrangements of antigen-specific receptors.
Notably, ILCs mirror the function of T cell subsets and contribute to host innate immune defenses,
lymphoid organogenesis, and tissue remodeling. Based on their transcription factor (TF) profile
ILCs have been recently classified in five groups including: (1) Natural Killer (NK cells); (2) ILC1s;
(3) ILC2s; (4) ILC3s; and (5) Lymphoid Tissue-inducer cells (LTi) (1, 2). All ILCs derive from
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Human and Murine ILC During Pregnancy

a common lymphoid progenitor (CLP) expressing the inhibitor
of DNA binding 2 (ID2) TF. The CLPs differentiate into
common innate lymphoid precursors (CILPs) that, in turn, can
differentiate into common helper innate lymphoid precursors
(CHILPs) or into NK precursors (NKPs). Moreover, CHILPs can
subsequently give rise to LTi precursors (LTiPs) that differentiate
into LTi cells or to ILC precursors (ILCPs) that give rise to
ILCls, ILC2s, and ILC3s, while NKPs differentiate toward NK
cells. Notably each differentiation step is driven by specific TF
(Figure 1) (3-5).

NATURAL KILLER CELLS

NK cells display cytolytic activity against virus-infected and
tumor cells and are characterized by the ability to rapidly release
pro-inflammatory cytokines and chemokines involved in early
inflammatory responses (6, 7). NK cell function is regulated
by an array of inhibitory and activating receptors (8-13).
Inhibitory NK receptors include Killer Ig-like Receptors (KIRs)
in humans and Ly49 receptors in mice, that recognize classical
MHC class-I molecules, and the heterodimer CD94/NKG2A
able to interact with non-classical MHC class-I molecules
(13, 14). Activating receptors include NKp46, NKG2D, and
DNAM-1, in both humans and mice, and NKp30 and NKp44
that are expressed only by human NK cells. Other surface
triggering molecules, such as 2B4 and NKp80, mainly function
as co-receptors, enhancing natural cytotoxicity induced by
triggering receptors. The most mature NK cells also express
CD16, the low-affinity receptor for the Fc region of G-type
immunoglobulins (IgG) responsible for antibody-dependent
cell-mediated cytotoxicity (ADCC). In human, two NK cell
subsets can be identified on the basis of CD16 and CD56 surface
expression (15). CD56%™ NK cells, co-expressing CD16 and
KIRs, are predominant in peripheral blood (PB), display potent
cytolytic activity and rapidly release IFN-y, whereas the poorly
cytolytic CD56°"8MCD16~CD94/NKG2ATKIR™ NK cells are
mostly found in tissues and secondary lymphoid organs where
they are responsible for long-lasting production of chemokines
and cytokines (16). Several studies demonstrated that NK cells,
as other immune cells including ILCs, derive from a ID2%
hematopoietic precursor cell through the sequential acquisition
of receptors and functions that allow the identification of distinct
stages of development. Induction of NK cell commitment and
further development require the expression of specific TFs as
well as the exposure to a peculiar cytokine milieu. The TFs that
drive NK cell differentiation are thymocyte selection-associated
high mobility group box (TOX) and nuclear factor, interleukin
3 regulated (NFIL3, also known as E4BP4) (17). Achievement
of later maturational stages also requires Eomesodermin
(Eomes) and T-box transcription factor (Tbet) expression,
which promotes the expression of cytolytic machinery and
IEN-y, respectively. Regarding the cytokine requirement, IL-15
is critical not only for the development of NK cells but also
for their survival proliferation and function (2, 4, 5, 18). It is
now clear that NK cell development not only occurs in the
bone marrow (BM) but also in other peripheral lymphoid and

non-lymphoid organs. Indeed, ex vivo maturational stages
of NK cell differentiations have been identified in some
tissues (e.g., thymus, tonsil, liver, and decidua) based
on surface markers expression. In this context, NK cells
have been extensively characterized in human and mouse
decidual tissues.

During the first trimester of pregnancy, NK cells reach 40-
70% of total lymphocytes present in the decidua, representing
the main lymphoid population and display unique phenotypic
and functional features (19-23). Human decidua NK (dNK)
cells are characterized by CD56*"#"CD16~KIR*CD9*CD49a™
phenotype, are poorly cytolytic and produce low amount of IFN-
¥, as compared to PB-NK cells (24, 25) (Figure 2). Conversely,
they secrete cytokines and chemokines e.g., VEGF, SDF-1, and IP-
10 that promote neo-angiogenesis, tissue remodeling, immune
modulation, and placentation (26-29). Moreover, dNK cells
induce regulatory T cells (Tregs) that play a major role in
the inhibition of maternal immune response and in tolerance
induction (30, 31). In a recent paper, single-cell RNA sequencing
of cells isolated from decidua and from the corresponding
PB during the first trimester of pregnancy demonstrated
the existence of three different NK cell subsets. These dNK
subsets display a characteristic immunomodulatory profile and
can specifically interact with other cells present in decidual
microenvironment. The resulting cross-talk appears to play an
important role in the control of successful pregnancy (32). It is
of note that the microenvironment of different tumors displays
an immunosuppressive milieu similar to that of decidua (33).
Thus, a type of microenvironment playing a functional role in
physiological condition, may instead favor tumor growth by
suppressing the anti-tumor immune response. In particular, it has
been shown that different types of cells present in the decidual
microenvironment could exert a potent immunosuppressive
activity inhibiting the function of NK cells (34-37). During
murine gestation, metastatic spread is enhanced regardless of the
tumor type and the decrease of NK cell activity is responsible of
the observed increase in tumor metastases (33). It has been shown
that human dNK cells express both inhibitory and activating
KIRs specific for HLA-C molecules that are present at the
trophoblast cell surface during the first trimester of pregnancy
(30). Interactions occurring between KIRs and HLA-C molecules
on trophoblast appear to play a relevant role in the induction
of fetus-maternal tolerance (38, 39). In addition to KIRs, other
receptors involved in the maintenance of pregnancy may be
expressed by dNK cells. Of particular interest is NKG2C that
upon binding to its corresponding ligand HLA-E, mediates the
activation of NK cell function (23). In this context, the expression
of NKG2C by dNK cells may play a key role in the control of
cytomegalovirus (CMV) intrauterine infection during pregnancy
(40). Notably, the frequency of NKG2CT dNK cells increases
during repeated pregnancies as compared to the first pregnancy.
NKG2C™ dNK cell subset displays unique transcriptome and
receptor profile and may sustain both vascularization and
placentation during pregnancy (41). Recent studies provided
evidence that NKG2C™ NK cells can specifically discriminate
among different peptides bound to HLA-E. In particular, HLA-
E-bound peptides derived from the leader sequence of HLA-G
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factors (TFs) required step are indicated.

have been shown to induce an expansion of “adaptive” NK cells
characterized by a high proliferative capacity and cytotoxicity
(42, 43). Since HLA-G is mainly expressed by trophoblast cells it
is possible to speculate that NKG2C and HLA-E binding to HLA-
G peptides may play a relevant, still poorly explored, role in the
maintenance of pregnancy.

The actual origin of dNK cells is not fully defined. Previous
studies provided evidences that human decidual tissue contains
CD34" hematopoietic cell precursors expressing IL-15/IL-2
receptor B-chain, IL-7 receptor a-chain and mRNA encoding
for E4BP4 and ID2 TF. Upon culture they could undergo
in vitro differentiation into mature NK cells that display a
phenotypical and functional profile similar to that of dANK cells.
These observations strongly suggest that dCD34™* cells display a
commitment to the NK cell lineage. Indeed, their differentiation
occurs either in the presence of suitable growth factors or even
upon co-culture with decidua-derived stromal cells strongly
suggesting that dNK cells may derive from CD34" precursors
already present in the decidua (44). It has also been proposed
that, since decidual microenvironment produces large amounts
of attractant chemokines, dNK cells can also be recruited from
periphery into decidual tissues when pregnancy establishes (45,
46). In particular, PB-NK cells migrating into decidua acquire
both phenotypic and functional features typical of dNK cells
thanks to the factors present in the local microenvironment
(45, 47, 48). Notably, hematopoietic precursors are also found
in decidua and uterus of pregnant mice. These precursors are

committed to the NK cell lineage and undergo differentiation
to NK cells in decidua and uterus during early pregnancy. In
addition to precursors a large proportions of immature NK cells
are found in decidua and uterus. These cells undergo rapid in situ
proliferation/maturation. Immature murine dNK cells display
low cytolytic activity and IFN-y production. Moreover, dNK
cells express high levels of Ly49 receptors, usually expressed by
PB-NK cells. This resemble the expression of KIRs by human
dNK cells (49). Moreover, it has been shown in mice that PB-
NK cells display limited homing capacity to decidua and uterus,
thus indicating that the recruitment from PB can only marginally
contribute to the accumulation of NK cells in decidua and uterus.
Thus, it is conceivable that the decidual microenvironment
plays a key role in stimulating and supporting such rapid and
unique NK cell differentiation (49). These observations allowed
to identify decidua and uterus as novel sites for PB-NK cell
differentiation as previously described for other peripheral sites
(50). On the other hand, a recent study provided evidence that in
mice the primary source of NK cells during pregnancy are tissue
resident (tr) NK cells displaying a high proliferative capacity (51).
Phenotypic and functional analysis of decidua and uterus-NK
cells provided evidence of a previously unexpected high plasticity
of NK cells. Indeed, the local microenvironment was found to
shape the NK cell features during development and contribute
to the acquisition of regulatory, rather than pro-inflammatory,
function. These important correlations between mouse and
human dNK cells may offer suitable tools for understanding the
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immune-regulation at the maternal-fetal interface and possibly,
to clarify the pathogenesis of pregnancy-related diseases.

GROUP 1 ILC

In addition to NK cells, ILCls are another important source of
IENY in peripheral tissues. However, ILCls are more proficient
in the production of TNF-a and, different from NK cells,
they mainly reside within peripheral organs (52, 53). Whether
ILC1s have also cytotoxic capabilities is currently unclear. While
expressing very low levels of granzymes and perforin, they
can induce TRAIL-mediated target cell killing. In addition,
thanks to their ability to produce IFN-y, ILCls provide innate
defenses against intracellular bacteria and protozoa (54, 55).
The development of ILC1 depends on Tbet but not on
Eomes, necessary for the development of mature NK cells.
Although ILCls express markers in common with NK cells
and ILC3s (NK1.1 in mice and NKp44 and NKp46 in humans
and mice, respectively), they can be identified thanks to the
expression of CD127, CD49a, and TRAIL both in humans and
mice. In humans, two subsets of ILC1 are described in the
intestine: (1) NCR™Tbet "IFN-y™ cells and (2) NKp44+CD103™
intraepithelial ILC1s (iILCls) (56, 57). In particular, the first
subset is characterized by high expression of CD127 and CD161
but lacks CD56, CD94, granzyme B and perforin (typical of

mature NK cells). It express Tbet but not Eomes and reside in the
lamina propria. The iILCls share features in common with NK
cells including the expression of CD56, the lack of CD127 and
the localization in tonsils and in the intraepithelial space in the
intestine. These cells are CD103" and NKp44* and express CD9
and CD49a, typical markers of dNK cells. Since CD103™ cells are
Eomes™ and perforin™, it is possible that they represent a subset
of NK cells rather than ILCls.

In mice, Tbet"Eomest NK cells and Tbet*Eomes™ ILCls
represent two distinct lineages of differentiation, with Eomes™
NK cells originating from the BM and Tbet™ Eomes™ cells
developing in peripheral organs (58). CD3 NKIL.11 cells
characterized by Eomes!®"/"¢8 expression have been described in
murine peripheral organs. In the liver, Eomes'®" cells are found
to be trNK cells characterized by a CD37NK1.17CD49aTDX5™
phenotype (53). However, the absence of Eomes expression,
together with the presence of Tbet, rather suggests their
belonging to the ILCls (54). Notably, while in the liver
the expression of CD49a is confined to Eomes™ cells, in
decidua and uterus also a large proportion of Eomes™ cells
are CD49a%, supporting the concept that CD49a expression
alone does not allow discrimination between Eomes™NK cells
and Eomes™ILC1 (58) (Figure 2). Previous studies in mice have
shown that decidua and uterus NK cells express high levels
of Eomes. Although NKI1.1tEomes™ ILCls increased during
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pregnancy and specifically expanded in second pregnancies,
EomesTNK cells continued to represent the majority of uterine
and decidual CD3~NK1.17 cells. Importantly, both Eomes™ and
Eomes™ subsets expressed Tbet. Moreover, based on CD49a,
DX5 and Eomes expression, uterus and decidual cells could
be further subdivided into different subsets, namely ILCls
(Eomes~ CD49a* DX5~ IENy°"TNEMgh) common NK (cNK)
cells (EomesT CD49a~DX5TIEN-y 8" TNF!°W), and two peculiar
subsets of NK cells (EomestCD49a™DX5 IFNyTTNF" and
Eomes™CD49a™ DX51IEN-y T TNFT) that share phenotypic and
functional features with cNK cells and the formerly described
tissue resident NK (trNK) cells (53). A very recent study provided
the first whole-genome transcriptome profile of the different ILC
subsets present in decidua and uterus of mice during pregnancy.
These results highlight the marked differences existing between
the uterine resident CD49at trNK cells and the ILCls (59).
The abundance of Eomes™ cells in uterus and decidua suggests
that they may derive from hematopoietic precursors of BM
origin. However, as described above, dNK cells may also derive
from accumulation of circulating immature cNK cells that upon
exposure to tissue microenvironment acquire typical features
of uterine NK cells including CD49a expression. Similarly, to
mice, in human decidua, Eomes™ cells can be divided in three
different subsets on the basis of NKp44 and CD103 expression.
The CD103™ cells represent the major source of IFN-y among
dNK cells and may play a relevant role in the early inflammatory
phase of pregnancy. Altogether, these studies indicate that the
majority of ILCs present both in human and murine decidua
are Fomes™ NK cells. Moreover, only in mice it is possible
to identify also Eomes™ ILCls (60-62). Notably, the decidual
microenvironment may shape the conversion of a peculiar
subset of ILC one into another. For example, in mice, TGF-f
can induce the conversion of CD49a~ CD49b*Eomes*NK cells
into CD49atCD49b~ Eomes'®" ILC1. Since this conversion may
occur also in tumor microenvironment it may represent a further
mechanism of tumor escape as ILC1 are characterized by reduced
capacities to control tumor growth (63).

GROUP 21ILC

ILC2s have been originally identified in mice, they depend on
GATA binding protein-3 (GATA3) TF for their development
(64), and release IL-5, IL-9, IL-13, and small amounts of IL-4 in
response to IL-25 and IL-33 stimulation. This cell subset plays
an important role in the immune response against helminthic
infections and is involved in allergic immune responses. In mice
ILC2s are detectable in several tissues, including lymph nodes,
fat-associated lymphoid clusters, spleen, liver, intestine, and
airways while in humans are mainly found in lung and intestine
(2). Studies in mice, demonstrated that ILC2s derive from an
ID2* precursor present in the BM and that their development
is driven by RORa TF. ILC2s can be identified thanks to the
expression of CRTH2, CD127, and CD25. They also express
ICOS, which promotes ILC2 survival and cytokine production
(65). They share with NK cells, ILC1s and ILC3s the expression
of anumber of activating and inhibitory receptors such as CD161,

NKp30, KLRG1, and PD1 that can regulate their activation and
function (66, 67).

The presence of ILC2s in decidual tissues is debated and
may depend on the gestation phase. They are detectable
in the uterine wall but not in decidua and endometrium
both in humans and in mice. ILC2s have been detected in
the uterus of both virgin and pregnant mice as well as in
myometrium (Myo) and in mesometrial lymphoid aggregates
(MLAp) (61, 62). Nfil3 TF is strictly required for the development
and the expansion of uterine ILC2s in mice; indeed, in the
uterus of virgin and pregnant Nfil”/~ mice ILC2s are not
present. Importantly, thanks to their ability to release IL-
5 in response to IL-25 and IL-33, ILC2s are involved in
the control of the eosinophil homeostasis that, in turn, may
play a role in the remodeling of uterine mucosa (68, 69). A
study in humans provided evidence that ILC2s are abundant
during preterm and term gestation at the fetal-maternal
interface (70).

GROUP 3 ILC

ILC3s represent a heterogeneous cell subset particularly
abundant in mucosal tissues where they contribute to
defenses against pathogens and to epithelial tissue homeostasis
(1, 2, 71, 72). ILC3s are originally identified in the fetus and
defined as LTi as they play a key role in driving lymphoid
organogenesis. This capacity is partially related to the expression
of lymphotoxin-alpha (LT-a) and LT- that promote interactions
with LTB receptor (LTB-R) expressing stromal cells. Upon
engagement of LTP-R, stromal cells upregulate adhesion
molecules and secret chemokines that collectively promote
the formation of lymph node anlagen (34, 73). Notably, cells
with similar phenotypic characteristics have been identified
also in adult secondary lymphoid organs and are defined as
LTi-like cells. In the adult two subsets of ILC3s have recently
been identified in mucosal tissues. They can be distinguished
by the expression, or lack of NKp46 in mice and NKp44 in
humans. ILC3s share common phenotypic features with both
LTi-like cells and NK cells and express the RORyt TF, required
for their differentiation and function. ILC3s, thanks to the
ability to release IL-17 and IL-22, may contribute to host
defenses by recruiting neutrophils and inducing the production
of antimicrobial peptides (2, 4, 74, 75). Moreover, they are
thought to induce tissue remodeling after acute inflammation
(76). Although fetal LTi cells and adult ILC3s were previously
considered to belong to the same ILC group, recent evidences
revealed that they derive from two different precursors,
namely, LTiP and ILCP, respectively, and follow separate
developmental pathways.

Studies in mice demonstrated that, similarly to ILC2s, also
ILC3s are present in virgin and pregnant uterus, in particular,
in pregnant mice, they were enriched in Myo and MLAp but
not in decidual tissues. During pregnancy, ILC3 numbers were
higher than in virgin mice. Notably, the development of ILC3s
was not dependent on the Nfil3 TF. However, in Nfil3~/~ mice
ILC3 numbers were lower than in wild-type mice (61, 62).
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In humans, ILC3s have been identified in decidual and
endometrial tissues and include both NCR"T and NCR™ cell
subsets (Figure 2). Decidual ILC3s express the hallmark of
the ILC3 lineage, i.e., RORyt TF, CD127, CD117, IL-23R, and
IL-1R. Human decidual NKp44TILC3s not only produce IL-
22, but are also the main source of IL-8 and GM-CSF while
NCR™ILC3s mainly produce IL-17 and TNF-a (77, 78). These
data are in line with those obtained in mice (49, 60). It is of
note that a successful pregnancy requires an early inflammatory
phase, necessary for implantation, while, at later stages a
regulatory/immunosuppressive phase is needed to prevent
fetal rejection (79). Since ILC3s release cytokines/chemokines
involved in neutrophil recruitment/activation, neo-angiogenesis,
tissue remodeling and placentation, they may actually play
a key role not only in the early inflammatory phase but
also in the induction of a tolerogenic status. Indeed, ILC3-
derived IL-8 and GM-CSF are crucial for the recruitment
of peripheral neutrophils into decidual tissues and for their
activation and function. In turn, recruited neutrophils are
necessary in the early inflammatory phase for a successful
implantation. Thereafter, decidual neutrophils produce HB-
EGF and ILIRA favoring the induction of tolerance (80).
Moreover, decidual ILC3s interact with decidual stromal
cells inducing the up-regulation of adhesion molecules on
these cells. Notably, data on the role of ILC3s during
pregnancy contributed to clarify the general involvement of
these cells in tissues remodeling, inflammation and neo-
angiogenesis. Regarding pregnancy, their effect on trophoblast
invasion and placentation indicate that non-only dNK, but
also ILC3s play a relevant role in the early phases of
pregnancy (34, 35, 77).
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of Medicine, Kayseri, Turkey

Sphingosine-1 phosphate receptor 1 (S1PR1) is expressed by lymphocytes and
regulates their egress from secondary lymphoid organs. Innate lymphoid cell (ILC) family
has been expanded with the discovery of group 1, 2 and 3 ILCs, namely ILC1, ILC2 and
ILC3. ILC3 and ILC1 have remarkable similarity to CD4+ helper T cell lineage members
Th17 and Th1, respectively, which are important in the pathology of multiple sclerosis
(MS). Whether human ILC subsets express S1PR1 or respond to its ligands have not
been studied. In this study, we used peripheral blood/cord blood and tonsil lymphocytes
as a source of human ILCs. We show that human ILCs express S1TPR1 mRNA and protein
and migrate toward S1P receptor ligands. Comparison of peripheral blood ILC numbers
between fingolimod-receiving and treatment-free MS patients revealed that, in vivo, ILCs
respond to fingolimod, an S1PR1 agonist, resulting in ILC-penia in circulation. Similarly,
murine ILCs responded to fingolimod by exiting blood and accumulating in the secondary
lymph nodes. Importantly, ex vivo exposure of ILC3 and ILC1 to fingolimod or SEW2871,
another S1PR1 antagonist, reduced production of ILC3- and ILC1- associated cytokines
GM-CSF, IL-22, IL-17, and IFN-vy, respectively. Surprisingly, despite reduced number of
lamina propria-resident ILC3s in the long-term fingolimod-treated mice, ILC3-associated
IL-22, IL-17A, GM-CSF and antimicrobial peptides were high in the gut compared to
controls, suggesting that its long term use may not compromise mucosal barrier function.
To our knowledge, this is the first study to investigate the impact of fingolimod on
human ILC subsets in vivo and ex vivo, and provides insight into the impact of long
term fingolimod use on ILC populations.

Keywords: S1PR1, ILC3, ILC1, Fingolimod, FTY720, SEW2871, multiple sclerosis
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Eken et al.

Fingolimod Impacts ILC Distribution and Function

INTRODUCTION

S1P receptor 1 (S1PR1) is a G-protein coupled receptor expressed
by endothelial cells and lymphocytes. Upon binding to its natural
ligand S1P, S1PR1 activates various signaling cascades, including
Ras-Erk, PI3K-Akt, and the small G proteins Rac and Rho
(1, 2). S1PRI plays a critical role in the egress of T and B cells
out of thymus and lymphoid organs (3-5). Egress regulation is
achieved by a gradient of S1P across lymphoid tissues and blood
or lymph, which is created by tight regulation of SIP production
by kinases SPHK1 and SPHK2 and its reversible or irreversible
degradation by S1P lyase or phosphatases, respectively (2, 6-
8). Multiple S1IPR1 agonists/antagonists have been discovered.
Fingolimod (FTY720 or Gilenya™) is a structural analog of
sphingosine-1 that blocks lymphocyte egress into blood or lymph
by inducing SIPR1 internalization (9). Fingolimod was approved
by FDA in 2010 as the first oral disease modifying pill for
the treatment of MS. FTY720, however, is not very specific
and can bind S1PRI, S1PR3, S1PR4, and S1PR5 (9). Thus,
adverse effects including bradycardia have been reported (10).
Moreover, although approved for the treatment of MS (11),
in some patients, cessation or initiation of fingolimod therapy
resulted in exacerbation of MS and formation of tumefactive
lesions in the brain (12-16). Other S1PR1 agonists such as
ponesimod, siponimod, and ozanimod are also in clinical trials
recruiting MS patients (17-19). Ozanimod and siponimod are
more specific than fingolimod and bind S1PR1 and SIPRS5.
S1PR1 antagonists/agonists are also tested for other conditions
besides MS, including psoriasis, graft vs. host disease (GVHD)
and inflammatory bowel diseases (IBD) (17-19). Therefore, the
potential for the broader use of SIPRI modulators for the
treatment of a host of autoimmune conditions underlines the
need for a better understanding of SIPRI functions in various
cell types in the body.

In this regard, the role of SIPR5 in murine natural killer (NK)
cells has been studied (20). A report demonstrated that the tissue
distribution of NK cells was regulated by S1PR5, thus SIPR5-
deficient NK cells are enriched in the lymph nodes (LNs) and
bone marrow (BM) and are reduced in circulation. Human NK
cells also have recently been shown to use SIPR5 (21). Innate
lymphoid cell family (ILC) has recently been expanded with
the discovery of helper-T-cell-like innate lymphoid cell subsets
ILC1, ILC2, and ILC3s (22-29). ILC3s emerged as the innate
counterpart of Th17 cells. As such, ILC3s have been shown to
play an essential role at the mucosal surfaces by establishing a
de-colonized zone between the microbial community and the
epithelial cells through IL-22 cytokine they produce (30, 31). In
addition, ILC3s were shown to be crucial in fighting infections
in murine models (32). More importantly, ILC3 involvement in
the chronic inflammatory diseases such as Crohn’s and colitis
have been established in murine models as either pathogenic or
protective agents in our and others’ works (33-41). Increased
ILC3 cellular presence or activity have been reported in the
affected tissues or circulation in several other autoimmune
disease patients from rheumatoid arthritis, psoriasis to MS
warranting further study of these cells in human pathologies
(42, 43). Although a population of ILC3s express NKp46 in

mice and NKp44 in humans, it is completely unknown how S1P
receptors regulate human or murine ILC3 biology or how drugs
against S1P receptors would impact a critical mucosal innate
cell population.

In the present study, we aimed to understand the role S1P
receptors play in ILC biology, tissue distribution and function
using tonsil or cord blood derived ILCs, fingolimod receiving MS
patients and murine models. We show that SIPR1 may regulate
human ILC1 and ILC3 chemotaxis and that SIPR1 ligands
fingolimod and SEW2871 have immunomodulatory effects on
human ILC3s. We also show that although long term fingolimod
treatment of mice reduces intestinal ILC3 numbers, it does
not reduce IL-17A, IL-22 or antimicrobial peptides, sparing the
barrier immunity intact.

MATERIALS AND METHODS

Human Samples

Peripheral blood samples were taken from patients at Erciyes
University School of Medicine, Department of Neurology.
Informed consent was obtained from donors after the nature
and possible consequences of the studies were explained.
Revised McDonald Diagnostic Criteria for MS (Diagnosis of
multiple sclerosis: 2017 revisions of the McDonald criteria)
was used for diagnosis of RRMS (44). All subjects in the MS
patient/no treatment cohort were off immunomodulatory and
immunosuppressive drugs at the time of study and for about 3
months before the blood samples were taken. Control subjects
lack any known autoimmune condition or a family history
of autoimmunity. Tonsils were taken after they were being
discarded by Erciyes University Hospital Surgery Department.
Cord Blood samples were taken from discarded cord following
labor at Erciyes University Gevher Nesibe Hospital. The research
protocols were approved by the Ethics Committee at Erciyes
University. All methods for human studies involving human
samples were performed in accordance with the relevant
guidelines and regulations.

Mice

The research protocols involving mice were approved by the
Animal Ethics Committee at Erciyes University. All methods for
mice studies were performed in accordance with the relevant
guidelines and regulations. C57BL/6 or IL-23RGFP reporter
mice were housed under specific pathogen free conditions. 0.5
mg/kg fingolimod was administered daily intraperitoneally for
15-to 30 days. As control, PBS was given. SEW2871 (10006440
256414-75-2) and FTY720-P (10008639) were purchased from
Cayman. For gavage feeding, Gilenya (Novartis) 0.5 mg tablets
were reconstituted in Phosphate-Buffered Saline (PBS) and
administered daily at 0.5 mg/kg dose. One hundred microgram
(in 100 pl PBS) anti-CD40 (FGK4.5, Bioxcell) was injected
intraperitoneally 2-days prior to sacrificing mice.

Isolation, Staining, and Culture of Cells

Peripheral blood mononuclear cells (PBMCs) were isolated
from blood via Ficoll-Paque Plus (GE17-1440-03) based on
the manufacturer’s instructions. Mice lymphocytes from lymph
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nodes, spleen or intestines were isolated as previously described
(45). For intestinal lamina propria preps, 2-3cm piece from
ileum was processed for lamina propria lymphocyte isolation.
Single cell suspension was stained for the relevant antibodies
after blocking 5 min with Human TruStainFcX (BioLegend, San
Diego, CA, USA) in Staining Buffer (2% FBS in PBS) with
proper dilution. The cells were. gated and sorted via FACSAria
III (BD Biosciences) according to the protocol by Mjésberg and
Spits (46).

Human ILC3s were cultured in the following cocktail of
cytokines, IL-2, IL-7, IL-23, IL-1B, 20 ng/ml each (47). ILCI cells
were cultured in the cocktail containing cytokines, IL-2, IL-7,
IL-12, 20 ng/ml each.

Antibodies and Reagents

Alexa Fluor® 700 anti-human CD3, (clone: HIT3a), FITC-anti
human TCRap (clone: IP26), FITC-anti-human TCRY3 (clone:
B1), APC/Cy7 Anti-Human CD127 (I-7Ra), (clone: A019D5), PE
anti-human CD161, (clone: HP-3G10), Brilliant Violet 421TM
anti-human CD117 (c-kit), (clone 104D2), PE/Cy7 anti-human
CD294 (CRTH2), (clone: BM16), APC anti-human CD336
(NKp44), (clone: 325110), Alexa Fluor® 488 anti-human CD19,
(clone: HIB19), FITC anti-human CD9%4, (clone:DX22), FITC
anti-human CDla, (clone: HI149), FITC anti-human CDllc,
(clone: 3.9), FITC anti-human CD123, (clone: 6H6), anti-human
CD303 (BDCA-2), (clone:201A), FITC anti-human CD14,
(clone: 63D3), FITC anti-human FceRIa, (clone: NP4D6), FITC
anti-human CD34,(clone: 561), APC/Cy7 anti-human IFN-y,
(clone: 4S.B3) all from BioLegend. Anti-Human CD363 (S1PR1)
eFluor® 660, (clone: SW4GYPP, ThermoFisher), Mouse IgGIK
Isotype Control eFluor® 660, (clone: P3.6.2.8.1, ThermoFisher).
Anti-mouse CD3) APC, (clone: 17A2), anti-mouse NK1.1 Alexa
Fluor® 647, (clone: PK136), anti-mouse B220 APC/Cy?7 or FITC,
(clone:RA3-6B2), anti-mouse CD45-Percp Cy5.5, (clone:30-
F11), anti-mouse CD90.2 PE Cy7, (clone:30-H12), anti-mouse
CD11b APC, (clone:M1/70), anti-mouse GATA3 PE (Clone:
16E10A23), anti-mouse Roryt (Clone: 2F7-2).

Real-Time qPCR

Sorted or cultured ILC subsets were spun and lysed with lysis
buffer from RNeasy kit (Qiagen, Hilden, Germany), in most
studies 3-5 samples were pooled. RNA was extracted. cDNA
was synthesized using iScript cDNA synthesis Kit (Bio-Rad,
Hercules, CA, USA). Light Cycler® 480 Instrument and SYBR
Green method was used to detect PCR products. Relative gene
expression levels were calculated by AACT method. Expression
was normalized over 18S ribosomal RNA message. Primer
sequences are given in Figure S6.

Chemotaxis Assay

Briefly, sorted ILC subsets were rested in serum free media for
4hat 37°C (5% CO,). Then 1 x 10% to 2 x 10* cells per insert
(depending on the availability of sorted cell number) loaded
into the polycarbonate inserts (Corning) with 5pm pores in
300 pl of serum free medium. In the bottom wells, 500 nM
ligand containing medium was added. As control, serum free
media, used. After 4h of culture at 37°C, number of cells

migrating to the wells was quantified by Flow cytometry and
charted as percent migrated cell vs. treatment. For pretreatment
experiments, ILCs were cultured for 2 h in the presence of serum
free media (RPMI 1640, Gibco), or media with 1 wm FTY720,
or SEW2871, after they are washed, the cells were seeded in the
inserts. At the bottom, 1 pm FTY720 was added. Cells migrating
to bottom wells were counted by Flow cytometry, SPHERO™
AccuCount Particles.

Enzyme-Linked Immunosorbent Assay
(ELISA)

Sorted human ILCs were cultured in 96-well plates at 37°C,
5% CO2 incubator for 2-3 days in medium supplemented with
charcoal stripped FBS and ILC polarizing cytokines as described
above. The supernatants were collected for ELISA. For whole
colon/small intestine cultures, 1cm piece of tissue from the
ileum, or proximal colon was cut from fingolimod or vehicle-
treated mice. The tissues were cleaned under sterile conditions as
previously described (37) and cultured in 500 pl complete media
supplemented with anti-anti at 37°C, 5% CO, incubator for 2
days in 24-well plates. Supernatants were collected for ELISA.
Collected supernatants from human cells or mouse intestinal
tissues were used to run ELISA for human or murine IL-22
(BioLegend #434505 and #436305), IL-17A (BioLegend #433915
and #432505), and GM-CSF (BioLegend #432005 and #432205),
respectively. Manufacturer’s protocol was followed.

Statistical Analyses

Two tailed, Unpaired Student’s t-test and GraphPad Prism 6
was used for significance analyses. P < 0.05 is accepted as
statistically significant.

RESULTS

Human ILC1 and ILC3 Express S1PR1 and
Respond to Its Ligands

To assess the expression and functionality of S1P receptors
in human ILC subsets, we first analyzed the RNA-Seq and
microarray datasets available at GEO database for murine
intestinal ILC3s and Thl17 cells (48) and human tonsil ILC3
(49) and NK cells. Previously S1IPR5 was shown to be expressed
more abundantly than other S1P receptors and to regulate NK
cell lymphoid tissue egress (20, 21). We observed very low
S1PR5 message by both murine and human ILC3s compared
with other SIP receptors (Figure S1A). We then, sort purified
ILCs from human tonsils and cord blood since these two
organs have been documented to contain relatively enriched
number of ILCs. ILC gating was done based on Mjosberg
and Spits (46). Lineage negative (TCRaf-, TCRyd-, CD34-,
CD123-, CD9%4- , CD14-, BDCA2-, FceRla-, CDla-, CDllc-,
CD19-, B220-) CD3-CD161+CD127+cKit+ cells were sorted as
ILC3, Lineage-CD3-CD161+4CD127+cKit- cells were sorted as
ILCI and Lineage-CD3-CD1614-CD127+CRTH2+ cells sorted
as ILC2 (Figure 1A). As documented, human tonsils contained
around 40 % NKp44+ ILC3s, whereas cord blood contained
mostly NKP44- ILC3 fraction (50). Cord blood or peripheral
blood ILC3 gate has been recently shown to contain precursors
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FIGURE 1 | Human ILC subsets express S1P receptors and migrate toward S1P analogs in vitro. (A) Gating strategy for human ILC subset isolation from tonsil and
cord blood. (B) Sorted ILC subsets were used to determine relative gene expression of S1P receptors (S1PR1, STPR2, S1PR3, S1PR4, S1PR5) via real time gPCR.
(C) Human tonsil ILC1 and ILC3 were stained for STPR1 to determine protein expression, a representative histogram flow plot with isotype control. (D) Migration of
ILC1 and ILCS cultured in serum free media toward FTY720 and SEW2871 gradient. Percentage of cells migrating into lower chamber of a trans-well plate quantified.
(E) Migration of ILC1 and ILC3 pretreated with serum free media, FTY720 or SEW2871 for 2 h toward FTY720. Percentage of cells migrating was charted. *p < 0.05.
Experiments in (B-E) were performed three separate times.

for all ILCs and named as precursor ILCs (pILCs). This should be
kept in mind when blood ILC3s were discussed in the remainder
of the paper. Sorted ILC1, ILC2, and ILC3 from tonsils expressed
S1PR2-S1PR5 receptors mRNA at higher levels than T and
monocyte derived dendritic cells (moDC). In contrast, SIPR1
message levels were significantly higher in T cells compared
with ILCs and moDC. S1PR1 gene expression in human ILCs
were comparable to that of moDCs (Figure 1B). Compared to
other SIP receptors SIPR1 expression by human ILCs were
low. We also examined the expression of S1P receptors by
real time qPCR in the murine intestinal ILC3 and ILC2/ILCls.
Similar to humans, S1IPR1 was expressed at lower levels than

other SIP receptors, however murine ILC3 and ILC2/ILCls
expressed comparable SIPRI to intestinal T cells (Figure S1B).
Flow cytometric assessment of SIPR1 expression revealed high
level S1IPR1 protein expression by human ILC1 and ILC3s
on the cell surface (Figure1C and Figure S1E). We next
tested the functionality of the SIP receptors in human ILC1
and ILC3 by a chemotaxis assay. To this end, we used two
analogs of S1P, FTY720-P (fingolimod) and SEW2871. FTY720
binds four of five SIP receptors (but not S1PR2), SEW2871
however is more specific and binds exclusively SIPR1. Both
ILC1s and ILC3s were able to migrate toward high gradients
of both FTY720 and SEW2871, or fetal bovine serum (which
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FIGURE 2 | Fingolimod causes ILC-penia in human peripheral blood. (A) absolute number of total or subsets of ILCs in the peripheral blood of MS patients treated
with fingolimod (n = 14) or untreated control MS patients (n = 11) per 10 ml peripheral blood. Total ILCs were gated as CD127+CD161TCD3~Lin~ cells, ILC3s as
cKittCRTH2~CD127+ CD161+ CD3~Lin~, ILC2s as CRTH2TCD127+CD161+ CD3~Lin~, and ILC1s as cKit"CRTH2~CD127+ CD161TCD3~Lin~. (B)
percentages of ILCs in “A”. *Indicates p < 0.05.

contains high levels of S1P) compared with serum free media
suggesting that SIPR1 may regulate human ILC1 and ILC3
chemotaxis (Figure 1D). Furthermore, to assess which S1P
receptors used by ILCs to migrate, we pre-treated ILCs with
serum free media, FTY720 (1 wM) or SEW2871 (1 uM) for 2 h.
The latter two treatments are expected to cause internalization
of four SIP receptors (S1PR1, S1PR3, S1PR4, and SIPR5)
or SI1PR1 alone, respectively, rendering ILCs unresponsive to
SIP. Such pre-treatment of ILC1 and ILC3 with SEW2871
blocked migration almost as efficiently as FTY720 pretreatment,
suggesting that SIPR1 plays a major role in the migration of
human ILCls and ILC3s (Figure 1E). Additionally, treatment
of ILC1 with pertussis toxin, a G-protein coupled receptor
inhibitor, blocked cell migration toward fingolimod suggesting
that S1IPR1 may regulate human ILC migration (Figure S1C).
Although pretreatment of ILCs with FTY720 or SEW2871
blocked their migration toward FTY720 ex vivo, the cells
were able to migrate toward serum even after pretreatment
FTY720 or SEW2871 suggesting other ligands and receptors
may compensate their migration ex vivo (Figure S1D) (51).
These data collectively show that human ILCls and ILC3s
express S1P receptors and thus respond to ligands ex vivo,
and that S1PRI plays an important role in human ILC1 and
ILC3 migration. Unfortunately, we could not include ILC2
in our chemotaxis assays due low yield of cell number in
the sorts.

Fingolimod Receiving MS Patients Have
ILC-Penia

Next, we explored whether human ILCs respond to SIP
agonists in vivo. To this end we recruited 14 patients with
relapsing remitting MS (RRMS) who are under fingolimod
therapy and compared blood ILC subset numbers to that of
RRMS patients who were not receiving fingolimod (n=11).
Age and sex information for the patients were provided in
Table S1. Gating strategy for human peripheral blood ILCs
is shown in Figure S2A. We observed dramatic reductions
in the absolute number of total ILCs, and all subsets of
ILCs in the peripheral blood of MS patients who are under
fingolimod therapy compared to control MS patients not on
fingolimod (Figures 2A,B). The percentages of total ILCs among
CD161TCD3 " Lin~ cells, and of ILCls and ILC2s among
CD127tCD161TCD3 Lin~ total ILCs were also reduced. These
data collectively indicate that human ILCs respond to S1P
receptor agonists and suggests that fingolimod sequesters
peripheral blood human ILCs in LNs.

Fingolimod Alters ILC Distribution Across
Lymphoid Organs and Gut in Mice

Recently Huang et al. reported that murine ILC2 tissue trafficking
is regulated by S1P, especially the egress from intestinal tissue
to lung during inflammation (52). Yet it is unclear if, in
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FIGURE 3 | Fingolimod causes ILC-penia, augments lymph node ILC numbers, and decreases small intestine lamina propria ILC3 numbers in mice but does not
reduce antimicrobial peptide production. (A) A representative flow plot of the percentages of total ILCs in the small intestine lamina propria blood, inguinal lymph node
(LN) and spleen of mice gavage-fed with fingolimod or vehicle for 30 days. The plots show live cells gated on CD90.2+CD45+-B220- which then plotted as
CD3/NK1.1/CD11b vs. Roryt (top panel) or Gata3 (bottom panel). (B) Absolute number of Roryt+ ILC3s (top panel), of Gata3+ ILC2s (middle panel) in the steady
state mice after fingolimod of vehicle-gavage feeding for 30 days. Top panel, right, shows total ILCs (CD90.2-CD45+CD3-B220-CD11b-NK1.1-CD127+) in the blood
of steady state mice following 30 days of fingolimod or vehicle treatment. The bottom most panel shows absolute number or percentages of IL-23RGFP+ ILC3s in the
small intestine lamina propria 2-days after anti-CD40 injection following 30 days fingolimod or vehicle treatment. Three-to-four mice per group were used. Experiment
was repeated 3 times. (C) 1.cm piece of ileum from fingolimod or vehicle-injected mice (for 30 days) were cultured 48 h and the supernatants were assessed with
ELISA for the production of indicated ILC3-associated cytokines. Four to five of mice per group. (D) 1 cm piece of ileum or colon from fingolimod or vehicle-injected
mice for 30 days was examined for gene expression of indicated antimicrobial peptides via real-time gPCR. *Indicates p < 0.05.

humans or murine models, long term fingolimod use alters
ILC3 distribution across tissues, and consequently the associated
cytokine production. Given the critical role of ILC3s in the
establishment of barrier immunity, we quantified the number
of ILC subsets in the lymphoid organs and gut of healthy B6
mice treated daily with fingolimod intraperitoneally for 30 days
(Figure 3). Then the mice were sacrificed to harvest organs in a

non-inflammatory setting. In some experiments, 2 days prior to
terminating the experiment, we injected mice intraperitoneally
with 100 pg of anti-CD40 to expand and boost the detection
of gut ILC3s (37). anti-CD40 injection have been shown to
promote IL-23 production by DCs and expand ILC3s. in the
gut (37). Murine ILC detection was done based on our previous
publication (45) and gate strategy for every organ is given in
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Figure S3. After B220-CD45+CD90.2+ cells were gated, CD3-
CD11b-NK1.1- Roryt+ cells were defined as ILC3s, and CD3-
CD11b-NK1.1-Gata3+ cells defined as ILC2s. CD3-CD11b-
NK1.1-CD127+ cells were accepted as total ILCs. We also
used IL-23RGFP reporter mice for fingolimod injections/gavage
feeding which marks ILC3s without the need for intracellular
Roryt+ staining (Figures S3B,C). In the blood, using either
IL-23RGFP mice or Roryt+ staining, detection of a specific
classical ILC3 was not possible (Figure 3A, Figures S2B, S3A).
Similarly, using Gata3 staining, detection of a specific ILC2
subset was also difficult (Figure S4A). For these reasons, we gated
CD90.2+CD45+4CD3-CD11b-NK1.1-CD127+ fraction to mark
total blood ILCs or ILC precursors. This fraction of blood ILCs
were significantly diminished following fingolimod injections
(Figure 3B). Conversely, in the inguinal LN of mice injected with
fingolimod we detected significantly higher absolute numbers of
total ILCs (Figure 3B), suggesting that, similar to T and B cells,
they rely on S1P receptors for egress from secondary lymphoid
organs (Figures 3A,B). Moreover, in the lamina propria of small
intestine and LN we could show significantly lower number of
Roryt+ILC3s and Gata3+ILC2s after 30 days of Fingolimod
injections (Figures 3A,B and Figure S4A). This reduction in
ILC3s in the small intestine could also be recapitulated after anti-
CD40 injections (Figure 3C, bottom panel; Figure S4C). The
changes in the frequency of ILCs in the blood, lymph nodes or
small intestine lamina propria upon fingolimod treatment were
similar to those of CD45+ lymphocytes, T and B cells, suggesting
that fingolimod affects distribution of most lymphocytes in a
similar way, Figures S4B,F. Importantly, fingolimod treated mice
did not show any observable health issues or weakness during the
20-30 days of treatment.

Genetic deletion or antibody-mediated depletion of ILC3s
from mice was previously associated with bacterial translocation
across intestine, and into blood (53). Therefore, to further assess
whether fingolimod-induced intestinal ILC3 depletion translates
to any changes in the barrier immunity, we quantified the
expression of various ILC3-associated cytokines (IL-17A and E
IL-22, GMCSEF, IL-10) and antimicrobial proteins (Reg3y, Reg3B,
S100A9, S100A8) in the intestines of mice following fingolimod
injections (Figures 3C,D). To our surprise, we detected high
levels of anti-microbial Reg3y, Reg3B, S100A9, S100A8 in
the ileum of mice treated with fingolimod intraperitoneally
compared with controls. In the colon, only S100A9, S100A8,
and lipocalin 2 messages were highly upregulated. Intestinal ex
vivo culture supernatants also revealed significantly higher IL-
17A, IL-22, and GM-CSF protein production by the fingolimod
treated group suggesting that despite the drop in the cell number,
the intestinal tissue of mice which received intraperitoneal
fingolimod is able produce antimicrobial peptides and IL-22
or IL-17A.

We next wondered whether route of fingolimod
administration had an effect in our observations. Therefore,
we gavage-fed the mice with fingolimod for 2-weeks and
then following anti-CD40 treatment, quantified the number
of ILCs in the gut, and examined gut and skin tissue for
antimicrobial peptide and ILC3-associated cytokine production
(Figures S4C-E). The results were almost identical to that

of mice treated intraperitoneally with fingolimod. ILCs were
greatly reduced in number in the colon and small intestine
lamina propria in orally fingolimod-treated mice compared
with controls (Figure S4C). More importantly, both in the
gut and skin, antimicrobial peptides Reg3y, Reg3B, and IL-22
cytokine gene expression were upregulated (Figures S4C,E).
Collectively these results argue that fingolimod use, though
alters tissue distribution of ILC3s, does not reduce antimicrobial
peptide or Thl7-associated cytokine production in the gut
or skin.

S1PR1 Ligands Have Immunomodulatory
Effects on ILC1 and ILC3

Next, we explored the egress-independent impact of S1P analogs
on human ILC3 and ILCl. We first cultured ILC3s and
ILCl1s sorted from healthy human tonsils or cord blood in
charcoal-treated-FBS supplemented media (which is stripped of
endogenous S1P) with different concentrations of fingolimod or
SEW2871 for 3 days. ILC3 cultures are activated with a cytokine
cocktail of IL-2/IL-7/IL-1B/IL-23 (50 ng/ml each). We did not
observe a toxic effect of the drugs on ILC3 (Figure S5) or ILCls
(not shown) at doses below 10 WM when assessed by staining
of apoptosis markers ANNEXINV and 7-AAD. Tonsil ILC3s
produced GM-CSE IL-22 and IL-17, when stimulated with IL-
2/IL-7/IL-1B/IL-23 cytokine cocktail, and S1P analogs inhibited
secretion and gene expression of these cytokines in a dose
dependent manner (Figures 4A,B). As previously reported cord
blood ILC3 subsets did not produce conventional ILC3 cytokines
IL-22 or IL-17A (47). They produced GM-CSF in large quantities
and SIP analogs also inhibited GMCSF production in a dose
dependent manner (Figure 4B). We also checked the surface
NKP44 expression by ILC3s cultured in the presence of S1P
FTY720 (Figure4C). IL-2/IL-7/IL-1B/IL-23 cytokine cocktail
stimulation upregulated NKP44 surface expression by human
tonsil ILC3s. Fingolimod exposure downregulated its surface
expression in a dose-dependent manner (Figure 4C). Unlike
ILC3s, fingolimod and SEW2871 inhibited IFN-y production by
ILC1 only at very high concentrations (10 pM) (Figures 5A-C).
These ex-vivo treatment data contrast with in vivo fingolimod
exposure data and suggest that, the observed increase in Th17-
associated cytokines in the fingolimod injected mice gut in vivo,
may come from sources other than ILC3s.

DISCUSSION

This study provides novel information regarding the regulation
of ILCs by SIP analogs in humans primarily, and in mice.
We show that all ILC subsets in humans express S1IPR1 at the
mRNA message level and specifically ILC1 and ILC3 at the
protein level and migrate toward SIPRI analogs ex vivo. Our
data show that fingolimod, a currently used S1P analog, can
sequester ILCs in secondary lymphoid organs in humans and
mice, thus number of circulating blood ILCs as well as gut
resident ILC3s drop drastically. This drop in the intestinal ILC3s,
however, does not result in impaired production of mucosal
cytokines, or anti-microbial peptides. Lastly, we provide evidence
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FIGURE 4 | Ex vivo exposure of human ILC3s to S1P analogs inhibits production of ILC3-associated cytokines. (A) Sorted ILC3s from tonsils (gated as
Lin-CD3-CD161+CD127+ckit+ CRTH2-) were cultured in complete medium at increasing doses of FTY720 and activated with IL-2, IL-23, IL-7, and IL-1B (20 ng/ml
each) for 2-3 days, and PMA (50 ng/ml) /Inonomycin (1 ng/ml) stimulated for 4 h at 37°C for intracellular staining of indicated cytokines, representative flow plots (left)
and quantified bar graphs for percentages of cells producing the indicated cytokines (right). (B) ELISA was performed from supernatants of “A” and SEW2871
exposed tonsil-derived (top panel) cord blood-derived (bottom panel) ILC3 cultures for ILC3-asssociated cytokines cord-derived ILC3s. (C) NKP44 surface expression
by ILC3s were examined via flow cytometry, percent and mean fluorescence intensity (MFI) was quantified after culture with FTY720 for 3 days. *Indicates p < 0.05.
The experiments were performed with triplicates and repeated for 3 times.

as to immunomodulatory effects of fingolimod on human ILC3s
and ILCls.

To the best of our knowledge, there is only a single recent
report in which a murine ILC subset, ILC2s, was studied in
relation to SI1P/fingolimod (52). Interestingly, in that study,
fingolimod injections were reported to block ILC2 migration
from intestines to lung or bone marrow during an inflammatory
state, thus increasing their abundance in the intestinal tissue.
ILC3s have not been studied in that report (52). Moreover, there

is no available research as to how and if S1P or its synthetic
analogs regulate human non-NK ILC subsets. ILC egress from
secondary lymphoid organs have not been investigated to this
day. First studies by Gasteiger et al. in mice suggested that both
lymphoid and non-lymphoid tissue residents ILCs are sedentary
and are mostly maintained by local self-renewal during steady
state (54). Using parabiotic mice, they also showed that even
during two distinct forms of inflammatory state, tissue resident
ILCs are of mostly host derived (54). More recently, Lim et al.
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showed that, the circulating blood ILC3 population in humans
contained a number of ILC precursors which can migrate into
tissues, and in situ, differentiate into all three subsets of ILCs (47).
This study employed a combination of in vivo adoptive transfer
as well as serial dilution and cloning studies ex vivo (47). Our data
on human ILCs in fingolimod-treated MS patients, combined
with fingolimod-injected mice, show that ILC circulation in both
species could be interrupted by fingolimod. The increase in the
LNs and the decrease in a non-lymphoid tissue, small intestine,
show that egress from secondary lymphoid tissue to lymph is
regulated by S1P receptors. Given that FTY720 binds four of the
S1P receptors, and ILCs can migrate toward SEW2871, a selective
S1PR1 agonist, and SEW2871 pre-treatment blocks ILC1/ILC3
migration as efficiently as FT'Y720 pre-treatment, we propose that
S1PR1 may be the major receptor for migration of human ILCI
and ILC3 toward S1P.

Second important piece of information our present study
reveals is that long term fingolimod use does not compromise
barrier immunity-associated cytokines, or antimicrobial
peptides. Several studies showed that ILC3s and Th17 cells are
crucial for homeostasis in the gut (28, 31). ILC3s are critical in
various processes in the gut including tolerance induction (55),
production of antimicrobial proteins (56), epithelial regeneration
(53, 57), in addition to their role in protective immunity against
fungal or extracellular pathogens. Whether the number of ILC3s
in the small intestine changes over extended period of fingolimod
use, and consequently impact those processes is a legitimate
concern. Our results are interesting in that, although intestinal
lamina propria resident ILC3s drop in numbers, probably due
to entrapment of circulating ILCs in the LNs, ILC3-signature

cytokines and antimicrobial peptides remained significantly high
after prolonged fingolimod injections.

Lastly our data provide evidence for immunomodulatory
effects of S1P analogs on human ILCs. S1P was previously shown
to inhibit IFN-y and IL-4 production by CD4+ T cells (58).
Others also reported that FT'Y720 was able to inhibit IL-33/IL12-
induced IFN-y production by CD8+ T cells (59). Our data
reveal that SEW2871, a selective SIPRI1 agonist, and FTY720, a
non-selective S1IPR1 agonist can both block GM-CSE, IL-17A,
and IL-22 production by ILC3s in a dose-dependent manner ex
vivo. However, intraperitoneal injection or oral administration of
fingolimod did not result in the reduction of these cytokines in
vivo in the intestinal tissue, despite a drop in ILC3 numbers in the
small intestine lamina propria. This suggests that sources other
than ILC3s such as Th17, y8 T, mucosal-associated invariant T
(MALIT) cells or neutrophils may contribute to the production of
these cytokines. It appears that long term fingolimod injection
may have activated remaining sources of such cytokines in the
gut, as a result, more IL-22, GM-CSF and IL-17A is produced
compared with vehicle treated mice intestinal tissue cultures.

In summary, this work reveals that human and murine ILCs
utilize S1P receptors for egress from secondary lymphoid organs,
and that ILCs could be targeted by S1P analogs in both humans
and mice.
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Figure S1 | Expression levels of S1P receptors by murine and human ILC
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data from GSE70596 (left). S1P receptor expression by human ILC3 and NK cells,
microarray data obtained from GSE63197 (right). (B) Relative gene expression of
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Seeding of leukocytes to developing lymphoid tissues in embryonic and early postnatal
age and to the mucosa throughout adulthood depends on the interaction between
endothelial MAACAM-1 addressin and its cognate ligand a4f7 integrin. Nkx2-3 as a
transcriptional regulator of MAACAM-1 controls vascular patterning in visceral lymphoid
tissues in mice, and has been identified as a susceptibility factor for inflammatory bowel
diseases in humans, associated with lymphoid neogenesis in the inflamed intestines.
The role of Nkx2-3 in the organogenesis of the solitary intestinal lymphoid tissues (SILTs)
involving type 3 innate lymphoid cells (ILC3) is still unknown. Here we investigated the
effect of Nkx2-3 on the postnatal distribution of intestinal ILC3s and the development of
SILTs, comparing these to mice lacking MAdCAM-1, but preserving Nkx2-3. At 1 week
of age small intestines (SI) contained significantly higher number of ILC3s relative to
the colon, with a substantial reduction in MAdCAM-1~/~ mice compared to C57BL/6
controls. One week later SI ILC3 number decreased in all genotypes, the number
of colonic ILC3 of both Nkx2-3-deficient and Nkx2-3-heterozygous mice significantly
increased. On the fourth postnatal week a further reduction of SI ILC3s was observed in
both Nkx2-3-deficient and Nkx2-3-heterozygous mice, while in the colon the number of
ILC3s showed a significant reduction in all genotypes. At 1 week of age only sporadic
SILT components were present in all genotypes. By the second week mice deficient for
either Nkx2-3 or MAJCAM-1 showed absence of SILT maturation compared to their
relevant controls, lacking mature isolated lymphoid follicles (ILF). By the fourth week
both Nkx2-3-deficient and Nkx2-3-heterozygous mice showed a similar distribution of
ILFs relative to cryptopatches (CP), whereas in MAJCAM-1~/~ mice CPs and immature
ILFs were present, mature ILFs were scarce. Our data demonstrate that the complete
absence of MAACAM-1 partially impairs intestinal seeding of ILC3s and causes partial
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Vojkovics et al.

Altered ILC3 Distribution in Absence of MAJCAM-1

blockade of SILT maturation, without affecting peripheral lymph node development. In
contrast, the inactivation of Nkx2-3 permits postnatal seeding, and its blocking effect on
SILT maturation prevails at later stage, thus other adhesion molecules may compensate
for the intestinal homing of ILC3s in the absence of MAJCAM-1.

Keywords: NKX2-3, MAdACAM-1, ILC3, isolated lymphoid follicle, cryptopatch

INTRODUCTION

The intestinal lymphoid tissues comprise a large and
complex network with diverse developmental and structural
features of its components. The development of programmed
lymphoid tissues of the gut, such as the ileal Peyer’s patches (PP)
and colonic patches, is initiated during the embryonic period,
forming separate T- and B-cell compartments, thus representing
secondary lymphoid tissues. In contrast, cryptopatches (CP)
and isolated lymphoid follicles (ILF) form postnatally and lack
defined T-cell territories, representing an “instructed” form of
secondary lymphoid tissues, influenced by environmental and
dietary factors. Upon inflammatory conditions ILFs may further
evolve into tertiary lymphoid tissues (1).

Despite their developmental and structural differences, PPs
and CP/ILFs have common developmental requirements and
cellular interactions. Critically, lymphoid tissue inducer (LTi)
cells identified by c-kit, IL-7Ra, CD45, and a4p7 integrin and
lack of mature T- and B-cell associated markers participate
in the initiation of PP formation prenatally and colonic
CP/ILF development in the postnatal period, similarly to their
involvement in initiating embryonic lymph node formation
(2). These cells are related to type 3 innate lymphoid cells
(ILC3) expressing retinoic acid receptor-related orphan receptor
(RORyt) (3, 4). Subsequent tissue-specific colonization of
PP anlagen by circulating mature lymphocytes requires the
recognition of MAdCAM-1 addressin displayed by mucosal high
endothelial venules (HEVs) via a4f7 integrin (5, 6). Similarly,
ILF formation is initiated from pre-existing cryptopatches, where
adult LTi-equivalent ILC3 cells are hypothesized to support the
eventual transformation into follicles (7).

An important tissue-specific factor involved in the regulation
of MAACAM-1 addressin is Nkx2-3 homeodomain transcription
factor (8). Nkx2-3, a member of Nkx family, is expressed in
the spleen, midgut, hindgut, and pharyngeal endoderm (9) and
is necessary for the development of visceral mesoderm and
later for the formation of several stromal cells of secondary
lymphoid organs, including endothelial cells as well as intestinal
and vascular smooth muscle cells (10). In mice the absence of
Nkx2-3 causes a lymph node-like switch of vascular patterning
in spleen (11), characterized by the appearance of ectopic high
endothelial venules (HEVs) expressing peripheral lymph node
addressin (PNAd), and replacement of MAdACAM-1 with PNAd
in PP HEVs in the early postnatal period (12). Consequently in
mice lacking Nkx2-3 PPs are smaller and less numerous (13).
Interestingly, in the absence of Nkx2-3 MAdCAM-lexpression
is retained during embryogenesis, and disappears gradually from
endothelial cells, but it still persists on follicular stromal cells
(14). In humans Nkx2-3 may contribute to the regulation of

colorectal stem cell niche through the maintenance of local
myofibroblast identity (15). In genome-wide association studies
(GWAS) single nucleotide polymorphisms of Nkx2-3 have been
linked to inflammatory bowel diseases, often associated with
ectopic intestinal lymphoid tissue formation (16, 17).

Although Nkx2-3 is crucial for the normal development of
spleen and PP, its role in CP/ILF organogenesis is still unknown,
including its effect on the intestinal distribution of ILC3s. As
the postnatal SILT formation may recapitulate several events of
secondary lymphoid organogenesis, we hypothesized that the
lack of Nkx2-3 as transcriptional regulator of MAdCAM-1, or the
genomic absence of MAdCAM-1 itself as two different models
for MAACAM-1 deficiency, may influence the distribution of
ILC3s and the postnatal formation of SILT. Our findings reveal
considerably different kinetics for both CP/ILF formation and
ILC3 distribution between small intestine and colon, indicating
that different forms of MAdACAM-1 deficiency variably influence
the development of distinct mucosal lymphoid tissues.

MATERIALS AND METHODS

Mice

MAdCAM-1"/—  (Madcam1™!2Nwag) mice on C57BL/6]
background(18) and Nkx2.37/~ mice backcrossed onto BALB/cJ
background (13) were maintained at the Department of
Immunology and Biotechnology, University of Pécs. BALB/cJ
and C57BL/6] mice were obtained from The Jacksons Laboratory,
Bar Harbor, USA. In order to ensure comparable environmental
conditions from birth, for Nkx2-3 deficiency cage-matched
Nkx2-3 heterozygotes were used as control. Mice were kept
in standard housing conditions prior to the experiments for
at least 1 week. All procedures involving live animals were
conducted in accordance with the guidelines set out by the Ethics
Committee on Animal Experimentation of the University of
Pécs, Hungary, under license number BA02/2000-16/2015, with
approval for the use of genetically modified organisms under
license number SF/27-1/2014 issued by the Ministry of Rural
Development, Hungary.

Antibodies and Reagents

For flow cytometry anti-Thy-1.2 (CD90.2)-PerCPCy5.5 (clone
53-2.1) was purchased from BioLegend, anti-CD3-FITC (clone
KT3), anti-CD19-FITC (clone 1D3), and biotinylated anti-CD45
(clone IBL-3/16) were produced and labeled in our lab, the latter
visualized with Streptavidin PE-Cy7 (Biolegend). Anti-PNAd
mAb (clone MECA-79) was purchased from BD Biosciences,
FITC-conjugated goat anti-rat IgG was purchased from Vector
Laboratories. Anti-RORyt mAb (clone Q31-378) conjugated

Frontiers in Immunology | www.frontiersin.org

58

March 2019 | Volume 10 | Article 366


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

Vojkovics et al.

Altered ILC3 Distribution in Absence of MAJCAM-1

with AlexaFluor647 and membrane permeabilization buffer were
purchased from BD Biosciences. For tissue immunofluorescence
the following rat mAbs were produced in our lab: anti-CD45 mAb
(clone IBL-3/16) conjugated with FITC, anti-B220 mAb (clone
RA3-6B2) labeled with CF647, anti-Thy-1 mAb (clone IBL-
1) conjugated with TAMRA, anti-MAdCAM-1 (clone MECA-
367) IgG purified from hybridoma supernatant using Protein
G chromatography. The architecture of peripheral lymph nodes
was determined using a cocktail of anti-CD21/35-FITC (clone
7G6, produced in our lab), anti-Thy-1-TAMRA, and anti-B220-
CF647. For ELISA horseradish peroxidase conjugated rabbit anti-
mouse polyclonal antibody (Dako) was used.

Flow Cytometry

Lamina propria lymphocytes were isolated by a modification
of a previously described protocol (19). Briefly, intestinal parts
were cut open longitudinally and the PPs were cut out from
the small intestine. In case of 1 and 2 week old mice at
least 3 intestines were pooled. Colons and small intestines
were washed in PBS and then shaken for 10-20min in
DMEM containing 10mM EDTA (Sigma Aldrich) to remove
the epithelial layer. Intestinal parts were washed thoroughly
in ice cold PBS, cut into 3-5mm pieces, and digested at
37°C in DMEM containing 0.6 mg/ml Collagenase D (Sigma
Aldrich) and 5 U/ml DNAse I (Sigma Aldrich). After 20 min
the supernatant was collected by passing through 70 um cell
strainer (Greiner Bio-One), to the remaining tissue fragments
freshly digesting medium was added and further incubated until
completely dissociated. Mononuclear cells were separated with
density gradient centrifugation using discontinuous 40%/80%
(w/v) Percoll (Sigma Aldrich). The separated cells were washed
in PBS, and labeled for flow cytometry first with a cocktail
of mAbs against surface markers, followed by permeabilization
and staining for RORyt. Measurements were carried out on a
BD FACS Canto II flow cytometer. Within the lymphoid gate,
at least five thousand CD45+CD3-CD19- cells were collected
and analyzed using the FCS Express Software. ILC3 cells were
determined as CD454-CD3-CD19-CD90/Thy14+RORyt+- cells.

Histology

For analyzing SILT composition 8um cryostat sections were
cut at 4-6 different planes 100-150 wm apart from Swiss rolls
prepared from small intestines and colons of 1, 2, and 4
week old mice. SILT structures were defined according to size,
morphology, and cellular composition as follows: CP were Thy-
14+/B220-, immature ILFs were Thy-14++/B220+, and mature
ILF were defined as Thy-14-/B220+4+. For immunofluorescence
labeling frozen sections were fixed in cold acetone for 10 min
and then blocked in 5% BSA in PBS for 20min. Multiple
fluorescence labeling was performed by incubating the sections
with a cocktail of fluorochrome-labeled mAbs against CD45,
Thy-1, and B220 in PBS for 45 min followed by washing. For
intestinal addressin expression frozen sections were incubated
first with 5ug/ml anti-MAdCAM-1 IgG in PBS, followed by
washing and detection using FITC-conjugated anti-rat IgG (BD
Biosciences). After saturation with 50x diluted normal rat serum
sections were incubated with DyLight594-conjugated MECA-
79 anti-mouse PNAd antibody (kindly provided by Eugene

C. Butcher, Stanford University) and anti-mouse CD45-CF647
conjugate. For peripheral lymph node analysis sections prepared
at median plane inguinal lymph nodes were incubated with a
cocktail of FITC anti-CD21/35 to detect follicular dendritic cells,
TAMRA anti-Thy-1 against T cells and CF-647-conjugated anti-
B220 mAD against B cells. After mounting with 1:1 PBS:glycerol,
sections were viewed with an Olympus BX61 fluorescence
microscope, and representative images were created with an
Olympus Fluo-View FV-1000 laser scanning confocal imaging
system. For single color labeling of MAdACAM-1 or PNAd
acetone-fixed cryostat sections of small intestine or colon were
incubated with anti-MAdCAM-1 or anti-PNAd mAbD at 1 pg/ml
antibody followed by FITC-conjugated anti-rat IgG (Vector
Laboratories), using Hoechst 33,342 nuclear counterstaining in
the mounting. The labeling intensities were quantified using
Image ] software.

Immunization and ELISA

To induce an anti-ovalbumin immune response, mice were
immunized with 50 pl of 50 mg/ml OVA with complete Freund’s
adjuvant in the left footpads on day 0 and day 7. Mice were
sacrificed on day 21 and serum was collected. To determine
the anti-OVA IgG response, ELISA plates (Nunc Maxisorp,
Thermo Scientific) were coated with 5 jLg/ml ovalbumin (Sigma-
Aldrich, Budapest) overnight in PBS, followed by saturation with
0.1% gelatine in PBA-0.1% Tween-20 (Sigma-Aldrich, Budapest,
Hungary) for 1h at 37°C. After saturation and washing in PBS-
Tween diluted sera of mice were added to blocked plates, followed
by washing. Next, horseradish peroxidase conjugated rabbit anti-
mouse polyclonal antibody was added, and after incubation
peroxidase activity was detected using ortho-phenylenediamine
and H,O, (Sigma-Aldrich, Budapest, Hungary) in citrate-
phosphate buffer, pH: 5.0. The reaction was stopped with 4 M
H,SO4. Samples were measured at 492 nm in duplicates.

Quantitative RT-PCR

Total RNA from inguinal lymph node, mesenteric lymph node
and Peyer’s patch homogenates was isolated using NucleoSpin
RNA (Macherey-Nagel GmbH). Purity and concentration of
RNA was analyzed by NanoDrop. cDNA was synthetized using
High Capacity cDNA RT Kit (Life Technologies). RT-PCR
was run on an ABI-PRISM 7,500 machine in duplicates using
previously described SYBR green primers (11). Results are shown
as percentage of B-actin housekeeping gene.

Statistical Analysis

Data was analyzed using IBM® SPSS® Statistics software
(Version 22). A Mann-Whitney test was applied to compare
groups with non-normally distributed data. Data are represented
as mean £ SEM. Statistical significance was p < 0.05.

RESULTS

Postnatal Distribution of Intestinal ILC3 Is
Perturbed in the Absence of Nkx2-3

and MAdCAM-1

Although the absence of Nkx2-3 causes transcriptional blockade
of MAACAM-1 expression (8, 14), our previous studies indicated
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that the distribution of colonic lamina propria ILC3s in young
adult mice are differentially affected in the lack of Nkx2-3
compared to the absence of MAdCAM-1 itself, so in Nkx2-
37/~ mice the colonic ILC3 number was higher, whereas in
MAdCAM-1"/~ mice ILC3 numbers were significantly less (20).
In this work first we sought to determine how these two different
forms of MAACAM-1 deficiency affect the postnatal population
kinetics of ILC3s along the entire intestinal tract. ILC3s isolated
from the lamina propria at various postnatal ages were identified
using flow cytometry as CD45+CD3-CD19-CD90+RORyt+
cells (Figure 1A).

Using this strategy a systemic analysis of postnatal
colonization of ILC3 cells in the small intestine and colon
was performed. The number of ILC3s in the small intestine
(silLC3) was higher than colonic ILC3s (cILC3s) in all mouse
strains at each time points. On the first postnatal week siILC3s
were present at the highest number, and in the absence of
Nkx2-3 there were no significant alterations compared to control
Nkx2-3 heterozygous mice. In MAdCAM-1"/~ small intestines
a considerably lower number of silLC3s was found compared
to C57BL/6 controls; however, this decrease did not reach
statistical significance.

On the second postnatal week silLC3 numbers substantially
decreased in all mouse strains. We found that silLC3 numbers
were the highest in mice lacking Nkx2-3, while lowest in
MAdCAM-17/~ mice.

By the fourth postnatal week silLC3s decreased significantly in
each mouse strain except C57BL/6 mice, where a slight increase
in ILC3 number was observed compared to the second week.
In Nkx2-37/~ mice the silLC3 number was significantly lower
than in heterozygous controls. In MAdCAM-1~/~ mice silLC3
numbers were the lowest at each investigated time points, and
both cILC3 and siILC3s decreased continuously until the fourth
postnatal week.

At the first postnatal week both Nkx2-3*/~ and C57BL/6
wild-type mouse strains and Nkx2-3 mutants showed a similar
range of absolute numbers of cILC3s, while in MAACAM-1~/~
mice the cILC3 numbers showed an approximately three-fold
reduction at this time point.

On the second postnatal week, cILC3 numbers showed an
around four-fold increase in both Nkx2-3%/~ and Nkx2-37/~
mice. In contrast, cILC3 numbers in the absence of MAdCAM-1
further decreased, similarly to that in C57BL/6 control group.

By the fourth postnatal week in both Nkx2-3*/~ and Nkx2-
37/~ mice the number of cILC3 dropped considerably, although
the absolute cILC3 numbers were still higher than on the first
postnatal week. In contrast to the small intestine, where siILC3
number was significantly lower in the absence of Nkx2-3, in the
colon of Nkx2-3-deficient mice the ILC3 cell number was higher.
In contrast, in MAACAM-1"/~ mice cILC3 absolute numbers
decreased to an almost undetectable level, while in the control
C57BL/6 group cILC3 numbers were similar to that on the first
week (Figure 1C).

These data indicate that the different forms of MAdCAM-
1-deficiency variably affect the postnatal distribution pattern
of ILC3s along the intestinal tract, with a generalized absence
of MAdCAM-1 in MAdCAM-1"/~ mice causing the most
severe alterations.

Altered SILT Maturation in the Absence of
Nkx2-3 and MAdCAM-1

Our earlier studies showed that in the absence of Nkx2-3 the
perturbed lymphocyte distribution is coupled with an altered
vascular pattern in PPs of young adult mice, including the gradual
replacement of MAACAM-1 by PNAd (12). To test how this
altered addressin pattern affects the development of SILT, next we
compared the various differentiation stages of the SILT spectrum
between mice lacking either Nkx2-3 or MAACAM-1 and wild-
type controls during the first 4 weeks of postnatal period. As
controls for Nkx2-37/~ mice we used heterozygous littermates
in order to maintain identical environmental conditions. SILT
structures were identified with multiple immunofluorescence
staining of colonic sections as described in the Materials and
Methods. Immature and mature ILFs were distinguished also
according to their morphology, as mature ILFs (matILF) are
larger and often contain B220+ germinal centers while immature
ILFs (imILFs) are smaller with less B220+ cells, and also
with a less compacted organization (Figure 2A). The statistical
analyses of the SILT maturation in different genotypes at
various ages and in different gut segments are summarized
on Figures 2B,C.

On the first postnatal week only CPs and imILFs were
present in the colon of each mouse strain and no matILFs
were found. The distribution of these immature SILT structures
in Nkx2-37/~ and MAdCAM-1"/~ mice were similar to their
relevant Nkx2-3%/~ and C57BL/6 control groups. Interestingly
the ratio of CP was higher in C57BL/6 and MAdCAM-1~/~
mice and these strains had less imILFs than either Nkx2-3%/~
or Nkx2-37/~ mice.

On the second postnatal week matILFs also started to appear
in Nkx2-3 heterozygous mice, while in the Nkx2-37/~ group
matILFs were present only at a very low ratio. In MAACAM-1 —/=
mice we observed no matILFs at all. There were no significant
differences in CP and imILF ratios between the Nkx2-3-deficient
and heterozygous mice, and MAdCAM-1-deficient and wild-
type C57BL/6 mice, respectively. Similarly to the first week,
CPs were present at a lower ratio in Nkx2-3%/~ and Nkx2-
37/~ than in C57BL/6 and MAACAM-1"/" mice. Furthermore,
imILF ratios were almost the same in each genotype at this
time point.

On the fourth week matILFs were present in the colonic
lamina propria of each mouse strain, but in MAACAM-1~/~
colons their ratio was significantly lower compared to the wild-
type C57BL/6 control group. In the absence of Nkx2-3, the
matILF ratio was also lower than in Nkx2-37/~ littermate
controls. ImILFs were observed at a higher ratio in MAdCAM-
1 knock-out (KO) mice than in the control C57BL/6 group, while
CP ratio was lower in MAdCAM-1"/~ compared to C57BL/6
mice. Nkx2-37/~ mice had a similar imILF percentage as in
Nkx2-3%/~ mice but a higher ratio of CPs.

Our data demonstrate that the different forms of MAdCAM-
1-deficiency variably affect colonic SILT development, as in the
absence of Nkx2-3 ILF maturation is only slightly altered in
comparison to the relevant wild-type group, while MAdCAM-
17/~ mice had a more profound delay in colonic SILT
maturation. These findings also demonstrate that although the
absence of MAdACAM-1 delays colonic SILT maturation in the
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FIGURE 1 | Different distribution of ILC3 in the postnatal gut in Nkx2-3~/~ and MAJCAM-1—/= mice. (A) Gating strategy for the identification of ILC3s defined on the
basis the lymphoid gate (left: FSC/SSC ellipse) and CD45+/non-T/B lineage (middle: rectangle) combined with CD90/RORyt (right, rectangle; representative example
from a small intestine of a 4 weeks old C57BL/6 mouse). (B) Kinetics of the absolute number of ILC3s in Nkx2-3~/~ and Nkx2-31/~ mice (top) and MAJCAM-1—/=
and wild-type C57BL/6 (bottom) intestine (small intestine: left, colon: right) at various ages as indicated (n = 3-7, mean £+ SEM, *p < 0.05). (C) Representative
example of the appearance of ILC3s in the small intestine and colon of Nkx2-3~/~, Nkx2-31/~, MAJCAM-1~/~, and wild-type C57BL/6 mice at 4 weeks of age.

early postnatal period, it does not prevent it. This delay is most
pronounced on the second postnatal week, when Nkx2-37/~
mice developed a few matILFs, while in MAACAM-1"/~ mice
matILFs appeared only on the fourth postnatal week at a greatly
decreased ratio.

Altered mRNA for PNAd Core Proteins and
Modifying Enzymes in MAACAM-1-/—
Peyer’s Patches

MAdCAM-1 is the main addressin recruiting lymphocytes to
Peyer’s patches (PP) and the intestine. As the lack of Nkx2-3
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FIGURE 2 | Composition of postnatal colonic SILT spectrum. (A) Representative samples for cryptopatches (CP), immature (imlILF), and mature (matlLF) isolated
lymphoid follicles of a 4 weeks old Nkx2-31/~ mouse using CD45/Thy-1/B220 combined immunofluorescence staining with the markers as indicated (scale bar =
100 wm). (B) Composition of colonic SILT spectrum in Nkx2-31/~ (black filled) and Nkx2-3~/— (gray filled) mice at 1, 2, and 4 weeks of age as indicated; n = 4; mean
+ SEM, *p < 0.05). (C) Composition of SILT spectrum in the colon of wild-type C57BL/6 (black filled) and MAACAM-1—/ (gray filled) mice at 1, 2, and 4 weeks of
age as indicated (n = 4; mean + SEM *p < 0.05).

causes increased mRNA levels for various PNAd backbone
proteins and modifying enzymes in PPs lacking endothelial
MAdCAM-1 (12), next we studied whether similar alterations
occur in MAACAM-1~/~ mice. Using qPCR analysis of cDNA
from PPs of 8-10 weeks old MAACAM-1~/~ mice we observed a

significant increase of two PNAd backbone proteins Endomucin
and Podocalyxin-like protein in MAACAM-1~/~ PPs compared
to wild-type controls, while the increase in CD34 did not
reach statistical significance. The mRNA for Glycaml and
Nepmucin did not show any difference compared to control
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PPs (Figure 3A). Among the modifying enzymes important in
creating the PNAd epitope, mRNA for the betaGal beta-1,3-N-
acetylglucosaminyltransferase 3 sulfotransferase (B3gnt3) and
alpha-(1, 3)-fucosyltransferase (Fut7) did not show statistically
significant differences, whereas N-acetylglucosamine 6-O
sulfotransferase (Chst4) was significantly elevated in MAdCAM-
17/~ PPs, resulting in a prominent expression of MECA-79
PNAJ epitope (Figure 3B). These alterations are different from
those reported earlier in Nkx2-37/~ mice, where the most
robust alteration of mRNA expression for PNAd core proteins
involved Glycaml, but the significant increase of Chst4 was also
observed (12).

Correlation of ILC3 Distribution and
Regional Expression of Vascular Addressin

in the Mucosa

To investigate whether the ILC3 distribution is correlated with
the altered expression of MAACAM-1 in Nkx2-37/~ mice
or PNAd in MAdCAM-1"/~ mice, next we compared the
expression level using quantitative immunofluorescence and
Image J analysis.

In Nkx2-37/~ mice we found a higher level of MAACAM-
1 expression at week 1 and even a minor increase by the
second postnatal week, while by the 4th postnatal week the
MAdCAM-1 labeling intensity was statistically below that of
the Nkx2-3 heterozygotes in the small intestine. In contrast,
the colonic MAdACAM-1 expression in Nkx2-37/~ samples
was continuously below that of heterozygotes, suggesting in
different gut segments the loss of MAdCAM-1 expression follows
different kinetics (Figure 4A). Furthermore, the MAdCAM-1
expression does not correlate with the local ILC3 numbers
detailed above (Figure 1B).

In the small intestine of MAACAM-1"/~ mice we observed a
slight increase of PNAd expression by the second week below that
of C57BL/6 mice, which continued to increase significantly by
the fourth week, exceeding that of wild-type controls. Correlating
the number of ILC3s with the alterations of small intestinal
PNAd in C57BL/6 mice the ILC3 number remained relatively
stable, while the PNAd expression steadily increased, whereas
in MAdCAM-1"/~ mice was accompanied by significantly
decreased ILC3 numbers.

The colonic PNAd expression in MAdCAM-1"/~ mice
showed a significant increase already by the second week
compared to the controls, followed by a further increase by the
fourth week (Figure 4B). However, ILC3 cell numbers decreased
in both MAACAM ™/~ and wild-type mice, where at fourth
week of age the colonic ILC3 cells were barely detectable in
MAdCAM-1"/~ mice (Figure 1B).

Preserved Lymph Node Architecture and
Normal T Cell-Dependent Antibody
Response in the Absence of MAdACAM-1

During the embryonic development and early postnatal
maturation of peripheral lymph nodes (pLN) HEVs display
MAdCAM-1 recognized by oa4f7 integrin (2, 4). Therefore,
we next investigated whether the formation and structure of

pLNGs is affected by the absence of MAACAM-1 similarly to the
SILT. Using multicolor immunofluorescence for T and B cells
and follicular dendritic cells we found no noticeable differences
in the lymphoid compartmentalization and follicular stromal
organization in young adult (8 week old) mice (Figure 5).

To examine how the absence of MAdACAM-1 affects the
induction of a local T-dependent immune response, mice
received two subcutaneous injections of ovalbumin (OVA)
in their footpads 7 days apart. Twenty-one days after the
first injection mice were sacrificed and serum was collected.
We determined the anti-OVA IgG response using a custom-
made indirect ELISA. Interestingly, we found that lack of
MAdCAM-1 did not inhibit the production of IgG against
ovalbumin as neither MAACAM-1~/~ nor Nkx2-37/~ mice had
significantly lower antibody levels compared to their appropriate
controls (data not shown).

These results indicate that, in addition to allowing the
establishment of normal architecture, in the absence of
MAdCAM-1 the development of a T-dependent antibody
response in peripheral lymph nodes is preserved.

DISCUSSION

Type 3 innate lymphoid cells (ILC3s) have recently been
demonstrated to play a role in several immunological processes
associated with normal mucosal lymphoid tissue formation and
also inflammation and epithelial regeneration in inflammatory
bowel diseases (IBD). IBD manifests as a consequence of
genetic susceptibility, aberrant immunological responsiveness
against commensal bacteria, and bacterial dysbiosis of the
intestine (21, 22). Amongst other genetic factors, Nkx2-3 has
been identified as a susceptibility factor for both ulcerative
colitis and Crohn’s disease in humans, characterized by ectopic
lymphoid neogenesis (23). In these events ILC3 subsets in a close
relationship with their intestinal stromal microenvironment
produce a range of cytokines, and as putative antigen-presenting
cells, they can also influence T-cell responses against commensal
bacteria (24, 25). To exert local activities, various lymphoid
cells need to recognize MAdCAM-1 addressin displayed by
mucosal high endothelial venules and lamina propria vessels,
which also offers a potential target mechanism for IBD
amelioration, using either anti-a4p7/a4p1 integrin antibodies
or anti-MAdCAM-1 therapy, respectively (26). Although the
efficiency of ILC3s critically depends on their intestinal
colonization, it is not yet known how the regulatory or genomic
absence of MAdACAM-1 affects the intestinal distribution of
ILC3s and the maturation of colonic lymphoid follicles as
immunological effector sites.

As a critical postnatal regulator promoting MAdCAM-
1 expression (8, 27), we studied mice deficient for Nkx2-3
transcription factor. Although in Nkx2-3 KO mice endothelial
MAdCAM-1 gradually disappears and is replaced by PNAd
during the first month (4), the lack of Nkx2-3 does not abrogate
the expression of non-endothelial MAACAM-1. Therefore its
effect appears to be lineage-restricted (14), in contrast to
the MAdACAM-1"/~ mice (18). We also noted increased
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FIGURE 3 | Comparison of expression of mRNA expression for peripheral lymph node addressin core proteins and glycosylation enzymes in Peyer's patches between
MAJCAM-1~/~ and wild-type mice and the expression of MECA-79 PNAd epitope. (A) gPCR analyses were performed for the various core proteins (GlyCAM,
endomucin, podocalyxin-like protein, CD34, and nepmucin) and glycosylation enzymes, expressed as a mRNA level relative to B-actin (n = 6; mean + SEM, in a
duplicate measurement; *p < 0.05). (B) Immunofluorescence detection of MECA-79 epitope (green) in wild-type (left) and MAACAM-1~/~ Peyer’s patches with
Hoechst nuclear counterstaining (blue) (representative example of a cohort of 3 mice; scale bar = 100 um).

expression of PNAd epitope MECA-79; however, comparison  to a lesser degree, CD34 increased. Moreover, in both cases
of PNAd core protein and glycosylation enzyme mRNA  sulfotransferase enzyme Chst4 increased. These findings indicate
expression alterations to those in Nkx2-3-deficient mice reported  that in the two different models of MAdCAM-1 deficiency the
earlier (12) show notable differences. In Nkx2-37/~ mice  compensatory upregulation of PNAd epitopes follows different
the most dramatic alteration of mRNA expression was the = mRNA expression patterns.

robust increase of Glycaml mRNA; in contrast, in MAdCAM- Irrespectively of their genotype and background, small
17/~ mice the mRNA for Glycaml was unaltered, while intestines host more ILC3 cells than the colon, with the peak
mRNA for podocalyxin-like protein (Pdxn), endomucin and, occurring on the first postnatal week. At this period the
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FIGURE 5 | Preserved structure of pLN in the absence of MAdCAM-1.
Cryostat sections from inguinal lymph nodes of 6 weeks old Nkx2-3=/~,
Nkx2-3/~, MAJCAM-1~/~, and C57BL/6 mice were stained for B cells
(B220/turquoise), T cells (Thy-1/red), and follicular dendritic cells
(CD21/35/green) as indicated (scale bar: 100 wm. Representative image, the
staining was repeated twice).

dominant addressin in the peripheral lymph nodes of wild-
type and Nkx2-3-deficient mice is MAdCAM-1 (4, 12), and
we noted no significant difference between Nkx2-3 deficient
and heterozygous samples, indicating efficient seeding of ILC3s
to the small intestine mucosa. However, the number of cells
showed substantial differences between Nkx2-3-deficient and

heterozygous mice on a BALB/c background, and C57BL/6-
background MAdCAM-1~/~ and wild-type mice, which may be
related to the delayed maturation of siILF in C57BL/6 mice, as
reported earlier (28). On the other hand, at later periods Nkx2-
3-deficient mice showed a reduced number of small intestinal
ILC3s, coupled with a markedly lower frequency of mature ILFs,
presumably reflecting the effect of the progressive reduction of
endothelial MAdACAM-1 expression.

Interestingly, the pattern of PNAd core protein and
glycosylation enzyme expression in PPs of MAdCAM-1=/~
mice is different compared to both Nkx2-37/~ and wild-
type C57BL/6 mice, and it also allows the appearance of
MECA-79 epitope. It remains to be investigated, whether in
a fashion similar to Nkx2-37/~ PPs, the MAACAM-1/04p7-
dependent mucosal mechanism is also replaced—at least
partially—by an L-selectin/PNAd-dependent homing (12).
Nevertheless, the appearance of cryptopatches and their initial
maturation into imILFs is in agreement with previous data on
the formation of cryptopatches being independent from a4f7
integrin-MAdCAM-1 interaction (27).

In contrast, colonic ILC3 dispersion showed strikingly
different kinetics. Compared to the small intestines, on the first
week we found relatively fewer ILC3 cells in all genotypes.
However, by the second week the colonic ILC3 number increased
in Nkx2-3-deficient and heterozygous mice, whereas it was
further reduced in both MAACAM-17/~ and C57BL/6 mice,
similar to the difference between the small intestines of BALB/c
and C57BL/6 mice (28, 29). This reduction continued in
MAdCAM-1"/~ mice to a virtually undetectable level, whereas
it remained unchanged in C57BL/6 samples. Furthermore, the
lack of MAACAM-1 caused a more dramatic reduction in the
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colonic ILC3 number compared to that in the small intestine,
indicating that in the small intestine potential alternative
endothelial addressins may partially compensate for the absence
of MAACAM-1, in addition to other differences of developmental
requirements for small intestinal and colonic ILF formation
(30). With regard to the effect of the absence of Nkx2-3 in
young adult mice on other innate lymphoid subsets, we found
an increased level of Th17 and Treg cells in the colon (20);
however, it remains to be investigated how other ILC subsets
are affected either in Nkx2-37/~ or MAdCAM-deficient mice.
Our recent findings also indicate the expression of Nkx2-3 in
VAP-1-positive myofibroblasts cells, thus the modulatory effect
on ILC3 distribution is likely to be mediated through stromal
components (20).

Differences in the maturation of colonic ILFs can be
attributed to several factors. Importantly, mice on a C57BL/6
background showed a delayed maturation, evidenced through
the cryptopatch:ILF ratio, but by the fourth postnatal week
C57BL/6 mice had a similar ratio of mature ILFs as in Nkx2-
3-deficient mice. Interestingly, the relatively stable number of
CPs in C57BL/6 mice at this age was associated with fewer
immature ILFs, suggesting that in these mice the course of CP-
imILF maturation may be delayed compared to CP appearance
and/or imILF-matILF transformation, in a fashion similar to
the difference between C57BL/6 and BALB/c mice observed
in the small intestine (28, 29). Furthermore, in MAdCAM-
17/~ mice the appearance of CPs and their initial maturation
into immature ILFs largely correspond to those of wild-type
C57BL/6, suggesting MAACAM-1 independence (27), but its
further maturation into mature ILFs is drastically blocked
(although not completely abolished) in MAACAM-1"/~ mice.
In this process the increased expression of PNAd addressin
appears to be unable to compensate for the loss of MAACAM-1
in sustaining immature-to-mature ILF transition, also reflected
to a lesser degree in Nkx2-37/~ mice with partially preserved
MAdCAM-1 expression.

Lastly, we also investigated the systemic effect of MAdCAM-
1 deficiency on the formation and immune responsiveness,
as a4p7 integrin-MAdCAM-1 also participates in peripheral
lymph nodes formation during the embryonic period, similarly
to the development of PPs (4). We found that, although
both PP development and ILF maturation are blocked in
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Discovery of innate lymphoid cells (ILCs) have provoked a paradigm shift in our
understanding of the immune protection. Their constitutive presence and activity at the
body’s barrier surfaces ensure the maintenance of the tissue homeostasis and immune
protection. This complex family has distinct and non-redundant functions that can have
both beneficial and detrimental effects on disease outcome. The capacity of ILCs to
perform their function effectively relies on their ability to sense and integrate intrinsic
and extrinsic signals. Recent studies have shown that ILCs are not only sensitive to
pathogen-derived stimuli but are also very well equipped to sense host-derived signals
such as neuropeptides, hormones, and metabolites. The integration of these signals
represents a complex and constant cross-talk between the immune system and the
physiological systems of the body, including the nervous, endocrine, digestive, and
reproductive systems. The physiological regulation of ILCs constitutes an important step
in our understanding of the events leading to the protective and pathological properties
of these cells. This review summarizes the recent advances in the understanding of the
regulation of ILCs by physiological signals and their consequences on the maintenance
of tissue homeostasis.

Keywords: innate lymphoid cells, immunity, homeostasis, neuroendocrine regulation, metabolites, hormones,
neuropeptides

INTRODUCTION

With the discovery of an innate counterpart of the T lymphocytes mirroring key aspect of their
phenotype and function, the innate lymphoid cells (ILCs) have forced immunologists to rethink
the immunological architecture that confers immune protection. Despite recent evidence that ILCs
can be mobilized from blood (1, 2), ILCs are considered to mainly reside within tissues (3). Their
activity is not modulated by antigen-specific receptors but rather through a complex integration of
cytokines, alarmins, and physiological signals derived from their micro-environment.

Divided in 3 main groups, group 1 ILCs (ILC1s), group 2 ILCs (ILC2s), and group 3 ILCs (ILC3s)
are associated with T helper (Th) 1, Th2, and Th17 functions, respectively, while the natural killer
(NK) cells are analogous to the CD8™ cytotoxic T cells. ILCs express particular sets of receptors
encoded by specific transcriptomic signatures that are imprinted in a tissue-specific manner and
therefore ILCs are well equipped to sense host-derived signals (Figure 1) (5). Constitutive sensing
and integration of these endogenous signals are essential to ILC activity and maintenance of tissue
homeostasis. Dysregulation of ILC responses lead to the development of inflammation. ILCls are
mainly involved in the early protection against virus (6) and bacteria (7, 8) through the secretion
of interferon-gamma (IFN-y) and granulocyte-macrophage colony-stimulating factor (GM-CSF),
however their dysregulation in adipose tissues leads to the development of metabolic disorders and
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FIGURE 1 | Heatmap shows the RNA expression of the indicated receptors among different immune populations. The data have been extracted from Immunological
Genome Project (https://www.immgen.org) (4). Name of each population extracted from ImmGen database are indicated on top of the heatmap.
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obesity (9). ILC2s are an early source of interleukin (IL)-5 and IL-
13 (10-12). ILC2 activity allows the emergence to type 2 immune
responses characterized by goblet cell differentiation, recruitment
of eosinophils, basophils, and mast cells which is critical for
protection against infection with helminths and viruses but, when
uncontrolled, also drive allergic responses and metabolic disorder
(13-15). ILC3s produce IL-22 in the gut to protect against
intestinal inflammation (16-18). In this review we propose that
physiological signals are integrated by ILCs and modulate their
constitutive activity in a tissue- and time-specific manner.

NEURO-ENDOCRINE REGULATION OF ILC
RESPONSES

ILCs predominately reside at mucosal barrier surfaces and have
been shown to be in close anatomical proximity to neurons and
glial cells of the autonomic nervous system (ANS). The ANS is
divided into (i) the sympathetic nervous system (SNS), which
predominates during “fight-or-flight” situations and prepares the
body for physical activity and (ii) the parasympathetic nervous
system (PNS), which regulates basic body functions during
resting conditions, such as digestion, energy conservation, and
storage. The expression of specific neuroregulators by the ANS
allows tissue-specific regulation of innate cells.

Neuromedin U (NMU)

Neuromedin U (NMU) is a neuropeptide found throughout the
body and is highly expressed in the gastrointestinal tract by
lamina propria enteric cholinergic neurons (19). NMU plays a
plethora of physiological roles, including regulating food intake
(20). NMU signals through two receptors, (i) Nmurl, mainly

expressed on peripheral tissues, and (ii) Nmur2, mainly expressed
within the central nervous system (CNS). Amongst immune cells,
Nmurl is specifically expressed on ILC2 (19, 21, 22). Infection
with parasitic helminth N. brasiliensis is sensed by mucosal
neurons, inducing the secretion of NMU in response, which in
turn promotes the secretion of IL-5, IL-13, and amphiregulin by
ILC2s (19, 21). Deficiency in NMUR signaling leads to impaired
type 2 responses and poor control of worm infection. Parasite
expulsion critically relies on ILC2 activity through the specific
recruitment of eosinophils, basophils, and mast cells and the
induction of goblet cell hyperplasia (10) (Figure 2).

In the lung, synergistic effects of IL-25 and NMU promote
ILC2 proliferation and the secretion of IL-5 and IL-13,
resulting in exacerbated allergic inflammation (19, 22). Mice
lacking Nmurl show reduced ILC2 numbers after house dust
mite (HDM) challenge and decreased type 2 allergic airway
inflammation (19, 22). Altogether, these studies show how
neuronal cues can shape ILC responses to generate a rapid and
optimal immune response.

Norepinephrine and 2-Adrenergic

Receptor Signaling

Norepinephrine is released by the SNS and signals through f;-
and P,-adrenergic receptors (B2AR). NK cell cytotoxicity and
expression of IFNYy, granzyme B and perforin are reduced when
B2AR-signaling is engaged (23, 24).

Norepinephrine signaling exerts its inhibitory effect on
ILC2s proliferation through binding to B,AR (25) (Figure 2).
Administration of P,AR agonist Clenbuterol during N.
brasiliensis infection inhibits ILC2 effector functions, leading
to reduced eosinophil recruitment, goblet cell hyperplasia and
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consequently increased worm burden. Conversely, mice lacking IL-5 stimulates the production of VIP by acting directly
the B,AR show increased ILC2 infiltration and exaggerated  on nociceptors, creating an inflammatory signal loop that
type 2 response to N. brasiliensis infection. Interestingly, pAR-  promotes allergic inflammation (31). Noxious environmental
signaling specifically inhibits lung and enteric ILC2s, but not  respiratory stimuli, such as capsaicin or OVA peptide challenge,
Th2 cells, by regulating cell intrinsic proliferation during type 2 induces bronchial hyperresponsiveness and airway inflammation
inflammatory response (25). through the activation of lung NaV1.8% nociceptor. Ablation of
NaV1.8™ nociceptor reduces the activation of lung resident ILC2

. . . and Th2 cells, thus reducing bronchial hyperresponsiveness.
Vasoactive Intestinal Peptide (VIP) Administering VPAC2 antagonist leads to decreased ILC2
VIP is a neuropeptide expressed throughout the nervous activation, decreased expression of inflammatory marker ST2
system and has been found in neurons that innervate the  and decreased production of IL-5 and IL-13 (31) (Figure 2). This
lung and gut mucosa (26). VIP is involved in number of  positive feedback loop between sensory nociceptors and ILC2s

physiological processes, including coordinating gastrointestinal  may be a mechanism to prime and enhance the sensitivity of
motility, mucus, and enzymatic secretions in response to feeding,  sensory nociceptors to environmental stimuli.

synchronizing the central circadian rhythm (27) and also skews

the differentiation of T cells toward Th2 and T regulatory cells . . .

(28, 29). Enteric and lung ILC2s stimulated with VIP through Calcitonin Gene-Belated Protein (CGRP)
VIP receptor type 2 (VPAC2) promotes a type 2 response. The and Neurotransmitter

circadian release of VIP in response to feeding induces a rhythmic Gamma-Aminobutyric Acid (GABA)

expression of IL-5 by ILC2s (Figure 2), resulting in increased =~ CGRP is a neuropeptide involved in nociception but also a
systemic eosinophil numbers in a circadian manner (30). potent vasodilator found throughout the body in perivascular
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innervation (32). During an immune response, CGRP is secreted
by specialized epithelial cells called pulmonary neuroendocrine
cells (PNECs). PNECs are closely associated with lung ILC2s
and amplify ILC2-mediated type 2 airway inflammation in
response to environmental allergens (33). In CGRP receptor-
deficient mice (CalcrlKO), immune cell infiltration is reduced
after HDM allergen challenge. Similarly, mice lacking PNECs
(AsclCKO) show blunted type 2 immune response to ovalbumin
(OVA) peptide allergen. However, when compared to control
lungs, AsclCKO lungs show pronounced reduction in CGRP
and inhibitory neurotransmitter gamma-aminobutyric acid
(GABA). Whilst disrupting neurotransmitter GABA synthesis
in PNECs does not directly affect immune response, blocking
GABA signaling prevents overproduction of mucus and IL-
13 and reduce goblet cell hyperplasia during allergic airway
inflammation (34). As asthmatic patients have a higher number
of PNECs, disrupting the communication between PNECs and
ILC2s may be a potential therapeutic avenue to alleviate allergic
asthma symptoms (Figure 2).

Neurotrophic Factors and RET Receptor
Enteric ILC3s respond to neurotrophic factors released by closely
associated mucosal glial cells (35). Glial cells are support cells
to neurons and enteric glial cells which sense the commensal
products and alarmins in a Myd88-dependent manner (35).
Glial-derived neurotrophic factor family of ligands (GFL) act
though ILC3 tyrosine kinase receptor RET to maintain gut
defense. RET signaling in ILC3s directly controls innate IL-
22 expression (Figure 2). When neurotrophic receptor RET is
deleted in enteric ILC3s, ILC3-dervied IL-22 is reduced at steady
state and during C. rodentium infection. Mice without RET
showed greater propensity toward gut inflammation, leading
altered microbial communities (35).

Glucocorticoids (GC)
The hypothalamic-pituitary-adrenal (HPA) axis is a crucial

neuroendocrine regulatory axis for coordinating and responding
to environmental cues. GC have potent immunosuppressive
and anti-inflammatory effects. Endogenous GC production after
stimulation of the HPA axis inhibits ILC1 function during
both bacterial (36) and viral infections (37), thus, preventing
immunopathology without impairing immune responses against
infections. Whilst NK cells and ILC1 are sensitive to GC
during the priming phase, only NK cells from the spleen and
liver show higher levels of IFN-y production in the absence
of GC receptor (GR) signaling (36). The disparity in GC
influence on ILC1 suggests that the mechanisms controlling IFN-
y production in ILC1 differ from NK cells during endotoxin
tolerance. When GR is deleted in ILC1 and NK cells, mice show
exacerbated endotoxin LPS-induced septic shock. Similarly, GC
produced following MCMYV infection is shown to induce de novo
expression of checkpoint inhibitor programmed death-1 (PD-
1/CD279) specifically on splenic NK cells but not in the liver NK
cells or ILC1 (37). Expression of PD-1 limits IFN-y production
and is required for the protection of the host against necrotic
and granulomatous inflammation. The tissue-specificity of GC-
signaling on ILC1 and NK cells results from the integration of

different cytokine signals within the tissue microenvironment,
allowing the fine tuning and tailoring of the immune response
during infection (Figure 2).

Estrogens

Estrogens are synthesized from cholesterol mainly in the ovaries
and can diffuse through the membrane of cells and bind to
their receptors in the cytosol. They can bind to the estrogen
receptor (ER) a and P or act through “non-genomic” action,
via modulation of intracellular signaling pathways (38). Some
discrepancies exist regarding the described impact of estrogens
on NK cells. While estrogen is shown to enhance the cytotoxicity
of human NK-like cell line in vitro (39), others have reported that
estrogen decreased the NK cell proliferation, cytotoxicity, and
IFNy production (40, 41). These conflicting effects of estrogens
need to be carefully interpreted as the concentration used in these
studies are greater than the physiological concentrations and
therefore, may not reflect the actual effects of estrogens in vivo.
As estrogens have multiple targets in vivo, it will be important
to develop new models in which ER will be specifically deleted
in NK cells to investigate the role of estrogens on this particular
cell type.

Uterine ILC2 uniquely express ERa while ILC2 in other
tissues do not (42). This specific pattern may explain why
only uterine ILC2 have been shown to be sensitive to
estrogen regulation (43). Deficiency in estrogen signaling
using either ERa™/~ and B~/ mice, or in ovariectomized
mice, revealed a decreased ILC2 numbers in the uterus.
The role of uterine ILC2s in regulation and maintenance of
the uterus homeostasis is not known and the consequences
of the regulation of these cells by estrogens will require
more investigation.

Androgens

The androgens such as testosterone and dihydrotestosterone
mediate their effect via the androgen receptor (AR) and act as
ER through genomic and non-genomic pathways. Regulation of
ILCs by androgen signaling has been highlighted in ILC2. In
mice, proportions and absolute numbers of ILC2 are greater in
females compared to males (43). A similar trend is observed in
humans, where female asthmatic patients have higher frequencies
of ILC2s in the blood than asthmatic men (44). ILC2 progenitors
express specifically the AR but not ER. Mechanistically, AR
signaling directly inhibits the differentiation and proliferation
of mature ILC2s in a cell intrinsic manner (43). IL-5 and
IL-13 production is reduced in males compared to females
and in testosterone stimulated ILC2s. This regulatory effect
of testosterone on ILC2s protects males against the effects of
allergen-induced lung inflammation when mice are challenged
with house dust mite (HDM), IL-33 or Alternaria alternata
(43, 44) (Figure 2).

METABOLITES DERIVED REGULATION

There is constant communication at the mucosal barriers
between the environment and the host and considerable efforts
are currently made to better understand the interplay between
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the physiological systems and how key molecules, such as aryl
hydrocarbon receptor (AHR) ligands and lipids influence local
immunity and gut homeostasis.

Aryl Hydrocarbon Receptor Ligands
AHR acts as a toxin sensor and binds to diverse endogenous
and exogenous chemicals. The food and gut ecosystem are
natural sources of AHR inducers. These include indoles directly
found in cruciferous vegetables or obtained following tryptophan
degradation by the gut microbiota (45, 46). Gut resident ILCs
highly express AHR (Figure 1). The lack of AHR is associated
with reduced ILC3 numbers and decreased ILC3-derived IL-22
(47, 48) (Figure 2). AHR directly binds to the II22 promoter and
act in concert with RORyt to induce 1122 expression in ILC3 (49).
The regulation of AHR signaling is tightly controlled
as prolonged activation can have detrimental effects (50).
The metabolic clearance of AHR ligands is mediated by
the cytochrome P4501 (CYP1) family enzymes. Interestingly,
constitutive expression of CYP1 enzymes drastically reduces
the availability of AHR ligands and lead to the loss of gut
ILC3 and Thl7 cells (50). Consequently, constitutive Cypla
expression or complete loss of Ahr in mice increases their
susceptibility to C. rodentium associated with impeded IL-22
production (48-50). These studies highlight how homeostatic
regulation of the availability of AHR ligands by intestinal
epithelial cells provide critical feedback to immune cells, thus
shaping mucosal protection.

Leukotrienes

Leukotrienes (LT) are derived from the catabolism of the
arachidonic acid. The cysteinyl leukotriene receptor 1 (CysLTR1),
one of the LT receptors, is highly expressed on lung ILC2s
(51, 52). LTDy4 induces ILC2 secretion of IL-4, IL-5, and IL-
13 through CysLT1R engagement (Figure 2). Administration of
LTC4 and LTDy in vivo synergizes with IL-33 to activate lung
ILC2 and promote lung ILC2 proliferation, IL-5 expression and
lung eosinophilia (52). Deficiency in LT receptors does not affect
the maintenance of ILC2 but impairs the functional response of
ILC2 during N. Brasiliensis or Alternaria species infection (51,
52). Human ILC2 function is also enhanced upon LT stimulation
resulting in higher IL-13 production and increased expression
of IL-33/IL-25 receptors, thus promoting their responsiveness to
these cytokines (53). Collectively, these results demonstrate the
role of LTs in promoting lung inflammation and type 2 responses
through the direct activation of lung ILC2. Given the role of
ILC2s in allergy and asthma, targeting this LT-CysLTR pathway is
of great interest and may provide an effective therapeutic strategy
to constrain ILC2-mediated inflammation (52, 54, 55).

Prostaglandins

Prostaglandins (PG) are also derived from the arachidonic acid
and exhibit different roles on ILCs. Whilst PGE2 and PGI2
signaling inhibit ILC functions (56, 57), PGD, promotes the
activation, migration, and accumulation of ILC2 in inflamed
lung (58-60). PGE; and PGI; signal through the PGE, receptors
and the prostacyclin receptor (IP), respectively. IP is almost
exclusively expressed by ILC2, PGE, receptor 2 (EP2) is mainly

expressed by ILC3 and PGE; receptor 4 (EP4) is found on ILC1,
NK cells, and ILC2 (Figure 1).

The PGD, receptor, CRTH2, was first identified on Th2
cells (61) and is now widely used to distinguish human ILC2
from other ILC subsets (62). PGD; in lungs amplifies type
2 immunity synergistically with IL-33/IL-25 stimulation,
subsequently enhancing ILC2-derived IL-13 and chemotaxis
(59, 63). This effect can be prevented by lipotoxin A4 in
human ILC2 (63) highlighting the complex interactions
between these molecules. In pathological conditions, CRTH2-
deficient ILC2s do not accumulate in inflamed lungs and
IL-4 and IL-13 production is impaired (58) highlighting the
importance of the PGD,-CRTH2 axis in ILC2 regulation
and control of lung inflammation and allergic disease
exacerbations (Figure 2).

IP mainly act as a negative regulator of ILC function.
Zhou et al. have demonstrated the negative impact of PGI,
on ILC2 functions (57). ILC2 stimulated with IL-33 and
a PGI, analog, cicaprost, show reduced cell proliferation
and IL-5 and IL-13 productions (57). When IP-deficient
mice are challenged intranasally with Alternaria alternata
extracts, ILC2s accumulate in the lung and cells show
enhanced IL-5 and IL-13 expression, resulting in increased
eosinophils infiltration and lung inflammation (Figure 2).
Similarly, PGE, abrogates IL-33-induced ILC2 proliferation and
cytokine production in mice (56) and humans (64). Deletion
of EP4 exacerbates lung inflammation associated with ILC2-
mediated eosinophil recruitments and increased ILC2-derived
IL-5 and IL-13 in response to Alternaria alternata. Taken
together, these studies reveal an evolutionarily conserved role
of PGE;,-EP2/4 pathway in negatively controlling ILC2 activity
(Figure 2).

Recently, a physiological role of PGE,;-EP4 signaling in
activating the ILC3/IL-22 axis has been described. Suppression
of PGE; synthesis with indomethacin leads to the development
of LPS-induced systemic inflammation and septic shock,
resulting in elevated serum TNFa and IL-6 levels, increased
spleen weight, translocation of gut bacteria and accumulation
of neutrophils in the peritoneal cavity (65). LPS-induced
systemic inflammation is prevented by using EP4 agonists.
PGE; contributes to systemic inflammation through acting
on the homeostatic production of IL-22 by ILC3 (Figure 2).
Suppressing PGE, by indomethacin administration inhibits IL-
22-1L-22R signaling pathway in intestinal epithelial cells, which
lead to the downregulation of critical proteins involved in
mucosal integrity such as ReglIIB, ReglIly, Fut2, mucins, and
molecules forming tight junctions (65). This study highlights
the critical role of physiological mediators that contributes to
the crosstalk between the innate immune system, gut epithelium
and microflora, which confers optimal protection against
systemic inflammation.

CONCLUSION

The studies summarized in this review reveal a direct influence
of the neuroendocrine system and metabolites on the different
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ILC subsets at barrier surfaces to maintain tissue homeostasis
and appropriate responses during infection. They collectively
demonstrate the complex interactions between neuropeptides,
hormones and metabolites with ILCs and offer new opportunities
to manipulate ILC responses in disease and allergy. Modulating
these physiological pathways may present less side effects
than synthetic drug-based strategies. Because of the synergistic
or antagonistic effects between these mediators, it will be
important to explore these regulatory pathways in models
where the mediator or its receptor(s) can be deleted in a
spatio-temporal manner. The recent ILC transcriptional analyses
and database made available by Immgen Consortium have
highlighted the capacity of these cells to sense a myriad of
physiological signals and it will be now crucial to discover
how ILCs integrate these signals to fine tune the immune
response to prevent immunopathology without impairing
infection control.
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Commensal and Pathogenic Bacteria
Indirectly Induce IL-22 but Not IFNy
Production From Human Colonic
ILC3s via Multiple Mechanisms

Moriah J. Castleman’, Stephanie M. Dillon’, Christine M. Purba’, Andrew C. Cogswell?,
Jon J. Kibbie, Martin D. McCarter®, Mario L. Santiago', Edward Barker? and
Cara C. Wilson ™

" Division of Infectious Disease, Department of Medicine, University of Colorado Anschutz Medical, Aurora, CO,
United States, 2 Department of Microbial Pathogens and Immunity, Rush University Medical Center, Chicago, IL,
United States, ® Department of Surgery, University of Colorado Anschutz Medical, Aurora, CO, United States

Innate lymphoid cells (ILCs) are a diverse family of cells that play critical roles in
mucosal immunity. One subset of the ILC family, Group 3 ILCs (ILCS3s), has been
shown to aid in gut homeostasis through the production of IL-22. IL-22 promotes gut
homeostasis through its functional effect on the epithelial barrier. When gut epithelial
barrier integrity is compromised, such as in Human Immunodeficiency Virus (HIV)
infection and inflammatory bowel disease (IBD), microbes from the gut lumen translocate
into the lamina propria, inducing a multitude of potentially pathogenic immune responses.
In murine models of bacterial infection, there is evidence that bacteria can induce
pro-inflammatory IFNy production in ILC3s. However, the impact of diverse translocating
bacteria, particularly commensal bacteria, in dictating IFNy versus IL-22 production by
human gut ILC3s remains unclear. Here, we utilized an in vitro human lamina propria
mononuclear cell (LPMC) model to evaluate ILC3 cytokine production in response to a
panel of enteric Gram-positive and Gram-negative commensal and pathogenic bacteria
and determined potential mechanisms by which these cytokine responses were induced.
The percentages of IL-22-producing ILC3s, but not IFNy-producing ILC3s, were
significantly increased after LPMC exposure to both Gram-positive and Gram-negative
commensal or pathogenic bacterial stimuli. Stimulation of IL-22 production from ILC3s
was not through direct recognition of bacterial antigen by ILC3s, but rather required
the help of accessory cells within the LPMC population. CD11c+ myeloid dendritic
cells generated IL-23 and IL-1B in response to enteric bacteria and contributed to ILC3
production of IL-22. Furthermore, ligation of the natural cytotoxicity receptor NKp44 on
ILC3s in response to bacteria stimulation also significantly increased the percentage
of IL-22-producing ILC3s. Overall, these data demonstrate that human gut microbiota,
including commensal bacteria, indirectly modulate colonic ILC3 function to induce IL-22,
but additional signals are likely required to induce IFNy production by colonic ILC3s in
the setting of inflammation and microbial translocation.

Keywords: human, innate lymphoid cells, commensal bacteria, colonic mucosa, NKp44, myeloid dendritic cells,
IL-23, IL-1B8
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INTRODUCTION

Innate Lymphoid Cells (ILCs) descend from the
lymphoid lineage, but unlike T cells and B cells lack rearranged
antigen receptors (1). Rather than responding to antigen
priming, ILCs respond in an antigen-independent manner
through cytokine stimulation to produce effector cytokines (2) or
through engagement of germline encoded receptor stimulation
(3-5). ILCs are categorized into three groups based on the
expression of specific master transcription factors and effector
function (6). Group 1 ILCs (ILC1, NK cells) express T-bet and
produce the pro-inflammatory cytokine IFNy in response to IL-
12 and IL-18; Group 2 ILCs (ILC2s) express GATA3 and produce
IL-4, IL-13, and IL-5 in response to IL-25 and IL-33; and Group
3 ILCs (ILC3s) express RORyt and AHR and typically produce
IL-22, GM-CSE IL-17, and LT-a1f2 in response to IL-23 and
IL-1B (6). ILCs are constitutively found in the gastrointestinal
tract (7). ILC3s are of particular importance to gut mucosal
immunity (7-9) via the secretion of effector cytokines that
act directly on epithelial cells (10). Epithelial cells express the
IL-22 receptor (IL-22R) (11) and IL-22 production by ILC3s
promotes epithelium proliferation, survival, mucus production,
upregulation of fucosylation, and in some studies increased
gene expression of antimicrobial peptides (12-16). To date,
the majority of studies characterizing gut ILC3 function have
utilized murine models. Examination of human ILC3 function
have primarily focused on tonsil tissue and demonstrated that
the mechanisms contributing to IL-22 production include
stimulation by the cytokines IL-23 and IL-1f (3, 17, 18) with
synergistic enhancement of IL-22 production observed in the
presence of the natural cytotoxicity receptor NKp44 engagement
(3). Few studies have directly investigated factors driving IL-22
production by human gut ILC3s, although one study observed a
requirement for IL-23, IL-1f, and IL-7, with synergy again being
induced in the presence of NKp44 signaling (3).

Epithelial barrier damage and loss of function in gut-
associated diseased states have correlated with alterations in
ILC frequency and function. In Inflammatory Bowel Disease
(IBD), patients with Crohn’s disease have a loss of colonic
or ileum IL-22-producing ILCs (including ILC3s) (18, 19)
and an increase in IFNy/IL-17A-producing ILCs (20-22).
In Human Immunodeficiency Virus (HIV) infection, loss of
colonic IL-22-producing ILCs has been reported (23). Similarly,
reduced frequencies of IL-22/IL-17-producing ILCs during
Simian Immunodeficiency Virus (SIV) infection (the non-human
primate model of HIV) were noted (24-28). Furthermore,
we and others have reported increased frequencies of IFNy-
producing ILCs both in people living with HIV (PLWH)
who were not receiving anti-retroviral therapy (ART) (29) and
during SIV infection (27). Since IFNy alters epithelial tight
junctions and upregulates epithelial cell expression of TNFa
receptor which results in further epithelial cell damage (30,
31), increased frequencies of IFNy-producing ILC3s may be an
additional contributor to epithelial barrier breakdown. When the
epithelial barrier is compromised, translocation of gut-associated
bacteria into the lamina propria (LP) exposes immune cells
to bacteria of different species or magnitude than what these

cells typically encounter in the healthy human gut (32, 33). We
previously demonstrated that increased frequencies of colonic
IFNy-producing ILCs in PLWH correlated with alterations in
mucosa-associated bacterial communities (dysbiosis), specifically
with increased relative abundance of Gram-negative commensal
Prevotella species (29). Understanding the bacteria-specific
cytokine responses of ILC3s and the mechanisms by which
protective or deleterious cytokines are produced are critical to
determining the effect of ILC3s on gut homeostasis, not only for
their role in enteric bacterial immunity, but also for their role in
influencing epithelial cell function in disease states.

Murine studies highlighted a complex role for gut microbiota
in ILC subset development and functional production of IL-
22 (13, 34, 35). IL-22 production by ILC3s protected against
an enteric pathogen Citrobacter rodentium (34, 36, 37), and
prevented systemic dissemination of the commensal Alcaligenes
species in mice (15). Fucosylation of epithelial cells induced
by ILC3 production of IL-22 contributed to host defense
against murine S. typhimurium infection (38). Furthermore,
murine ILC3s negatively regulated microbe-specific T cells in
the gut to limit pathological responses to commensal bacteria
(39, 40). While these studies support a homeostatic role for
ILC3s in microbiota-associated gut responses in mice, gut
inflammatory ILC3s in response to bacteria have been reported.
ILC3s produced IFNy in response to infection with Salmonella
typhimurium (41) and IFNy/IL-17 in response to infection with
the Helicobacter hepaticus (42). Furthermore, ILC3-associated
IFNYy/IL-17 production in response to H. hepaticus was linked
to the development of colitis (42) highlighting a potentially
deleterious role of ILC3 cytokine production. In vitro exposure
of human ILC3s have also suggested a plasticity in cytokine
production with the capacity to produce IFNy or IL-22
dependent on the cytokine milieu (18, 21). These observations
raise the possibility that human gut ILC3s may also have the
capacity to produce IL-22 or IFNy in response to exposure to
different types of bacteria.

In this study, we hypothesized that pathogenic enteric
bacteria would induce pro-inflammatory cytokine production
(IFNYy) from human lamina propria ILC3s, whereas commensal
bacteria would primarily elicit protective (IL-22) cytokine
production. To address this, we utilized an in vitro human
colonic mononuclear cell model (43, 44) to investigate ILC3
cytokine profiles induced in response to a panel of whole
Gram-negative and Gram-positive, commensal and pathogenic
bacteria and the mechanisms driving these responses. Overall,
our observations provide insight into the ILC3 role in enteric
bacteria immunity and their contribution to the inflammatory
environment in disease states where microbes translocate
through a compromised epithelial barrier.

MATERIALS AND METHODS

Human Tissue Samples

Human colonic tissue samples were acquired from patients
undergoing elective abdominal surgery at the University of
Colorado Hospital and are categorized as discarded tissue
from macroscopically normal sites. Samples from patients
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that underwent chemotherapy or radiation within 8 weeks of
tissue collection were not included in the study. Other criteria
for tissue exclusion include those with Inflammatory Bowel
Disease, HIV infection or treatment with immunosuppressive
drugs. Intraepithelial mononuclear cells (IEMC) or lamina
propria mononuclear cells (LPMC) were isolated from tissue
samples as previously described (43, 44) and stored in liquid
nitrogen until use. Human tonsillar tissue samples were
acquired from pediatric patients from Colorado Children’s
Hospital. Tonsillar mononuclear cells (TMCs) were isolated
as previously described (45). All patients undergoing surgery
signed a release to allow unrestricted use of discarded tissue and
protected patient information was de-identified to the laboratory
investigators. This research was reviewed by the Colorado
Multiple Institutional Review Board (COMIRB) at the University
of Colorado Anschutz Medical Campus and was granted exempt
research status.

Preparation of Bacterial Stocks

Growth of anaerobic bacteria was performed using a BD
GasPak EZ Anaerobe Pouch System according to manufacturer’s
instructions (BD Diagnostics, Franklin Lakes, NJ). Prevotella
stercorea (DSM No. 18206, Braunschweig, Germany) was grown
in liquid chopped meat broth (Hardy Diagnostics, Santa Maria,
CA) supplemented with 1% Trace Minerals (ATCC), 1% Vitamin
Supplements (ATCC), 0.05% Tween80, 29.7mM acetic acid,
8.1 mM propionic acid and 4.4 mM butyric acid (Sigma-Aldrich)
under anaerobic conditions at 37°C for 5-7 days. Ruminococcus
bromii (ATCC# 27255) was grown in liquid chopped meat broth
(Hardy Diagnostics) under anaerobic conditions at 37°C for 1-
2 days. The long term stock of Bifidobacterium longum subsp
infantis (ATCC 15697) was grown in liquid chopped meat broth
(Hardy Diagnostics) under anaerobic conditions at 37°C for 2-
3 days and the working stock was grown on Brucella plates
(Teknova, Hollister, CA) under anaerobic conditions at 37°C for
2-3 days. Acinetobacter junii (ATCC 17908) was grown using
Nutrient Agar plates (Edge Biologicals, Memphis, TN) under
aerobic conditions at 26°C for 1-2 days. Salmonella typhimurium
(ATCC 35986) was grown on LB agar plates (Sigma-Aldrich)
under aerobic conditions at 37°C for 1-2 days. Long term stocks
of all bacteria were prepared using 10% glycerol and single-use
working stocks were prepared using DPBS. All stocks were stored
at —80°C and bacterial cell counts were determined using the BD
Cell Viability Kit (BD Bioscience).

In vitro Stimulation of LPMCs With

Whole Bacteria

For the in vitro stimulations, human colonic LPMCs were thawed
as previously described (43, 44) and cultured in RPMI with
10% human AB serum (Gemini Bioproducts, West Sacramento,
CA), 1% Penicillin/Streptomycin/Glutamine (Life Technologies,
Grand Island, NY), and 500 wg/ml Zosyn (Piperacillin and
Tazobactam, Wyeth, Madison, NY) at a concentration of 1.0 x
10° million cells per mL in a 48 well plate. LPMCs were exposed
to a panel of Gram-positive and Gram- negative bacteria detailed
in Supplemental Table 1 including mucosa-associated colonic
bacteria previously shown to be increased or decreased in relative
abundance during HIV-1 infection (46, 47): Gram-negative

Prevotella stercorea and Acinetobacter junii (increased) and
Gram-positive Ruminococcus bromii (decreased), as well as the
Gram-positive probiotic Bifidobacterium infantis and the Gram-
negative pathogen Salmonella typhimurium. Broad spectrum
antibiotics including Penicillin, Streptomycin, Piperacillin, and
Tazobactam were present throughout the time in culture to
prevent bacterial overgrowth.

For assays examining ILC3 responses, whole bacteria were
added to cell cultures at a ratio of 2.5 bacteria to 1 LPMC and
incubated for 16 h at 37°C + 5% CO,, followed by the addition
of Golgi Plug Transport Inhibitor (BD Bioscience) for 4h. Cells
were then collected for flow cytometry as described below.

For blocking experiments: human colonic LPMCs were
first exposed to blocking antibodies targeting IL-23 p19, IL-
18 (R & D Systems, Minneapolis, MN) or IL-7 (Biolegend)
at 5 ug/mL or NKp44 (Biolegend) at 10 ug/mL for 30 min
followed by incubation with A. junii as described above. Cells
were then collected for flow cytometry as described below.
The concentration of blocking antibodies was optimized for
use by measurement of IL-22 + ILC3s or IL-22 + Lineage
negative cells (for IL-7) in response to recombinant cytokine
stimulation (50 ng/mL of IL-23, IL-1B, or IL-7) or bead ligation
(for NKp44) with a dose curve of blocking antibody treatment
(Supplemental Figure 1). The addition of recombinant IL-7
prevented the identification of ILC3s (defined as CD127+ which
is IL-7Ra) and instead gating for IL-22 was determined on
lineage- cells. Antibodies and controls used to block are listed in
Supplemental Table 2.

For depletion experiments: CD11c+ cells (mDC) or CD3+ (T
cells) were depleted from LPMCs using the EasySep PE Positive
Selection Kit according to manufacturer’s instructions (StemCell
Technologies, Vancouver, Canada) and the antibody PE-CD11c
(Biolegend, San Diego, CA) or PE-CD3 (Tonbo, San Diego,
CA) followed by incubation with A. junii as described above.
Greater than 90.25% of CD11c+ mDCs were depleted from total
LPMCs. Greater than 91.92% of CD3+ T cells were depleted
from total LPMCs. Cells were then collected for flow cytometry
as described below.

For the measurement of secreted cytokines, LPMCS were
plated at a concentration of 2.0 x 10° million cells per mL in a 96
well plate and exposed to whole bacteria R. bromii or A. junii ata
ratio of 2.5 bacteria to 1 LPMC and incubated for 24 h at 37°C +
5% CO,. Supernatant was collected and saved at —20°C until use.
IL-23, IL-1P, and IL-7 were measured in the supernatant using
the U-PLEX Assay according to manufacturer’s instructions and
quantified on the QuickPlex SQ 120 Instrument (Mesoscale
Discovery, Rockville, MD).

For assays examining antigen presenting cell responses (mDC,
B cell, and Macrophages), whole bacteria were added to cell
cultures at 2.5 bacteria to 1 LPMC and incubated for 4 h at 37°C
+ 5% CO3, followed by the addition of Golgi Plug Transport
Inhibitor (BD Bioscience) for 16 h. Cells were then collected for
flow cytometry as described below.

In vitro Stimulation of LPMCs With

Bacterial Cell Surface Components
Human colonic LPMCs were exposed to either 1 ug/mL of the
TLR2 ligand, lipoteichoic acid (LTA) from B. subtilis (InvivoGen,
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San Diego, CA), or the TLR4 ligand, lipopolysaccharide (LPS)
from E. coli (InvivoGen) for 16 h at 37°C + 5% CO,, followed by
the addition of Golgi Plug Transport Inhibitor (BD Bioscience)
for 4h. Cells were then collected for flow cytometry as
described below.

In vitro Stimulation of LPMCs With
Recombinant Cytokines or

NKp44 Activation

Human colonic LPMCs were exposed to 50ng/mL IL-23 or
IL-18 (R & D Systems), or the combination of both, or IL-
2 or IL-7 (Tonbo) for 16h at 37°C + 5% CO, followed by
the addition of Golgi Plug Transport Inhibitor (BD Bioscience)
for 4h. For NKp44 activation experiments; 20 ug/mL of anti-
NKp44-biotin (clone P44-8, Biolegend) was combined with
Anti-Biotin MACSiBead Particles (Miltenyi Biotec) according
to manufacturer’s instructions. The beads were then added to
LPMCs at a ratio of 5 beads to 1 LPMC for 16 h at 37°C + 5% CO,
followed by the addition of Golgi Plug Transport Inhibitor (BD
Bioscience) for 4 h. Cells were then collected for flow cytometry
as described below.

In vitro Stimulation of Tonsil

Mononuclear Cells

Human tonsil mononuclear cells (TMCs) were cultured in
RPMI with 10% human AB serum (Gemini Bioproducts),
1% penicillin/streptomycin/glutamine (Life Technologies), and
500 pg/ml Zosyn (Wyeth) at a concentration of 1.0 x 10° million
cells per mL in a 48 well plate. TMCs were exposed to whole
bacteria added to cell cultures at a ratio of 2.5 bacteria to 1 LPMC,
or to the combination of 50 ng/mL IL-23 and IL-1B, or NKp44
activation beads at a ratio of 5 beads to 1 TMC and incubated
for 16 h at 37°C + 5% CO,, followed by the addition of Golgi
Plug Transport Inhibitor (BD Bioscience) for 4 h. Cells were then
collected for flow cytometry as described below.

Flow Cytometry Protocol for Surface and

Intracellular Staining

Using flow cytometry, viable CD45+ single cell lymphocytes were
identified followed by identification of ILC3s as follows: Lineage-
CD1274-CD117+4. The lineage negative cocktail comprised
antibodies targeting CD3, CD20, CD13, CD123, CD303, CD34,
FCeRla, CDl1lc, and CRTH2. All data were acquired on an
LSRII flow cytometer (BD Biosciences). Routine quality control
using the Cytometer Setup and Tracking feature within the
BD FACSDiva software version 6.1.2 (BD Biosciences) was
performed daily. All antibodies and clones used for staining are
listed in Supplemental Table 3.

For ex vivo phenotyping of ILC3s: IEMCs or LPMCs
were thawed and surface stained to identify ILC subsets for
expression of NKp44, CD56, CCR6, TLR2, TLR4, and TLR5 and
intranuclear stained for the transcription factors RORyt, AHR,
T-bet and EOMES using the Foxp3/Transcription Factor buffer
set according to manufacturer’s instructions (Thermo Fisher
Scientific, Frederick, MD).

For in vitro culture examination of ILC3s; LPMCs were
collected after stimulations described above and surface stained
to identify ILC3s and subsets (NKp44) followed by intracellular
staining for cytokines IL-22, IFNy, and IL-17 using Fix and
Perm Cell fixation and permeabilization buffer set according
to manufacturer’s instructions (Thermo Fisher Scientific,
Frederick, MD).

For in vitro culture examination of antigen presenting cells;
cells were collected after stimulation and surface stained to
identify mDCs (CD45+ Viable Myeloid CD3- CD19- HLA-
DR+ CDllc+), B cells (CD454 Viable Lymphocyte CD3-
CD19+) or Macrophages (CD45+ Viable Myeloid CD3- CD19-
HLA-DR+ CDllc-) [as defined by Smith et al. and Bain
and Mowat (48-50)] followed by intracellular staining for
cytokines IL-12/IL-23 p40, IL-23p19, and IL-1p using Fix and
Perm Cell fixation and permeabilization reagents according to
manufacturer’s instructions (Thermo Fisher Scientific). Only cells
that expressed both subunits of the cytokine IL-23 (IL-12/IL-
23p40 and IL-23p19) were considered to be IL-23+ cells.

In vitro Stimulation of Purified ILC3s

ILC3s were isolated from colonic LPMCs and on average purified
to 91.79% purity (Supplemental Figure 2) by sorting using the
MokFlo Astrios EQ (Beckman Coulter, Indianapolis, IN). ILC3s
were sorted from Viable CD45+ single cell lymphocytes that were
Lineage-CD1274CD117+ as described above. Purified ILC3s
were then exposed to either 50 ng/mL IL-23 and IL-18 (R & D
Systems) or whole bacteria at a ratio of 1 bacteria to 1 ILC3 and
incubated for 24 h at 37°C 4 5% CO;. Supernatant was collected
and saved at —20°C until use. Secreted IL-22 was measured in
the supernatant using the IL-22 U-PLEX Assay according to
manufacturer’s instructions and quantified on the QuickPlex SQ
120 Instrument (Mesoscale Discovery, Rockville, MD).

Data Analysis

Each patient who provided a tissue specimen for research is
considered a single sample for data analysis, and figure legends
indicate how many samples were examined for each assay using
the following terminology: N = number of patients samples.
All flow cytometer data analysis was done using FlowJo v10.0.
All statistical analysis and graphing were performed using
GraphPad Prism v6.00 for Windows (GraphPad Software, La
Jolla California). Paired t-test was used to determine statistical
differences between conditions as indicated in figure legend. Data
sets without a minimum number of 25 ILC3 events captured
using flow cytometry were excluded from analysis.

RESULTS

ILC3s Are Phenotypically Similar in the
Intraepithelial and Lamina Propria Layers

of the Human Colon

Human ILC1 subsets were previously shown to be phenotypically
different between the colonic layers (22). We therefore sought
to determine if ILC3s that reside in the intraepithelial layer
(IE) of the human colon (closer to the intestinal lumen where
gut bacteria reside) are phenotypically different to ILC3s that
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reside within the lamina propria layer (LP). The frequency and
phenotype of ILC3 in these locations were determined with ILC3s
in colonic human tissue identified as CD454 viable Lineage-
CD1274 CD117+ (Figure 1A). ILC3s were more frequent as a
fraction of CD45+ cells in the LP (1.16% =+ 0.27) compared to
the IE layer (0.40% = 0.09) (Figure 1B).

NKp44, CD56, and CCR6, have previously been utilized to
identify subsets of ILC3s (17, 24, 29, 41) therefore expression of
these markers was next evaluated on colonic ILC3s. The majority
of ILC3s expressed NKp44 or CCR6 in both layers (NKp44: IE:
79.13% =+ 5.25, LP: 74.21% =+ 5.04; CCR6: IE: 66.68% =+ 8.40, LP:
68.61% =+ 3.27) (Figures 1C,D). On average, less than half of LP
and IE ILC3s expressed CD56 (LP: 45.08% = 6.68; IE: 33.58% =+
5.04) (Figures 1C,D).

As expected (51), the majority of ILC3s expressed the master
transcription factor RORyt (IE: 60.60% =+ 12.07, LP: 61.42% =+
10.10) and frequencies of RORyt + ILC3s as a percent of viable
CD45 + lymphocytes were not significantly different between
the IE and LP layers (Figure 1E and Supplemental Figure 3).
Expression of AHR in ILC3s was lower than that of RORyt
(Figure 1E and Supplemental Figure 3) but similar between
tissue layers (LP: 18.23% =+ 4.24, IE: 9.35% =+ 1.77). Of the
AHR-expressing ILC3s, the majority also co-expressed RORyt
(LP: 76.77% =+ 8.84, IE: 82.44% =+ 9.74). Less than 1% of ILC3s
expressed T-bet in both layers of the colon (LP: 0.15% =+ 0.06,
IE: 0.67% =+ 0.49) (Figure 1E and Supplemental Figure 3). Low

frequencies of EOMES expressing ILC3s were also quantified
in both layers (LP: 1.56% =+ 0.62, IE: 3.16% =+ 0.91). Overall,
of the markers examined, ILC3s were phenotypically similar
between the intraepithelial and lamina propria layer in the
normal human colon.

Enteric Bacteria Stimulate Production of
IL-22 but Not IFNy From ILC3s When
Exposed to Total LPMCs

Mimicking the state where the epithelial barrier is damaged and
LP immune cells are exposed to bacteria from the colonic lumen,
we utilized an in vitro model of lamina propria mononuclear
cells (LPMCs) to investigate the ILC3 response to whole enteric
bacteria. LPMCs were exposed to a panel of whole bacteria
representing Gram-positive and Gram-negative commensal
bacteria reported to be altered in various diseases associated
with epithelial barrier damage (Supplemental Table 1). This
panel included commensal Gram-positive Ruminococcus bromii
(Rb) which is decreased in relative abundance in colonic
mucosa of people living with HIV (PLWH) and Gram-negative
Acinetobacter junii (Aj) and Prevotella stercorea (Ps), which
were increased in relative abundance (46, 47). The enteric
gram-negative pathogen Salmonella typhimurium (St) which
may contribute to the onset of IBD symptoms (52) and
to which PLWH are at an increased risk of acquiring S.
typhiumurium-bacteremia (53, 54) as well as the probiotic
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Gram-positive Bifidobacterium longum sp infantis (Bi), which is
used therapeutically to reestablish a protective microbiome (55,
56) were also included. Bacterial experiments were performed
in the presence of broad spectrum antibiotics in order to
inhibit bacterial overgrowth. All bacteria tested, irrespective of
gram-staining and commensal or pathogenic nature, induced
production of IL-22 in a fraction of ILC3s relative to the
no stimulation condition (Bi: 30.0% =+ 7.13, Rb: 18.76% =+
6.43, Aj: 21.61% =+ 3.02, Ps: 28.58% =+ 3.54, St: 32.21% =+
4.65) (Figures 2A-C). Of the bacteria tested, none induced a
significant increase in IL-17A+ ILC3s above the no stimuli
control (data not shown: less than 0.80% IL-17+ ILC3).

To determine if bacterial surface components were important
in driving the ILC3 IL-22 response to whole bacteria, LPMCs
were exposed to Gram-positive and Gram-negative bacterial cell
surface components (LTA and LPS, respectively). The percentage
of IL-22+ ILC3s was similarly increased in response to both
bacterial surface antigens (LTA: 17.98% =+ 3.09, LPS: 15.18% =+
2.44) (Figure 2D).

ILC3s that produced IFNy were associated with inflammatory
responses in murine infection with bacteria (41) or bacteria-
driven murine colitis (42). We next measured the frequencies

of IFNy-producing LP ILC3s in response to whole bacteria.
Low frequencies of IFNy expressing ILC3s were observed in
response to exposure of LPMC to each bacteria (Bi: 0.63%
+ 0.50, Rb: 0.06% =+ 0.04, Aj: 1.51% =+ 0.81, Ps: 0.50% =+
0.35, St: 1.77% =+ 0.68), however no significant increase above
the no stimuli control was detected (Supplemental Figure 4).
Furthermore, IFNy+ ILC3s were not induced by exposure to LTA
and LPS (data not shown). Overall, these data indicate that the
bacteria tested did not drive the production of IFNy by ILC3s in
our in vitro culture system.

Purified ILC3s Do Not Produce IL-22 in

Response to Enteric Bacteria

To assess if ILC3s produced IL-22 in direct response to bacteria,
ILC3s were purified from the LP (Supplemental Figure 2) and
exposed in vitro to either Gram-positive (R. bromii), or Gram-
negative (A. junii) bacteria or to recombinant IL-23 and IL-1f.
After 24 h, the levels of secreted IL-22 were measured. Exposure
of isolated ILC3s to IL-23 and IL-1f induced IL-22 production
(86.74 pg/mL = 29.60), whereas purified ILC3s did not produce
IL-22 in response to either bacterial species compared to no
stimulation control (C: 0.92 pg/mL + 0.19, Rb: 1.00 pg/mL +
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0.24, Aj: 1.42 pg/mL + 0.38) (Figure 3A). In keeping with the lack
of response to direct bacterial stimulation, cell surface expression
of bacterial Pattern Recognition Receptors (PRRs) TLR2, TLR4,
and TLR5 on colonic ILC3s ex vivo were low or not detected
(TLR2: 0.94% = 0.36, TLR4: 0%, TLR5: 0.60% =+ 0.29) compared
to Lineage+ non-lymphoid cells (TLR2: 10.23% = 1.68, TLR4:
4.28% + 1.22, TLR5: 7.12% =+ 2.96) (Figure 3B). These data
suggest that human colonic ILC3s do not produce IL-22 in direct
response to the enteric bacteria tested, but require additional
stimulation from accessory cells in LPMCs to induce IL-22.

IL-23 and IL-18 Contribute to the ILC3

IL-22 Response to Gut Bacteria

Given that recombinant IL-23 and IL-1f stimulated production
of IL-22 from purified ILC3s, the levels of secreted IL-23
and IL-1B following exposure of LPMCs to commensal Gram-
positive (R. bromii) or to Gram-negative (A. junii) bacteria were
next evaluated. R. bromii and A. junii significantly induced
the secretion of IL-23 (Rb: 21.57 pg/mL =+ 3.54, Aj: 234.4
pg/mL £ 57.23) from LPMCs (Figure 4A) above background.
Both bacteria also induced significant production of IL-18 (Rb:
34.86 pg/mL + 7.62, Aj: 247.6 pg/mL + 74.49) from LPMCs
(Figure 4B). Although both commensal bacteria stimulated
significant production of these cytokines, A. junii induced 10.8
fold more IL-23 and 7.1 fold more IL-1f than R. bromii
(Figures 4A,B).

To evaluate the relative contribution of IL-23 and IL-1B
independently and in combination to ILC3 induction of IL-22,
LPMC were exposed to recombinant IL-23 and/or IL-1p. Both
recombinant cytokines individually significantly increased the
percentage of IL-224+ ILC3s (C: 1.28% =+ 1.22, IL-23: 17.59%
+ 4.20, IL-1B: 17.41% =+ 7.06) compared to the unstimulated
control (Figure 4C). Although the combination of recombinant
IL-23 and IL-1B significantly increased the percentage of IL-22+
ILC3s (11.07% = 3.66) compared to unstimulated control, the
combination response was not synergistic (Figure 4C).

To determine if production of IL-23 and/or IL-1f from
LPMC:s drives IL-22 induction in ILC3s in response to bacteria,
blocking antibodies directed against IL-23, IL-1B, or both
cytokines were added to LPMC cultures before exposure to the

commensal A. junii. The frequency of IL-22 producing ILC3s
in response to A. junii was significantly reduced by an average
of 38.0% when blocking IL-23 and 38.5% when blocking IL-
1B compared to stimulation with A. junii and the control IgG
antibody (Figure 4D). The combination of blocking both IL-23
and IL-1B also significantly reduced the frequencies of IL-22 +
ILC3s in response to A. junii by 40.1% (anti-IL-23: 14.46% =+
3.30, anti-IL-1B: 16.13% =+ 4.71, anti-IL-234 anti-IL1P: 15.28%
=+ 4.04), but did not lead to a synergistic reduction (Figure 4D).

Given the lack of complete abrogation of the ILC3 IL-
22 response to bacteria when blocking IL-23 and IL-1B, the
role of other cytokines (IL-7, IL-2) reported to promote ILC3
phenotype (57) were next investigated. Although secreted IL-
7 was detected in unstimulated LPMC cultures, levels of IL-
7 did not increase after LPMCs were exposed to commensal
Gram-positive bacteria (R. bromii) or to Gram-negative bacteria
(A. junii) (Supplemental Figure 5A). In keeping with this
lack of production in presence of bacteria, blocking IL-
7 alone did not reduce the frequency of IL-22+ ILC3s
(Supplemental Figure 5B). Blocking IL-7 in combination with
blocking IL-23 and IL-1p did not further reduce the frequency
of IL-224+ ILC3s compared to blocking IL-23 and IL-1p
(Supplemental Figure 5B). T cells are a major producer of IL-
2 among other cytokines, however, depletion of CD3+ T cells
from LPMCs did not alter the percentage of IL-22+ ILC3s
generated in response to A. junii (Supplemental Figure 5C)
and the addition of recombinant IL-2 to LPMCs did not
significantly increase the percentage of IL-224 ILC3s (data
not shown). Altogether these data indicate that IL-2 and IL-
7 do not have a major role in LPMCs in promoting IL-22
production by ILC3s in response to enteric bacteria in this
culture system.

Myeloid Dendritic Cells Contribute to IL-22
Production of ILC3s in Response to
Bacteria by Production of IL-23 and IL-1p
To identify potential cellular sources of IL-23 and IL-1f in
response to A. junii and R. bromii, production of IL-23 and IL-
1B by mDCs (CD3- CD19- HLA-DR+ CD11c+), macrophages
(defined as CD3- CD19- HLA-DR+ CDllc-) (48-50) and
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CD19+ B cells in LPMCs were determined by intracellular  and frequencies of IL-224 ILC3s were determined. Depletion
cytokine staining and flow cytometry following exposure to  of mDCs significantly reduced the frequency of IL-22+4 ILC3s
bacteria (Figure 5A). A. junii, but not R. bromii significantly  in response to A. junii by 40.9% compared to total LPMCs
increased the percentage of IL-23+ mDCs (Figure 5B and  (Figure 5D).

Supplemental Figure 6A). Although low frequencies of IL-23+ . . .

macrophages following A. junii stimulation were detected, NKp44 Ligation Contributes to the Gut

this was not statistically different compared to no bacteria ILC3 IL-22 Response to Enteric Bacteria
stimulation (Supplemental Figures 7A,B). Both R. bromii and  Recent work suggests a functional role for the natural cytotoxicity
A. junii significantly increased the percentages of IL-1B+  receptor NKp44 in driving cytokine responses of ILC3s (3),
mDCs compared to no bacteria stimulation (Figure5C and  thus we sought to determine if NKp44 is critical to the
Supplemental Figure 6B). Exposure of LPMC to R. bromii  TL-22 response of human colonic ILC3s to enteric bacteria.
or A. junii did not significantly induce IL-18+ macrophages  As noted previously, the majority of colon ILC3s expressed
above no stimuli although IL-18+ macrophages were detected ~ Nkp44 directly ex vivo (Figure 1C). Following exposure to
(Supplemental Figures 7D,E). No significant increases in IL-  enteric bacteria in vitro, a small increase in the percentage of
23+ or IL-14+ B cells were observed in response to either ~ ILC3s expressing NKp44 was noted (Figure 6A). Examination
bacteria stimuli (Supplemental Figure 7). Taken together, these  of the IL-22+ ILC3s after stimulation with bacteria revealed
observations suggested that mDCs in LPMCs were a major  that the majority of IL-22-producing cells were also NKp44+
producer of the canonical cytokines known to drive IL-22  (Figure 6B). Direct ligation of NKp44 by crosslinking beads
production by ILC3s. To verify the contribution of these cells  led to a significant increase in the percentage of IL-22+ ILC3s
to bacteria-induced IL-22 production by ILC3s, CD1lc+ mDCs  compared to the no bead control (Figure 6C). To evaluate
were depleted from LPMCs followed by exposure to A. junii  the contribution of NKp44 to the ILC3 IL-22 response to
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FIGURE 5 | Myeloid dendritic cells producing IL-23 and IL-1B contribute to the ILC3 IL-22 response to bacteria. (A) Representative flow cytometry demonstrating
gating strategy to identify antigen presenting cells (mDC; myeloid dendritic cells, B: B cells, M®; macrophages) after LPMC exposure to bacteria in vitro. (B)
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performed was paired t-test. “o < 0.05, *p < 0.01. n.s., not significant.

bacteria, NKp44 was blocked in the presence of commensal A.
junii. Compared to the IgG control, blocking NKp44 during
A. junii stimulation resulted in a significant (IgG control:
31.08% =+ 4.69, anti-NKp44: 25.52% =+ 3.63) but incomplete
reduction of IL-22+ ILC3s (Figure 6D). To determine if NKp44
promotion of IL-22 in ILC3s in response to bacteria was
complementary or redundant with IL-23 and IL-18, NKp44
was blocked in combination with blocking of IL-23 and IL-
1. Blocking Nkp44, IL-23, and IL-1p in combination did not
further reduce the percentage of IL-22+ ILC3s generated in
response to A. junii compared to only blocking IL-23 and IL-18
(Figure 6D).

Bacteria-Induced IL-22 Production by
ILC3s Is Enhanced in LPMCs Relative
to TMCs

To evaluate if the ILC3 IL-22 response to bacteria is unique
to the colonic environment, tonsil mononuclear cells (TMCs)
were stimulated with commensal bacteria R.bromii and A.junii
as well as the combination of recombinant IL-23 + IL-18
or NKp44 activating beads and induction of IL-22 by ILC3s

determined by flow cytometry. The combination of IL-23+IL-1f
significantly induced IL-22 production by tonsillar ILC3s as
expected (Figure 7A). A small but significant increase in the
percentage of IL-22+ ILC3s was observed following exposure
to both commensal bacteria tested, whereas a similarly small
increase in IL-224 ILC3s following ligation of NKp44 was
not statistically significant (Figure 7A). NKp44 expression on
tonsillar ILC3s was characterized ex vivo and was not found
to differ significantly from NKp44 expression on colon ILC3s
(T: 60.17% =+ 4.19, L: 74.21% =+ 5.05) (Figure 7B). Despite the
majority of the tonsillar ILC3s expressing the receptor NKp44,
stimulation with NKp44 activation beads resulted in significantly
lower percentages of IL-22+4 ILC3s (T: 1.11% =+ 1.11, L: 16.89%
=+ 0.12) compared to the colon (Figure 7C). Furthermore, when
stimulated with bacteria, the percentage of tonsillar IL-22+4 ILC3s
was significantly lower in response to R. bromii (T: 1.11% =+
0.37, L: 18.67% = 5.41) and A. junii (T: 0.93% = 0.30, L: 21.38%
=+ 2.81) compared to the colon (Figures 7D,E). Although there
was minimal induction of IL-22+4 ILC3s in response to NKp44
ligation in tonsil cultures, the canonical cytokines, IL-23+IL-
1P similarly induced ILC3 IL-22 responses (T: 8.15% = 1.61, L:
10.79% = 3.11) between the colon and the tonsil (Figure 7F).
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analysis performed was paired t-test. *p < 0.05, *p < 0.01, ***p < 0.0001.

DISCUSSION between bacteria which drive ILC3 cytokine responses. In the

context of gut ILC3 biology, this suggests that different enteric
Numerous murine studies have highlighted the importance of  bacteria induce immune responses by LPMCs that are then
gut ILC3s in immunity to bacteria, but few studies have directly ~ “sensed” by ILC3s as the same. Using purified ILC3s, we
investigated how human lamina propria ILC3s respond to enteric ~ demonstrated that induction of IL-22 was not due to direct
bacteria, particularly commensal bacteria, and the mechanisms  recognition of bacteria or bacterial antigens. Presumably, direct
driving these responses. The major findings of the present study  recognition of bacteria by purified ILC3s would occur through
demonstrate that: (1) both Gram-positive and Gram-negative  external expression of TLRs specific to bacterial ligands. In
commensal and pathogenic bacteria induced similar frequencies  keeping with this concept and a lack of direct induction of
of IL-22-producing ILC3s, (2) ILC3 production of IL-22 was  IL-22 by bacteria, we detected minimal expression of bacteria-
not mediated through direct ILC3 recognition of bacteria, but  associated TLRs on colonic ILC3s. This contrasts to a previous
rather mediated indirectly by mDCs, (3) IL-22 production was  report demonstrating TLR2 expression by ILC3s in human
partly dependent on IL-23 and IL-1B, (4) and ligation of the = duodenum (58) suggesting possible tissue site differences in PRR
NKp44 receptor stimulated IL-22 production. Overall, this work  expression. Importantly, production of IL-22 by tonsillar ILC3s
expands on the basic biology of human gut ILC3s and provides  in response to TLR2 ligand required co-stimulation with IL-2,
insight into their contribution to the innate immune response to  IL-15, or IL-23 (59).

enteric bacteria. We determined that IL-23 and IL-1f were important for
Similar frequencies of IL-22-producing ILC3s were induced  bacteria-driven IL-22 production by human gut ILC3s similar to
irrespective of bacterial cell surface structure by Gram stain (i.e.,,  multiple murine studies highlighting IL-23-mediated regulation

Gram-positive or Gram-negative) or characterization asahuman  of IL-22 production in the context of pathogenic C. rodentium
commensal or pathogenic bacteria suggesting a commonality  infection (12, 36) and responses to bacterial flagella (60, 61).
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FIGURE 7 | Tonsillar and gut ILC3 IL-22 responses to stimulation. (A) Percentages of IL-22+ ILC3s after TMC exposure in vitro to R. bromii, A. junii, NKp44
cross-linking beads, recombinant IL-23+ IL-18 (50 ng/mL) or no stimulation control. N = 5. Bars are mean + S.E.M. Statistical analysis performed was paired t-test.
*p < 0.05, n.s., not significant. (B) Percentages of ILC3s expressing NKp44 ex vivo. TMC: N = 3, LPMC: N = 9. (C) Percentages of IL-22+ ILC3s after TMC or LPMC
stimulation in vitro with NKp44 cross-linking beads. TMC: N = 5, LPMC: N = 3. (D) Percentages of IL-22+ ILC3s after TMC or LPMC stimulation with R. bromii. TMC:
N =5, LPMC: N = 7. (E) Percentages of IL-22+ ILC3s after TMC or LPMC stimulation with A. junii. TMC: N = 5, LPMC: N = 11. (F) Percentages of IL-22+ ILC3s
after TMC or LPMC exposure to recombinant IL-23 + IL-18 (50 ng/mL). TMC: N = 5, LPMC: N = 6. Bars are mean + S.E.M. Statistical analysis performed was
unpaired t-test. *p < 0.05, **p < 0.001, ***p < 0.0001, n.s., not significant.

IL-1B signaling through the IL-1R1 and MyD88 pathway was
also shown to be critical for murine ILC3 production of IL-22
(62) and in human secondary lymphoid tissue, continuous IL-1f
signaling was required to preserve the ILC capacity to produce
IL-22 (63). Interestingly, in our in vitro model, frequencies of
IL-22-producing ILC3s were not synergistically increased by
the combined addition of IL-23 and IL-1p or decreased with
antibody-mediated blocking of both cytokines in the context of
bacteria exposure, suggesting that IL-23 and IL-1f may stimulate
colonic ILC3 production of IL-22 in a redundant manner.
Alternatively, ILC3s that express the IL-23R could also be the
same subset that express the IL-1R indicating that only a fraction
of ILC3s have to capacity to be stimulated in this manner. Taken
together, these observations highlight a role for accessory cell
mediated production of IL-23 and IL1f in regulating IL-22 from
human gut ILC3s in response to enteric bacteria.

The importance of crosstalk between accessory cells such as
mDCs and ILCs for induction of IL-22 has been implicated in
a number of studies including the observation that a loss of
a subset of mDCs correlated with a loss of IL-22-producing
ILCs during SIV infection (25). Additionally, mouse intestinal
mDC production of IL-23 in response to flagella derived from
Salmonella was important in the stimulation of IL-22 from
ILC3s (60, 61) and a need for physical contact between DCs
and ILCs was necessary for the protective IL-22 response to

infection with C. rodentium (64). We provide evidence that
depletion of mDC resulted in a decrease in IL-22 production
by ILC3s; however, purified colonic ILC3s responded directly to
IL-23 and IL-1B, suggesting that contact dependence between
human colonic ILC3s and mDCs may not be a requirement
for induction of IL-22. Importantly, despite removing mDCs,
complete abrogation of the bacteria-induced IL-22 response in
ILC3s was not achieved, highlighting that other accessory cell
types may contribute to the regulation of bacteria-specific ILC3
responses in the colon. Indeed, we detected low percentages
of IL-23 and IL-1B-expressing macrophages in response to
representative commensal bacteria in a subset of donors,
suggesting that macrophages have the potential to contribute to
the ILC3 IL-22 response to bacteria. A number of studies have
implicated monocytes in driving IL-22 production. For example,
soluble factors from LPS-activated human monocytes stimulated
IL-22 from tonsillar ILC3s (17). In murine studies CX3CR1T
phagocytes (including mDCs and macrophages) stimulated a
protective IL-22 ILC3 response during C. rodentium infection
(65, 66) and mice deficient in CX3CR1" phagocytes had impaired
IL-22 production by ILC3s leading to increased microbial
translocation and bacterial dissemination (65). Thus, exposure
of multiple types of human gut antigen presenting cells to
bacteria and the subsequent induction of IL-23 and IL-1f likely
contributes to the production of IL-22 by ILC3s.
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In Crohn’s disease patients, loss of NKp44+ ILC3s from
the ileum correlated with an increase in pro-inflammatory T
cell subsets implying a role for NKp44+4 ILC3s in mucosal
regulation (67). In our study, we show that the majority of IL-
22-producing ILC3s expressed the NKp44 receptor and direct
ligation of the NKp44 receptor induced IL-22 from colonic
ILC3s. Interestingly, the role of NKp44 in directly driving IL-22
production was unique to the gut and not observed with tonsillar
ILC3s in keeping with a previous report on NKp44 ligation of
tonsillar ILC3s (3). This is intriguing since we show that there are
similar percentages of NKp44-expressing ILC3s ex vivo, as well
as, similar percentages of IL-22-expressing ILC3s after in vitro
exposure to exogenous IL-23 and IL-1f in both the tonsil and
colon. In the context of bacterial stimulation, blocking NKp44
signaling partially reduced the percentage of IL-22-producing
ILC3s demonstrating that NKp44 also plays a contributory
role in cytokine stimulation of ILC3s. Ligands for NKp44 have
been identified during pathological conditions such as tumor
development or immortalized cell lines of cancerous origin, and
include an isoform of the protein MLL5, proliferating cell nuclear
antigen (PCNA), and platelet derived growth factor (PDGF)-DD
(5, 68, 69). Further studies will be needed to determine if these,
or yet to be identified ligands, can stimulate IL-22 production by
ILC3s in our in vitro model. Interestingly, NKp44 has been shown
to directly bind to bacteria (70) as well as viral hemagglutinin of
influenza (71), thus, investigations will need to be undertaken to
determine if enteric bacteria are an additional source of NKp44L.
It is possible that other factors not identified here may contribute
to the IL-22 response by ILC3s by bacteria. A recent study
determined that IL-18 production by mDCs, in conjunction with
IL-15, was able to induce IL-22 in tonsillar ILC3s after longer
term exposure (14 days) to these cytokines (72). It is therefore
possible, that similar combinations of signals could induce IL-22
from colonic ILC3s, although if there is a role for enteric bacteria
in initiating this signaling cascade would need to be determined.

Reports have indicated that IFNy production by ILC3s is
possible in the context of murine models of GI bacterial
infection (41, 42). Furthermore, in vitro human tonsillar ILC3s
can be functionally plastic in terms of cytokine production
including a switch from IL-22 to IFNy production dependent
on the cytokine milieu (18, 21). In this current study, exposure
of LPMC to enteric bacteria did not induce a significant
increase in IFNy+ ILC3s suggesting that while our in vitro
model has the appropriate microenvironment to drive IL-22
production from ILC3s, additional signals would be required for
robust IFNy production. It is possible that cellular movement
as is seen in vivo could promote interactions that may be
needed for IFNy induction in response to bacteria, and the
in vitro model used in this study may not recapitulate those
interactions. It is also important to note that in our model system,
broad spectrum antibiotics were present to prevent bacterial
overgrowth. Thus, functional responses are likely driven by static
whole bacteria and/or processed bacterial antigens. Perhaps when
bacteria are able to be metabolically active and/or replicate,
additional components (such as virulence factors in regards to

S. typhimurium) would be produced leading to the subsequent
production of IFNy from ILC3s.

To the best of our knowledge, this study is the first to
undertake an extensive evaluation of the mechanisms by which
in vitro exposure to whole enteric commensal and pathogenic
bacteria drive human colonic ILC3 cytokine production. Here
we demonstrate that IL-22 production was driven indirectly in
LPMCs, mediated in part by mDCs, and driven by multiple
mechanisms including IL-23, IL-1B, and NKp44 signaling. The
complexity of the gut environment was emphasized by the
observation that the combination of these processes did not
fully account for all of the bacteria-driven IL-22 responses.
Remarkably, IL-22 production from ILC3s were induced in
response to all bacteria tested, potentially highlighting an
evolutionarily conserved response by ILC3s to both commensal
and pathogenic bacterial antigens. IL-22 has important gut
homeostatic functions and thus the production of IL-22 by
ILC3s would be a critical component of the innate response
to enteric pathogenic challenge. This function of ILC3s may
serve as a means to repair the epithelial barrier during
disease states when there is a breach in epithelium integrity
to prevent the induction of further inflammation and damage
by translocating microbes. Our in vitro observations highlight
that production of IL-22 by ILC3s in response to commensal
bacteria is also likely a significant component of GI tract
bacterial immunity.
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Group 2 innate lymphoid cells (ILC2s) were first discovered in experimental studies of
intestinal helminth infection—and much of our current knowledge of ILC2 activation and
function is based on the use of these models. It is perhaps not surprising therefore
that these cells have also been found to play a key role in mediating protection
against these large multicellular parasites. ILC2s have been intensively studied over
the last decade, and are known to respond quickly and robustly to the presence
of helminths—both by increasing in number and producing type 2 cytokines. These
mediators function to activate and repair epithelial barriers, to recruit other innate cells
such as eosinophils, and to help activate T helper 2 cells. More recent investigations
have focused on the mechanisms by which the host senses helminth parasites to
activate ILC2s. Such studies have identified novel stromal cell types as being involved
in this process—including intestinal tuft cells and enteric neurons, which respond to
the presence of helminths and activate ILC2s by producing IL-25 and Neuromedin,
respectively. In the current review, we will outline the latest insights into ILC2 activation
and discuss the requirement for—or redundancy of—ILC2s in providing protective
immunity against intestinal helminth parasites.

Keywords: ILC2, helminth, type 2 immunity, activation, regulation, tuft cell, neuron

INTRODUCTION

Intestinal helminths have co-evolved with mammals and constitute a diverse but extremely
successful group of pathogens infecting over one billion people worldwide, mostly in impoverished
countries (1). Three main laboratory models of intestinal helminth infection have been
used to study Group 2 Innate Lymphoid Cells (ILC2s). Two of these are rodent parasites
(namely Nippostrongylus brasiliensis (Nb) and Heligmosomoides polygyrus (Hp)), that model human
hookworm infection (2). Nb has a short life-cycle, that unlike its human counterpart causes
only an acute infection, but nicely mimics the infectious lifecycle of the human hookworms by
migrating from the skin to the lungs by the bloodstream, before being coughed up to finish its
life cycle in the small intestine (2). Hp in the contrary, is a strictly enteric parasite, however like
most human helminths this parasite establishes a chronic infection in its host and is strongly
immuno-modulatory (2). The third model species, Trichuris muris (Tm) is used as a model of
human whipworm infection, and is a non-migrating parasite that resides in the lumen of the large
intestine (3).
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Despite the diversity both in terms of biology of helminths,
and their lifecycle within their host, the mammalian immune
response against these parasites is remarkably conserved and
is dominated by a type 2 cell mediated response, which
is characterized by IgE antibody production, eosinophilia,
mastocytosis, and the differentiation of type 2 macrophages (M2,
activated either by IL-4 or IL-13) in response to the production of
the canonical type 2 cytokines interleukin-4 (IL-4), IL-5, and IL-
13 (4). More recently, the discovery of ILC2s, has forced us to re-
evaluate the paradigm of what constitutes a protective immune
response against these parasites.

ILC2s were first identified in 2010 as non T cell receptor
(TCR) non B cell receptor (BCR) bearing cells that are enriched
at mucosal sites of Nb infected mice (5). These innate cells
were initially described as IL-25 responsive, and subsequently
called ILC2 in a series of later publications that showed the
importance of ILC2s for immune protection against helminths
in primary infection (6-8). ILC2s are now understood to form
part of a greater population of innate lymphoid cells, which
also encompasses ILC1s and ILC3s, and are defined as lacking
lineage markers (markers that define T cells, B cells, NK cells,
myeloid cells, granulocytes, dendritic cells, and hematopoietic
stem cells) in addition to expressing the transcription factors
Gata-3 and (Retinoic Acid Receptor- Related Orphan Receptor
Alpha) ROR-a (9). ILCs all originate from a common helper-like
innate lymphoid precursor (CHILP) (10), whose development
is regulated by Notch signaling and IL-7 (8, 11, 12). Id2, an
inhibitor of E protein transcription factors, was been shown to be
indispensable for ILC differentiation (6, 13). The factors driving
the specific differentiation of ILC2s is still unclear, however it
involves passage through an intermediate stage termed an ILC2-
specific progenitor (ILC2P) (9). ILC2s express a variety of surface
markers—most notably Chemoattractant Receptor-homologous
molecule expressed on TH2 cells (CRTH2) (14), suppression of
tumorigenicity 2 (ST-2), IL-17RB, CD127, CD80, MHCII and
CD25, and produce the type 2 cytokines IL-13 and IL-5, as well
as amphiregulin (8, 15).

Although early studies referred to ILC2s as a single
population, these cells have more recently been described to
exist as several subsets, termed natural (or tissue resident) ILC2s
(nILC2s) and inflammatory ILC2s (iILC2s) (16). nILC2s are IL-
33 responsive, express high levels of ST-2 and are not found
in the circulation. By contrast iILC2s express high levels of
Killer cell lectin-like receptor G1 (KLRG1) and IL-17RB, but low
levels of ST2, and arise in response to IL-25 (16). Functional
differences between iILC2s and nILC2s also exist, with iILC2s
being described to produce more IL-13, whilst nILC2s exhibit a
pro-repair phenotype and release IL-9 (16, 17). Plasticity between
these subsets have been described with Notch ligands shown to
promote the switch from nILC2 to ilLC2 (12). Interestingly, the
local microenvironment of the tissue or organ may influence the
subset of ILC2s present. This hypothesis was recently confirmed
by Huang and colleagues who reported that iILC2s expanded
in the small intestine in response to helminth infection or
exogenous IL-25 delivered intraperitoneally, but that intranasal
administration of exogenous IL-25 did not induce iILC2s in
the lungs (18). The authors hypothesized that ilLC2s precursors

are present in the small intestine, but not the lungs (18).
Nevertheless, those iILC2s generated in the intestine were able to
migrate to other organs, including the lungs, as demonstrated by
elegant parabiosis experiments by the same authors (18). ILC2s
from various tissue have a unique signature at steady state, as
shown by single cells transcriptomic of ILC2s from gut, lung,
skin and bone marrow (19). Furthermore, that different ILC2
subsets, or precursor subsets, may reside in different organs is
supported by a recent study which intranasal administration
of a unadjuvanted Fowlpox virus (FPV)-HIV vaccine caused
nILC2s expansion locally within the lungs, whilst intramuscular
administration of the same vaccine caused an expansion of
iILC2s (20). Given that the existence of distinct ILC2 subsets is
a relatively new finding we still have much to learn about its
functional relevance and the majority of the literature discussed
in this review reports work investigating ILC2s as a whole
population rather than as distinct subpopulations.

Whilst the expansion and activation of ILC2s is likely to be
beneficial for those living in regions endemic for helminths, their
activity is more commonly associated with immune pathologies
for those living in developed countries. These pathologies include
airway hyperreactivity (21), allergen-induced lung inflammation
(22, 23), and atopic dermatitis (24). Thus, an improved
understanding of ILC2 activation and regulation is of great
importance for human health. As a consequence, progress in this
field demands that we understand the mechanisms involved in
the activation and regulation of ILC2s as well as elucidating their
full function. This review will focus on outlining the known role
of helminth infection in promoting ILC2 activation, in addition
to discussing their known functions during helminth infection.
Specific attention will be given to the array of recent advances
that have been reported using helminth models to study ILC2
function. Lastly, we outline what we believe are the most pressing
questions for future research in this area.

THE ACTIVATION AND REGULATION
OF ILC2S

Early and recent studies described the activation of ILC2s by a
surprising array of stimuli including helminths, allergens, certain
bacteria and even endogenous host molecules (8, 25-27). This
is perhaps not surprising as it is now clear that ILC2s become
activated in response to factors released by both stromal and
immune cell populations in response to stress or tissue damage
(as outlined below and in Figure 1). In the following paragraphs,
we will discuss those pathways associated with the activation or
regulation of ILC2 function to date.

Epithelial Cell Production of Alarmins

Alarmins, namely Interleukin-33 (IL-33), IL-25, and Thymic
stromal lymphopoietin (TSLP), can be released from a variety of
cells, but are especially rich within epithelial cells present in the
skin and mucosal tissues (28-32). These cytokines cause both the
proliferation and activation of ILC2s and are particularly good at
eliciting the production of IL-13 and IL-5 (33), with some reports
also detailing release of IL-4 or IL-9 in mice (17, 27, 33, 34). The
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FIGURE 1 | In response to various stimuli such as infection or injury, mucosal epithelial barriers express a range of signals that ILC2s can integrate. The most studied
and thought to be of utmost importance pathway of activation of ILC2 is formed by the “alarmins,” IL-33, TSLP, and IL-25 that cause release of the canonical IL-13,
IL-5, and amphiregulin cytokines expression. Upon damage, necrotic epithelial cells can release IL-33 while apoptotic epithelial cells, can release ATP, that further
activates mast cells to release IL-33. Alternatively, epithelial cells can release TSLP or the newly identified and specialized chemosensory epithelial cells, namely tuft
cells, can release IL-25. Recently mucosal sensory nervous system has been shown to detect helminths and protists and release in response Neuromedin (Nmu) or
vasoactive intestinal polypeptide (VIP) that can both activates by themselves ILC2s or synergise with alarmins to potentiate ILC2 response. Finally, some cytokines and
lipid mediators have emerged as potential controllers of ILC2s, with the prostaglandin PGI2 and the lipoxin LXA4 limiting ILC2 cytokines release, while the prostaglandin
PGD2 and the leukotriene LTD4 can potentiate the same cytokine expression. The regulatory IL-27 cytokines as well as Interferon (IFN)g can dampen ILC2 activation.

relative importance of each alarmin in ILC2 activation has been
extensively studied, but still forms an incomplete picture. Studies
suggest that IL-33 is more potent that TSLP or IL-25 at inducing
ILC2s in the context of allergic airway inflammation (35).
However, in the context of atopic dermatitis both TSLP and IL-
33 have been shown to play a crucial role in ILC2 activation and
pathology development, with TSLP specifically controlling the
itch response (29) and IL-33 being more important for causing
the “atopic march” (typical progression of allergic disease going
from atopic dermatitis, to food allergy, rhinitis, and asthma) (36).
Lastly, redundancy between all three cytokines has been observed
in the context of fibrosis and chronic intestinal inflammation
(37). Interestingly, TSLP and IL-33 can act in a synergistic
manner during the host response to chitin stimulation, with the
combination of alarmins acting to potentiate type 2 cytokine

production by ILC2 (35). Such synergy was also observed for
human ILC2s cultured in vitro, where the presence of two or three
alarmins together promoted ILC2 proliferation and survival, and
cytokine production (38). The presence of TSLP as a member of
the “alarmin cocktail” was deemed to be of particular importance
(38). Although the ability of all three alarmins to participate in
ILC2 activation may at first be confusing, it has been proposed
that the relative importance of each alarmin is related to the
specific tissue, infection or pathology in which the ILC2 response
is involved (39). This view suggests that the three alarmins do
not act in a purely redundant, or even synergistic manner, but
that the relative levels of each alarmin found within a given tissue
may act to match the ILC2 response to environment in which it is
present. In line with this view, IL-33 has been reported to mediate
the activation nILC2s, whilst IL-25 preferentially elicits iILC2
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activation (16). However, to date the full implications of these
findings in terms of protective immunity or immune-pathology
remain unclear.

All three alarmins are released by epithelial cells, although
to varying amounts within distinct mucosal tissues. TSLP and
IL-33 can be released by alveolar epithelial cells type II in the
respiratory tract, by keratinocytes in the skin or by epithelial cells
in the intestine. IL-33 is expressed by fibroblast reticular cells
(28, 40) in lymphoid organs and myofibroblasts in the intestine
(33). Endothelial cells in the spleen and lymph-nodes, as well as
in the intestine under inflammatory conditions have been shown
to be another source of IL-33 (28, 40). In human, it has recently
been described that endothelial cells, rather than epithelial cells
in the lungs release IL-33 (41, 42).

By contrast IL-25 production appears to be restricted to a
specialized chemosensory epithelial cells, called tuft cells (30, 32,
43). These cells, which are also commonly referred to as “brush”
cells, are found in the epithelium of various organs including
the intestine and respiratory tract (44). In the intestine, tuft-
cell-derived IL-25 elicits IL-13 release by ILC2s, which in turn
promotes the further expansion of IL-25 producing tuft cells, in a
feed-forward amplification of the type 2 immune response (32).
Of note, expansion of intestinal tuft cells in response to Tm and
Nb infection has been shown to be dependent on chemosensory
taste receptors, most notably on the transient receptor potential
cation channel, subfamily M, member 5 (Trpm5) (30, 45) which
causes release of acetylcholine and activation of nearby vagal
nerve fibers (46). Employing a single cell RNA sequencing
approach, Haber and colleagues recently showed that intestinal
tuft cells constitute a heterogeneous population, with two main
subtypes identified (47). Both subsets expressed IL-25, but only
one also expressed TSLP (and was also CD45+). Interestingly, the
TSLP+ tuft cell population was specifically expanded following
Hp infection (47). These data raise the question as to whether
tuft cells respond differently to distinct stimuli and whether they
can also promote ILC2 activation via TSLP. In the respiratory
tract brush cells were shown to be activated by leukotrienes in
response to Alternaria to release IL-25, which in turn activated
ILC2s (48, 49). Unlike what has been described for intestinal
tuft cells (30), respiratory brush cell hyperplasia was found to
be STAT6 independent (48). Whether this difference is due to
the tissue location of the cells, or to the source of the stimuli
remains unclear.

The tuft cell/ILC2 expansion loop in helminth infection is now
well established, but what triggers helminth recognition by tuft
cells remains unclear. Recent work elegantly demonstrated that
protists can be detected by tuft cells by virtue of their secretion of
the metabolic product succinate (50). Surprisingly, however, even
though Nb was shown to produce succinate, the tuft response to
NbD infection was succinate independent, indicating the presence
of an alternative stimulatory signal from this parasite (32, 50, 51).
Another open question is whether negative regulators of the tuft
cell-TLC2 feed-forward loop exist. In this regard, it was recently
described that A20 (Tnfaip3) expression by ILC2s is a negative
regulator of their expansion in response to IL-25 release by tuft
cells in the intestine (50). Of interest, mice deficient for A20
within ILC2s exhibited intestinal crypt hypertrophy, thickening

of the surrounding muscularis and an increased frequency of
secretory cells, which are all features observed following helminth
infection of wildtype mice (50).

Nervous System

Sensory neurons have recently been shown by several groups
(10, 52, 53) to contribute to the activation of an ILC2 response.
The possibility that neurons may play a role in ILC2 activation
was first raised by the finding that ILC2s expressed high levels
of the Neuromedin U receptor 1 (Nmurl) (52). Nmurl can
be stimulated by its ligand, Neuromedin U (Nmu), which is
typically expressed by cholinergic enteric neurons. Moreover,
ILC2s have been reported to form close associations with Nmu+
neurons in both the lungs and intestine (52). Stimulation of
ILC2s with Neuromedin U caused their prompt proliferation as
well as eliciting expression of the type 2 cytokines IL-5, IL-13,
the growth factors amphiregulin and colony stimulating factor
2 (Csf2) (10, 52). Interestingly, the response of ILC2s to Nmu
was found to be more rapid than that observed for IL-33 or
IL-25, suggesting that the neuronal/immune pathway could be
a precocious threat sensor, activated even before the onset of
tissue damage. In keeping with this hypothesis enteric neurons
were shown to directly release Nmu in response to helminth
products (52). That neuronal-ILC2 interactions play a functional
role in helminth immunity was demonstrated by the more rapid
expulsion of adult worms in Nb infected animals administered
exogenous recombinant Nmu. NmU administration was also
found to potentiate the response of ILC2s to IL-25, and to a
lesser extent IL-33, as determined by IL-13 and IL-5 production
in vitro (54). Synergy between Nmu and IL-25 was confirmed
in vivo using an allergic airway inflammation model, with co-
treatment increasing IL-13 and IL-5 level and eosinophils in the
bronchoalveolar lavage (54). Furthermore, an in vivo synergistic
role for IL-33 is also likely as Nmu deficient mice failed to
exhibit increased numbers of ST2+ ILC2s (or nILC2s) in the
lung of allergen challenged animals (54). Nmu release is not
the only means by which neurons interact with ILC2s as a
study investigating experimental allergic airway inflammation
demonstrated a role for vasoactive intestinal peptide (VIP)
in stimulating IL-5 release from ILC2s. VIP is produced by
pulmonary neurons and can bind to the vasoactive intestinal
peptide receptor 2 (VPAC2) present on ILC2s (53). Interestingly,
IL-5 can in turn stimulate the release of VIP by sensory neurons,
in yet another example of a feed-forward loop acting to amplify
the type 2 immune response (53).

Cytokines Other Than Alarmins

In both mouse and human, ILC2s express high levels of the
tumor necrosis factor (TNF)-receptor superfamily member DR3
(TNFRSF25). Administration of recombinant TL1A, a DR3
ligand, induced ILC2 expansion and DR3 deficient mice are
unable to expel Nb -highlighting this cytokine as a possible
positive regulator of ILC2 function (55, 56). ILC2s can also
respond to Transforming growth factor (TGF)-B, however the
outcome of the response remains unclear. Epidermal-derived
TGF-p has been shown to enhance ILC2 recruitment and IL-
13 expression in the lungs after house dust mite exposure (57).
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By contrast TGF-f and IL-10 release by Tregs can suppress the
production of type 2 cytokines by ILC2s in vitro and in vivo in
an ovalbumin model of pulmonary allergy—although it did not
impact on the proliferation and survival of these cells (58, 59).
Given the contradictory nature of these reports more studies
will be required to fully understand the impact of TGF-p on
ILC2 function. Recently, skin ILC2s have been shown to be IL-
18 responsive in vitro, causing IL-5 and IL-13 expression in these
cells. This finding was further confirmed in vivo in an MC903
atopic like skin inflammation model, in which IL-18 deficient
mice exhibit decreased ILC2s and eosinophils recruitment in the
skin (19).

In terms of negative regulation, it is interesting to note
that ILC2s can express the receptors for the anti-inflammatory
cytokine IL-10, as well as for classical type 1 cytokines, such as
Interferon (IFN)- y and IL-27 (6, 60, 61). These cytokines are
all able to suppress Th2 responses (62-64) and in vitro studies
in which ILC2s were stimulated with IFN-y, IFN-8, or IL-27
demonstrated that each of these cytokines could individually
suppress the secretion of IL-13 and IL-5 by ILC2s (60, 65-
68). A role for type 1 cytokines in restraining ILC2 function in
vivo was demonstrated by adoptively transferring ILC2s isolated
from the lung of wild type or IFNgrl~/~ Rag2~/~ mice into
IL2rg~/~Rag2 ™/~ recipient mice (which lack endogenous ILC2
populations). Recipient mice were then given an intra-tracheal
inoculation of recombinant IL-33 to activate the transferred
ILC2s and the authors reported that ILC2s derived from
IFNgrl1~/~ Rag2~/~ mice produced higher quantities of type 2
cytokines compared to their WT counterparts (60). Mchedlidze
and colleagues showed similar results using animals deficient
in the IL-27 subunit Epstein-Barr virus induced gene 3 (Ebi3).
Ebi3~/~ mice infected with Nb exhibited higher numbers of
lung ILC2s and higher levels of circulating type 2 cytokines.
The authors further confirmed that IL-27 regulation of ILC2
activation was direct by in vitro stimulation (68).

Interaction With Innate Cells

Various innate cells have been shown to participate in the
activation of ILC2s. IL-25 is known to be produced by eosinophils
and mast cells (69), whilst IL-33 can be produced by mast cells
(70, 71), and macrophages (72) indicating that these cells may
be able to directly activate ILC2s. The activation of ILC2s can
also result from interactions between innate cells and epithelial
cells. IL-33—which is typically released as a procytokine—can
be cleaved into its bioactive form by proteases released from
mast cells and neutrophils (73, 74). This cleavage increases the
potency of IL-33 by up to 10-fold, thus enhancing its ability
to activate ILC2s (73, 74). In another example of epithelial
cell-innate cell collaboration, intestinal epithelial cells release
ATP that can activate mast cells, to secrete IL-33 and activate
ILC2s (70, 75). More specifically, ATP activates mast cells
by interacting with the adenosine receptor, P2X purinoceptor
7 (P2X7R) (70). Of note, ILC2s also express adenosine
receptor and stimulation of bone marrow-derived ILC2s with
the nonselective adenosine receptors agonist, 1-(6-samino-9H-
purin-9-yl)-1-deoxy-N-ethyl-p-d-ribofuranuronamide (NECA),
resulted in decreased type 2 cytokine production by these cells
(70, 76). In response to Nb or Hp infection, blockade of the

A2B adenosine receptor (A2BAR) inhibited ILC2 expansion
and treated mice failed to expel the adult worms. However,
whether the cells targeted by A2BAR blockade were ILC2s
or epithelial cells was unclear (77). Altogether these studies
highlight an interesting role of adenosine receptors in regulating
ILC2 responses—but the exact molecular mechanisms by this
occurs will require further study.

Lipid Mediators

Arachidonic acid derivatives, including the cysteine leukotrienes
LTC4 and LTE4, the prostaglandin PGE2, are well characterized
for their role in the induction and control of type 2 inflammation
(78). Not surprisingly, ILC2s have been shown to respond to
various lipid mediators, which act either to activate or suppress
the activity of these cells. Prostaglandin D2, a product of
Prostaglandin D2 synthase, has been shown to promote ILC2
migration and IL-13 production both in humans and in mice
(14, 79, 80). Indeed, the receptor for PGD2, CRTH2, has been
highlighted as a useful marker of human ILC2s (81). Murine
ILC2s express both CysLTR-1 and-2 and their ligands, LTC4,
LTD4, and LTE4 have been shown to induce IL-13 and IL-5
expression by these cells (82, 83). In contrast, other eicosanoids,
including lipoxin A4 (LXA4) and Prostaglandin I2 (PGI2) limited
the activation of ILC2 and inhibited the production of type 2
cytokines (84, 85). Similar to the synergy noted between Nmu
and alarmins, some leukotrienes (namely LTB4 and LT C4), have
been shown to enhance the ability of IL-33 activate ILC2s in the
context of lung inflammation (86) or helminth infection (83).

In summary, ILC2s are able to be activated by a large array of
stimuli—a finding that, at least in part, explains the diversity of
environmental triggers that can elicit a type 2 immune response.
Further research as to how different stimuli co-operate to activate
ILC2 and their possible relevance to different tissues and/or
pathological settings will no doubt lead to the development of
better therapeutics for type 2 mediated diseases. Last but not least
it is likely that we have only exposed the “tip of the iceberg” in
terms of identifying possible positive and negative regulators of
ILC2 activation, and it is certain that this area will continue to
yield exciting and novel insights into type 2 immune responses.

ILC2 FUNCTION DURING INTESTINAL
HELMINTH INFECTION

The extensive research dedicated to the activation and regulation
of ILC2s (outlined above) has provided many answers related
to the possible function of these cells and has also raised many
questions. One key question is what is the relative role of these
cells in mediating protective immunity and tissue repair in
response to helminth infection. The following section will discuss
the current state of the art in terms of our understanding of ILC2
function during intestinal helminth infection.

A Role for ILC2s in Driving the Expulsion of
Adult Worms

The expulsion of adult worms from the intestinal lumen has
long been known to be associated with strong type 2 cytokine
production, with IL-13 acting as a potent activator of epithelial
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cell turnover, goblet cell hyperplasia and mucus secretion,
and increased muscle contractility—culminating in what is
commonly referred to as a “weep and sweep” response (87).
Although much of the early work on this response centered on
the contribution of Th2 cells, we now understand that ILC2s
are an important contributor of IL-13 produced early on during
infection (88). Indeed, one of the founding papers reporting the
existence of ILC2s, demonstrated that adoptive transfer of ILC2s
into the normally susceptible IL-13 deficient mice was sufficient
to promote the expulsion of Nb (8). This proved that although
ILC2s are a rare cell type, they can actively contribute to anti-
helminth immunity. ILC2s also produce IL-5 (and are considered
as the main source for this cytokines in allergies) and can mediate
an early Th cell-independent tissue eosinophilia (8). However,
although eosinophilia is a hallmark of helminth infection, they
have been described to exhibit diverse, even contrasting, roles in
terms of protective immunity and thus their full function remains
unclear (89).

To date, ILC2s have been shown to contribute to the timely
expulsion of a variety of helminths including Nb and Tm (8, 90,
91). Amongst these parasites, Nb is the most potent elicitor of
the ILC2 response, and both the recruitment and activation of
ILC2s by IL-33 has been shown to be required for the expulsion
of this parasite. Of note, whilst IL-25 is not required for the
eventual expulsion of Nb (8), it is important for the expulsion
of Hp (92). Intriguingly however, in Hp primary infection,
enhanced ILC2 numbers caused by IL-2 treatment (up to 5
times their basal level) were not sufficient to cause adult worm
expulsion (34). However, this treatment resulted in reduced adult
worm burden with increased numbers of L4 larvae trapped in
the submucosa (34). Similarly, treatment of Tm infected mice
with recombinant IL-25 treatment promotes parasite expulsion,
however this study was completed before the discovery of ILC2s
(93). All in all, IL-25-induced ILC2 expansion and activation
appears to play an important role in promoting the expulsion of
adult helminth parasites, but the relative contribution, of these
cells to host immune responses against distinct parasites remains
unclear. Nevertheless, alarmin release and nervous recognition
of helminths resulting in increased Nmu expression all seem to
be a general feature in the host response to intestinal helminth
infection (10, 94).

Although ILC2s have created much excitement, it is important
to note that in natural settings the activation of ILC2s alone is
not sufficient to mediate protection against helminths. Indeed,
Neill and colleagues demonstrated that transfer of ILC2s into
Rag2-deficient mice (which lack B and T cells) was not sufficient
to mediate worm expulsion (8). In this setting, ILC2 numbers
were not sustained for long enough (more than 2 days) to allow
expulsion of the worms and the authors suggested that Th2 cells
might support ILC2 maintenance (8). Indeed, a series of later
reports identified an interplay between ILC2s and the adaptive
immune response, and this will be discussed later in the review.

The Contribution of ILC2s to Tissue Repair
Intestinal helminths are large multicellular pathogens that cause
extensive tissue damage as they migrate through host tissues
as larvae stages, and whilst they dwell within the intestine as

adult worms. In recent years, is has become evident that type 2
immune responses evolved not only to limit parasite burdens,
but also suppress excessive inflammation and to mediate the
rapid repair of damaged tissues (95). To date, many of the
investigations addressing the contribution for type 2 immunity
to tissue repair have focused on IL-4 activated macrophages (95).
However, studies addressing the possible contribution of ILC2s
to repair are beginning to emerge. Amphiregulin (an epidermal
growth factor) has long been known to be required for protective
immunity following Tm infection (96), and ILC2s were later
reported to represent a potent source of this cytokine (97).
Studies investigating the role of IL-9 in helminth immunity noted
that IL-9 deficient mice infected with Nb exhibited enhanced
lung damage and delayed worm expulsion (17, 33, 98). The same
authors demonstrated that IL-9 functioned as a survival factor
for ILC2, which in turn provided the amphiregulin required for
efficient lung repair following parasitic migration through this
organ (17, 33). Similarly, nILC2s have been shown to secrete
amphiregulin leading to the differentiation and proliferation of
epidermal growth factor receptor (EGFR) expressing epithelial
cells following respiratory virus infection (97). ILC2s may also
promote intestinal protection against damage as the transfer of
ILC2s in an experimental model of colitis was shown to attenuate
disease severity, through enhanced mucin production (99). IL-
9 production by ILC2s has also directly been shown to limit
type 1 inflammation in a sepsis induced model of acute lung
inflammation (27). In this study, it was further shown that IL-
33 activated ILC2 present in the lung produced IL-9 which acted
to prevent lung endothelial cells from undergoing pyroptosis (a
form of cell death), by virtue of its ability to limit caspase-1
activation (27).

Together these studies indicate that ILC2s can contribute to
the modulation of inflammation and the promotion of tissue
repair following a variety of environmental insults. However, it
is possible that these cells also contribute to the pathology that
can result from exaggerated or prolonged type 2 inflammatory
responses. On this note nILC2s have recently been shown
to constitutively express arginase-1 (Arg-1), and the selective
absence of this gene within ILC2s resulted in an exacerbated
emphysema in response to Nb infection (100). Similarly, IL-13
secretion by ILC2s present in the lungs has been demonstrated to
in the disrupt tight junctions in asthmatic patients (101).

Adaptive Immune Response

Priming of Type 2 Immune Response

The cellular and molecular mechanisms that lead to the
differentiation of naive CD4+4 T cells into type 2 cytokine
producing T helper 2 (Th2) cells are still not fully understood.
To date most of the work in this area has focused on the
importance of dendritic cell (DC)—T cell interactions, however
the discovery of ILC2s has widened our view of a DC centric
world to appreciate the possible importance of ILC2s in initiating
or modulating the Th2 response.

Studies using experimental mouse models in which ILC2s
were preferentially depleted have revealed that ILC2s are required
to promote Th2 cell responses in response to infection with Nb,
or following the intranasal administration of the allergen papain
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(102-104). More recently, tissue-specific ILC2s were shown
to represent a critical source of the co-stimulatory molecule
0X40 ligand (OX40L) in response to IL-33 stimulation (105).
Binding of OX40L to OX40 on CD4T cells was required for
the development of both Th2 and GATA3+/- Treg responses
in the lungs after Nb infection (105). In keeping with these
findings, ICOS-ICOSL interactions between ILC2s and CD4T
cells have been shown to be required for optimal Treg expansion
in response to IL-33 stimulation or Nb infection (67). ILC2s can
also contribute to the development of Th2 cells in response to
the murine helminth Hp infection by releasing IL-4 (34, 103).
Although most studies indicate that murine ILC2s make little IL-
4, this is in contrast to human ILC2s which can produce large
quantities of this cytokine in response to combined stimulation
with IL-33 and TSLP (106).

In addition to direct ILC2-T cell interactions, ILC2s can
impact on DC function and have been shown to promote the
migration of DCs from the tissues to the lymph node by virtue
of producing IL-13 (102). Last but not least, ILC2s can present
antigen directly to CD4 T cells (103) and CD4 T cells have been
shown to support the continued survival of ILC2s by providing
IL-2 (107, 108). Altogether, these studies highlight a complex
interplay between ILC2s, DC and CD4 T cells that promotes the
development of optimal adaptive type two immune responses.

Memory Immune Responses

ILC2s have now been reported to contribute to the amplitude of
memory type 2 immune responses in a variety of models. In the
first report, Halim and colleagues investigated the contribution
of ILC2s to recall responses against papain (109). Here, DCs
play a critical role by producing CCL-17 and CCL-22 to attract
CCR4+ memory CD4T cells. Interestingly the expression of
CCL-17 and CCL-22 was triggered by type 2 cytokines released by
ILC2s - and ILC2 ablation prior to papain re-challenge attenuated
the number of Th2 cells present (109). In another example
of ILC2 potentiation of memory type 2 responses, these cells
were reported to critically contribute to the production of IL-
13 in response to challenge infections with Nb allowing the
rapid activation of M2 macrophages which were able to mediate
both parasite killing and tissue repair (108). In this model, Th2
cells also contributed to the activation of M2 macrophages by
producing IL-4, and were additionally found to promote the
maintenance of ILC2s following challenge infection with Nb in
an elegant example of ILC2-Th2 cell co-operation (108). Of note,
short term treatment with recombinant IL-33 has been reported
to induce the sustained activation (for over 1 year) of ILC2s both
in helminth and glomerulosclerosis models indicating that—
like memory cells—some ILC2s could be long lived cells (110,
111). Lastly, previously activated ILC2s were able to produced
increased amounts of IL-13 when re-exposed to the same antigen,
or even to an unrelated allergen or to IL-33 (110).

Humoral Immune Responses

The role of ILC2s in humoral immunity has just begun to
be addressed. Recently, ILC2s isolated from the lungs of naive
wild type mice were shown to promote the proliferation of B1-
, as well as B2-, type B cells in vitro. ILC2-activated B cells

produced IgM, IgGl, IgA, and IgE, with the production of
IgM being IL-5 dependent (112). Given that antibodies, and
in particular IgE and IgG have been implicated in protective
immune responses against challenge infections with a variety of
helminths (113, 114), the impact of ILC2 on B cell responses
could be of great importance to helminth protection. Moreover,
one of the functions of IgE is to arm basophils and mast cells,
that in turn function to potentiate Th2 responses (115), or release
inflammatory mediators (116) potentiating type 2 inflammation.

Helminth-Mediated Regulation of the
ILC2 Response

Helminths have co-evolved with their host and typically form
chronic infections in their host. These parasites are often
described as masters of immunomodulation and a multitude of
parasite-derived products have been identified that interfere with
host immune responses (117). It is noteworthy that Nb, which is
a potent elicitor of ILC2 responses, is expelled rapidly from its
murine host, whilst Hp and Tm, which elicit only modest ILC2
responses, form chronic infections. Interestingly, resistant SJL
mice have higher ILC2 responses to Hp than susceptible B6 mice
(118). This raises the possibility that some helminths may attempt
to evade host rejection by modulating ILC2 responses, and in
line with this idea McSorley and colleagues recently reported
that secretory products from Hp can attenuate allergic airway
inflammation by blocking the release of IL-33 from epithelial
cells (119). The authors went on to identify one of the proteins
responsible, and termed this protein Hp-derived Alarmin Release
Inhibitor (HpARI) (120). HpARI selectively binds to IL-33 and
traps it in the nucleus, preventing its release during cell apoptosis.
This was associated with a reduction in IL-134 and IL-54- ILC2s
in lungs of mice exposed to Alternaria. Hp has also been shown
to alter the composition of the intestinal microbiome increasing
the availability of the bacterial metabolites, short chain fatty acids
(SCFA). The authors went on to demonstrate that Hp-induced
production of bacterial SCFAs was able to attenuate house dust
mite-induced allergic asthma in mice (121). However, it would
also be interesting the determine the impact of SCFAs on the host
response to the parasite as butyrate, a SCFA, has recently been
shown to directly block IL-13 and IL-5 expression by ILC2s (122),
which have been associated with the weep and sweep response.

ILC2 RESPONSES AND HUMAN
HELMINTH INFECTION

To date, the markers used to identify the various ILC populations
in humans remain poorly defined, and very few studies have
characterized ILC responses in the context of any human
infection (123), let alone helminth infection. Instead most of
our knowledge about human ILC2s are derived from studies
of inflammatory diseases where ILC2s play a pathological role
(i.e., chronic rhinosinusitis, COPD, dermatitis, asthma) (124).
Importantly however, these studies have revealed that ILC2s are
present in various mucosal tissues of humans including the lungs,
the gut and the skin—the same sites where helminths are typically
found. In addition, many of the activation pathways described for
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murine ILC2s, have now been confirmed in humans including
the three alarmins (IL-33, IL-25, and TSLP), leukotrienes and tuft
cells (38, 69, 125-129).

In terms of helminth infection, Boyd et al. (130) reported
an increase of c-kit+ ILCs (similar to ILC2s and ILC3s in
mice) in the circulation of people infected with helminth filariae
(Loa loa or Wuchereria bancrofti or Onchocerca volvulus). These
cells expressed IL-13 and were identified as Lineage (Lin)-
/CD45+-/cKit+/CD127+, but additionally expressed IL-10 and
IL-17 (130). Both Wuchereria and Onchocerca helminths harbor
the bacterial endosymbiont Wolbachia, which may bias the host
immune response away from a type 2 response and toward a type
17 response and would explain the observed increase in both IL-
13 and IL-17 expression. Yet, most of the patients studied were
infected only with Loa loa (130), which unlike its relatives does
not harbor Wolbachia. An alternative explanation could therefore
be that the increased c-kit ILCs reported in infected patients may
be largely LTis rather than ILC2s.

A second study assessed the ILC response in children
infected with Schistosoma haematobium (131). Younger children
exhibited lower numbers of circulating ILC2s, identified as
Lin-CD45+CD127+4CD294+CD161+, whilst ILC2 numbers
in older children were similar between infected and control
individuals. Following anthelmintic treatment, the number of
ILC2s present in young children was restored to levels apparent
in uninfected patients, suggesting that Schistosorma may suppress
the ILC2 response (131). In Schistosoma infection, protective
immunity is known to build up over time, and the “older”
children had antibody titers indicative of the acquisition of
immune protection (131). Determining whether the positive
correlation between ILC2 numbers and increasing age simply
reflects the slow acquisition of protective type 2 immunity against
endemic helminths, or whether these cells actually play a causal
role in promoting such protection will be an important question
for the future.

Other unanswered questions include: Does the ILC2 response
differ following infection with different families or species of
helminths? Are there fundamental differences in the ability
of young children or adults to generate ILC2s? Do ILC2
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numbers correlate with disease phenotypes including resistant
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infected), or controller (clinically asymptomatic, infected)
individuals? These questions may have fundamental importance
for the design of successful vaccines against these widespread, and
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CONCLUSIONS AND PERSPECTIVE

Our understanding and knowledge of ILC2s has expanded
tremendously over the recent decade, yet much remains to be
determined. Whilst the majority of existing research related
to human ILC2s have focused on the “first-world” diseases
related to allergic inflammation, we would argue that attention
should also be given to the role of these cells during human
helminth infection given the clear need for improved control
of these parasites amongst developing societies. In addition to
this, ongoing studies of ILC2s in the context of host-helminth
interactions—either in mice or humans—are highly likely to
continue to shed light on the activation, regulation, and function
of these cells. In terms of allergic disease, mining helminths
for molecules that suppress ILC2 responses could represent a
promising avenue for the identification of novel therapeutics.
Lastly, at a time when we are just beginning to understand the
full importance of ILC2s in anti-helminth immune responses,
Maizels and colleagues recently described the existence of
another, as yet undefined but very rare innate immune cell, that
is important for the expulsion of Hp (132). This report highlights
that our understanding of type 2 immune responses and of host-
helminth interactions is continually evolving. Although studies
performed over the last decade led to the discovery of ILC2s,
it is likely that continued efforts in this area will reveal many
interesting, and perhaps even surprising, facets of the type 2
immune response.
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ILCs burst onto the immunological scene with their involvement in bacterial and helminth
infections. As their influence has emerged, it has become clear that they play a
fundamental role in regulating barrier tissue homeostasis and the immune response
during inflammation. A subset of ILCs, ILC2s, has become the focus of attention for many
helminth biologists —stepping into the limelight as both the elusive initiator and ampilifier
of the type-2 response. In many of the early reports, conclusions as to their function
were based on experiments using unadapted parasites or immune-compromised hosts.
In this review we re-examine the generation and function of type-2 ILCs in helminth
infection and the extent to which their roles may be essential or redundant, in both
primary and challenge infections. ILC2s will be discussed in terms of a broader innate
network, which when in dialogue with adaptive immunity, allows the generation of the
anti-parasite response. Finally, we will review how helminths manipulate ILC2 populations
to benefit their survival, as well as dampen systemic inflammation in the host, and how
this understanding may be used to improve strategies to control disease.

Keywords: parasites, immunity, alarmin, cytokines, receptors

INTRODUCTION

Parasitic helminth infections by tapeworms, roundworms or flukes present an ongoing threat to
human health and quality of life, but also significantly dampen agricultural productivity through
infection of livestock. Worldwide, over 2 billion people are infected with helminth parasites (1), and
in the absence of any vaccines, control relies on repeated drug treatment. Understanding immunity
to helminths is essential to develop new vaccines to eliminate these infections.

Until about a decade ago it was suggested that resistance to helminth infection relies
predominantly on T helper 2 (Th2) cells of the adaptive immune system, orchestrating nematode
expulsion in an antigen-specific manner. Since then a new player has entered the game, the type-2
innate lymphoid cells (ILC2), first discovered in T- and B-cell-deficient mice as a subset rapidly
releasing type-2 cytokines, in response to stimulation by the alarmin IL-25 (2, 3).

Thereafter, convergent approaches, including functional testing of new IL-17 family members
(3-5), determining innate sources of type-2 cytokines (6-8) and the characterization of mesenteric
lymphoid clusters (9), all led to the identification of an innate lymphocyte population, capable of
producing type-2 cytokines, albeit with varied monikers such as “nuocytes” (6) or “natural helper
cells” (9). Soon re-branded as ILC2s, these innate cells were found localized to differing tissues and
therefore primed to act as first responders to the immune challenges such as helminth infections
before adaptive immunity has developed (10).
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ILC2s in Helminth Infections

Since the discovery of these innate Th2 cell surrogates,
research delineating ILC2 functions, especially in the disease
settings of helminth infection and allergic asthma, have
dominated the scientific field of type-2 immunity. Wide-ranging
studies have reported on the cells' origin and differentiation,
plasticity, mobility, functionality and communication with
various other cells of the immune system, and beyond (11,
12). Much has been learned from mouse models of intestinal
helminth infection, in particular Nippostrongylus brasiliensis, a
rat parasite which is poorly adapted (and thus readily dislodged)
from mice, and 2 natural parasites of mice, Heligmosomoides
polygyrus and Trichuris muris (Figure 1). ILC2s are also
stimulated by helminths in the tissues, such as Litomosoides
sigmodontis in the pleural cavity (13) and by the eggs of
Schistosoma mansoni in the liver and lungs (14).

GENERATION AND REGULATION OF
ILC2 ACTIVATION

In mice, the development of both ILC2s and Th2 cells starts
with common lymphoid progenitors (CLPs) of the bone marrow
(15, 16), but branches in two different directions. In fact, the
development of all T lymphocytes begins with the differentiation
of lymphoblasts from CLPs, their migration to the thymus, then
if surviving both positive- and negative selection, they emerge as
highly specific but antigen-naive immune cells patrolling through
the circulation, secondary lymphoid tissue and peripheral sites.
Importantly, T cells only polarize into functional Th2 effector
cells following specific antigen encounter in the presence of
interleukin 4 (IL-4) (17).

In contrast, the development of ILC2s is rather primitive.
CLPs give rise to common innate lymphoid progenitors (CILPs)
dependent on the expression of various transcription factors,
amongst others inhibitor of DNA binding 2 (Id2) and nuclear
factor IL-3 induced (Nfil3) (9, 18, 19). Yang et al suggest that
early innate lymphoid cell progenitors (EILPs) resemble an
intermediate step in the differentiation of CLPs into CILPs. The
development of this T cell factor-1 (TCF-1) positive population
is still independent of I1d2 and EILPs are progeny of both NK
cells and ILCs (20). CILPs give rise to common helper innate
lymphoid progenitors (CHILP) which differentiate based on
promyelocytic leukemia zinc finger (Plzf) expression into ILC
precursors (ILCPs) (21), able to polarize into three different
innate lymphoid cell populations, ILCls via expression of
Tbx21/T-bet (22, 23), GATA3 positive ILC2s (15, 24) or, based
on Roryt expression, ILC3s (25, 26).

This broad classification of 3 ILC subsets may hide important
distinctions within, for example, ILC2s which have been divided
into natural and inflammatory, responsive to different cytokines
(27), or between cells of similar cytokine profiles but different
tissue residence, location or preference for skin, lung, or gut
(28). ILC2s are mainly regarded as tissue-resident, expanding
upon helminth infection at the respective mucosal site (29). This
model has been challenged recently in a study demonstrating the
migratory capabilities of IL-25-induced “inflammatory ILC2s”
of the intestine (30, 31). These, when activated by IL-25, were
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FIGURE 1 | Schematic time-lines for parasite burdens and ILC2 responses for
(i) N. brasiliensis, (i) H. polygyrus, and (iii) T. muris. Red lines indicate parasite
burdens (larval/adult numbers, egg production); black lines indicate ILC2
activity (proliferation, cytokine release). Location and timing of different parasite
stages are indicated where appropriate. For N. brasiliensis and H. polygyrus,
both primary and secondary infections are shown; primary N. brasiliensis
infections are expelled naturally, while for H. polygyrus anthelmintic drug
treatment is required in susceptible strains to clear the primary infection prior
to a challenge re-infection. For H. polygyrus and T. muris, separate lines
indicate genetically resistant and susceptible strains of mice.

found to enter the lymphatics and transfer to the lung where they
contribute to the anti-helminth response. Controversy also arises
over whether these ILC subsets are committed lineages, or show

Frontiers in Immunology | www.frontiersin.org

April 2019 | Volume 10 | Article 620


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

Loser et al.

ILC2s in Helminth Infections

plasticity akin to their adaptive T cell cousins; while commitment
would represent “trained immunity” in which the innate immune
system is more prepared for subsequent encounters with the
same pathogen, it might lock the innate response into an
inappropriate and potentially pathogenic program that is difficult
for the host to reverse.

HELMINTHS AND ILC2s—ANCIENT
ANTAGONISTS?

ILC2s and Th2 cells share common attributes, but they also differ
in the complexity of their development, the rules governing their
tissue tropism, and the specificity of immune stimuli to which
they respond (30). This poses the question of whether the more
complex and target-specific Th2 cells developed evolutionarily
from ILC2s, or if both type-2 immune cell populations share
vertical descent from one ancestral population. The first would
imply that ILC2s emerged prior to Th2 cells, potentially
as an elementary cell type to combat helminth infection in
ancient hosts.

To shed light on the evolutionary development of the three
different ILC populations, including ILC2s, Vivier et al analyzed
comparative expression of critical genes in different vertebrate
species from the lamprey to mammals (32). Notably, a significant
part of the ILC progenitor gene profile, including Id2, Nfil3 and
Gata3, as well as parts of the ILC2 profile, including Ptpni3, Ar,
Rxrg, Ccr8, and Hs3stI are already evident in jawless vertebrates,
whereas the Gata3-controlled type-2 cytokine genes, II5 and 1113,
crucial for ILC2 and Th2 cell effector functions in mice and
humans, were exclusively found in birds and mammals (32).

This initial study certainly suggests that ILC2s emerged in
evolution of the earliest agnathan vertebrates, in response to
helminth parasites. Even today, sea lamprey intestines contain
a variety of nematode species, ingested while feeding on fish
(33). A different perspective on the evolutionary development
comes from a phylogenetic analysis of genes crucial for ILC2
activation in mammals. Here it has been highlighted that
lampreys do express IL-17 family orthologs, amongst them IL-25
(34). Orthologs of the crucial receptor heterodimer subunit IL-
17RB for IL-25 signaling in humans and mice however, have been
detected only from the emergence of cartilaginous fish onwards
and have not been found in jawless fish (34).

Phylogenetic analyses of genes involved in the differentiation
of different immune cell populations suggest that ILC2s, as
T-cells, developed in ancient mammalian ancestors. Substantial
differences in the differentiation of both cell types certainly
suggest that their relationship is distinct and that ILC2s
are closely related to the other ILC subtypes. A different
perspective might be provided through comparisons of
genome-wide chromatin accessibility of both populations
during helminth infection (35). Hierarchical clustering of
these regulatory ensembles—termed “regulomes” within
Th2 cells and ILC2s isolated from lungs at day 10 post N.
brasiliensis infection confirmed the difference between pre-
established ILC2s and naive CD4T cells. Regulomes of both
cells during infection showed high similarity, not discounting

a potential close relationship between both cell types during
evolution and more ancient ILC ancestor that has preceded Th2
cells (35).

This perspective is further supported by the aforementioned
study on the migration of activated iILC2s, highlighting that
both T cells and iILC2s share the capability to migrate along
a sphingosine-1-phosphate (S1P) gradient, a mechanism crucial
for effector T cells to leave lymphoid tissues and essential for
iILC2s to enter the lymphatics from the intestine (31). The report
extends the parallelism of both type-2 cell types beyond the
level of genomics and immune effector functions not excluding
that the S1P trafficking mechanism of T cells was adopted from
ancient ILCs (30).

ALARMIN ACTIVATION OF ILC2s—THE
ROLE OF IL-25

As discussed above, ILC2 development requires the transcription
factor GATA3 (24) and the nuclear receptor RORa (15,
36). Once differentiated, ILC2s are highly responsive to the
alarmins, IL-25, IL-33 and TSLP, binding, respectively to
the heterodimeric receptors IL17RA/IL17RB, ST2/IL1RacP, and
TSLPR(CRLE2)/IL7Ra (37), while also requiring signaling
through the common cytokine receptor y chain (y.) that is shared
by IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21 (9).

IL-25 is closely linked, in presence and function, with
helminth infections, and was first characterized by elevated
expression in the small intestine following N. brasiliensis
infection, leading to IL-5 production by the then unnamed ILC2s
(3). IL-25"/~ mice were then shown to be unable to expel T.
muris, while genetically susceptible mice given exogenous IL-
25 became resistant to infection (38). Similarly, IL-25"/~ mice
were used to demonstrate that IL-25-dependent activation of
ILC2s is required for protective immunity to N. brasiliensis
infection (4). Moreover, it was demonstrated that transfer of IL-
25-stimulated ILCs could mediate expulsion of N. brasiliensis in
mouse strains lacking key type-2 components, such as IL-13, IL-
25, or IL-33 (6). In particular, while exogenous IL-25 induced
worm clearance in RAG-deficient mice (31), it did not do so in
animals lacking both adaptive immunity and ILCs (Rag-2~/~ x
Ye /= mice) (7). This latter study also demonstrated that transfer
of ILCs alone was not able to induce worm clearance in Rag-

27/ xye /~ mice unless exogenous IL-25 was administered to
recipient animals.

Subsequently, IL-25 has been shown to activate a variety of
innate cells, including multi-potent progenitor type-2 cells (39),
NKT cells (40, 41) as well as monocytes and eosinophils (42).
Within the ILC2 population, it has been proposed that one subset
of “inflammatory ILC2s” (iILC2s) preferentially express the IL-
25 receptor, and not the IL-33 receptor ST2 (27). Inflammatory
ILC2s arise early in N. brasiliensis infection and give rise to IL-33-
responsive “natural ILC2s” for worm expulsion, although it was
also found that iILC2s, co-expressing GATA3, and RORyt, have
the capacity to switch to IL-17 producing ILC3s in the different
setting of fungal infection (27).
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Recently, it was discovered that epithelial tuft cells of the small
intestine detect the presence of helminths and release IL-25 (43—
45), resulting in ILC2 proliferation (44) (Figure 2A). While the
helminth derived mediator responsible for activating the tuft cell
signaling cascade is still unknown, it is clear that protozoans
are capable to induce tuft cells and successively ILC2 activation,
through the release of succinate and stimulation of the succinate
receptor GPRI1 (46, 47). The activation of intestinal ILC2s by IL-
25 is negatively regulated by the deubiquitinase A20 (Tnfaip3),
which binds and inhibits the IL-25 receptor subunit IL-17RA
(48). During infection with N. brasiliensis, A20 expression in
ILC2s is downregulated, allowing increased pathogen-induced
ILC2 proliferation (49).

While two other key alarmin cytokines, IL-33, discussed
below, and thymic stromal lymphopoietin (TSLP) are able
to induce ILC2 expansion, the responsiveness to these differs
between ILC2 populations located at various mucosal sites.
Small intestinal ILC2s express elevated levels of IL-17RB and
are therefore responsive to tuft cell-derived IL-25, whereas
pulmonary and adipose tissue ILC2s express high levels
of ST2, resulting in increased IL-33 sensitivity (50). While
not essential for ILC differentiation, TSLP is particularly
important for activating ILC2s in the skin, for example in
models of atopic dermatitis, which is abated in Tslpr—/—
mice (51) and is also required for immunity to T. muris
in the intestinal tract (52). However, TSLP also activates
dendritic cells to promote adaptive Th2 responses (53),
and acts on other innate populations such as basophils
(54), so that it promotes type 2 responses at multiple and
complementary levels.

IL-33, KEY PLAYER FOR ILC2s

IL-33, an IL-1-like cytokine that potently activates the type-2
response, is released from damaged epithelial cells (Figure 2B),
and from innate subsets such as mast cells responding to
damage signals from their environment (55-57). The role
of IL-33 in ILC2 activation has been explored intensively
by utilizing murine helminth models with pulmonary life
cycle stages, including N. brasiliensis and the threadworm
Strongyloides venezuelensis. Both induce a significant increase
in lung/airway IL-33, IL-33 dependent ILC2 activation, type-
2 cytokine release and eosinophilia (6, 7, 9, 58, 59). IL-
33-deficient mice show a significantly elevated intestinal
N. brasiliensis worm burden at day 6 p.i. and increased
fecal egg counts at day 8 post S. venezuelensis infection,
underlining a contribution of IL-33 activated ILC2s to the
clearance of these nematodes (58, 59). Mice lacking the IL-
33-specific receptor subunit ST2 are also highly susceptible
to H. polygyrus infection (60), in addition, exogenous IL-
33 confers resistance on mice genetically susceptible to T.
muris (61).

As deficiency in either IL-25 or IL-33 results in greatly
enhanced susceptibility to helminth infection, these alarmins
are not generally redundant. However, it is possible to
circumvent the lack of one alarmin with cell populations

strongly activated by another. Thus, transfer of ILC2s
cultured in the presence of IL-7 and IL-33 restored expulsion
of N. brasiliensis in mice lacking the receptor for IL-25
(I117rb=/~) (6). Moreover, the same authors reported that
transfer of IL-13-expressing ILCs was sufficient to induce
expulsion in mice lacking both receptors for IL-25 and IL33
(I117rb/T17l1~/7) or type-2 cytokines (Il-4/11-13~/7). Here,
as discussed below, the ability of ILC2s to mediate worm
expulsion was dependent on dialogue with the adaptive immune
system and generation of antigen-specific T cell production
of IL-13.

ILC2s—OTHER SIGNALS, SMALL
AND LARGE

A range of small molecules are also able to orchestrate ILC2
functions, including arachadonic acid-derived eicosanoid (20-
carbon) lipids. Human ILC2s can be activated by prostaglandin
D2 through the CRTH2 (DP2) receptor (Figure 2C) (62) and
their cytokine production can be further enhanced by stimulation
with leukotriene E4 (63). In mice, leukotrienes can sufficiently
induce type-2 cytokine production by ILC2s, with leukotrienes
C4 and D4 being most efficient in provoking this response,
whereas stimulation with leukotriene B4 and E4 only resulted
in marginal IL-13 production (Figure 2C) (64, 65). In particular,
leukotriene D4 drives IL-4 production by ILCs (66, 67). The role
of eicosanoid mediators in nematode infection was investigated
using gene-deficient mice of the respective leukotriene receptors
or synthases, highlighting that deficiency in the LTB4 high
affinity receptor Ltb4rl did not affect ILC2 activation in the
lungs of N. brasiliensis infected mice. Activation was reduced
by Cystltlr (LTD4/LTC4 receptor) or Ltc4s (LTC4 synthase)
deletion and abrogation of ILC2 activation was achieved in
mice lacking Alox5 (5 lipoxygenase, which catalyses the initial
step of leukotriene synthesis) or the combination of Ltb4rl
and Ltc4s (65). Inhibitory properties with regards to ILC2
activation were reported for lipoxin A4 (Figure 2C) (68) and
prostaglandin E2 for human (69) and prostaglandin 12 for mouse
(70) ILC2 cells.

Recent studies have highlighted the sensitivity of ILC2s to
dietary vitamin A deficiency (71) and related their function to
a requirement for fatty acids, acquired from the environment
(72). In the event of vitamin A deficiency, the subsequent
absence of retinoic acid resulted in the predominance of ILC2s
in the small intestine and an increased resistance to T. muris
infection (Figure 2A) (71). Under these conditions, ILC2s in
the mesenteric adipose tissue increased their acquisition of
long-chain fatty acids and raised production of IL-5 and IL-
13 (72). Thus, as a result of nutrient deprivation, enhanced
ILC2 activity is allowed ensuring that helminths are discharged
more efficiently.

More recently, the A2B adenosine receptor was found
to promote ILC2 activation and type-2 cytokine expression,
controlling the primary and secondary immune response to H.
polygyrus infection and the primary immune response to N.
brasiliensis infection (73). This study also revealed adenosine as a
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FIGURE 2 | ILC2s are embedded into a multifaceted network of barrier- and neuro-immune responses. (A) Luminal & epithelial crosstalk. Intestinal nematodes are
detected by tuft cells of the small intestinal epithelium. While the helminth-derived mediator activating tuft cells is unknown, these chemosensory cells release IL-25,
activating the IL-25 receptor (IL17RA/IL17RB) on ILC2s. ILC2s are negatively regulated by the vitamin A metabolite retinoic acid, signaling through retinoic acid
receptors. (B) Alarmins & inhibitors. In addition to IL-25, ILC2s are induced by IL-33, an alarmin located inside the nuclei of epithelial cells. Upon damage to the
epithelial lining, IL-33 is released. The nematode-derived alarmin inhibitor HpARI is able to sequester IL-33 inside the nuclei of damaged cells, attenuating the
IL-83-induced ILC2 activation. (C) Eicosanoid signaling. Additionally, ILC2s are activated by various eicosanoids, including PGD2 and leukotrienes, activating the
respective receptors, while negative regulation of ILC2s has been documented for lipoxin A4. (D) Neuro-immune interface. ILC2s are essential for the communication
between enteric neurons and the epithelial barrier. NMU, released by neurons during helminth infections activates ILC2s via NMUR1 potentiating the epithelial response
initiated to discharge the intruders. ILC2s are also stimulated by VIP, but VIP release by neurons during helminth infection has not been documented as of yet.

novel danger-associated molecular pattern (DAMP), responsible
for initiating helminth-induced type-2 responses, through
activation of ILC2s.

Additional receptors reported to be highly expressed by ILC2s
and required for their expansion and function include the
tumor necrosis factor (TNF)-receptor superfamily member DR3
(TNFRSF25) and the IL-9R. In the absence of TL1A ligation
to DR3, there is significantly reduced ILC2 expansion, type-2
cytokine production and N. brasiliensis expulsion (74), whereas
IL-9R signaling was required for ILC2 accumulation, expulsion
of N. brasiliensis and resolution of tissue damage in the lung (75).
IL-4- and IL-13-dependent expression of the acidic mammalian
chitinase (AMCase) was also found to promote ILC2 expansion
in the lung and expulsion of both N. brasiliensis and H. polygyrus
from the gut (76).

Recently, the capacity of ILC2s to migrate between
mucosal sites has become recognized with the experimental
demonstration of a S1P-dependent pathway leading ILCs from
the gut to the lung (30). MLN and lung iILC2s express S1P
receptors and FTY720 inhibition of this pathway blocked

the accumulation of intestinal iILC2s in the lung. When
administered to Ragl ™/~ mice, FTY720 induced a significant
increase in mortality to N. brasiliensis infection, which in turn
can be prevented by an intravenous adoptive transfer of ilLC2s
prior to FTY720 administration (31). The role of chemokines
in ILC2 migration and trafficking is understudied, though gene
expression studies show that in comparison to other NK-cell and
ILC subsets, small intestinal ILC2s express enhanced levels of
Cxcr6 and Ccr4, 8, and 9, while also producing attenuated levels
of the chemokine ligand CclI (77). Additionally, ILC2s express
a number of surface receptors regulating cell-cell interactions.
ILC2s express KLRGI1, which as shown using human skin
ILC2s, can interact with E-cadherin and dampen ILC2 specific
type-2 cytokine expression (78). ILC2s also display ligands
for OX40 and ICOS that mediate interactions with T cells as
discussed below.

ILC2s at the Neuro-Immune Interface
Most recently, emphasis has been placed on delineating ILC2
function in the neuro-immune network during helminth
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infection. ILC2s are located in close proximity to enteric neurons,
primed to receive neuronal signals during infection. ILC2s were
found to selectively express Neuromedin U receptor 1 (Nmurl),
whereas mucosal neurons expressed the small neuropeptide
neuromedin U (Nmu) (79, 80). Following infection with N.
brasiliensis, Nmu expression was increased in both the lung
and the gut, resulting in robust ILC2 responses through Nmurl
and worm clearance (Figure2D); in contrast, if adoptively
transferred into Rag2 I12rg deficient mice, Nmurl (NMU receptor
1) deficient ILC2s produce significantly reduced amounts of
type-2 cytokine than their gene sufficient counterparts (79,
80). ILC2s are also activated by the neuropeptides vasoactive
intestinal peptide (VIP) (81) (Figure 2D) and calcitonin gene-
related peptide (CGRP) (82), although as yet it is unclear if these
neuronal effectors play a significant role in ILC2 activation during
helminth infection.

Interestingly, ILC2 activity was reported to be negatively
regulated by acetylcholine through the nicotinic acetylcholine
receptor a7nAChR (83), catecholamines (e.g., epinephrine)
ligating the P2-adrenergic receptor (84), as well as the aryl
hydrocarbon receptor (AhR) although in the latter case
this may operate through preferential expansion of ILC3
cells (85).

DIALOGUE WITH ADAPTIVE IMMUNITY

An important early finding in the field was that ILCs did not
prosper when transferred to RAG-deficient animals, and indeed
ILC2 transfer did not succeed in conferring immunity to N.
brasiliensis to this genotype (6). It is now well appreciated
that ILC2s closely communicate with the adaptive immune
system, allowing for the initiation and amplification of a
robust type-2 response (86). For example, ILC2s promote Th2
immunity by enhancing CD4" T cell function through MHCII
expression (87, 88). In the setting of helminth infection, ILC2s
express high levels of surface MHC class II, as well as IL-
25R (IL-17RB), and drive Th2 and Th9-mediated clearance of
Trichinella spiralis (89). ILC2 “help” for Th2 cell differentiation
may require IL-4, as mice lacking this gene only in the
ILC compartment show attenuated Th2 cytokine production
following H. polygyrus infection, although no increase in
susceptibility was reported (67).

ILC2s have also been shown to upregulate expression of
the checkpoint inhibitor PD-L1, following infection with N.
brasiliensis. Surprisingly, expression of this molecule by ILC2s
promoted production of IL-13 by Th2 cells and enhanced
expulsion of the gastrointestinal nematode (90). Interestingly,
ILC2s were also reported to promote regulatory T-cell expansion
following N. brasiliensis infection. This interaction was suggested
to be reliant on the expression of ICOSL by ILC2s and
ICOS by Tregs (91). In the context of helminth infection
with N. brasiliensis, lung ILC2s express OX40L in response
to IL-33 stimulation allowing enhanced communication with
OX40" T-cells (92). ILC-specific OX40L deficient II7r(Cre)
Tnfsf4(fl/fl) mice display a suppressed adaptive type-2 immune
profile at d28 p.i., with significantly decreased numbers of

both GATA3* Tregs and GATA3T Th2 cells, together with
a mildly elevated intestinal worm burden at day 5 p.i. (92).
Finally, in addition to ICOSL, ILC2s express ICOS, which can
act as an inhibitory receptor in interactions with regulatory T
cells (93).

ILC2s IN HELMINTH
INFECTIONS —SUFFICIENCY, NECESSITY,
OR REDUNDANCY?

The immune system has evolved multiple protection
mechanisms against helminth infection, and the literature
has documented a range of cell types, which if suitably activated
and expanded, can mediate helminth expulsion (94, 95). For
reasons discussed above, elimination of N. brasiliensis may be
achieved more readily by multiple mechanisms, providing a
sensitive test-bed for immunity to helminths. In this system, the
principle has been established that innate sources of IL-4/IL-13
are sufficient for expulsion in animals unable to produce these
cytokines within the T cell population (96). Consistent with
this, adoptive transfer of ILC2s (6) induces nematode expulsion.
However, transgenic mice with chronic eosinophilia [through
IL-5 over-expression (97)] are also resistant to infection. The
demonstration that disparate cell types are individually sufficient
to combat helminth infection in mouse models is consonant
with other studies showing that few are essential; demonstrating
considerable redundancy.

In mouse models other than N. brasiliensis, with parasite
species naturally adapted to the mouse, adoptive cell transfer
of ILC2s has not been quite so effective, inducing partial, but
not complete, clearance of T. muris (5) and H. polygyrus (67).
In the case of H. polygyrus, Hepworth and colleagues (98)
reported “negligible’ MLN ILC2 numbers (0.2 x 10> cells) at
day 6 of infection of C57BL/6 mice, requiring exogenous IL-
25 treatment to boost the number of MLN ILC2 cells to reach
levels observed during N. brasiliensis infection (H. polygyrus: 3
x 10° cells vs. N. brasiliensis: 5 x 10> at d5 p.i.) (99). This
may reflect the poor responsiveness of this strain, as ILC2
responses are greater in more resistant mouse strains such as
BALB/c and SJL (100) (Figure 1B). However, the theme of
multiple pathways to resistance recurs with H. polygyrus, as both
transfer of M2 macrophages (101) or transgenic amplification of
mast cells (resulting in higher ILC2 levels) (57) are protective
against infection.

ILC2-mediated immunity to N. brasiliensis infection can also
be driven by other helminths, such as S. venezuelensis, which
evokes a sufficiently strong expansion of ILCs in the lung, that
a subsequent N. brasiliensis infection is significantly reduced
in both worm number and egg output (102). Consistent with
other information on the lung environment, the ILC2 response
at this site required IL-33. Perhaps this finding recalls an ancient
evolutionary role of ILCs in providing early chordates with
generic protection against helminth infection, as discussed above.

An important point of consideration is that ILC2s are not
the sole target of IL-25 activation in helminth infection, given
evidence that other innate cell types such as monocytes (101),
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other myeloid cells (103) and NKT cells are responsive to this
cytokine. In addition, IL-25 promotes progenitor cells [mpp-
type2, (5)], which can differentiate into mast cells. Many of these
cell types are thought to be involved in immunity to helminth
infection. Indeed, utilizing the H. polygyrus model of nematode
infection, we were able to show that worm expulsion could be
induced by IL-4 and IL-25 in RAG-deficient mice, and that this
process was unimpeded by depletion of CD90" ILCs prior to
cytokine administration (42). Hence in these more tenacious
helminth infections, ILC2s may not be sufficient for immunity,
and indeed may even be redundant.

ILCs IN HUMANS

While these studies extended our appreciation of ILC2s across
a considerable number of helminth infections in mice, less
information is available on their involvement in human helminth
infections (104, 105). The theme of redundancy is echoed
in human studies, as individuals lacking ILCs (following
hematopoietic stem cell transplantation therapy) appear to
lead healthy lives for many years (106, 107), although these
patients are not likely to have been exposed to helminth
parasite infections.

As highlighted by Nausch and Mutapi, many helminth
parasites invade through, or establish a niche in, the skin
of their host, and consequently are likely to encounter
skin ILC2 cells (105). Parasites also frequently interact with
mucosal sites, in particular the gastrointestinal tract, where
ILC2s may be activated. Due to inaccessibility of these tissues
in infected patients, studies delineating the immunology of
human nematode infections are mostly reduced to analyses of
peripheral blood, in which ILC2s may represent < 0.05% of
live blood leucocytes (105). Nonetheless, helminths do cause
changes in peripheral blood ILC populations. In a patient
cohort of Zimbabwean children infected with S. haematobium,
significantly fewer circulating ILCs were found in 6-13 years-
olds, but normal levels observed in Schistosome-specific antibody
positive infected children older than 14 years (108). Thus, there
is an age-specific effect, which speaks to the increased relevance
of ILC2s during early life before immunity is dominated
by a mature adaptive immune response. In a second study,
blood was taken from adult patients infected with the filarial
nematodes Loa loa, O. volvulus, and Wuchereria bancrofti, and
ILC2s and ILC3s were analyzed together as CD127TCD117+
cells (13). These authors reported increased blood ILCs in
these infections, contrasting with the observations made of
S. haematobium infection, highlighting that the ILC response
might be heterogeneous in different infection settings and
age groups.

The inaccessibility of ILC2s in the key tissues of humans
returns the focus to events induced by human parasites in
mouse models of helminth infection. Initial studies highlight an
upregulation of key ILC2- inducing alarmin genes Il1a, I11b, 1133,
and Tslp shortly (6h) after percutaneous S. mansoni cercariae
infection of the pinna (109). Further, a study of combined IL-
25, IL-33, and TSLP cytokine targeting during chronic murine

S. mansoni infection revealed that ablation of either or both IL-
25 and IL-33 is not sufficient to significantly alter S. mansoni-
induced type-2 pathology in both the lung and the liver (110).
Indeed it was needed to target all 3 alarmins utilizing IL-
337/~ x TSLP~/~ mice administered anti-IL-25 from week 4
to significantly reduce the liver granuloma volume at week 9,
concomitant with a reduced granuloma eosinophil percentage
and attenuated MLN IL13% ILC2 levels. However, by week 12
alarmin neutralization did not alter type-2 pathology, and Th2
cytokines had actually increased (110), again underlining that
ILC2 effector functions may be restricted to the acute phase
of type-2 immunity and that loss of ILC2 function can be
compensated for by accelerated activity of Th2 cells.

CAN HELMINTHS MANIPULATE
ILC2 FUNCTION?

Helminth infections can clearly stimulate type-2 responses yet
have the ability to modify them, as part of their immune evasion
strategy. An obvious immune cell candidate for targeting in order
to avoid effective immunity is the ILC2. Following infection with
the chronic helminth parasite H. polygyrus, there is a limited
expansion of ILC2s in the mesenteric lymph nodes (MLN) (42,
98,100). Indeed, a recent study revealed preferential trafficking of
LTi-like ILC3s to the MLN following H. polygyrus infection (111).
Infection with this chronic gastrointestinal nematode has been
shown to promote the release of host-derived IL-1f, which limits
IL-25 production and the subsequent activation of ILC2s (112).

Further evidence of the ability of H. polygyrus in adapting to
the hosts” capacity to drive ILC2 activation via alarmin cytokines
was recently revealed by the discovery of the IL-33 inhibitor
HpARI, which is released by the helminth and sequesters IL-33
in the tissue (Figure 2B) (113). In addition, the same parasite
releases extracellular vesicles that target expression of ST2, the
IL-33 receptor, and are able to dampen the ILC2 response to
Alternaria alternata fungal allergen challenge in vivo (114). Many
helminths, H. polygyrus included, further modulate the adaptive
immune system by promoting regulatory population such as
regulatory T cells (115); with the recent description of IL-10-
producing regulatory ILCs (116), it will be interesting to establish
if some parasite species can dampen host immunity through
immunosuppressive cells of the innate, as well as the adaptive,
immune system.

CONCLUSION

ILC2s are clearly an inherent feature of the immune response to
helminth infection, and in all probability their evolution has been
driven by the threat of parasites. While in experimental model
systems they are not always found to be essential, they are often
center stage, particularly in the early phases of infection of each
helminth system so far analyzed. They also form an important
conceptual and mechanistic link with the allergic response that
will allow us to understand in more detail the genesis and control
of allergic disorders. In this respect, a much fuller analysis of
ILC biology and function in the human type 2 response, both in
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helminth infections and allergy, is eagerly awaited. Finally, the
question remains to be answered of whether we can design new
interventions, ideally vaccines, which take advantage of the ILC2
phenotype to promote protective immunity against helminth
parasites and to control and remove the enormous burden of
worm infections across the world.
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Acute kidney injury (AKI) can be fatal and is a well-defined risk factor for the development
of chronic kidney disease. Group 2 innate lymphoid cells (ILC2s) are innate producers of
type-2 cytokines and are critical regulators of homeostasis in peripheral organs. However,
our knowledge of their function in the kidney is relatively limited. Recent evidence
suggests that increasing ILC2 numbers by systemic administration of recombinant
interleukin (IL)-25 or IL-33 protects against renal injury. Whilst ILC2s can be induced
to protect against ischemic- or chemical-induced AKI, the impact of ILC2 deficiency or
depletion on the severity of renal injury is unknown. Firstly, the phenotype and location
of ILC2s in the kidney was assessed under homeostatic conditions. Kidney ILC2s
constitutively expressed high levels of IL-5 and were located in close proximity to the
renal vasculature. To test the functional role of ILC2s in the kidney, an experimental model
of renal ischemia-reperfusion injury (IRI) was used and the severity of injury was assessed
in wild-type, ILC2-reduced, ILC2-deficient, and ILC2-depleted mice. Surprisingly, there
were no differences in histopathology, collagen deposition or mRBNA expression of
injury-associated (Lcn2), inflammatory (Cxcl1, Cxcl2, and Tnf) or extracellular matrix
(Col1al, Fn1) factors following IRI in the absence of ILC2s. These data suggest
the absence of ILC2s does not alter the severity of renal injury, suggesting possible
redundancy. Therefore, other mechanisms of type 2-mediated immune cell activation
likely compensate in the absence of ILC2s. Hence, a loss of ILC2s is unlikely to increase
susceptibility to, or severity of AKI.

Keywords: ILC2, group 2 innate lymphoid cell, IL-5, IL-13, kidney, renal, IRI, ischemia-reperfusion injury

INTRODUCTION

Acute kidney injury (AKI) and its associated pathologies have profound effects on human health
(1). A common cause of AKI is renal ischemia, which primarily affects the tubular epithelium
due to the high mitochondrial density and metabolic activity in these cells (2); reviewed in
Devarajan (3) and Bonventre and Yang (4). Acute tubular necrosis impairs waste excretion, alters
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water and electrolyte imbalance, and causes robust inflammatory
responses; reviewed in Bonventre and Yang (4). Influx of
neutrophils and monocytes contributes to the injury, however
other innate immune cells can facilitate the return to homeostasis
(5); reviewed in Friedewald and Rabb (6). Innate lymphoid cells
(ILCs) are a recent addition to this family and are categorized into
3 groups based on the transcription factors that are required for
their development and by the effector cytokines they produce (7).
Group 2 ILCs (ILC2s) are potent producers of type 2 cytokines,
predominantly interleukin (IL)-5 and IL-13 (8, 9). These cells
also promote tissue recovery following insult in multiple organs
and have diverse functions in vivo (10). For example, following
respiratory viral infection with influenza virus, ILC2s co-
ordinate repair of the airway epithelium by producing the
growth factor amphiregulin (AREG) (11). More recently, ILC2s
have been investigated in models of renal injury including
ischemia-reperfusion injury (IRI), and nephrotoxic chemical-
induced injury with doxorubicin or cisplatin (12-16). Renal IRI
is typically achieved by temporarily restricting blood flow to
the kidney for 20-30 min, modeling trauma from transplant or
surgical intervention (17-21). Collectively, these studies show
that in vivo administration of recombinant mouse cytokines that
activate ILC2s, namely IL-25 or IL-33, is sufficient to reduce
the severity of tubular epithelial cell injury (12-16). Similar
results have been achieved with adoptive transfer of ex vivo
activated ILC2s (12, 15). Whilst ILC2s can be artificially induced
to proliferate and protect against the deleterious consequences of
experimental renal injury, the impact of ILC2-deficiency remains
incompletely understood. Indeed, other immune cells, which
have complex interactions with the ILC2s such as regulatory
T cells (Treg) and alternatively activated macrophages (AAM;
also known as M2) are critical for this renoprotective effect
(22-25). In this study, we sought to further characterize ILC2s
in the kidney, their location within this organ and determine
their functional role in IRI using a loss-of-function approach.
Here, we found that kidney ILC2s constitutively express IL-
5 and are primarily located in close proximity to the renal
vasculature, within the adventitia. Additionally, we demonstrate
that a reduction, deficiency or depletion of ILC2s had minimal
impact on the severity of IRI. Whilst activation of ILC2s and
the associated amplification of local type 2 immunity has been
previously shown to reduce the deleterious consequences of
AKI, our results reveal that comparable injury occurs in the
absence of ILC2s, suggesting that ILC2s may be redundant in
IRI when other compensatory immune cells such as T cells
are present.

MATERIALS AND METHODS

Mice
Eight to twelve week-old male wild-type (WT; C57BL/6]JAusb),
vehicle (saline-treated  Icosd"/tCd4<re/+),  ILC2-reduced

(Rorall/*+[17rr¢/+), ILC2-deficient (RoraV/R1i7rcre/+), ILC2-
depleted (Diptheria toxoid-treated [DTx] Icosqir/4+ Cddcre/+),
and IL-5/IL-13 dual reporter mice (I[5V¢"us/ [j]3td—tomato/+)
mice were obtained from Australian Bioresources (Moss Vale,
Australia). J[5td—tomatoCre; R6a06-CAG-REP reporter-tracker

mice were obtained from Jackson Labs (ref# 030926 and 007914).
All mice that underwent surgery were housed under specific
pathogen free, physical containment 2 conditions, in individually
ventilated cages. Mice were exposed to normal room air within
a sterilized environment during surgery. Mice were allowed 1
week to acclimatize before experiments were started and were
maintained on a 12-h day/night cycle with access to standard
laboratory chow and water ad libitum.

Flow Cytometry and t-SNE Analysis

Kidneys and lungs were collected from reporter mice. Single-cell
suspensions were prepared as described in “Preparation of
single-cell suspensions from mouse lung with Collagenase D
treatment” (Miltenyi Biotec GmbH, 2008; Bergisch Gladbach,
Germany). Cells were blocked with Fc block (purified anti-
mouse CD16/32; Biolegend, San Diego, USA) for 30 min and
stained with fluorescently-conjugated antibodies against target
cell surface antigens (Supplementary Table 1). Staining and
washing steps were performed with BSA stain buffer (BD
Biosciences, North Ryde, Australia). Samples were acquired on
a BD LSR Fortessa X20 flow cytometer. Flow cytometry data
were analyzed using FlowJo v10.5.3 (Tree Star, Ashland, USA).
The t-distributed stochastic neighbor embedding (t-SNE) was
performed on ILC2s (CD45" Lineage™ [TCR™[TCRaf~ TCRy8™
CD87CD4~]CD11b~ GR-17B220"TER-1197CD37NK-1.17]
IL7RatCD90.2+ST2+ FSCWSSClOW single cells). Using the
random down sampling plugin, the number of events in each
sample was normalized to equal the lowest, rounded down
to the nearest 10 events. All populations were combined into
one .fcs file by concatenating the down sampled populations.
The t-SNE analysis was performed on the concatenated sample
containing the gated populations from all kidney and lung
samples combined. For this, the compensated channels that were
not used for gating were assessed under the following t-SNE
settings: Iteration 1000, Perplexity 20, Eta 224. Histograms were
used to show the differential expression of cell surface antigens
and cytokines in the lung and kidney.

Immunofluorescence

II5td—tomatoCre; R5226-CAG-REP reporter-tracker mice were
euthanized and perfused intracardially with phosphate buffered
saline (PBS) and then 4% paraformaldehyde (PFA) in PBS.
Kidneys were removed and kept in fresh 4% PFA for 24h
at 4°C and then washed in PBS. Three hundred micrometer
sections were prepared using a vibratome. Subsequently, tissue
sections were incubated in permeabilization buffer (PBS/0.2%
Triton X-100/0.3M glycine) then blocked in PBS/0.2% Triton X-
100/5% donkey serum at 4°C overnight. Samples were washed
in PBS/0.2% Tween-20 once, then incubated with primary
antibodies diluted in PBS/0.2% Tween-20/3% donkey serum at
room temperature until the next day. Next, samples were washed
in PBS/0.2% Tween-20 for 30 min, 3-4 times, then incubated
with secondary antibodies diluted in PBS/0.2% Tween-20/3%
donkey serum at room temperature for 6-8h. Samples were
washed in PBS/0.2% Tween-20 for 1 day and then dehydrated
in an ascending ethanol series (20, 30, 50, 70, 95, 100%), 10 min
each step. Finally, kidney sections were cleared by soaking in
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methyl salicylate (M-2047; Sigma-Aldrich, Castle Hill, Australia)
and then mounted in fresh methyl salicylate onto a concave
coverslip or chamber. Images were captured with Nikon A1R
laser scanning confocal including 405, 488, 561, and 650 laser
lines for excitation and imaging with 16X/0.8 or 25X1.1, NA
Plan Apo long working distance water immersion objectives.
Z steps were acquired every 6pm. Images were processed
with Image] (NIH, Bethesda, MD, US) and Bitplane Imaris
software v8 (Andor Technology PLC, Belfast, N. Ireland). Surface
reconstructions of alpha smooth muscle actin-labeled blood
vessels were performed with Imaris and pseudocolored based
on their characteristic architecture and volume to visualize large
arteries and veins. The following antibodies and dilutions were
used: Living Colors anti-DsRed Rabbit Polyclonal Pan Antibody
(1:500; TaKaRa, Mountain View, USA), goat polyclonal anti-
alpha smooth muscle actin antibody (1:200; Abcam, Cambridge,
UK), eFluor 660 LYVE] monoclonal Antibody (1:300, clone
ALY7, eBioscience), armenian hamster anti-mouse CD3 antibody
(1:100, clone 145-2C11, Biolegend), Alexa Fluor® 488 donkey
anti-goat IgG (H+L), Alexa Fluor® 555 donkey anti-rabbit IgG
(H+L) Alexa Fluor® 647 goat anti-hamster IgG (H+L) cross-
adsorbed (1:400, ThermoFisher Scientific).

Unilateral Ischemia-Reperfusion Injury
Surgical anesthesia was induced by 4% isoflurane inhalation
and maintained with continuous 1-1.5% isoflurane inhalation
through a nose cone. Throughout the procedure, mice were kept
on a surgical platform maintained at 37 £ 1°C by a digital
thermostat-controlled heat mat. Nephrectomy of the right kidney
was performed in all animals. To induce unilateral ischemia the
vessels of the left kidney were clamped near the renal pedicle for
29-min using a non-traumatic sterile vascular clamp (Coherent
Scientific; Hilton, Australia) applying sufficient force to prevent
blood flow to and from the kidney without irreversible damage
to the vessels. Uniform and rapid reperfusion of the kidney was
observed after removing the vascular clamp in all mice. The
muscle and skin wounds were closed using a 5/0 vicryl suture
(Johnson & Johnson Medical, North Ryde, Australia), the skin
was then sealed using dermal adhesive (Provet, Charlestown,
Australia) to protect the wound and prevent infection. Control
animals were subjected to a sham operation with identical
anesthesia time and received only a contralateral nephrectomy.
For effective analgesia mice received 0.1 mg/kg of buprenorphine
subcutaneously 30 min prior to the operation and then 0.05-0.1
mg/kg every 8-12h, as required. Animals were typically weaned
off analgesia by 4 days post-surgery without any signs of pain
or distress as defined by facial characteristics using the standard
mouse grimace scale; as described (26). All mice survived to the
pre-determined endpoint.

Depletion of ILC2s in vivo

ILC2s were depleted in Icos3™/+ Cd4*/* mice by intraperitoneal
injection of 0.025 mg/kg of DTx (Sigma-Aldrich) as previously
described (27). DTx was administered 30 min prior to surgery
and daily thereafter until the endpoint. To confirm ILC2-
depletion, a subset of naive animals received DTx for 3
days. Control Icos"/*Cd4®/+ mice received intraperitoneal
saline injection.

Histology

Excised kidneys were immediately sectioned in half
longitudinally through the hilum. Half was fixed in 10%
buffered formalin, containing 4% formaldehyde for 24 h before
temporary storage in 10% ethanol, paraffin embedding, and
sectioning. Four micrometer, longitudinally cut sections were
stained with periodic acid-Schiff (PAS) and Masson’s trichrome.
Histopathology was quantified by visualizing dilation of tubules,
apoptosis or cast formation by a single blinded investigator using
a well-established semi-quantitative method (28), with minor
alterations as described (15). An average was taken of the score
from duplicate PAS stained sections from each animal. A score
of 0 = 0% of tubules were affected by the above histopathological
features; 1 = 1-10%; 2 = 11-25%; 3 = 26-50%; 4 = 51-75%; 5
= 76-100%. Collagen deposition was assessed using Masson’s
trichrome and collagen was identified as methyl blue content
between adjacent tubules.

RNA Extraction, Reverse Transcription,
and qPCR

Half of one kidney was retained for gene expression analysis.
The tissue was homogenized in 400 pl of PBS using a
TissueLyser LT™ (Qiagen, Chadstone Centre, Australia) through
50 oscillations per second for 2 min. Two hundred microliter
of the sample was removed for other analyses. One milliliter
of TRI Reagent® (Sigma-Aldrich) was added to the remaining
200 pl of the sample, which received a further 50 oscillations
per second for 1-2 min until completely homogenized. Following
5min of incubation at room temperature and centrifugation
at 12,000x g for 10min, the supernatant was extracted and
vortexed with 250 pl of chloroform (Sigma-Aldrich). After
incubating for 10 min at room temperature and centrifugation
at 12,000x g for 15min, the supernatant was extracted and
vortexed with 500 pl of 70% isopropanol (Sigma-Aldrich). The
sample was incubated again for 10min at room temperature
then was centrifuged at 12,000x g for 10 min. The supernatant
was discarded without disrupting the RNA-rich pellet. The
pellet was washed twice with 1 ml of 75% RNA-grade ethanol
(Sigma-Aldrich), centrifuged at 10,000x g for 5min and the
supernatant was discarded each time. The pellet was air-dried at
room-temperature briefly before re-suspending in 80-100 1 of
UltraPure™ DNase/RNase-free double distilled water (ddH,O;
Thermo-Fisher Scientific) and was then stored at —80°C
prior to reverse transcription. Immediately prior to reverse
transcription, RNA yield was determined by spectrophotometric
assessment using a Nanodrop2000™ (Thermo-Fisher Scientific).
Five microliter of each sample was diluted in ddH,O such that
1,000 ng of RNA was loaded per sample. Following DNAse
(Sigma-Aldrich) treatment, cDNA was generated using the M-
MLV (Thermo-Fisher Scientific, North Ryde, Australia) enzyme
standard operating procedures using a T100™ thermal cycler
(BioRad Laboratories, Gladesville, Australia). Using SYBR based
methodology, qPCR was performed using CFX384 Touch™
(BioRad Laboratories) as per standard operating procedures.
Each primer set was gradient tested to determine the optimal
temperature for amplification (Supplementary Table 2). Cycle
quantification was interpreted using regression for each target,
gene expression was normalized relative to hypoxanthine
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guanine phosphoribosyl transferase (Hprt). Melt curves were
assessed for signs of primer dimerization and non-specific
amplification. On every plate, at least one negative control
and no-template control was used for each target to ensure
contamination was not present within each master mix or the
ddH,O used.

RT2 Profiler Array

RT> Profiler™ PCR Array Mouse Extracellular Matrix
& Adhesion Molecules (Qiagen) was performed as per
manufacturer’s instructions and data was uploaded then
analyzed by the online tool, available from: https://dataanalysis.
qiagen.com/pcr/arrayanalysis.php. This array allows profiling of
84 genes in a maximum of 4 samples, therefore, equal amounts
of ¢cDNA for each replicate in a group were pooled from WT
mice on day 1, 3, or 7 following IRI, and sham pooled from each
replicate from each of these timepoints. For each target, the fold
change following IRI was compared to sham expression.

Statistical Analysis

All data were analyzed with Graphpad Prism software v8.02
using non-parametric unpaired ¢-tests (Mann-Whitney U-test).
P < 0.05 was set as threshold for determining statistically
significant differences. *P < 0.05, ™ not significant. All data are
expressed as mean £ SEM. In each analysis there were n = 4-8
replicates per group and results were representative of at least two
experiments. Sample size for each experiment is described in the
corresponding figure legend.

RESULTS

Renal ILC2s Constitutively Express IL-5
and Are Localized to the Renal Vasculature

Under Homeostatic Conditions

A detailed analysis of renal ILC2 phenotype and location
under homeostatic conditions was performed. There
were  significantly ~more ILC2s  (CD45"Lineage™ IL-
7RaTCD90.2+ST2TFSCIOWSSClO™ single cells), in the kidney
compared to the lung when represented as a percentage of total
CD45™" single cells (Figure 1A; Supplementary Figures 1A, B).
t-SNE analysis of kidney and lung ILC2s showed unique
clustering, although these clusters were not entirely distinct from
one another (Figure 1B). However, kidney ILC2s had markedly
lower expression of CD25, consistent expression of ICOS and
KLRG1, but higher expression of IL-5 compared to lung ILC2s
(Figure 1C). Kidney ILC2s had higher constitutive expression
of IL-5 than IL-13 (Figure 1D; Supplementary Figures 1C, D).
ILC2s were determined to be the major IL-5 producing cell
type in the kidney, with a negligible contribution from T helper
type-2 (Tu2) cells (Figure 1E, Supplementary Figures 1E, F).
Therefore, IL-5 was used as a surrogate marker to identify the
location of ILC2s within the mouse kidney, as has been described
for multiple peripheral organs (29-31). This was achieved by
utilizing mice that express an IL-5 linked cre-recombinase
crossed to a Rosa-tdtomato lineage tracker (30, 31). IL-57 cells
(predominantly ILC2s) were found throughout the kidney, but
were primarily localized to the major vasculature, as visualized
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FIGURE 1 | ILC2s are present in the kidney and have a unique signature
compared to lung ILC2s. (A) ILC2s (CD45% Lineage™ [TCR™[TCRap~
TCRy3~CD8~CD4~]CD11b~GR-17B220~ TER-119~CD3~ NK-1.17]IL-
7RaCDY0.2+ST2+FSCIOWSSCIOW single cells) in kidney and lung single cell
suspensions from naive /15VeNUs/+j7 gtd—tomato/+ mijce n = 8. (B)
Comparison of lung and kidney ILC2s by t-distributed stochastic neighbor
embedding (t-SNE) analysis based on the cell surface antigens CD25, ICOS,
KLRG1, and the type 2 effector cytokines IL-5 and IL-13. (C) Differential
expression of ILC2-associated cell surface antigens and type 2 effector
cytokines. (D) Percentage of IL-57 and IL-13% renal ILC2s. (E) Proportions of
CD45TCD19~CD11b~CD49b~CD90.2+IL-5% single cells which were
consistent with ILC2s (CD3~CD4~) and Tiy2s (CD3+CD4¥) in kidney single
cell suspensions from /i5td—tomatoCre. Rosa-CAG-RFP mice, n = 8. All data
are expressed as mean +£SEM. ‘P <005 by Mann-Whitney U-test.

with alpha smooth muscle actin (a-SMA) positive staining
(Figure 2A; Supplementary Figures 2A, B), consistent with
our recent report (29). ILC2s were found to be associated
with both interlobular and arcuate renal vessels in the cortex
and medullary regions, as shown by lymphatic endothelial
hyaluronan receptor-1 (LYVE1) expression (Figure 2B).
Further imaging demonstrated that very few of the CD3™ cells
(predominantly Ty2 cells) contributed to the endogenous IL-5
signal (Figure 2C). ILC2s were identified in the adventitia of
the vessel using pseudocolored surface reconstructions of the
arterial a-SMA.

Reduction, Deficiency, or Depletion of
ILC2s Does Not Alter the Severity of
Experimental Renal Ischemia-Reperfusion
Injury in Mice

Given ILC2s were present in the kidney and localized to the
renal vasculature, the impact of ILC2 reduction, deficiency or

depletion on the severity of experimental renal IRI was assessed.
This was achieved by using ILC2-reduced (Roral/*I17rere/*),
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FIGURE 2 | Kidney ILC2s are localized around the vasculature under homeostatic conditions. Kidney sections from Ji5td—tomatoCre. Rosa-CAG-RFP mice were

stained for IL-5F cells (predominantly ILC2s), the IL-5% pixel surface area was increased to improve clarity, tissue sections were co-stained for a-SMA for structure

determination. (A) Gross structure of the kidney, ILC2s were located in close proximity to the renal vessels throughout the tissue. (B) A magnified view of a vessel
(Continued)
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partial co-localization from adjacent cells.

FIGURE 2 | spanning regions of the kidney with the addition of DAPI; LYVE1 staining indicates lymphatics which track vasculature in the cortex, ILC2s displayed no
preference toward medullary or cortical vessels. (C) CD3* cells (predominantly T2 cells) contributed negligible IL-57 signal. Background and arterial a-SMA staining
demonstrates ILC2s and T2 cells are located in the adventitia of the vessel. Blue arrows indicate IL-5 and CD3 co-localization in the same cell, yellow arrows indicate

-deficient (RoraV/f117rre/*) and -depleted (DTx-treated
Icos3/+Cda¢/+) mice compared to WT and vehicle (saline-
treated Icosd/tCd4e/+) controls. These mice have been
previously described as appropriate tools for assessing ILC2
function in vivo in other organs such as the lung (27, 32). Here
we show that these tools are also appropriate for assessing ILC2
function in the kidney. Indeed, kidney ILC2s were significantly
lower in the ILC2-reduced, -deficient, and -depleted groups
compared to WT or saline-treated controls (Figure 3A). Time
course analysis of IRI in wild-type mice identified day 7 as
the most appropriate time point for the assessment of injury
severity due to the presence of histopathological features of
acute tubular necrosis, collagen deposition and increased
mRNA expression of extracellular matrix, injury-associated,
and inflammatory factors (Supplementary Figures 3, 4). At day
7, 25/84 extracellular matrix factors were increased >2-fold
compared to sham controls, whilst 1/84 and 6/84 were increased
at day 1 and 3, respectively (Supplementary Figure 4A). IRI
induced acute tubular necrosis characterized by dilated tubules
and cast formation, compared to sham controls (Figure 3B,
Supplementary Figures 3A,4B). This was quantified as a
tubular injury score and the severity of injury was similar in all
genotypes (Figure 3C). IRI also induced collagen deposition,
marked by methyl blue content between the tubules in the
medulla and cortex, compared to sham controls (Figure 3D;
Supplementary Figure 3B). Collagen deposition was unaffected
by the absence of ILC2s. IRI also increased the mRNA expression
of injury-associated factors, chemokines, and pro-inflammatory
cytokines  (Figures 3E-J,  Supplementary Figures 4C-K).
Neutrophil gelatinase-associated lipocalin, (Lcn2; NGAL),
a biomarker of renal injury (33, 34), was increased by IRI
and unaffected by ILC2 reduction, deficiency, or depletion
(Figure 3E). C-X-C motif chemokine ligand 1 (Cxcll) and
Cxcl2 were also significantly increased by IRI in all genotypes
(Figures 3E,G). Similarly, the pro-inflammatory cytokine
tumor necrosis factor (Tnf) was increased by IRI, compared
to sham controls (Figure 3H). Consistent with visible collagen
deposition, mRNA expression of the extracellular matrix factors
collagen type I alpha 1 chain (Collal), and fibronectin 1 (Fnl)
were increased by IRI in all genotypes (Figures 3L])).

DISCUSSION

ILC2s are critical regulators of tissue homeostasis, but their role
in the kidney remains to be fully elucidated. Whilst ILC2s can
be induced to proliferate and protect against the deleterious
consequences of experimental renal injury, it is not yet known
what occurs in the absence of these cells. We first examined
whether ILC2 numbers, as a proportion of CD45™ hematopoietic
cells, are different in lung and kidney. ILC2s accounted for a

greater proportion of CD45% cells in the kidney than in the
lung. t-SNE analysis grouped ILC2s from both sites differently,
however the clusters were not entirely distinct between these
tissues. There were differences in their cell surface antigen and
type 2 cytokine expression, with kidney ILC2s expressing greater
amounts of IL-5. Indeed, kidney ILC2s constitutively expressed
high levels of IL-5 under homeostatic conditions. ILC2s were
also the major source of IL-5 in the kidney, with negligible
contribution from Ty2 cells. Therefore, IL-5 was used as a
surrogate marker to determine the location of these cells in
the kidney. ILC2s were identified within the kidney and were
localized almost exclusively along the renal vasculature. In these
studies, an IL-5 linked cre-recombinase was used in conjunction
with a flox-stop-flox sequence upstream of a CAG-RFP-WPRE-
cassette in the constitutively expressed ROSA26 locus to locate
the ILC2s. LYVEIL, which is expressed by renal lymphatic
endothelial cells, was used to further define the location of these
cells within the mouse kidney (35). As expected, LYVEI staining
was embedded within the connective tissue of renal arteries of the
cortex, but not within the medulla since no discernable lymphatic
network exists in this region of the kidney (35-37). Presumably
ILC2s are situated close to the vascular as renal endothelial cells
are a major source of IL-33 in the kidney (38, 39). Confirming
our observation by FACS of single cell kidney suspensions, ILC2s
were again found to be the major producers of IL-5 in kidney
tissue sections, with minimal contribution from CD3" T cells.
Whilst these studies show the location of ILC2s in the kidney
using reporter mice, it remains to be determined if ILC2s are
also located adjacent to the vasculature in the human kidney,
and whether the location of ILC2s is altered in response to renal
injury. Although multiple reports have found ILC2 numbers are
unchanged by renal injury, their phenotype and activation state
following injury requires further elucidation (12-16). Next, we
characterized the functional role of ILC2s in the kidney using a
loss-of-function approach. To achieve this, we took advantage
of ILC2-reduced and -deficient mice, and mice that can be
conditionally depleted of ILC2s following the administration of
DTx (27). We validated the use of these tools for knockdown
or ablation of ILC2s in the kidney. An experimental model
of IRI was chosen, given the proximity of ILC2s to the renal
vasculature. Although features of injury were visibly evident
following IRI, a reduction, deficiency, or depletion in ILC2s
did not alter gross histopathology in the kidney, nor did it
cause mortality. Indeed, IRI-induced remodeling and collagen
deposition occurred independent of ILC2s. Whilst it is possible
that an earlier time point following injury may have identified
differences in histopathology and gene expression, the time point
in our study also allowed assessment of collagen deposition, an
important feature of remodeling that is regulated by ILC2s (16,
32, 40-44). It is also plausible that a reduction in ILC2s during
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of injury (Lcn2), inflammatory (Cxcl1, Cxcl2, and Tnf), and extracellular matrix (Col7a? and Fn1) factors in kidney homogenates relative to Hprt. Scale bar in each
image indicates 100 wm. All data are expressed as mean 4+ SEM. *P < 0.05, " not significant; by Mann-Whitney U-test.

AKI could be detrimental to kidney structure and function, when
assessed at later time points due to potential maladaptive repair
responses in the absence of ILC2s. To address this, future studies
will need to investigate the role of ILC2s in the progression of
AKI to chronic kidney disease (45, 46).

Collectively, this study demonstrates that a reduction,
deficiency or depletion in ILC2s does not alter the severity
of experimental AKI in mice. Whilst activation of ILC2s and
the associated amplification of local type 2 immunity has been
previously shown to reduce the deleterious consequences of AKI,

comparable injury occurs when ILC2s are reduced, absent or
depleted suggesting possible redundancy and compensation by
other immune cells, such as Treg, AAM, and Ty2 cells. This
concept is supported by studies using Ragl’/ ~ or RagZ’/ -
mice that lack mature T and B cells, in models of kidney
injury (13, 15, 47, 48). In one study, anti-CD90.2 administration
was used to deplete ILC2s, however these animals were also
deficient in Treg and Ty2 cells (15). In this model system,
despite the depletion of ILC2s with anti-CD90.2, compensation
from the T cell compartment is not possible. Our data show
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that a loss of ILC2s, when the T cell compartment remains
intact, has minimal effects on the severity of IRI. Our data
supports the concept that the ILC2s in addition to other immune
cells, such as Treg and AAM, contribute to AKI. Indeed, Treg
depletion worsened histopathology following IRI (15). Similarly,
macrophage polarization toward AAM promotes the resolution
of injury (5, 12, 46, 49, 50). Further studies are required to
elucidate the reason for the presence of ILC2s in the kidney,
including ascending urinary tract infections and other renal
insults as well as in progression to chronic disease.
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Innate lymphoid cells (ILCs) are innate counterparts of T cells that contribute to immune
responses by secreting effector cytokines and regulating the functions of other innate
and adaptive immune cells. ILCs carry out some unique functions but share some tasks
with T cells. ILCs are present in lymphoid and non-lymphoid organs and are particularly
abundant at the mucosal barriers, where they are exposed to allergens, commensal
microbes, and pathogens. The impact of ILCs in mucosal immune responses has been
extensively investigated in the gastrointestinal and respiratory tracts, as well as in the
oral cavity. Here we review the state-of-the-art knowledge of ILC functions in infections,
allergy and autoimmune disorders of the mucosal barriers.

Keywords: ILCs, NK cells, mucosal infections, COPD, IBD - Inflammatory bowel diseases, allergy and asthma

INTRODUCTION

ILCs are a family of lymphocytes comprising the innate counterparts of T cells. They are poised
to secrete cytokines that respond swiftly to pathogenic tissue damage and shape subsequent
adaptive immunity (1). While lacking antigen-specific receptors, ILCs detect changes in the
microenvironment through receptors for cytokines that are released upon tissue damage, as well
as a broad range of receptors for nutrient components, microbial products, lipid mediators, and
neuronal transmitters. Found in both lymphoid and non-lymphoid tissues, ILCs are primarily
tissue resident cells and are particularly abundant at the mucosal surfaces of the intestine and
lung, whereas they are extremely rare in peripheral blood (2, 3). Based on the signature cytokines
they produce, their phenotype, and their developmental pathways, ILCs are divided into three
major groups: ILCls, ILC2s, and ILC3s. Two additional immune cell types, NK cells and lymphoid
tissue inducer (LTi) cells, are generally included in the ILC family because their phenotypic,
developmental and functional properties overlap considerably with those of ILC1s and ILC3s,
respectively (4).

ILCl1s secrete IFN-y in response to IL-12, IL-15, and IL-18. IFN-y promotes the ability of
macrophages and DCs to eliminate intracellular bacteria and to present antigens by inducing
expression of MHC and adhesion molecules. The features and functions typical of ILC1s largely
overlap with those of NK cells, which also produce IFN-y. In mice, ILCls and NK cells both
express NKp46 and NKI1.1: in humans, both cell types express CD56 and NKp46 (5). A subset
of human ILCls that lacks CD56 and expresses CD127 has also been reported (6). In both humans
and mice, ILCls express markers of tissue residency, such as CD49a and CD103, as well as tissue
retention, like CD69, whereas NK cells express markers indicative of recirculation through blood,
including CD62L, CCR7, and S1PR (4, 7). Based on higher expression of perforin and granzymes,
NK cells have more cytolytic potential than do ILC1s (4, 8). ILC1s can kill target cells through the
cell death-inducing molecule TRAIL. In mice, the differentiation of ILC1s requires the transcription
factors Hobit and T-bet, whereas NK cells rely on T-bet and Eomes (9-11). However, the expression
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of these transcription factors in human ILCls and NK cells
does not follow the clear pattern seen in mice. In fact, while
human intraepithelial ILC1s express Eomes (5, 12), human
hepatic NK cells do not (13), Moreover, differential expression of
Eomes during distinct developmental stages of NK cells has been
observed (14).

ILC2s, the innate counterparts of Th2, secrete type-2 cytokines
such as IL-5, IL-9, IL-13, and amphiregulin in response to TSLP,
IL-25, and IL-33. IL-13 plays crucial roles in the expulsion
of helminths. Moreover, IL-13 and amphiregulin help repair
the tissue damage engendered by helminth and viral infections
(15-17). In humans, ILC2s express CRTH2, KLRGI, ST2, and
CD25 (18, 19). Although human and mouse ILC2s share many
surface markers, expression of CD44 and CD161 differs between
the two. Mouse ILC2s express CD44 but not CD161 whereas
human ILC2s invert this phenotype and express CD161 but not
CD44 (4, 20). ILC2 development depends on the transcription
factors GATA3, RORa, and TCF-1 in mice (21-23). GATA3 is
also required for maintenance of ILC2 number in vivo and its
effector function in mice (22, 24). Further, it was demonstrated
that GATA3 is required for activation of human ILC2s (25).
Although ILC2s are considered homogenous, they are classified
into two groups based on their responsiveness to IL-33 and IL-
25. IL-33 responsive ILC2s present in the steady state are called
natural ILC2s (nILC2), whereas IL-25 responsive ILC2s elicited
upon exposure to IL-25 or helminth infection are referred to
as inflammatory ILC2s (iILC2) (26, 27). nILC2s are demarcated
by elevated expression of Thyl and ST2 along with relatively
little KLRG1; in comparison, ilLC2s express more KLRGI,
less Thyl and almost no ST2 on the cell surface (26, 27).
Another subpopulation of ILC2s that produce IL-10 (ILC2;)
has also been identified (28). ILC2;y can be induced by IL-
33 or papain and are transcriptionally distinct; moreover this
population undergoes contraction when the stimulus is removed
and the few remaining ILC2;¢ can be promptly activated upon
restimulation (28).

Because ILC3s produce IL-22 and IL-17 in response to IL-
23 and IL-1, they are considered the innate counterparts of
Th17. IL-22 stimulates the secretion of antimicrobial peptides
by epithelial cells and mucus production by goblet cells, thereby
supporting barrier integrity in the intestine (Figure 1) (29-31).
Moreover, it promotes the differentiation of epithelial cells from
intestinal stem cells (32). IL-17 promotes granulopoiesis and
the secretion of neutrophil chemoattractant (33). ILC3s also
produce additional cytokines such as IL-26 (in humans), GM-
CSF and TNF-a (34, 35). GM-CSF sustains the generation and
survival of myeloid cells, like gut DCs, that promote generation of
tolerogenic commensal-specific T cells (35). The differentiation
of ILC3s is driven by the transcription factors RORyt and AHR
(36, 37). Like ILC3s, LTi are dependent on RORyt and secrete
IL-22 and IL-17. In the embryo, LTi drive the development of
secondary lymphoid organs, including lymph nodes and Peyer’s
patches, through the expression of lymphotoxin (LT) that engages
LTP receptor on stromal organizer cells. In the adult, LTi cells
cluster to form intestinal cryptopatches, which expand into B
cell-rich isolated lymphoid follicles (37-40). In humans, ILC3s
express NKp44, CD127, c-Kit, and CCR6. In mice, ILC3s express

also CD127, c-Kit, but include CCR6TNKp46~ LTi as well as
CCR6™NKp46~ and CCR6"NKp46™ subsets.

Since ILCs mainly populate mucosal sites, this review focuses
on how these cells typically contribute to maintenance of barrier
integrity and protection against various pathogenic challenges,
as well as their propensity to promote allergic and autoimmune
diseases when inappropriately stimulated. We individually
review the impact of ILCs in the respiratory and gastrointestinal
tracts as well as the oral mucosa and discuss potential targeting of
ILCs for therapeutic intervention in human diseases.

ILCs IN THE RESPIRATORY TRACT
MUCOSA AND LUNGS

ILCs are present throughout all segments of the respiratory
tract. While ILC2s are the predominant ILC population in mice,
ILC3s dominate the human respiratory tract (2, 41). However,
the composition and functions of ILC subsets dynamically
change during experimental mice models of pathology and
human diseases.

ILCs IN RESPIRATORY INFECTIONS

Experiments in mice have shown that ILC2s promote epithelial
and goblet cell proliferation and mucus production in the
HINI1 influenza virus infection model through secretion of
amphiregulin and IL-13 (15). These ILC2 functions contribute
to restore lung epithelial integrity. Accordingly, antibody-
mediated depletion of ILC2s compromised lung function during
HINI influenza infection. However, a study by Chang et al.
demonstrated that ILC2s play a pathogenic role through IL-13
production in the H3N1 influenza infection model that induces
airway hyper-reactivity, a cardinal feature of asthma (42). H3N1-
induced airway hyper-reactivity was attenuated in 11137/~ mice,
whereas adoptive transfer of ILC2s restored this response (42).
The reason for this discrepancy in the impact of ILC2s is yet to
be deciphered; perhaps the differential virulence of the HIN1 and
H3NI1 viral strains used in these models is responsible. ILC2s also
provide defense against helminth infection of the lung through
the production of IL-9, IL-13, and amphiregulin (Figure 1) (16,
17, 43). A recent study by Huang et al. demonstrated that the
KLRG1M ST2~ ILC2s that protect the lung from helminth-
induced tissue damage originate in the intestine and migrate
from the intestine to the lung during infection (17).

NK cells and ILC1s contribute to immune responses against
viruses through secretion of IFN-y (Figure 1). NK cells play dual
roles during influenza infection. Increased virus accumulation
in the lung was observed in the absence of NK cells (44-46).
However, depletion of NK cells rendered mice more resistant
and able to survive severe influenza infection (47). Furthermore,
adoptive transfer of NK cells obtained from influenza-infected
lungs into mice newly infected with influenza exacerbated the
disease (47). ILCls protect from Sendai virus and influenza
infection by robust secretion of IFN-y in experimental models
(48). Beneficial roles for NK cells, ILC1s and ILC2s have been
demonstrated in other mouse models of lung viral infections,
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FIGURE 1 | Role of ILCs in different mucosae. Different ILC subsets play beneficial and detrimental roles in different mucosae: protection against various infections,
tolerance against innocuous antigens, induction of allergy, IBD, and cancer. NK cells and ILC1s block viral and intracellular bacterial infections by secreting IFN-y.
However, ILC1s promote COPD and IBD in respiratory and intestinal mucosa, respectively. ILC2s contribute to worm expulsion and tissue repair in both respiratory
and intestinal mucosa during helminth infection. Further, these cells repair viral induced lung injury by secreting amphiregulin. On the other hand, ILC2s promote
allergic inflammation in lung and nasal polyps. ILC3s play dual role in both respiratory and intestinal mucosa. These cells confer protection against extracellular
bacterial infection by secreting IL-22 which induces production of anti-microbial peptides by epithelial cells. ILC3s block oral fungal infection in an IL-17-dependent
manner. These cells also promote tolerance against commensal and dietary antigens through MHC-II mediated antigen presentation. However, inappropriate
activation of ILC3s can play a detrimental role by instigating allergy in the respiratory mucosa, as well as IBD and cancer in the intestinal mucosa.
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such as rhinovirus (49, 50) and respiratory syncytial virus (RSV)
(49, 51). Finally, ILC3s have also been implicated in lung
infections and inflammation. Lung ILC3s play a protective role
in S. pneumonia infected mice through secretion of IL-17 and IL-
22 (Figure 1) (52). Despite the abundance of studies in mouse
models, the role of ILCs in human respiratory infections is yet to
be deciphered (Table 1).

ILCs IN ASTHMA

Multiple studies concur that ILC2s play a pathogenic role during
lung allergy and inflammation (Figure 1) (73, 74). Mice lacking
ILCs, T cells, and B cells developed less airway inflammation than
did mice lacking only T cells and B cells in the papain-induced
eosinophilic asthma model (56, 75). Furthermore, adoptive
transfer of ILC2s was sufficient to induce airway inflammation
in the absence of B and T cells (75). ILC2s initiate allergic lung
inflammation by secreting IL-13, which promotes migration of
activated DCs to the draining lymph node where they prime
Th2 differentiation (56). Lung ILC2s promoted proliferation and
antibody production by B1 and B2 cells in vitro and contributed
to enhanced production of IgM in vivo in an experimental model
of polysaccharide-mediated nasal allergy (76). Moreover, ILC2s
acquired a memory-like phenotype after primary encounter with
allergen and more readily promoted allergic inflammation in the
lung upon secondary encounter with unrelated allergens than did
naive ILC2s (77).

In human, expansion of ILC2s and elevated type-2 cytokines
have been observed in a variety of patients with allergic
asthma (Table 1). Approximately twice as many ILC2s were

found in the peripheral blood of allergic asthmatic patients
than in healthy controls (60). In addition, ILC2s from allergic
asthmatic patients were hyper-responsive to IL-33 and IL-25 and
secreted significantly higher amounts of IL-5 and IL-13 than did
ILC2s from healthy controls (60). Smith et al. reported higher
percentages of ILC2s in the blood and sputum of prednisone-
dependent severe eosinophilic asthma patients than in the
blood of asymptomatic patients with steroid-naive mild atopic
asthma or healthy controls (78). Respiratory allergen challenge of
patients with allergic asthma elicited a sudden increase and rapid
activation of ILC2s primed to secrete IL-5 and IL-13 (79). Further
supporting a role for ILC2s in allergic asthma, the frequency of
ILC2s and the levels of IL-33 in the bronchoalveolar lavage (BAL)
of patients with allergic asthma were positively correlated with
severity of the disease (80). Likewise, the percentage of ILC2s
was higher in the peripheral blood of patients with eosinophilic
asthma and positively correlated with eosinophil counts in the
sputum (81). Similarly, the frequency of ILC2s was higher in the
blood and BAL of children with severe therapy-resistant asthma
than in children with recurrent lower respiratory tract infections
(82). Finally, an increase of ILC2s in the BAL of patients with
idiopathic pulmonary fibrosis has also been observed (83).

How other ILCs impact asthma is less clear. ILC3s have been
suggested to play a pathogenic role in asthma patients. Numbers
of IL-17-producing ILC3s in the human lung positively correlate
with severity of the disease (57). IL-22 production by ILC3s has
also been implicated in asthma pathogenesis, as asthma patients
have increased levels of IL-22 compared to healthy controls (84).
In mice, NK cells and ILCls that produce IFN-y inhibit ILC2
expansion and type-2 cytokine production (85, 86) and hence
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TABLE 1 | Role of ILCs in different mucosa of humans and mice.

Mucosa Host Cells
NK cells ILC1 ILC2 ILC3 References
Respiratory Infections Mouse Protects from viral infections. Repair the damage Blocks extracellular (45), (48), (15, 52)
induced by viral bacterial infections
infections
Human LLess number of ND ND ND (53)
peripheral NK cells
in influenza infected
patients
COPD Mouse NK cells are ILC2s converted Into ND ND (54, 55)
hyperactivated ILC1s
during COPD
Human Number increased in - ND Accumulated in the (40, 41, 54)
peripheral blood and lung tissues of
lung COPD
Allergy Mouse Inhibits allergic Unclear Promotes allergic Induce airway (56-58)
inflammation inflammation hyperinflammation
Human Unclear Unclear Increased ILC2 Increased ILC3 (57, 59, 60)
numbers in patients numbers in patients
with allergic asthma,  with allergic asthma
rhinosinusitis
Helminth Mouse Unclear ND Worm expulsion and ~ ND (16, 17)
infection tissue repair
Human Unclear ND ND ND
Intestinal Infection Mouse Blocks intracellular bacterial infection worm expulsion and  Blocks extracellular (39, 61-64)
tissue repair bacterial infection
Human ND ND ND ND
Homeostasis Mouse ND ND ND Maintain tissue (32, 35)
homeostasis
Human ND ND ND ND
IBD Mouse Unclear Promotes IBD ND Promotes IBD (5, 65, 66)
Human Unclear Accumulated in the ND Accumulated in the (5, 67)
inflamed gut inflamed gut
GVHD Mouse Promotes/inhibits ND Promotes barrier Promotes barrier (68-70)
integrity integrity
Human Unclear ND ND Reverse correlation (70, 71)
between the number
of ILC3 and disease
severity.
Oral Infection Mouse ND ND ND Blocks fungal (85, 72)
Infection and
promote tolerance
against dietary
antigens
Human ND ND ND ND

ND, Not defined.

might help control the disease. Consistent with this, depletion
of NK cells during the early stages of papain-induced lung
allergy in mice resulted in increased ILC2-mediated cytokine
production, which exacerbated pathology (58). Furthermore,
Han et al. demonstrated that IFN-y inhibits expansion of IL-13
producing ILC2s and attenuates the development of rhinovirus-
induced asthma pathology in baby mice (87). Altogether, these
studies suggest that ILC1s and NK cells attenuate the initiation
and progression of allergic inflammation in the lung in mouse
models. However, the role of NK cells in human allergic asthma

is unclear. A human study documented fewer NK cells in the
peripheral blood of severe asthma patients than in healthy
controls, as well as an enrichment of the CD56"8" NK cell
subset in the BAL of asthmatic patients, whereas no significant
difference in the frequency of ILC2s was detected in the blood
of controls, severe, and mild asthma patients (88). One report
described increased frequency of an unusual population of
NK cells that produces IL-4 rather than IFN-y in the blood
of asthmatic patients (89). In contrast, another study showed
that heightened IFN-y responses in the airways of patients
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were associated with severe asthma, which often involves mixed
granulocytic inflammation that includes neutrophils as well as
eosinophils (90). Supporting a role of IFN-y in initiation of
airway hyper responsiveness these authors showed that in a
mouse model mimicking human severe asthma IFN-y~/~ mice
failed to exhibit the symptoms of severe asthma as compared
to wild type controls (90). Further research in human patients
focusing on NK cells, ILCls, and ILC2s in both blood and
inflamed tissue might decipher how the balance between different
subsets of ILCs impacts asthma pathogenesis.

ILCs IN ALLERGIC RHINITIS

ILC2s have also been implicated in the pathogenesis of allergic
rhinitis. The frequency of ILC2s was elevated in nasal polyps
characteristic of chronic rhino-sinusitis and aspirin-exacerbated
respiratory disease and positively correlated with disease severity
(18, 41, 59, 91, 92). Recruitment of ILC2s to the nasal mucosa
upon a nasal mucosal challenge in subjects with allergic rhinitis
was demonstrated in human volunteers (93). TSLP produced
by epithelial cells and IL-4 produced by eosinophils induces
ILC2 activation and secretion of IL-4, IL-5, and IL-13; this
activates eosinophils and thereby elicits a positive feedback loop.
Disrupting this loop with anti-IL-5 antibodies was beneficial
for treating chronic rhino-sinusitis in humans (94, 95). More
ILC2s have been noted in the peripheral blood of allergic rhinitis
patients than in blood from healthy controls (96, 97). Moreover,
the response to house dust mite-specific immunotherapy
negatively correlated with ILC2 numbers; patients with a good
response to the allergen-specific immunotherapy had relatively
few ILC2s (97). Furthermore, subcutaneous allergen therapy
resulted in fewer circulating ILC2s in patients with allergic
rhinitis (98). In contrast, NK cells appear to play a beneficial role
in allergic rhinitis, as patients had fewer circulating CD56°"18ht
NK cells than did healthy controls (99).

ILCs IN CHRONIC OBSTRUCTIVE
PULMONARY DISEASE OF THE LUNG AND
CANCER

Chronic obstructive pulmonary disease (COPD) is a disorder
caused by cigarette smoke or long-term inhalation of noxious
gases, which damage the upper and lower airways, eventually
causing bronchitis and emphysema (100). Studies in mice and
humans have demonstrated that lung resident ILC2s acquire
an ILCI phenotype and secrete IFN-y during COPD (41, 54).
Furthermore, ILC1 numbers were increased in the peripheral
blood of patients with severe COPD (Table 1). Additionally, a
high ILC1-to-ILC2 ratio in the blood of COPD patients positively
correlated with severity of the disease (54). Shikhagaie et al.
reported significantly increased numbers of neuropilin™ ILC3s
in the lungs of patients with COPD, which were associated
with formation of ectopic lymphoid aggregates (40). Further
supporting a role for ILC3s in COPD, IL-17 was found to
accumulate in the lungs of COPD patients (101).

In contrast to their deleterious effect in COPD, ILCs may be
beneficial in lung cancer. ILC3s have been reported to congregate
in human non-small cell lung carcinoma tissues where they
may play a protective role by promoting the formation of
tertiary lymphoid structures (102). The role of NK cells in lung
cancer remains confusing, but should become more well-defined
as better reagents/methods to detect NK cells and relevant
activating and inhibiting receptors are developed and widely
used. An early study that employed CD57, which is not specific
for NK cells, found that the presence of tumor infiltrating
CD57" cells was associated with a better prognosis in patients
with primary squamous cell lung carcinoma (SCLC) (103). A
more recent study suggested that infiltration of CD16TCD56™
NK cells in the tumor periphery correlated with increased
survival time of patients with non-small-cell lung carcinoma
(NSCLC) (104). This study also noted that intra-tumoral NK
cells downregulated activating receptors, including NKG2D, and
upregulated the inhibitory receptor NKG2A in a mouse model
of metastatic human large cell lung cancer. Consistent with this,
Platonova et al. reported that intra-tumoral NK cells in NSCLC
patients have an altered phenotype, with decreased expression
of activating receptors such as NKp30, NKG2D, NKp80 and
increased expression of the inhibitory receptor NKG2A (105).
Along these lines, Carrega et al. found that most NK cells
infiltrating NSCLC were CD56"8" CD167; the intra-tumoral
NK cells had less cytotoxic potential than did NK cells in the
peripheral blood and lung, but retained the ability to secrete
IFN-y and TNF-a (106). However, Hodge et al. reported that
NK cells (as well as NKT, CD4" and CD8' T cells) isolated
from lung cancer tissue secreted less perforin, granzyme B,
IFN-y, TNF-a after stimulation than did NK, NKT, and T cells
isolated from healthy tissue (107). Finally, Christmas et al. found
that while the frequency of peripheral NK cells did not differ
between patients with NSCLC or SCLC and healthy controls, NK
cells isolated from cancer patients had diminished expression of
NKp46, CD25, and perforin A and were functionally impaired in
terms of cytoxicity and cytokine production (108). Collectively,
these studies suggest that the tumor microenvironment either
recruits NK cells with limited cytotoxic potential or, more likely,
directly alters the phenotype of NK cells in order to escape
from NK cell-mediated anti-tumor responses. Further research
in human patients is warranted to delineate the precise role of
ILCs in lung cancer.

THE IMPACT OF ILCs ON INTESTINAL
MUCOSA

ILC3s are the most abundant subset of ILCs in both the fetal and
adult human intestine (8). In contrast, the distribution pattern
of ILC1s and ILC2s changes during development. In the fetal
intestine ILC2s prevail over ILCls, whereas ILCls assume the
dominant role in the adult intestine (8, 18). ILCs are unevenly
distributed throughout the segments of the gastro-intestinal (GI)
tract. The upper GI tract, e.g., esophagus, is enriched with
ILCls, whereas the distal part of the ileum and colon are chiefly
populated by ILC3s (109).
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ILCs IN GASTROINTESTINAL TRACT
INFECTIONS

The role of ILCs in intestinal infection has been demonstrated in
various experimental models (Table 1); ILC3s participate in the
immune responses to Citrobacter rodentium, Clostridium difficile,
Salmonella enterica, Listeria monocytogenes, and Toxoplasma
gondii (10, 39, 63, 110-112). Further work has shown that
ILC3s restrict colonization of segmented filamentous bacteria
in the gut (113) and inhibit the invasion of Alcaligenes species
into Peyer’s patches (114). ILC3s counter bacterial infections
through secretion of IL-22, which stimulates epithelial cells to
produce antimicrobial peptides (Figure 1) (31). Furthermore, IL-
22 induces fucosyltransferase 2 expression in intestinal epithelial
cells, which promotes fucosylation of surface proteins that are
shed into the lumen. These fucosylated proteins release fucose,
which is metabolized by microbes as an energy source. Fucose
metabolism has been shown to suppress virulent gene expression
in commensal bacteria (115), and Goto et al. demonstrated that
the absence of epithelial cell fucosylation renders mice more
susceptible to Salmonella infection (62). IL-22 production is
mainly stimulated by IL-23 and IL-1p produced by inflammatory
monocytes, macrophages and DCs. TNF-like ligand 1A produced
by mononuclear phagocytes upon interaction with microbiota in
the gut also induces IL-22 production by ILC3s and promotes
healing of mucosal layer during DSS-induced acute colitis (116).

ILC1ls and NK cells help combat intracellular pathogens
such as T. gondii, L. monocytogenes, Salmonella typhimurium
and viruses through IFN-y production (10, 117, 118). ILCls
cooperate with ILC3s in providing protection against intestinal
C. difficile infection (112); accordingly, rapid infection and
death ensue in the absence of IFN-y and IL-22. By secreting
IL-5 and IL-13, ILC2s induce goblet cell differentiation and
mucus production that propels worm expulsion and protects
from tissue damage (61, 64, 119, 120). Finally, while most
studies have focused on bacterial infections, ILCs may also
impact intestinal viral infections. Studies in mice have shown a
protective role for ILC3s during rotavirus infections, in which
IL-22 synergizes with IFN-A in inducing STAT1 activation (121).
Recently, a cross-sectional study reported that the colons of HIV-
1 infected patients are enriched with NKp441ILCls that produce
IFN-y (122).

While the above studies support a critical role for ILCs
in maintaining barrier integrity that protects mice from a
variety of infections, one study has suggested that ILCs are
completely redundant. Vely et al. studied SCID patients following
allogeneic hematopoietic stem cell transplants that reconstituted
the T cell compartment but not the ILC compartment. These
patients did not manifest an increased risk of infections and
other complications (123). Further research in human subjects
addressing these issues is warranted.

ILCs IN AUTOIMMUNITY

ILCs have been extensively studied in intestinal autoimmune
disorders, particularly inflammatory bowel disease (IBD)

(Table 1). Crohn’s disease (CD) and ulcerative colitis (UC)
are the two main forms of IBD that affect distinct layers of
the gut wall and colonic mucosa. Although the mechanisms
underpinning IBD remain incompletely understood, immune
responses against commensal microbes in the intestine have
long been implicated. The role of ILC3s in IBD is unclear.
Several papers have proposed that ILC3s may contribute to
autoimmunity. IL-23, the key activator of ILC3s, has been
shown to drive colitis (124). Accumulation of ILC3s in inflamed
colons of Helicobacter hepaticus infected mice has been reported
(65). Moreover, mice either depleted of or genetically modified
to lack ILC3s were resistant to colitis (65). Similarly, IL-17-
producing ILC3s have been shown to drive colitis, whereas
administration of anti-IL-17 antibodies ameliorated disease
(125). ILC3s also drove intestinal inflammation and pathology
in the anti-CD40 model of innate colitis mice through secretion
of IL-22 and GM-CSF (66). In agreement with this study,
Pearson et al. demonstrated that ILC3-mediated production of
GM-CSF recruits inflammatory monocytes into the intestine,
which sustain intestinal inflammation (126). Corroborating
these findings in humans, IL-17-producing ILC3s have been
found to accumulate in the inflamed colons of patients with
CD (127). Other studies have proposed a tolerogenic role for
ILC3s during intestinal inflammation. ILC3s express MHC class
IT and can present commensal bacteria to T cells. However,
because they lack costimulatory molecules, ILC3s are unable
to elicit commensal-specific CD4" T cells and, in fact, induce
T cell tolerance and mitigate inflammation in mouse models
(128, 129). Consistent with this, unusually low expression of
MHC-II has been observed on colonic ILC3s from pediatric IBD
patients (128). A similar role for ILC3s in maintaining tolerance
against dietary and innocuous commensal antigens has also been
reported (35, 129, 130).

ILCl1s have also been implicated in human IBD (Table 1).
CDI127" lamina propria ILCls and CD127 intra-epithelial
ILCls amass in the inflamed intestine of CD patients (5, 8).
Interestingly, expansion of IFN-y producing cells with an NK cell
phenotype in the lamina propria of CD patients was accompanied
by a reciprocal decrease in IL-22 producing NKp44™ ILC3s
(131). Li et al. also observed that the frequency of ILCls
rises in the inflamed ileum of CD patients, whereas frequency
of ILC3s declines (132). The increase in ILC1 frequency
at the cost of ILC3s might be due to plasticity of ILC3s,
which transdifferentiate into ILCls under the influence of IL-
12 and/or IL-23 produced by myeloid cells (12). Increased
frequency of Lin~"CDI127% ILCls in the colons of patients
with IBD and primary sclerosing cholangitis has also been
observed. Furthermore, these authors have demonstrated that the
frequency of ILC1s drops in the blood of patients, suggesting that
ILC1s are recruited into the inflamed tissue (133).

ILC2s have also been implicated in intestinal inflammation.
Expansion of IL-13 producing ILC2s has been shown to play
a detrimental role in oxazolone-induced colitis (134). However,
expansion of amphiregulin-producing ILC2s has been shown
to contribute to tissue repair during DSS-induced colitis (135).
Thus, ILC2s may either promote or block intestinal pathogenesis,
depending on the disease setting. ILC2s have been noted
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in intestinal samples from CD patients (19). Interestingly,
these ILCs secreted IFN-y, reflecting the plasticity of ILC2s
during intestinal inflammation. Increased ILC2 frequency that
positively correlates with severity of the disease has been
observed in patients with eosinophilic oesophagitis (136). While
accumulation of ILCs in the intestine of CD patients has been
demonstrated, whether ILCs are involved in UC remains unclear.
In fact, Gwela et al. reported no difference in ILC frequencies
between UC patients and healthy controls (133).

In addition to autoimmunity, intestinal tissue damage can be
induced by chemotherapy and radiotherapy. In this case, ILC3s
help repair intestinal damage by secreting IL-22 (68, 137). During
graft-vs.-host disease (GVHD), which can occur in leukemic
patients after allogeneic hematopoietic stem cell transplant,
allogeneic T cells can attack and destroy ILC3s, thereby depleting
intestinal IL-22. In mice with acute GVHD, ILC3s secreted
significantly less IL-22, resulting in impaired epithelial functions
(Table 1) (68). Corroborating a role for ILC3s and ILC3-secreted
IL-22 in tissue repair and resolution of inflammation during
GVHD, fewer ILC3s were observed in patients with acute or
chronic GVHD than in patients that did not develop GVHD,
(71). Furthermore, recovery of gut homing CD69™ activated
ILC3s was associated with a lower incidence of GVHD (71).
Finally, infusion of donor ILC2s after bone marrow transplant
reduced the lethality of GVHD up to 70% and enhanced the
barrier function of the GI tract in an allogenic stem cell transplant
model (69). Altogether, these studies support a beneficial role for
ILC2s and ILC3s in prognosis of GVHD.

ILCs IN INTESTINAL CANCER

It has been known for long time that IBD patients have an
increased risk of intestinal cancer due to chronic inflammation

(138). Given that ILCs accumulate in the intestinal mucosa
during IBD, they could contribute to the inflammatory
environment and may play a pro-tumorigenic role. Indeed, the
key activator of ILC3s, IL-23, and the ILC3 effector cytokines
IL-17 and IL-22 are associated with both experimental and
clinical tumorigenesis (Figure 1) (139-142). In contrast to
ILC3s, NK cells and ILCls may have anti-tumorigenic effects
through secretion of IFN-y. A decreased frequency of NK
cells expressing NKp30, NKp46, and NKG2D paralleled by an
increased frequency of ILC2s was noted in the peripheral blood
of gastric cancer patients in comparison to healthy controls
(143). Similarly, serum levels of IFN-y in gastric cancer patients
were lower than those found in healthy donors (144, 145).
Although infiltration of NK cells into gastric cancer tissues is
scarce (146), the presence of intratumoral NK cells correlated
with a better prognosis (147). While these studies suggest that
ILCs are involved in the pathogenesis of intestinal cancer,
further studies in human patients is required to address their
exact role.

ILCs IN THE ORAL MUCOSA

Like the intestinal mucosa, the oral mucosa is populated
with commensal microflora and exposed to dietary antigens
and pathogens. Thus, ILCs present in the oral mucosa
may help maintain barrier function and protect against
pathogenic infections. Human ILC3s and intraepithelial ILCls
were originally identified in tonsils, which are secondary
lymphoid tissues coated by the oral mucosa (5, 34). ILCs
have been also found in human gingivae. Approximately
10-15% of total CD45% cells identified were ILCs and
most of them were IFN-y secreting ILCls (148). A recent
study by Brown et al. demonstrated the presence of all
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three groups of ILCs in the murine gingivae (149). ILC3s
provided protection against oropharyngeal infection with
Candida albicans through production of IL-17A and IL-17F
induced by IL-23 (Figure1) (72); thus, both Roryt_/_ mice
lacking ILC3s and mice depleted of ILC3s by antibody treatment
suffered severe infection (72). IFN-y-producing ILCls and
NK cells have been found in the oral mucosa of macaques.
During simian immunodeficiency virus infection, expansion
of ILCls and increased IFN-y production were noted in
the oral draining lymph nodes and tonsils whereas NK cells
remained unchanged (150). Future research will decipher the
impact of ILCs in oral immune responses to commensals and
dietary antigens.

TARGETING ILCs FOR THERAPY

A strong rationale for developing therapies specifically targeting
ILCs, such as depleting or agonistic antibodies, depends on
whether ILCs play unique, non-redundant roles in the context of
various diseases, which is yet to be firmly established. However,
evidence from both experimental mice models and humans has
suggested that therapeutic targeting of ILCs might be beneficial
for autoimmune disorders. Depletion of Thy-1 positive ILCs was
beneficial for treating H. hepaticus induced colitis (65). Similarly,
depletion of ILC2s blocked the development of papain-induced
allergy (75). When ILCs and T cells have redundant functions, an
alternative option is to neutralize the effector cytokines produced
by both ILCs and T cells. Blockade of the IL-17 receptor or
neutralizing IL-17 and IFN-y in several clinical trials failed
to ameliorate IBD (151, 152). However, targeting both IL-17
and IFN-y bore promising results in preclinical models (65).
Blockade of cytokines that stimulate IL-17 and IFN-y secretion,
such as IL-12 and IL-23 or IL-23 alone, has also been effective for
treating CD patients (153, 154). Since GVHD is associated with
fewer IL-22-producing ILC3s, enhancement of ILC3 numbers
and function might be explored for the treatment of GVHD
(Figure 2) (68, 71).

Several attempts have been made to explore the efficacy
of targeting ILC2s in respiratory diseases. Anti-IL-5 and
anti-IL-4 receptor o treatments have had promising effects
in treating patients suffering from chronic rhinosinusitis
with nasal polyps and eosinophilic asthma (94, 155, 156).
Similarly, inhibiting ILC2 functions with CRTH2 antagonists
can restore lung function in asthma patients (Figure 2)
(157, 158). Further research and well-designed clinical studies
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should help delineate the efficacy of targeting ILCs in various
mucosal diseases.

FUTURE PERSPECTIVES

ILCs appear to contribute significantly to human health and
disease, playing beneficial roles in some mucosal infections and
GVHD, while aggravating pathology in IBD and COPD. Are
ILCs a valid therapeutic target? To address this question, it is
important to understand whether ILCs play unique roles or
are largely redundant with T cells. Studies in mouse models
have provided limited answers, as they are mainly performed
in RAG-deficient mice that lack adaptive responses. Animal
models in which ILCs are selectively ablated in the presence
of intact adaptive responses are underdeveloped. Most human
studies describe single timepoint assays that provide a snapshot
of ILCs at a particular stage of the disease. Longitudinal studies
addressing multiple subsets of ILCs at different stages of disease
is warranted to provide a clearer picture of their impact. For
instance, while NK cells seem to control lung ILC2 expansion
in asthma, it is important to understand whether NK-ILC2
cross-talk occurs at a particular stage or throughout the disease.
Similarly, ILC3 secretion of IL-17 and IFN-y seems to be
detrimental in IBD, whereas IL-22 secretion may be protective.
Thus, it is essential to examine the ratio of ILC3s producing IL-
17/IFN-y and IL-22 at different stages of the disease. Although
ethical constraints and limitations of available tissue restrict
human studies, further analysis including diverse age groups
and focusing on different stages of disease would help better
understand the role of ILCs as well as how they might be targeted
for the therapy of mucosal diseases.
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Millions of people worldwide are suffering from allergic inflammatory airway disorders.
These conditions are regarded as a consequence of multiple imbalanced immune events
resulting in an inadequate response with the exact underlying mechanisms still being a
subject of ongoing research. Several cell populations have been proposed to be involved
but it is becoming increasingly evident that group 2 innate lymphoid cells (ILC2s) play
a key role in the initiation and orchestration of respiratory allergic inflammation. ILC2s
are important mediators of inflammation but also tissue remodeling by secreting large
amounts of signature cytokines within a short time period. Thereby, ILC2s instruct innate
but also adaptive immune responses. Here, we will discuss the recent literature on allergic
inflammation of the respiratory tract with a focus on ILC2 biology. Furthermore, we will
highlight different therapeutic strategies to treat pulmonary allergic inflammation and their
potential influence on ILC2 function as well as discuss the perspective of using human
ILC2s for diagnostic purposes.

Keywords: group 2 innate lymphoid cells (ILC2s), mucosal immunity, respiratory tract, allergic inflammation,
therapeutic strategies

INTRODUCTION

Respiratory allergic inflammatory conditions such as asthma and allergic rhinitis (hay fever) are
affecting millions of people globally (1, 2). Importantly, the prevalence of these non-communicable
disorders is rapidly increasing in contrast to communicable diseases of the respiratory tract, which
are on the decline (1). Due to their widespread morbidity, they represent a substantial social as
well as economic burden (3). The skew toward a type 2 immune response is often an important
characteristic of these chronic conditions that involve both innate and adaptive branches of the
immune system (4). In addition to T helper 2 (Ty2) cells of the adaptive immune system, group 2
innate lymphoid cells (ILC2s) are critical in instructing a strong type 2 immune response (5). ILC2s
belong to the group of innate lymphoid cells (ILCs) that provide host defense against infectious
agents, participate in inflammatory responses and mediate lymphoid organogenesis and tissue
repair, particularly at mucosal barriers. Taking the newest nomenclature of ILCs into account,
the ILC family is comprised of five subsets including Natural Killer (NK) cells, lymphoid tissue
inducer cells (LTi cells) as well as the three helper ILC members. While LTi cells are key drivers
of lymphoid organogenesis and NK cells are important to fight off viral infections, helper ILCs are
regarded as the innate counterpart of Ty cells but lack the surface expression of common adaptive
lineage markers as well as specific antigen receptors (6, 7). These helper ILCs, namely, ILCls, ILC2s,
and ILC3s are defined by their effector cytokine profile and transcription factor expression (8).
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FIGURE 1 | Characteristics of ILC1s, ILC2s, and ILC3s. ILC1s, ILC2s, and
ILC3s are characterized by expression of their key transcription factors and
signature cytokines: ILC1s depend on T-bet and produce IFNy, ILC2s on
Gata3 and Rora and secrete IL-4, IL-5, IL-13 as well as amphiregulin while
ILC3s depend on Roryt and release IL-17 and IL-22 upon activation.

The master transcription factors for the different helper subsets
are T-bet for ILC1, Gata3 and Rora for ILC2s and RORyt for
ILC3s. Helper ILCs are important sources of innate effector
cytokines such as ILCI-derived IFNy, ILC2-derived IL-4, IL-
5, IL-13, and amphiregulin (Areg) as well as ILC3-derived IL-
17 and IL-22 (Figure 1). ILC2s are innately committed to type
2 immunity which consequently puts them in the spotlight
during the onset of an allergic immune response. ILC2s are
activated by local immune mediators, typically alarmins, and
are able to produce large amounts of signature cytokines within
a short period of time (9). Thereby, ILC2s can initiate and
amplify immune responses and are able to influence innate as
well as adaptive immunity by both their secreted cytokines and
through cell-cell interactions. Hence, ILC2s serve as an important
link between innate and adaptive effector branches of type 2
immunity. Depending on the tissue they reside in, ILC2s exhibit
slightly diverse profiles shaped by their microenvironment (10).
However, their specific characteristics such as their ability
to produce type 2 signature cytokines in a stark and fast
fashion remains unchanged. Since their detailed description in
2010 (11-13), our knowledge about this fascinating immune
population has steadily increased both in mouse models but
also, through applied research, in humans. In this review we will
provide a brief snapshot on our current knowledge of ILC2s in
mouse and human allergic respiratory inflammation. Moreover,
we will summarize experimental mouse models and discuss how
recent reports led to an improved understanding of therapeutic
strategies in human allergic respiratory diseases with the
focus on asthma.

ASTHMA - AN ALLERGIC RESPIRATORY
DISEASE

One of the most common human allergic diseases in the
respiratory tract is asthma. Importantly, asthma is no longer
considered to be one specific disease but more of an umbrella
term for chronic inflammation of the lower airways with
characteristics such as wheezing, bronchoconstriction and
shortness of breath (4, 14). The heterogeneity of asthma is
mirrored by different immune profiles. In general, asthma is
subdivided into type 2 and non-type 2 with further separation
of type 2 asthma in allergic or non-allergic asthma accompanied
with eosinophilia (14, 15). Non-type 2 (low) asthma is defined
as asthma without eosinophilia and with increased presence
of neutrophils and/or IL-17 producing cells. These different
asthma subtypes are termed endotypes for better classification
(16). Interestingly, although there are cases of asthma onset in
adulthood in a cohort of patients, most asthmatic individuals
develop the disease during childhood (17). However, the exact
mechanisms are still not completely understood. Different
secondary diseases are correlated with asthma such as allergic
rhinitis, chronic rhinosinusitis, and the development of nasal
polyps. To provide optimal care to asthmatic patients of all
different subgroups, a shift to a more personalized treatment
approach is in the focus of discussion. In this context, mouse
models of human allergic airway inflammation are an invaluable
tool to understand underlying mechanisms of disease. Common
allergens, including house dust mite (HDM) and papain can
trigger respiratory allergic inflammation in humans as well
as mice (18, 19), and mouse models can therefore be used
to recapitulate these immune responses in an experimental
system and thus aid in deciphering the underlying mechanism
and processes of allergic respiratory diseases. To increase our
knowledge of allergic lung inflammation, different experimental
mouse models can be applied. Allergens such as ovalbumin
(OVA), HDM, papain, fungal extracts, ILC2-eliciting cytokines
and combinations thereof are used to induce and mimic allergic
inflammation in the respiratory tract. The importance of ILC2s
in the onset of allergic airway inflammation is highlighted by
their detection in these experiments and thoroughly stratified
in Table 1.

ILC2S IN ALLERGIC INFLAMMATION OF
THE RESPIRATORY TRACT

Allergic respiratory diseases are characterized in general by a
dysregulated immune response targeting a harmless and non-
pathogenic allergen. Several immune populations participate in
an allergic respiratory disease including populations of the innate
as well as the adaptive immune system. Different subgroups of
T and B cells as well as eosinophils, basophils, NK cells and,
last but not least, ILC2s are major players. Although a direct
mechanistical link of ILC2s to asthma pathogenesis still needs
to be established in humans, an increasing body of evidence
supports an association of ILC2s with disease in asthmatic
patients. These include GWAS studies revealing several genes
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TABLE 1 | ILC2s in experimental mouse models of allergic airway inflammation?@.

stral Route ILC2 detection method Observations
rain
Model " . References
back d | in.
ke '. " i.p. | Aerosol Flow cytometry Histology ILC2¢| EOS and/or Mucus and/or AHR
it B and/or L and/or mLN | L and/or mLN
House Dust cstBle |V X X v v X X Very mild inflammation (20-22)
Mite (HDM) C57BL/6
D. pteronyssinus BALB/c v % 4 v v v v v X v (22-27)
C57BL/6
eapge |V % % |V Vv YV v v |V | v x x (21, 28)
D
S | Ovalbumin (OVA) | C57BL/6 @1, 27, 29,
] il AR R VY A S A N R I O O b
X
2 | FungiAspergilus | c57BL/6 |V % X v v v v % |V v v X @1)
D
£ | RagweedPolen | BALB.c |V %X X v v % v x | v v v v (30, 32)
3 Chitin C57BL/6J
2 sape | ¥ 0% v v % v % | v | Vv x x (33, 34)
Fungi Alternaria C57BL/6
BALBc |y % % v v gYd v X v v v v (20, 35-48)
BALB/cByJ
Papain protease C57BL/6 (24, 31, 49—
npscp |V ¥ % |V vV oV v x |v | v v x -
ri=25 CB;;;BL//CG v X v v X v X Very mild inflammation (30)
BALB |v/ ¥ % v v v X x|y v X v @1, 27, 29)
csBLe |V %X % v v v x X | v v x x (23, 24, 45)
BALB/c
% cs7eLe | % v % v v g 2 g x | v g g g (54, 55)
o
e} rlL-33 BALB/c (80, 38, 35,
i C57BL/6 / ‘/ * ‘/ ‘/ * ‘/ *x ‘/ ‘/ ‘/ ‘/ 38, 45, 56)
2 C57BL/6 (21, 25, 27-
= BALB/c 29, 31, 36,
© BALB/cBy) |V X X v v v v |V | v x v 37, 39, 41,
45, 49-51,
57, 58)
BALB/c
C57BL6 | % X% v v g % v v % % (52, 54, 55,
C57BL/6JRJ 58, 59)
Models on T2 cell response: Models of Ty2 cell response: Chitin,
Aspergillus, HDM, OVA (22) Papain, Alternaria, cytokine exposure (22)

aAHR, airway hyper-reactivity; BAL, bronchoalveolar lavage fluid; EOS, eosinophilia; i.n., intranasal; i.p., intraperitoneal; i.t., intratracheal; mLN, mediastinal lymph node; r, recombinant.

essential in ILC2 biology as susceptibility markers for human
asthma such as the ILC2-activating alarmin IL-33 and its cognate
receptor ST2 (IL1RL1) as well as the transcription factors GATA3
and RORa (57, 60, 61).

ILC2s are the predominant ILC population in the lung,
in contrast to other mucosal surfaces such as small intestine
and colon. However, the reason for this skewed distribution
is still not clear. ILC2s are activated mainly by the cytokines
interleukin (IL)-25, IL-33, and thymic stromal lymphopoietin
(TSLP) in the lungs, however, ILC2s accumulate in tissues
independent of these signals and pulmonary ILC2s can also
be detected in triple knockout mice deficient in the TSLP
receptor, ST2, and IL-25 (10, 62). However, ILC2s show reduced
IL-5 reporter expression in lung, fat, and gut tissue, but not
in the skin indicating that TSLP, ST2, and IL-25 signaling is
indeed needed for the functional maintenance of ILC2s in the
local microenvironment of the lung (10). In addition to IL-5,

ILC2s commonly secrete IL-4, IL-9, IL-13, and amphiregulin.
IL-4 triggers the differentiation of TH2 cells and induces class
switching of B cells to IgE. IL-5 activates B cells and plays
a role in eosinophil homeostasis (63). IL-9 is needed by
ILC2s for their survival and maintenance (64, 65), and IL-
13 induces goblet cell hyperplasia and mucus secretion but
can also act on alveolar macrophages (13, 66) and initiate the
migration of dendritic cells to the mediastinal lymph nodes (49).
Moreover, ILC2s are able to serve as antigen presenting cells
for T cells by expressing MHCII (67), although this appears
to be less pronounced in the lungs compared to the gut
(67). Additional functional characteristics of pulmonary ILC2s
include their expression of II5 as well as ST2 (IL-33R) at steady
state in contrast to intestinal ILC2s which express both IL-5
and IL-13 mRNA and mainly the IL-25 receptor chain (IL-
25RB) further demonstrating that ILC2s are imprinted by their
microenvironment (10, 63).
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Furthermore, ILC2s get support from basophil-derived IL-
4 (68), and T cell-derived IL-2 (56), thus, establishing a
quick but robust allergic reaction (Figure2). In addition to
the typical type 2 cytokines, IL-17 secreting ILC2s have been
described, a cytokine known to be regulated by RORyt that
has been correlated to severe asthma phenotypes (69). However,
while one group reported IL-17 expression by KLRG1MST2~
inflammatory ILC2s (iILC2s) in the lungs, which correlated with
their expression of RORyt (70) a more recent report showed
increased IL-177ST2" ILC2s (ILC2;7s) upon IL-33 or allergen
challenge, independently of RORyt expression (52, 70). Finally,
in line with their immunomodulatory potential, ILC2s can also
acquire a regulatory phenotype and memory-like properties upon
IL-33 and IL-2 stimulation in vivo, decreasing the expression
of their pro-inflammatory repertoire as well as eosinophilic
recruitment and accumulation (71). Further studies on this
subset could certainly open up new venues in allergic disease
therapies. Overall, ILC2s are key in the initiation, amplification,
and modulation of type 2 immune responses in the respiratory
tract by exhibiting these fundamental characteristics.

Due to their scarcity and phenotypical heterogeneity in mice
and humans, the detection of ILC2s by flow cytometry requires
some considerations. ILC2s are characterized by the absence of
known lineage markers and antigen receptors as well as the
expression of surface markers CD45, CD25 (IL-2Ra), CD127
(IL-7Ra), and ST2 (IL-33R) in human asthma as well as in
rodent models of respiratory allergic inflammation. Interestingly,
CD127 low/negative ILC2s have also been reported in asthmatic
patients as well as in an allergic experimental mouse model
(72, 73). Of note, iILC2s show reduced CD127 expression upon
systemic challenge with IL-25 (70). Whether these ILC2s have
just downregulated the expression or endocytosed CD127 due to
strong activity still needs to be investigated. In addition, mouse
ILC2s are further identified by the surface expression of Thyl, a
marker that is not present on human ILC2s. Another difference
is the expression of CD161 by human ILC2s. The functions
of these two glycoproteins are still not completely understood.
Both mouse and human ILC2s can express the prostaglandin
receptor family member CRTH2. CRTH2 is important in the
migration of ILC2s and thereby expressed to a different extent

virus fungus allergen

HEALTHY

FIGURE 2 | Group 2 innate lymphoid cell (ILC2) stimulation by airway pathogens drives allergic respiratory inflammation. In response to allergens, fungi or viruses,
lung epithelial cells release alarmins IL-25, IL-33, and thymic stromal lymphopoietin (TSLP) that induce expansion and cytokine production by ILC2s. Activated ILC2s
initiate an innate type 2 inflammatory response through production of IL-5, which induces eosinophilia, and IL-13, which promotes airway hyper-reactivity, goblet cell
hyperplasia, mucus production and fibrosis. B cells and basophils are stimulated to release IgE and IL-4, respectively, and ILC2-derived IL-9 acts in an autocrine
manner to prolong survival of ILC2s in the lung. Expression of MHCII enables ILC2 interaction with T2 cells, which subsequently promote ILC2 function via T

cell-derived IL-2.
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depending on location (74). However, the detection of mouse
CRTH2 is limited by the availability of a specific detection
antibody (74, 75). Our current strategies to detect ILC2s are
largely based on surface receptors, which are actively used in an
immune response by the cell to sense its environment and act
accordingly. In addition, surface receptors and Gata3 are often
used in combination to detect human and murine ILC2s (76, 77).
The caveat with Gata3 is that ILC2s in the lungs are able to
downregulate Gata3 expression under specific conditions such
as viral (78), or helminth infections (70), however, under steady
state conditions Gata3 is a reliable marker for pulmonary ILC2s.

Interestingly, ILC2s are not a homogenous population and
several different subtypes of ILC2s have been reported at mucosal
surfaces (79), including the lungs (31, 70). Memory ILC2s can
be elicited upon repeated challenge of mice with IL-33, or
when using papain as an allergen (31), thereby intensifying
the immune response. Thus, ILC2s are specifically shaped by
their local microenvironment and are reported to exhibit a
sedentary lifestyle (45, 80). However, a subgroup of murine
ILC2s, intestinally-derived inflammatory ILC2s (ilLC2s) are able
to traffic through the lymphatics and blood toward the lung to aid
in the local response to helminth infection or systemic challenge
with IL-25 (81). Moreover, the identification of circulating
multipotent ILC progenitors in peripheral blood in humans
indicates that ILC2 progenitors may be able to traffic to local
pools of tissue-resident cells and replenish them (82). Since
iILC2s are able to further differentiate into natural ILC2s (nILCs),
the ability to traffic might be limited to specific circumstances
and confined to not yet fully matured or differentiated ILC2
populations. However, additional studies are needed to pinpoint
the potential of ILC2s to migrate within the body. nILC2s, which
are present at steady state in the lungs and characterized by
their ST2 expression, are typically increased upon stimulation
with IL-33 (70). Both populations, iILC2s and memory ILC2s
are characterized by elevated expression of the IL-25 receptor in
the lungs (31, 70), however, it is still not completely understood
how similar the biology and function of both populations is. So
far, IL-25 receptor-expressing ILC2s have only been described
in the human skin (83), and it still needs to be determined
whether IL-25 receptor expression is present and regulated
in human ILC2s during respiratory inflammation. KLRG1 is
another commonly used marker to identify mature ILC2s in
both human and mouse lungs. However, its expression is
greatly influenced by androgens with ILC2s from male mice
exhibiting higher expression of KLRG1 while female lungs harbor
significantly higher numbers of KLRG1™ ILC2s promoting lung
inflammation (59, 84). The ligand for KLRGI is E-cadherin and
ILC2s isolated from human skin were shown to be restrained
by this interaction (83). Testosterone can additionally regulate
ILC2s by controlling their response to IL-2 as well as by
the restraint of IL-5 and IL-13 production and thus resulting
in decreased pulmonary pathology upon Alternaria challenge
(42). In the same study, elevated levels of ILC2s in peripheral
blood of female asthma patients in comparison to male patients
have been reported which is especially interesting in the light
of the increased prevalence of asthma in women. The exact
role of androgens such as testosterone in asthma still needs

further investigation since testosterone is able to induce IL-
33 mRNA in mast cells (85), however, lower levels of IL-33
and TSLP have been detected in the bronchoalveolar lavage of
Alternaria challenged mice.

Insights into the function of ILC2s in allergic inflammation
has mainly been generated using experimental mouse models.
However, a substantial amount of reports provide evidence that
ILC2s are also key in human allergic respiratory inflammation.
Of note, the first reports on human ILC2s provided a detailed
description of ILC2s in polyp tissue of chronic rhinosinusitis
patients (75, 77). Moreover, increased levels and activity of
ILC2s have also been reported in asthmatic patients. ILC2s
could be detected in bronchoalveolar lavage, lung tissue,
sputum and blood of patients with respiratory inflammation.
Although the gating strategies of ILC2s slightly vary between the
distinct reports, all studies demonstrate expression of CD127 in
combination with CRTH2 and/or CD44 and ST2 on ILC2s. A
positive correlation of eosinophilia and ILC2s levels has been
further reported in human patients similar to the observation in
mouse respiratory inflammation (86, 87). Recent work opened
the discussion of functional redundancy of Ty 2 cells and ILC2s in
humans (88). However, even if this is the case, pulmonary ILC2s
have a critical function in the development of allergic diseases
being innately committed to type 2 immunity and strong and
immediate amplifiers of initial responses.

OBESITY-ASSOCIATED ASTHMA

The prevalence of both obesity and asthma has increased
drastically in recent years. Although asthma in obese patients
is characterized mainly as non-allergic with an increase in
neutrophils, eosinophils have been reported to be present in
elevated numbers in the lung tissue of obese asthma patients
as well (89). Of note, in addition to their mucosal location,
ILC2s were originally identified as fat-associated lymphoid
cluster (FALC) Lineage™ ckitTSca-1" cells in the mesentery
(12). Here, adipocytes and endothelial cells within the adipose
tissue are sources of ILC2-activating IL-25 and IL-33 (90, 91).
ILC2s are able to maintain the metabolic status of healthy
adipose tissue by secreting IL-5 for eosinophil homeostasis,
IL-13 to trigger alternative macrophage differentiation and
methionine-enkephalin which directly acts on adipocytes and
induces beiging of fat (92). However, in obesity ILC2s are
decreased in adipose tissue and in ILC2-deficient mice, a high-
fat diet accelerates obesity and insulin resistance indicating that
ILC2s in adipose tissue are important for homeostasis. It thus
seems contrary at first to link obesity and asthma. However,
although obese mice have lower ILC2s and eosinophils in their
adipose tissue, the levels of these populations are increased
in the lungs in obese mice at steady state and upon allergen
challenge such as with HDM. Not only ILC2s but also ILC3s
are increased in the lungs of obese mice which can be enhanced
by ozone triggered IL-33 or Nlrp3 inflammasome induced IL-
1B, respectively (93, 94). It has been suggested that ILC2s and
eosinophils might migrate from adipose tissue into lung tissue
during obesity and thereby influence pulmonary immunity and
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may trigger asthma. This represents an interesting potential
mechanism but further research will be needed to fully support
this idea.

BIOMARKERS AND ASSESSMENT OF
SEVERITY OF ALLERGIC RESPIRATORY
DISEASES

Interestingly, in humans, an allergic response is provoked in
the skin as a first assessment of an allergic response in general
but also as a first evaluation of asthma. Different tests can be
used depending on the way of application using subcutaneous
injections or exposure to allergen by topical application with
the most common test in clinical practice still being the prick
test. It still needs to be determined to what extent and how
ILC2s directly contribute to the assessment of allergy via the
prick test. Upon external stimuli or cellular damage, IL-33 is
released from cells and engages ST2 on ILC2s but also on
Ty2 cells, eosinophils, mast cells, and basophils, contributing to
cutaneous allergic inflammation with increased levels of local and
peripheral blood ILC2s, eosinophils, IgE, and histamine (95). IL-
33 can be released locally and systemically after mechanical skin
injury (i.e., scratching), promoting IgE-mediated degranulation
(96). Of note, ILC2s present in the skin can control mast cell
(MC) activity by direct interaction (97). Conversely, MC are
an important source of IL-33 in vivo, contributing to ILC2
activation and type 2 immune response in disease models of
multiple sclerosis (85), and helminth infection (98), a MC-
ILC2 crosstalk also occurs in the lung (99). It is not yet fully
understood how cutaneous antigen exposure could activate
ILC2s but it is conceivable that dysregulation between MC and
ILC2s could exacerbate the immune response during allergic
airway inflammation and anaphylactic reaction. Moreover, the
evaluation of the eosinophil count, as well as the level of IgE,
including allergen-specific IgE in blood, or less common in
sputum, is used to assess the grade of the allergic response. Type
2 signature cytokines (IL-4, IL-5, and IL-13) are used in addition
as biomarkers. However, to assess the severity of asthma, lung
function tests are routinely carried out in humans. Sequential
examinations are performed on the patient such as allergy tests
to pinpoint the responsible allergen(s), bronchial provocation
or exhaled nitric oxide tests; before formulating any therapeutic
recommendation (100). Since asthma and allergic inflammation
of the respiratory tract can have multiple underlying causes, the
aim is to personalize the treatment as much as possible depending
on the results of the examinations. Thus, achieving control is the
main objective currently proposed in asthma management where
pharmacological and non-pharmacological treatment is adjusted
in a continuous cycle that involves assessment, treatment and
review. In mouse models, experimentally-induced airway hyper-
reactivity is usually analyzed upon challenge with increasing
doses of inhaled methacholine. The concept of using ILC2
prevalence as a biomarker for diagnostic purposes in lung
disease is appealing. Screening of ILC2s as an early hierarchical
population might already indicate asthma susceptibility before
the start of symptoms or pathology in the lungs. However,

due to their high phenotypic diversity, ILC2 characterization in
different asthmatic subgroups and their comparison is necessary,
and even then, ILC2 level and functionality should be carefully
evaluated for each subgroup. Nevertheless, biomarkers and
the assessment of allergic respiratory diseases show overall
important similarities between rodent models of disease and
clinical practice.

EXPERIMENTAL AND THERAPEUTIC
STRATEGIES TO AMELIORATE
RESPIRATORY INFLAMMATION

Corticosteroids

In humans, as a first and often immediate treatment inhaled
corticosteroids are commonly used in both allergic and non-
allergic respiratory inflammation. Corticosteroids reduce the
general inflammation of the lung and provide relief of symptoms
for the patient (101), but can also cause adverse side effects
especially when given systemically in high doses and during long-
term treatment. Importantly, corticosteroids dampen the activity
of both mouse and human ILC2s (102). However, under specific
conditions, corticosteroids are less able to act on ILC2 activity.
This has been reported to be the case in situations of enhanced
STAT5 activation upon TSLP stimulation. This increased
activation of STAT5 by TSLP has been identified as a regulatory
mechanism in mice (102), was further confirmed in human
ILC2s (103) and helps to explain why not all asthma patients
respond to corticosteroid therapy. Corticosteroid resistance
can also occur in neutrophilic asthma. IL-17 contributes to
neutrophil accumulation in the lungs but also increases the
expression of the glucocorticoid receptor beta (GRP) (104).
GRP inhibits the activity of GRa by direct competition for
glucocorticoids. Increased expression of GRB has been reported
on cell populations in glucocorticoid-resistant patients (105,
106), and is discussed to contribute to steroid resistance in
neutrophilic asthma (104). IL-17 can also be derived from
pulmonary iILC2s (70) as well as ILC2;7s, which were described
to be the main source of IL-17 in the lung after IL-33-induced
lung inflammation (52). However, if and which role ILC2s may
have in neutrophilic asthma still needs to be investigated.

Adrenergic Agonists (82-Agonists)

Like corticosteroids, P,-agonists that act on pj-adrenergic
receptors are frequently used to treat asthmatic patients. A
recent report showed that both human and mouse ILC2s
express the p2AR (B,-adrenergic receptor) for epinephrine and
norepinephrine and that the use of an agonist during lung
inflammation in mice impaired ILC2 proliferation, cytokine
production and effector function (107). These findings highlight
the importance of ILC2s in integrating neuroimmune signals. In
humans, short acting p-agonists (SABA, e.g., Salbutamol) and
long acting P-agonists (LABA, e.g., Salmeterol) are routinely
used for asthma treatment. LABA is used in combination with
inhaled corticosteroids whereas SABA is also approved as a
monotherapy in mild asthma (108). Adverse effects of P,-
agonists have been reported and the discussion was stirred up
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upon the report of detrimental effects upon excessive Fenoterol
(SABA) treatment (long time and high dose) (109, 110). The
underlying mechanisms of these severe consequences are only
incompletely understood. However, the use of B,-agonists for
asthmatic patients under treatment is generally regarded as safe
and successful (101).

Lipid Mediators: Leukotrienes &

Prostaglandins

Bioactive lipid mediators are important regulators of ILC2s (111).
Indeed, leukotrienes (LTs) including cysteinyl LTs (CysLTs) are
generated by arachidonic acid metabolism and CysLTs have
been linked to the initiation of asthma and bronchoconstriction
since a long time (112). Leukotriene receptor antagonists such
as Montelukast, a CysLT; receptor antagonist, are commonly
prescribed to improve asthma symptoms in humans (113). Both
mouse and human ILC2s have been reported to express CysLT
receptors and it was shown that CysLTs positively regulate ILC2
activation (47, 114-116).

In addition, Leukotriene B4 (LTB4) has also been linked to
asthma. LTB4 is a neutrophil chemoattractant in pulmonary
inflammation (117), and neutrophils can be increased during
the exacerbation phase of asthma (118). However, sputum
samples of asthmatic patients showed an increased level of
LTB4 which strikingly did not correlate with neutrophil levels
in the samples of the analyzed patients (119). The high affinity
receptor for LTB4, LTB4R1, has been reported on mouse ILC2s
but its presence and role in human ILC2s still needs to be
elucidated. Interestingly, LTB4 also plays an important role in the
development of insulin resistance in obese mice (120). However,
how and if ILC2s are involved in this context still needs to
be addressed.

Similar to LTs, prostaglandins are products of arachidonic
acid metabolism. As mentioned previously, human and mouse
ILC2s express the receptor for prostaglandin D2, CRTH2
(74, 75). CRTH2 plays a potent role in activation, migration
and cytokine release of Ty2 cells and eosinophils. Curiously,
accumulation of pulmonary ILC2s is regulated via CRTH2
and differences in its expression on ILC2s have been reported
in inflamed pulmonary tissue (121). Use of monoclonal
antibodies against CRTH2 resulted in a reduction of CRTH2
expressing cells including ILC2s in mice (122). In addition
to its role in migration of ILC2s, PGD, has been reported
to potentiate the action of ILC2s eliciting cytokines leading
to an increase in effector cytokine expression. Consequently,
small-molecules antagonists of the CRTH2 receptor, have
been promising in human trials for asthma patients (123-
126). One example is OC000459 which was reported to be
a safe and effective alternative treatment of eosinophilic
asthma improving lung function and asthma symptoms
(127, 128).

Signature Cytokines and IgE

Monoclonal antibodies are used to treat allergic respiratory
diseases such as asthma in humans. These antibodies are
directed against either type 2 signature cytokines IL-4, IL-5,
and IL-13, their respective surface receptors or against IgE.

Both Ty2 cells and ILC2s are potential sources of type 2
signature cytokines. Moreover, ILC2s have been reported to
enhance the adaptive immune response and thereby influence
IgE production. The following monoclonal antibodies to treat
asthma are currently used in clinical practice: Dupilumab
(moderate to severe asthma and severe asthma) targets IL-
4 and IL-13 by binding to the IL-4Ra subunit thereby
acting as a blocking antibody for these signaling pathways
(129, 130). Mepolizumab and Reslizumab (both eosinophilic
asthma) target IL-5 directly and thereby neutralize this signature
type 2 cytokine, reducing the rate of exacerbations (131,
132). Benralizumab (severe eosinophilic asthma) is directed
against the IL-5Ra subunit (133). Lebrikizumab (severe asthma)
and Tralokinumab (moderate to severe asthma) are directed
against IL-13 (134, 135), and Omalizumab (severe allergic
asthma in adults and children) targets and neutralizes IgE
(136, 137). The ILC2-eliciting cytokine TSLP plays a critical
role in human asthma and antibodies to neutralize TSLP
(Tezepelumab) have been tested to treat allergen-induced asthma
(138, 139). Overall, these antibodies block and thereby neutralize
important immune mediators secreted by ILC2s as well as
Tu2 cells.

Neuropeptides

ILC2s in mouse and human can sense and respond to
neuropeptides such as neuromedin U (25, 140, 141). Although
pulmonary ILC2s exhibit a more moderate response to
neuromedin U when compared to intestinal ILC2s under the
tested conditions (140), several different neuropeptides are
present in the lungs (142), including vasoactive intestinal peptide
(VIP). VIP can induce cytokine stimulation of intestinal but
also pulmonary ILC2s (63). Inhalation of a VIP agonist (Ro
25-1553) resulted in a short but significant bronchodilatory
effect (143), however the exact mechanism and a possible link
to pulmonary ILC2s is unclear. In contrast to VIP, calcitonin
gene-related peptide (CGRP) is elevated in some asthmatic
patients (144), and neuroendocrine cells, which co-localize in
the airways with ILC2s are an important source thereof (145).
ILC2s respond to CGRP by secreting more IL-5, however,
targeting CGRP and thereby ILC2s still needs to be evaluated
in asthma patients. Targeting neuropeptides and their receptors
may be a promising concept for future therapy but still requires
further investigation.

Transcription Factors

GATA3 is the master transcription factor of ILC2s and
critical in regulating asthmatic responses in patients with a
predominant Ty2 phenotype. Targeting GATA3 is complex
due to its intranuclear location but would enable to already
intervene at a very early stage in the disease formation
process. Novel approaches to antagonize GATA3 using antisense
molecules (DNAzymes) overcome this challenge by cleaving and
inactivating GATA3 messenger RNA (mRNA). GATA3-specific
DNAzyme SB010 has shown to significantly attenuate both early
and late-phase asthmatic responses after allergen exposure in a
phase Ila proof-of-concept trial (146).
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CONCLUDING REMARKS & OUTLOOK

Since allergic respiratory diseases are rapidly increasing
worldwide, there is a critical need to optimize current and
develop novel therapeutic strategies. Reports in recent years
have shown that ILC2s are important players in experimental
mouse models of allergic airway inflammation and their role
in asthmatic patients is just starting to unveil itself. Although
neutralizing ILC2-elicited immune mediators or blocking
respective signaling pathways are currently used to treat
asthma, it is of great interest to develop alternative strategies
to target not only the consequence but the cause of respiratory
inflammation. This may be achieved by blocking ILC2s fairly
early in disease and re-directing their activity. Moreover, the
merge of immunology with other fields such as neurobiology
opens new concepts and will reveal novel targets of translational
interest. The unique microenvironment of the respiratory tract
with its diversity of non-hematopoietic cells and their close
proximity to ILC2s will as well unfold thrilling answers of ILC2
maintenance and activation in the future. We are excited to
see further research on ILC2 biology in respiratory allergic
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The lungs are continuously subjected to environmental insults making them susceptible
to infection and injury. They are protected by the respiratory epithelium, which not
only serves as a physical barrier but also a reactive one that can release cytokines,
chemokines, and other defense proteins in response to danger signals, and can undergo
conversion to protective mucus-producing goblet cells. The lungs are also guarded by
a complex network of highly specialized immune cells and their mediators to support
tissue homeostasis and resolve integrity deviation. This review focuses on specialized
innate-like lymphocytes present in the lung that act as key sensors of lung insults
and direct the pulmonary immune response. Included amongst these tissue-resident
lymphocytes are innate lymphoid cells (ILCs), which are classified into five distinct subsets
(natural Killer, ILC1, ILC2, ILCS, lymphoid tissue-inducer cells), and unconventional T cells
including natural Killer T (NKT) cells, mucosal-associated invariant T (MAIT) cells, and y8-T
cells. While ILCs and unconventional T cells together comprise only a small proportion of
the total immune cells in the lung, they have been found to promote lung homeostasis and
are emerging as contributors to a variety of chronic lung diseases including pulmonary
fibrosis, allergic airway inflammation, and chronic obstructive pulmonary disease (COPD).
A particularly intriguing trait of ILCs that has recently emerged is their plasticity and
ability to alter their gene expression profiles and adapt their function in response to
environmental cues. The malleable nature of these cells may aid in rapid responses to
pathogen but may also have downstream pathological consequences. The role of ILC2s
in Th2 allergic airway responses is becoming apparent but the contribution of other ILCs
and unconventional T cells during chronic lung inflammation is poorly described. This
review presents an overview of our current understanding of the involvement of ILCs and
unconventional T cells in chronic pulmonary diseases.

Keywords: ILC, MAIT, NK cell, NKT cells, y3-T cell, lung, chronic lung disease

INTRODUCTION

The lungs are constantly exposed to particulates from the environment. This inhaled matter
includes harmless aeroallergens, airborne pathogens which can cause infection, and noxious agents
including dust, smoke, and other environmental pollutants that can induce lung tissue damage.
The conducting airways of the respiratory system are comprised of ciliated epithelium interspersed
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with mucus-producing goblet cells. This protects against
particulates and infectious agents, which adhere to the mucus,
and through the actions of the cilia, are cleared from the airways.
This barrier is also supported by the presence of tissue-resident
immune cells that provide cellular and humoral host defense.
The resting lung harbors a plethora of leukocytes including B
and T cells and myeloid cells (alveolar macrophages, interstitial
macrophages, monocytes, dendritic cell subsets, neutrophils,
eosinophils, mast cells), with their numbers and proportions
changing dramatically during infection and inflammation. In
response to tissue damage, stress or infection, the respiratory
epithelium secretes proteins important in inflammation and host
defense such as surfactant, anti-microbial peptides (3-defensins,
cathelicidins), danger signals such as alarmins, chemokines,
and cytokines to recruit and activate immune cells. While this
normally results in the clearance of the pathogenic agent, in
certain situations the inflammatory response becomes chronic
leading to progressive lung tissue damage. Defining the cellular
and molecular pathways that are altered during chronic disease
transition may reveal new lung disease targets for therapy.

Recent studies have revealed the presence of small populations
of other distinct immune cells in the lung including innate
lymphoid cells (ILCs) and unconventional T lymphocytes (CD1-
restricted NKT, MAIT cells, and y8-T cells) and described their
contribution to lung homeostasis, however these innate-like
cells are now also emerging as pathogenic mediators in lung
disease. ILCs show transcriptional and functional parallels to the
conventional polarized T helper cell subsets (Thl, Th2, Th17),
with the critical difference that ILCs lack clonally distributed
antigen-specific receptors, responding instead to danger and
stress signals derived from mucosal epithelium, stroma, and
myeloid-lineage cells. In contrast, y3-T cells, MAIT cells, and
NKT cells possess semi-variant antigen-specific receptors but
likewise respond to similar mediators, although these are more
restricted dependent on cell type, and in some cases, are still
poorly defined. Here we will summarize how these relatively new
players participate in immune-regulation and homeostasis in the
lung, and elaborate on how they can become dysregulated and
contribute to chronic lung diseases.

ILCs IN LUNG HOMEOSTASIS

The ILC family is comprised of several phenotypically distinct
subsets that are derived from a common lymphoid precursor,
which unlike conventional T lymphocytes, do not express
antigen-specific receptors nor mediate antigen-specific immune
responses (1). ILCs are classified into five distinct subsets
based on their development, transcription factor expression and
effector function (2). Conventional NK cells, which are dedicated
cytotoxic effectors that kill virus-infected cells and tumor cells
and require the transcription factor T-bet for their function, are
now regarded as a distinct ILC subset. A second subset, lymphoid
tissue-inducer (LT1) cells, are responsible for secondary lymphoid
organogenesis, while the remaining three subsets of ILCs (ILC1,
ILC2, ILC3) play a role akin to helper T cells. Herein, we will use
the abbreviation ILCs to refer to the ILC1, 2, and 3 subsets. Much

like Thl, Th2, and Th17 cells, ILC1 express T-bet (encoding
for their cytotoxic potential), ILC2 express GATA-3 while CD4~
ILC3 and CD4™ LTij cells express retinoic acid-related orphan
receptor (ROR)yt (Figure 1). Although distributed in both
lymphoid and non-lymphoid organs throughout the body, ILCs
populate barrier surfaces, notably the skin, lung, and other
mucosal sites, in much greater numbers.

Under homeostatic conditions, the immune cell make-up
of the mouse lung is predominantly conventional lymphocytes
and myeloid cells, although NK cells and all three ILC subsets
have also been identified in the airways, albeit at much
lower frequencies (3, 4). The ILC2 population is thought to
be tissue-resident and thus are the predominant helper-type
ILCs in the steady-state mouse lung (3, 5). Indeed, in a
parabiotic experiment, ILC2s found in the lung were shown
to be of host origin and strikingly, very few ILC2s were
found in the circulation with the vast majority residing within
the lung parenchyma (6). Furthermore, during homeostatic
conditions, self-renewal of ILC2s maintained the tissue-resident
population (6). Even during acute infection with the helminth
Nippostrongylus brasiliensis, the ILC2 population in the lung
remained host-derived and it was not until the expulsion of
the larvae, which is associated with inflammation and tissue
repair, that an increase in donor-derived ILC2s was observed (6).
Similarly, in another parabiosis study, after 1 month of shared
circulation, T cells and eosinophils were present from both host
and donor, while ILC2s of the parabiotic donor could not be
detected, even 1 week after intra-tracheal IL-33 challenge (7).

Unconventional T cells are similarly thought to be tissue-
resident and arise from local expansion. Indeed, y38-T cells, with
a restricted Vy4 or Vy6T cell receptor (TCR), mature in the
thymus as CD447CD27~ with a defined effector phenotype of
IL-17 production (y3-T17 cells) and specifically populate lung
tissue during fetal development (8). CCR6/CCR2 co-expression
identifies tissue-residency of y8-T cells including y8-T17 cells,
but a recent study has identified populations of y3-T17 cells
lacking CCR6 expression in lung tissue (9) suggesting that under
specific conditions, other y3-T cell subsets are able to migrate
and populate the lungs. Evidence now suggests that inflammatory
ILC2s from the intestine are also able to migrate to the lung under
specific conditions (10, 11). As both the lung and gut associated
tissues exhibit tonic immune activation due to interactions
between the mucosa and microbiota, further evidence is required
to understand the tissue and context-specific regulation of ILC
and unconventional T cell responses.

Maintenance of the epithelial barrier of the respiratory tract
is critical to limit exposure to pathological and immunological
stimuli and ILC2s are thought to have a key role in this
process. ILC2 mediators including IL-4, IL-5, IL-9, IL-13, and the
epidermal growth factor-like molecule amphiregulin are critical
for maintaining airway barrier integrity and tissue homeostasis.
In the lung, ILCs have been shown to interact with local epithelial
cells and myeloid cells. ILC2 depletion impaired airway epithelial
barrier integrity following influenza virus infection through a
failure to generate hyper-plastic epithelial cells, an epithelial
repair response, causing epithelial cells to undergo necrosis
leading to deterioration of the epithelial lining (5). To modulate
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cytotoxicity

distinct roles in immune responses and lymphoid organ development.

T-bet
EOMES T-bet GATA3 RORyt RORyt
v
v v v v v
IFN-y, perforin IFN-y, TNF IL-4, IL-5, IL-17, IL-22 RANK, lymphotoxin,
granzymes IL-9, IL-13 TNF-a, IL-17
v v v v v
Cellular Type 1 immunity Type 2 immunity ~ Type 3 immunity Lymphoid

FIGURE 1 | Schematic representation of the five different ILC subsets and their roles in cellular immunity. ILCs, which are derived from a common lymphoid progenitor
(CLP), are classified into five distinct subsets on the basis of their transcription factor usage and unique spectrum of cytokines that they produce. This confers their

organogenesis

epithelial cell responses in the airways, ILC2s may use autocrine
IL-9 to promote IL-5 and IL-13 production. Exposure to chitin,
which is associated with allergic responses, was shown to drive
IL-33 and thymic stromal lymphopoietin (TSLP) from resident
alveolar type II cells, inducing the IRF4-IL-9 module in ILC2s,
highlighting a critical interaction between resident ILCs and
structural cells (12). Moreover, IL-5 and IL-13 have been shown
to promote mucus hyper-production and tissue repair in type
2 immune responses such as asthma and helminth infection
[reviewed in (13)]. Interestingly in the human lung under
homeostatic conditions, it was reported that ILC3s are the most
abundant ILC population in healthy older individuals, although
in this study the confounding effects of smoking (two out of
five subjects sampled) and elevated BMI necessitates further
investigation (14). In the lung, IL-22 is mainly produced by ILC3,
in addition to y3-T cells, and Th17 cells, and has also been shown
to be involved in the maintenance of epithelial barrier function,
mucus production and tissue repair [reviewed in (15)]. Thus,
ILCs contribute to barrier surveillance and epithelial protection

and repair through coordinated interactions with other cells in
the lung.

Epithelial cell-derived mediators are critical in the regulation
of ILC responses. Epithelial cell or myeloid cell derived IL-25,
IL-33, and TSLP can promote an ILC2 response after allergen
challenge, helminth exposure or influenza infection. IL-33, an
alarmin that is highly expressed in airway epithelial cells, has been
shown to be overexpressed in lungs of patients with pulmonary
fibrosis, asthma, and COPD and has been shown to be a main
driver of ILC2 expansion (16-18). In mice following challenge
with influenza virus, release of IL-33 corresponded with elevated
IL-5 production by ILC2s and the recruitment of eosinophils to
the lung during the recovery phase of influenza infection (19).

Intriguingly, IL-17 production from y3-T cells was shown
during neonatal influenza to augment IL-33 production from
the mucosa, generating a type 2 response and the production
of amphiregulin by ILC2s (20). The authors found a similar
correlation of IL-17, IL-33, and amphiregulin in the nasal wash
of human infants infected with influenza, identifying an axis of
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IL-17 production from y8-T cells in the production of IL-33 for
ILC2 repair responses in the lung (20).

ILC2 cells also express the receptor for TSLP, and together
with IL-25 and IL-33, TSLP has been shown to induce ILC2s
following rhinovirus and respiratory syncytial virus infection
(21-23). A suggestive association with a SNP in the TSLP gene
and severe asthma has been identified in genome-wide analysis
of severe asthmatics in one study (24), and TSLP has been
shown in a papain-model of asthma to illicit a type 2 response
for which ILC2s were the dominant source of IL-13 and IL-
5 (25). Similarly, TSLP has been shown to play an important
role in iNKT cell-dependent asthma, enhancing AHR expression
by increasing iNKT cell production of IL-13 (26). TGF-f, also
secreted by lung epithelial cells, has been shown to skew ILC
responses causing the upregulation of the TGF-f receptor (TGF-
PRII) and enhancement of ILC2 activity, demonstrating that
ILCs take direct cues from the lung mucosa and epithelium
(27). This would suggest that the particular location of ILCs
within the lung and the involvement of unconventional T cells is
responsible for directing the nature and magnitude of the specific
immune response.

ILCs themselves have been reported to antagonize each other,
with IL-27 and interferon-y (IFN-y) released by ILCls shown
to inhibit ILC2s and type 2 responses in the lung (28). In
addition and more fully discussed below, ILCs are highly plastic,
being able to readily change phenotype and function depending
on their microenvironment. The contribution of other innate-
like cells such as y8-T cells, MAIT cells, and NKT cells in
directing ILC traits and functionality in the lung may be of great
importance in understanding the role of ILCs in chronic lung
disease, in particular when compounded by viral, bacterial, and
other disease exacerbations.

PLASTICITY OF ILCs
DURING INFLAMMATION

Cellular plasticity is the ability of a differentiated effector cell
to adapt their function in response to altered situations and is
a particular feature of CD4™ T cells (29). Emerging evidence
indicates that ILC subsets also demonstrate considerable
plasticity in response to the inflammatory milieu as well as
viral and bacterial challenge and tissue site residency. This is
potentially due to the promiscuous co-expression of multiple
transcription factors driving differential cytokine expression as
well as an ability to alter cell surface marker expression in the
face of a changing environment.

ILC1 AND NK CELL PLASTICITY

Historically, NK cells were categorized as cytolytic ILC1s but
more recently have been identified as one of the five bona
fide ILC populations (2). At steady state, ILC1 and NK
cells can be identified by differential expression of TRAIL,
CD49a, and CXCR6 and the transcription factors Eomes and
promyelocytic leukemia zinc finger protein (PLZF), however
during inflammation these surface markers and transcription

factors can become altered which impedes the ability to track
bona fide ILCls. The cytokine milieu is largely responsible
for diverting ILC identity as has been shown for ILC2s and
ILC3s, which are capable of expressing T-bet and other T-bet
related gene signatures as well as secreting IFN-y. Although
NK cells in the bone marrow are critically reliant on T-bet,
mature cell fate is regulated by additional expression of Eomes.
Indeed, deletion of Eomes at the onset of ILC1 maturation
substantially blocked cytolytic NK cell development, shifting the
balance toward helper-like ILC1s (30). TGF- has been shown to
suppress Eomes in a tissue-specific population of ILC1s within
the salivary glands, with genetic abrogation of TGF-BRII in
NKp46t cells significantly reducing ILC1 numbers, expression
of CD49a, CD103, CD69a, TRAIL, and CD73 (31). Similarly,
NK cells can convert into cells that resemble ILC1s due to the
presence of TGF-f in a tumor microenvironment (32, 33). These
ILC1s were devoid of cytotoxic activity and expressed Hobit and
TIGIT, transcription factors known to suppress NK cell function.

In humans, CD127% ILC1 have been shown to differentiate
into ILC3-like cells in the presence of CD103" dendritic cells
secreting IL-2, IL-23, and IL-1B, which was enhanced in the
presence of retinoic acid and dependent on the transcription
factor RORyt; such reprogramming was fully reversible in the
presence of IL-12 and IL-18 (34). Studies into the plasticity
of ILCls have been confounded since an extensive mass
cytometry study of healthy and inflamed tissues revealed
that whereas human ILC2 and ILC3 populations could be
phenotypically delineated into separate clusters, ILC1ls were
identified throughout other cell populations (35, 36). This was
compounded by the fact that ILCI inherently lack a specific
lineage marker (35, 36). ILCls are particularly prominent during
inflammatory conditions but whether they are true ILC1 or arise
predominantly from ILC3 under the influence of IL-12 or ILC2
exposed to IL-1p still remains to be fully resolved.

ILC2 PLASTICITY

ILC2s are in general defined as lineage negative cells, which are
positive for Thyl, Sca-1, GATA-3, ST2 (IL-33 receptor), ICOS,
CD44, CD25, CD127, KLRGI, and c-kit low to positive (37).
ILC2 cells display great heterogeneity, with single-cell sequencing
of intestinal ILC2s at steady state identifying several subgroups
displaying differential gene expression patterns that differed to
lung ILC2s (38, 39). Whereas, natural ILC2s produce a type-2
cytokine profile, plastic inflammatory ILC2s can coproduce both
type 2 and the ILC3-characteristic cytokine IL-17. Interestingly,
inflammatory KLRG1™ ILC2s, which migrated to the lungs
upon IL-25 challenge or following infection with the hookworm
Nippostrongylus brasiliensis or the fungus Candida albicans,
expressed both GATA3 and RORyt and could produce IL-17
as well as IL-13 in vitro (10). Notch signaling has been shown
to induce RORC expression and drive IL-13/IL-17 co-producing
ILC2 cells during house dust mite induced airway inflammation
in mice (40). ILC2s from healthy human donors also express
low amounts of RORyt and can co-produce IL-13 and IL-22
demonstrating that key functions of ILC2 and ILC3 subsets can

Frontiers in Immunology | www.frontiersin.org

July 2019 | Volume 10 | Article 1597


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

Borger et al.

ILCs in Chronic Lung Disease

co-exist in one cell but appear to be exquisitely balanced by the
inflammatory milieu.

Human ILC2s activated by IL-1f have been shown to convert
into IFN-y producing ILCls by induction of low levels of T-bet
and IL-12RBII expression (41, 42). IL-12 stimulation appears to
act as a rheostat in directing the ILC1 or ILC2 response, although
IL-12 alone is not enough to induce this functional plasticity,
a process that can be reversed by exposure to IL-4 (41, 42). In
patients with severe COPD, there was elevated IL-12 and an
accumulation of IFN-yT ILC2s (43). ILC2 were also shown to
upregulate T-bet expression and acquire an ILC1 phenotype in
intestinal samples from Crohn’s disease patients (44). Even in
healthy human donors, a small subset of ILC2 cells have the
capacity to co-produce IL-13, IFN-y, and IL-22 (45, 46).

ILC3 AND LTI PLASTICITY

Previously, LTi cells were categorized as a subset of ILC3s,
although more recent studies have resolved that they are separate
populations. Plasticity between the two populations, with the
identification of LTi-like ILC3s and the lack of NCR expression
on LTi cells that is confounded by its heterogeneous expression
on ILC3s, supports the collective discussion of their plasticity.
RORyt"T ILC3 cells have been shown to co-express T-bet,
produce IFN-y and differentiate into ILC1 cells in response to
inflammation. Purified NKp44™ ILC3s from the murine fetal
intestine when cultured with IL-2, IL-23, and IL-1p differentiate
into ILC3, however when exposed to IL-2 and IL-12 they acquire
the ILC1 phenotype, losing expression of NKp44 and c-kit
(47). The switch also appears bi-directional, as IL-2 and IL-
23 stimulation of these ILC1 cells, although maintaining RORC
expression, caused a significant reduction in the Thl-specific
transcription factor T-bet encoded by TBX2I1 (47). Human
natural killer 22 (NK-22) cells that express IL-22, now defined as
ILC3 cells by current nomenclature, have demonstrated similar
loss of IL-22 production and acquisition of IFN-y expression (48—
50). Culturing of tonsillar NK-22 cells, in the presence of IL-2
considerably modified the NK-22 cell cytokine profiles, with IL-
2 promoting IFN-y secretion and reducing secretion of IL-17
and IL-22 (49). One mechanism driving ILC3 plasticity derives
from the levels and availability of the transcription factor T-bet,
a critical mediator in lineage commitment of CCR6~ RORyt"
ILCs. A distinct subset of IL-22 producing ILC3s, which also
express NKp46, reside in the gut and develop through T-bet
regulation (12, 51). Mice exhibiting loss of T-bet expression
through genetic ablation developed CCR6™ RORyt™ ILC3s but
failed to develop NKp46-expressing RORyt™ ILCs (NK-22 cells)
and could not produce IFN-y (51).

Environmental cues from commensal microbiota have been
shown to be critical in upregulating T-bet expression. Indeed,
specific pathogen free (SPF) mice were shown to have
greater numbers of T-bett™ NKp46~ RORyt™ ILC numbers
compared to germ-free mice, with a corresponding decrease in
NKp46~CCR6™~ T-bet " RORyt" ILCs (51). Although studies in
the lung during either homeostatic or inflammatory conditions
remain to be investigated, gut microbiota has been shown to

stabilize RORyt expression in LTi cells in mice treated with
antibiotics, with IL-12 and IL-15 identified as the main drivers
of RORyt loss (52). Similar to the lung, in the intestine, the
process of transdifferentiation appears to be a requirement of
ILC function during inflammation. Indeed the production of
IFN-y by T-bet-expressing CCR6~ RORyt™ ILCs was shown
to be essential for the release of mucus-forming glycoproteins
to protect the epithelial barrier during Salmonella enterica
infection in the intestine and in Crohn’s disease patients which
display higher frequencies of ILCls (34, 51). Although loss
of RORyt from LTi cells and IEN-y release leads to potent
induction of colitis (52). These results reveal how intestinal
microbiota can impact upon transcription factor gradients and
act as rheostats for ILC functional programming, identifying how
critical the tissue microenvironment is for shaping the immune
response. These studies raise the exciting possibility that the
lung microbiota may similarly affect ILC transdifferentiation
in lung homeostasis and inflammation, which now needs
investigation in the chronic disease setting, especially to further
our understanding of the pathology underlying exacerbations.

ILCs IN CHRONIC LUNG DISEASE

ILCs only represent a small fraction of the total immune cells
in the lung, however it is clear that they play key roles in
protection of the pulmonary system against a diverse array of
microbes. While critical for respiratory immunity, there is now
increasing evidence that these cells are implicated in chronic
lung diseases and may represent disease biomarkers or targets
for therapeutic intervention. The following sections will describe
what is currently known about the role of these cells in chronic
lung diseases.

Asthma

Asthma is a chronic disease of the airways characterized by
airway hyper-reactivity, bronchoconstriction and mucus over-
production, and is classically associated with type 2 inflammation
with Th2 cells thought to be the predominant source of
these cytokines. Asthma is a highly heterogeneous disease with
numerous endotypes including allergic and non-allergic disease
(53) and it can be stimulated by many different triggers including
airborne allergens and irritants, respiratory infection, cold air,
and exercise. It is now appreciated that the disorder involves
more than the adaptive arm of the immune system, with ILC2s,
which are known to produce type 2 cytokines, being highly
implicated as key players in asthmatic lung inflammation. Several
recent reviews have highlighted the roles of ILCs in allergic
asthma (13, 54); thus we will only touch on this briefly in this
review, and instead focus on the contribution of ILCs in human
studies of chronic asthma.

Several studies have identified a critical role for ILC2s in
allergic asthma. ILC2 express IL17RB (IL25R) and ST2 (IL33R)
and respond to intranasal administration of IL-25 and IL-33
producing IL-13 and IL-5, which contribute to the development
of airway hyper-reactivity, eosinophilia, and airway inflammation
(55-58). Both IL-25 and IL-33 are involved in type 2 immunity
and are produced by airway epithelial cells. Allergen challenge
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greatly elevated IL-33 production, eliciting IL-13-expressing
ILC2s in the lung and airways to induce airway hyper-reactivity
(59). IL-25 or IL-33 challenge can induce the activation and
accumulation of ILC2s within the lung-draining mediastinal
lymph nodes, although in lung tissue, IL-33 administration
induced a more sustained response. Indeed, only IL-33 could
exert a direct chemotactic effect on ILC2s, which was mediated
through the activation of ERK1/2, p38, Akt, JNK, and NF-kB (60),
although IL-25 also stimulates several other cell types including
Th2 cells and iNKT cells (61) which together would further
amplify lung inflammation. In studies investigating the steroid
responsiveness of ILC2s in allergen-challenged mice, reduced
numbers, and increased cell death following dexamethasone
treatment was observed suggesting that they are sensitive to
glucocorticosteroids in eosinophilic asthma (62).

Most studies on the role of ILCs in asthma utilize experimental
models that are challenged by short-term exposure to allergens,
therefore the role of ILC2s in chronic asthma remains largely
unknown. Although, in line with the discovery of a pathogenic
role of ILC2s in experimental asthma, ILC2s are also elevated in
number and activation status in patients with chronic asthma.
ILC2s accumulate in the lung tissue, airway mucosa and the
sputum of asthmatic patients and the numbers are further
increased when challenged with allergen (63, 64). Indeed, PBMCs
isolated and exposed to IL-25 and IL-33 produced a greater
amount of IL-5 and IL-13 than healthy controls (65). Increased
numbers of ILC2s in asthmatics correlate with eosinophilia and
asthma severity, suggesting a link to disease pathogenesis (65,
66). A transcriptomic study recently revealed a link between
expression profiles of ILC2s and allergic asthma susceptibility
genes in mice and humans including RORA, SMAD3, GATA3,
IL13, IL18R1, and ILIRLI, suggesting a role for ILC2 in
regulating susceptibility gene expression (67).

The role for ILC3s still requires further investigation, but
IL-17*tILC3s were found to be elevated within the BAL of
asthma patients compared to healthy subjects (68). In line
with this finding, genetic profiling of patients with adult-onset
asthma, which is often more severe and associated with a
poorer prognosis than childhood-onset asthma, revealed that
ILC3 gene signatures, along with pathways involving eosinophilia
and mast cells, were highly enriched in nasal brushings, sputum,
and endobronchial brushings (69). IL-22 production is elevated
in allergen-challenged mice and associated with airway hyper-
responsiveness (70), and increased IL-22 expression has also been
detected in the serum of asthma patients (71). A single study
has identified Lin~CD90" Sca-17ILCs to be the producers of IL-
22 but further studies are required to determine if ILC3s also
contribute to its production (72). Overall, ILC2s are likely to play
a key role in the initiation and propagation of type 2 responses
in the lung which may involve crosstalk with conventional
T cells. Further evidence has demonstrated crosstalk between
commensal bacteria, intestinal mucosal dendritic cells and IL-22-
producing ILC3s in establishing the pulmonary immune system
of newborn mice and promoting their resistance to pulmonary
infections and suggesting that they may play a protective role,
preventing the development of lung disorders such as asthma
(73). It seems likely that a more intricate cellular network

involving IL-17 and IL-22 producing ILC3s and y3-T cells as well
as NKT cells may also exist in the asthmatic lung, as these cells
are known to induce airway hyperresponsiveness in the absence
of adaptive immunity.

Chronic Rhinosinusitis

Chronic rhinosinusitis is a persistent inflammatory disease of
the nasal passages and sinuses that arises through an abnormal
host response to environmental stimuli at the nasal and sinus
mucosa and in its most severe form, is associated with the
development of nasal polyps. Since cytokines such as IL-25, IL-
33, and TSLP and their receptors are involved in the disease
(74), by inference, this implicates ILCs in its pathogenesis. While
studies in this area are limited, an increased proportion of ST2"
ILCs have been observed in the sinonasal mucosa from patients
presenting with chronic rhinosinusitis and nasal polyps (75).
ST2* ILCs, now identified as ILC2s (76), have been shown
to be increased in number and correlate with worsening nasal
symptoms (77). A recent study found that ILC2s are not only
increased in number, but they also exhibit an activated phenotype
in chronic rhinosinusitis patients (78), suggesting that ILCs play
a significant role in disease manifestation.

COPD

COPD is a chronic inflammatory lung disease that is
characterized by airflow limitation and triggered by an
exaggerated inflammatory response to noxious stimuli such
as cigarette smoke. ILCs can drive disease in the lung through
accumulation and/or an alteration in their subset composition.
In COPD patients, IL-12 signatures and the accumulation of
ILCls are elevated. IL-12 induces the conversion of ILC2s
into IFN-y-producing ILCls thus contributing to the type 1
inflammation associated with COPD (43). The increase in ratio
of ILCI:ILC2 has also been shown to correlate with lung function
decline and increased disease severity (79). Gene expression
profiling studies on a small subset of samples from patients
with centrilobular emphysema showed that genes expressed by
NK, LTi, and ILC1 cells were enriched in the inflammatory cell
infiltrate, suggesting that emphysematous destruction is driven
by a Th1-type response (80).

Recent studies on experimental mouse models have provided
the first evidence that ILC2s may participate in COPD
pathogenesis. Following cigarette smoke exposure, ILC2-
deficient mice (Rora/! 117rCre) developed similar levels of airway
inflammation to wild type mice although the loss of ILC2s
appeared to protect from cigarette smoke-induced emphysema
(81). However, ILC2-deficient mice had increased IL-33 and
IL-13 expression and substantial collagen deposition identifying
a role for ILC2s in airway fibrosis and lung remodeling
processes (81).

The release of the major stimulators of ILC2s, TSLP, IL-25,
and IL-33, as a result of epithelial cell injury in both asthma
and COPD, provide evidence of ILC2s in airway remodeling.
IL-33 expression increases in basal epithelial progenitor cells
in patients with COPD, and has been linked to increased IL-
13 and mucin gene 5AC expression (17), suggesting a role for
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ILC2s in the airway disease components of COPD such as mucus
hypersecretion, airway hyper-responsiveness and fibrosis.

When considering cell-intrinsic mechanisms regulating ILC2
function, the enzyme arginase-1 (Argl), which is considered a
classic alternatively activated macrophage marker, was recently
identified as a critical mediator in the control of a metabolic
program within the ILC2 subset in the lung and the development
of type 2 inflammation. Argl is known to promote collagen
synthesis and fibrosis to support wound healing in the lung. In
lung tissue from patients with COPD and idiopathic pulmonary
fibrosis (IPF), Argl was found to be elevated in ILC2s although
levels between these two groups did not differ significantly,
suggesting Argl expression is a general inflammatory signature
of these cells (82). Loss of ILC-intrinsic Argl activity prevented
a robust ILC2 response and reduced the emphysematous
phenotype of COPD, identifying a role for Argl and its control
of ILC2 responses in chronic lung inflammation (82).

A role for ILC3s in COPD has been implicated as IL-17 is a
key mediator of neutrophilia in COPD. Indeed, COPD patients
have a greater number of IL-17- and IL-22-expressing cells in
bronchial biopsies (83) and a recent study identified the presence
of both natural cytotoxicity receptor (NCR)™ and NCR™ ILC3
subsets in the lungs of COPD patients (14). However, a higher
frequency of NCR™ ILC3s were found compared to healthy
controls, as well as elevated IL-17 and IL-22 production by ILC3s.
Furthermore, the recent identification of NRP1" as a marker of
LTi-like ILC3 cells in the lungs of smokers and COPD patients,
suggests these cells may play a key role in the formation of ectopic
pulmonary lymphoid aggregates and the promotion of airway
angiogenesis (84).

The lung tissue destruction that occurs in COPD highly
implicates cytotoxic lymphocytes such as NK cells in this
damaging process. While early studies in COPD patients,
suggested that NK cells in the circulation were reduced in
number and had compromised phagocytic activity (85, 86),
further studies showed that there was an increase in the
proportion and cytotoxic activity of NK cells in the BAL
or induced sputum from smokers with COPD compared to
healthy smokers (86, 87). Moreover, NK cells isolated from
the lung tissue of patients with severe COPD had increased
cytotoxicity which correlated with decreased pulmonary function
(88). Mouse studies confirmed these findings, with cigarette
smoke exposure increasing the number of NK cells within the
lung, which also displayed an activated phenotype (89-91).
The upregulation of epithelial-derived IL-33 by cigarette smoke
exposure during a viral exacerbation was shown to increase
both NK cell recruitment and effector cytokine responses
through the upregulation of ST2, although interestingly, ILC2
cells conversely downregulated ST2 expression (92). Ligands
for NKG2D activatory receptors on NK cells have been
found to be induced on stressed lung epithelium, which
may provide a mechanism to promote NK cell activation in
lung disease (93), and in support of this, sustained NKG2D
activation in a transgenic mouse model was sufficient to
cause pulmonary emphysema (94). This finding was reinforced
by the demonstration that cigarette smoke induced the
sustained expression of NKG2D ligands on mouse epithelium

and strengthened by the same observation in patients with
COPD (94).

Exacerbations of COPD and Asthma

Asthma and COPD are the most common chronic airway
diseases, and exacerbations, which are episodes of acute
worsenings of symptoms and airflow obstruction, contribute
greatly to disease morbidity and mortality. The major cause
of disease exacerbations are viral infections of the respiratory
tract, particularly those involving rhinovirus. In respiratory viral
infection, ILCs accumulate in lung tissue and play important
roles in host defense, tissue integrity and the maintenance of
homeostasis in the lung (5). However, they are also implicated
in asthma and COPD exacerbations following lung infection (43,
95). It has been well-characterized that ILC2-activating cytokines,
IL-25, and IL-33, are released by airway epithelial cells upon
viral infection, where they play key roles in disease exacerbations
through enhancement of type 2 inflammation. These cytokines
induce ILC2 accumulation in the lung, which in turn release IL-5
and IL-13, leading to eosinophil recruitment, mucus production
and macrophage polarization (96). BAL eosinophil numbers and
IL-5 and IL-13 mRNA expression in lung tissue were greatly
reduced when ILCs were depleted by anti-CD90.2 antibody (97).
Thus, intervening in the action of ILC2s and their associated type
2 cytokines during a viral infection may be an effective strategy to
manage viral exacerbations.

Cigarette smoking, which is one of the major risk factors for
COPD, is known to alter the lung immune response to infection
(98). Smoke-exposed mice, which show an upregulation of IL-33
expression in the lung epithelium, are completely protected from
influenza virus-induced exacerbation when deficient in either IL-
33 or its receptor ST2 (92). Prior exposure to smoke was shown to
compromise the ability of the lung to mount a Th2 response and
subsequent production of IL-13 from ILC2 cells, which led to an
exacerbated Th1 proinflammatory response. In support, a study
of pulmonary biopsies from patients revealed that elevated IL-33
in lung tissue sections correlated with severity of COPD (92).

Trans-differentiation of ILCs is also linked to lung disease
exacerbations. In response to pathogens that trigger COPD
exacerbations (influenza A virus, respiratory syncytial virus,
Staphylococcus aureus, non-typeable Haemophilus influenzae),
mouse ILC2s substantially lowered their expression of the
transcription factor GATA-3, exhibited an increase in expression
of T-bet and switched to interferon-y-producing ILCls (36, 43).

In mice, IL-12 and IL-18 were involved in the trans-
differentiation program which occurred during infections where
ILC2s were observed to accumulate and acquire ILC1 effector
functions (99). Extending these studies to human samples, IL-12
could also induce the plasticity of ILC2 sorted from peripheral
blood, reprogramming them into ILC1 cells (41). Interestingly,
the frequency of ILC1 cells in patients with COPD was linked
with disease severity and exacerbation susceptibility (43). These
studies highlight the unfavorable effect of ILC2 plasticity on
anti-viral immunity and its adverse effect on COPD during an
exacerbation. In this context, it is critical we now learn how to
control the plasticity of lung ILC2s, which may help to manage
exacerbations and slow the progression of chronic lung disease.
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Pulmonary Fibrosis

Pulmonary fibrosis is a feature of lung diseases such as
asthma, COPD, cystic fibrosis, and idiopathic pulmonary fibrosis
(IPF). IPF is a progressive, fibrotic disease of the lung with
an unknown etiology and an extremely poor prognosis. It
is characterized by a dysregulated wound healing response,
the over-production of profibrotic factors such as IL-13 and
TGF-f and the activation of myofibroblasts that leads to
extracellular matrix accumulation. While this is an understudied
area, type 2 responses have been implicated in the pulmonary
fibrosis phenotype (100) and therefore by association, ILC2
cells may play a significant role. Levels of the cytokines IL-
33 and TSLP, which are inducers of ILC2s, have been found
to be significantly elevated in the BAL of patients with IPF
relative to normal control subjects (18). IL-25 has also been
shown to be elevated in the BAL fluid of IPF patients with a
corresponding increase in numbers of ILC2 cells compared to
healthy subjects (101).

The role of ILC2s in pulmonary fibrosis and airway
inflammation is supported in animal models where the
production of IL-13 by IL-25-elicited ILC2s was sufficient
to drive collagen deposition in the lungs of bleomycin-
challenged mice (101). Likewise, intranasal delivery of
recombinant IL-25 to mice caused airway inflammation,
connective tissue growth factor (CTGF) and TGF-f1
production and subsequent pulmonary fibrosis (102).
Similar observations have been made for IL-33, with elevated
levels of IL-33 detected in lung tissues during fibrosis or
intestinal epithelium of patients with pulmonary fibrosis
or fibrotic colitis, respectively, and in the liver of mice
with hepatic fibrosis (103). Mechanistically, it has been
proposed that IL-33 drives fibrosis by inducing the production
of the profibrotic cytokine IL-13 in ILC2s, macrophages,
and eosinophils.

NK cell activation may protect against lung fibrosis through
the production of IFN-y. In murine models of bleomycin-
induced pulmonary fibrosis, CXCR3 deficiency resulted in
loss of NK cell recruitment to the lung and subsequent
IEN-y production resulting in increased pulmonary fibrosis
(104). The expression of NKG2D, an activatory receptor on
NK cells, was shown to be reduced on NK, NKT, and
y8-T cells isolated from the BAL of patients with IPE
suggesting NK function may be impaired in pulmonary
fibrosis (105, 106). Interestingly, the expression of the NKG2D
ligand, MICA, is upregulated on fibroblasts and the epithelial
cells within the lung of IPF patients suggesting ligand
concentrations, in addition to cytokine milieu, may play a role
in directing NK cell function and the concerted modulation
of NKT and y3-T cells during progression of chronic lung
disease (106).

ILCs, in addition to participating in lung homeostasis, have
now been shown to also contribute to a number of lung
pathologies. ILCs become dysregulated in chronic lung disorders
including asthma, COPD, chronic rhinosinusitis, and pulmonary
fibrosis, which in part may be due to the highly heterogeneous
nature of ILCs, and their ability to respond to changing local
tissue environmental conditions by altering their traits and

functional attributes (Figure 2). Further studies are now required
to fully appreciate how ILCs contribute to the immunopathology
of chronic lung disease.

ROLE OF UNCONVENTIONAL T CELLS IN
CHRONIC LUNG DISORDERS

In addition to ILCs, other innate-like unconventional af- and
v8-T cells have recently emerged as central players in pulmonary
immunity. Both MR1-restricted MAIT cells and CD1d-restricted
NKT cells express a surface receptor comprised of a semi-
variant TCR-« chain complexed with a TCR-f chain of limited
repertoire. MAIT cells share some similarities with NKT cells
including restriction by non-classical MHC molecules and
expression the transcription factor PLZF. Unconventional y3-
T cells differ from conventional T cells due to the expression
of a Y8 TCR of limited TCR diversity. Unlike conventional
T cells that recognize antigens complexed with MHC class I
and II molecules, unconventional y3-T cells recognize lipids,
metabolites, and modified peptides presented by MHC class Ib
and MHC class-I-like molecules (107). The innate-like phenotype
of unconventional T cells is exemplified by their ability to secret
cytokines and chemokines without prior antigen exposure upon
thymic egress. Similarly, y3-T cells, which mature and exit the
thymus prior to RAG recombination of the y3 TCR, are largely
effector-like cells and express a semi-variant TCR. Whereas,
MAIT and NKT cells each comprise ~2% of the T cell population
in the lung, y8-T cells are estimated to represent up to 8-20% of
all resident pulmonary lymphocytes (107, 108). Although there
is a growing understanding of the role of MAIT, NKT, and y3-T
cells in host protection from pathogens, at present their role and
relevance in lung disease is largely unknown.

Unconventional T cells respond to microbial pathogens
within the lung. NKT cells become activated in response
to microbial CDld-restricted lipids and upon exposure to
inflammatory cytokines such as IL-12 (109, 110). Similarly to
NKT cells, which respond predominantly to bacterial challenges,
MAIT cells are activated by bacteria and yeasts and produce
TNF-a and IFN-y to control infection (111). y3-T cells sense
cellular stress-induced signals through TCR-dependent and -
independent pathways. Activation through the y3-TCR can occur
through non-classical MHC molecules including T10/T22 and
CD1 family members as well as butyrophilin 3A1 and viral
glycoproteins (112). y8-T cell ligands are still largely undefined
but y3-T cells have been shown to respond to phospholipids,
viral proteins, and stress-induced molecules. y3-T cells also
can respond to pathogen-associated molecular patterns through
expression of numerous pattern recognition receptors on their
surface as well as NK receptor ligands Rael and MICA/B
(113). Lung inflammation drives y3-T cells to secrete IFN-y
and TNF-o and they have also been shown to be a potent
source of IL-17. There is an obvious overlap in positioning,
ligand recognition, activation, and effector function between
the unconventional T cells. Unconventional T cells all express
cell surface receptors for the detection of microbial products,
which unlike the ILC population within the lung, gives them
specificity to directly respond to infectious agents entering the
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FIGURE 2 | Schematic representation of ILCs in lung health and disease. ILC2s are important for the preservation of airway barrier integrity during homeostasis.
During inflammation in response to allergens, IL-33, and TSLP produced by alveolar type Il epithelial cells are known to drive IL-9 production in ILC2s. Autocrine IL-9
promotes IL-5 and IL-13 production which drives mucus production from goblet cells in the airways. ILC2s also produce amphiregulin during infection to activate
epithelial repair responses. IL-22, an important factor for the maintenance of epithelial barrier function, mucus production and tissue repair, is predominantly produced
by ILC3s. In disease settings, IL-25 and IL-33 from airway epithelial cells induce IL-13 and IL-5 production from ILC2s which contribute to airway hyper-reactivity,
mucus overproduction, and airway inflammation in asthma. Further dysregulation of ILC2s through increased expression of Arg1 promotes collagen synthesis and
deposition causing lung fibrosis. In addition to the contribution of IFN-y* from ILC1s in recruiting and activating alveolar macrophages in COPD, there is accumulation
of IFN-y* ILC2s. Similar alterations in ILC phenotype are seen in asthma with the production of IL-17, primarily produced by ILC3s, co-expressed with IL-13 by ILC2s
causing neutrophilia in COPD and asthma. Airway remodeling, an important feature in asthma and COPD, may in part be supported by LTi-like ILC3s and their
participation in the formation of ectopic lymphoid structures. The above findings demonstrate a highly complex interplay of ILCs, cytokines and other inflammatory
mediators within the lung. The highly plastic nature of ILCs, which follow cues from the inflammatory milieu, causes them to become dysregulated during chronic lung
disease due to an overt and persistent onslaught of inflammatory mediators.
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lung rather than to a diverse inflammatory milieu. Given their
cytolytic capacity and cytokine profiles, unconventional T cells
appear to be a specialized innate-like group of cells that are
poised to act in early host defense to a range of pathogens
and their bi-products. It also suggests that unconventional
T cells may play a specific and perhaps intersecting role
during infection of the chronically inflamed lung, contributing
to exacerbations.

NKT Cells

The most widely studied subset of NKT cells are invariant
NKT (iNKT) cells, expressing a TCR with limited diversity that
responds to microbial glycolipid antigens. Upon activation, iNKT
cells rapidly produce IFN-y and IL-4 among other cytokines,
indicating that they act early in the immune response and can
coordinate both the innate and adaptive arms.

The role of iNKT cells in asthma so far is inconclusive
[reviewed in (114)]. Bronchial asthma is classically thought to
be a Th2 cell-associated disease characterized by CD4* Th2
cells producing IL-4, —5, and —13. Yet, there are reports that a
significant proportion of lymphocytes in the blood are CD1d-
restricted CD4" iNKT cells that inversely correlate with atopic
indexes in asthmatic patients (115, 116). However, the inverse
has also been reported in the BAL where fewer than 2% of T
cells were CD4™" iNKT in patients with asthma, a number which
did not differ significantly from the number found in healthy
subjects (117). Nevertheless, using NKT cell deficient mice it has
been shown that the absence V14i NKT cells protects mice from
developing allergen-induced airway hyper-reactivity (118). Thus,
much more work is required to fully appreciate the contribution
of iNKT cells to asthmatic airway disease.

In COPD, the role of iNKT cells is as confounding with CDh4t
iNKT numbers in the BAL and sputum unchanged, although a
conflicting study reported that the frequency of iNKT cells in
the peripheral blood was significantly reduced in subjects with
COPD compared to healthy individuals and further reduced
in those COPD patients with exacerbations (117, 119). The
converse trends between the blood and BAL were also seen with
respect to CD4™" cells in a patient study of smokers with COPD.
Smoking was found to increase the number of CD8' T cells
and CD8" NKT-like cells in the BAL of COPD patients with
a concurrent reduction of CD4% cells in the BAL and increase
of CD4™ in the blood as previously reported (120, 121), while
another study found an increase in iNKT and NKT-like cells in
BAL fluid from current smokers but not COPD patients (121).
Indeed, the role of iNKT cells in COPD may more relate to
exacerbations, which can be caused by infection with respiratory
viruses and other pathogens. iNKT cells have been shown to
contribute to COPD following viral challenge with Sendai virus
and subsequent glycolipid presentation by dendritic cells, which
leads to the secretion of IL-13 and alternative activation of
alveolar macrophages (122). This identifies a possible role for
iNKT cells in viral exacerbations of COPD, which may extend to
other chronic lung diseases.

iNKT cells have been shown to induce airway hyper-
responsiveness in the absence of adaptive immunity, which
would suggest that iNKT cells and ILCs may interact within the

lung. A study has addressed this using glycolipid antigens in
a murine model of asthma. iNKT cells activated by glycolipid
antigens stimulated the production of IL-33 from alveolar
macrophages which in turn activated ILC2 to produce IL-13
and contribute to airway hyper-responsiveness (123). NKT cells
themselves have been shown to be a source of IL-33 during
influenza infection (19). Taken together, these results suggest that
iNKT crosstalk in the lung is highly complex and involves other
innate cells such as ILC2s.

MAIT Cells

In humans, MAIT cells are in abundance in the peripheral blood
and comprise 10% of lung mucosal T cells, which in addition
to the limited diversity of the MAIT-TCR means that early
within the immune response, MAIT cell responses significantly
outnumber those from conventional af-T cells. MAIT cells
display an effector-memory phenotype without prior clonal
expansion and can secrete a range of pro-inflammatory cytokines
including TNF-a, IL-17, and IEN-y and also IL-4 upon TCR
ligation (124-126).

Circulating MAIT cell numbers have been found to be
significantly reduced in patients with COPD, correlating
with disease severity and inflammatory activity (127, 128).
Exacerbations are major drivers of morbidity and mortality
in COPD. Since exacerbations can be driven by bacterial
infection, and MAIT cell activation is elicited by precursors and
derivatives of the riboflavin biosynthetic pathway conserved in
bacteria and yeast, there is potential for their involvement in
COPD exacerbations. Macrophages stimulated with live non-
typeable Haemophilus influenzae (NTHi), the most common
airway-colonizing bacterium in COPD, promoted a potent IFN-
y response from MAIT cells, providing strong evidence that
NTHi is a target of MAIT cell immunity. Interestingly, MAIT
cell number and immune responses were significantly impaired
by corticosteroid treatment, suggesting that failure of MAIT
cell immunity may mediate COPD immunopathology during
infection (127). MAIT cell frequencies were markedly reduced in
the blood and lung tissues of severe asthma patients, which was
also related to corticosteroid treatment (129).

MAIT cells as well as NK cells and ILCs have been shown
to be involved in asthma. MAIT cells, activated NK cells
(CD69T), ILC1, ILC2, and ILC3 cells have all been shown to
positively correlate with each other and with reduced airflow
in asthmatic patients (130). This would suggest an underlying
bacterial challenge could be involved in the increase in MAIT
cell numbers, although an increase in all ILC populations and
their mixed response seems contradictory. In response to viral
challenge by influenza A virus and the bacteria Staphylococcus
aureus and NTHi, all of which are COPD-associated triggers,
ILC populations were altered. Each pathogen induced ILC
reprogramming in the lung by inducing the loss of GATA-
3 expression, while increasing IL-12RPII, IL-18Ra, and T-bet
expression (43). Similarly, exposure to cigarette smoke induced
a loss of GATA-3 expression and emergence of an ILC1
population. Interestingly, exposure to cigarette smoke combined
with viral infection augmented the ILC phenotypic switch,
suggesting the response was due to pathogenic or environmental
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insults (43). Understanding how MAIT cells contribute to these
exacerbations and support ILC plasticity may define their role
in pulmonary immunity and the immunopathology of chronic
respiratory diseases.

y8-T Cells

y8-T cells are tissue-resident cells primarily located at mucosal
sites within the body; in the lung they have been characterized as
CD4 and CD8 double negative cells selectively expressing Vy6,
Vyl1, and Vy4 gene segments (131). The y8-T cells residing in the
lung are potent producers of IL-17 whereas y8-T cells expressing
different Vy gene segments in the skin, gut, liver, spleen, uterus,
and peripheral blood can produce IL-17 or IFN-y (131). The
abundance of y3-T cells in the lung supports tissue homeostasis,
although y3-T cells have also been shown to play critical roles in
bacterial clearance and the prevention of inflammation and lung
fibrosis (132).

Little is known about the roles of y3-T cells in chronic
lung diseases such as COPD except that they are an important
component of tissue injury and remodeling. The specific
localization of y8-T cells in epithelial and mucosal tissues and
their role in protecting and maintaining airway function, suggests
that they are likely participants in chronic airway diseases.
Cigarette smoke exposure is the major cause of COPD and has
been directly implicated in neutrophil variant asthma, asthma-
COPD overlap syndrome, interstitial lung disease, rheumatic
lung disease, and infectious exacerbations of these conditions
(87, 133-135). Studies have shown elevated numbers of y8-T

cells in the bronchial glands, lung parenchyma, peripheral blood
and BAL of smokers compared to never smokers (136-138).
Early reports demonstrated that y3-T cell percentages in the BAL
and peripheral blood increased in COPD patients compared to
healthy controls and were further amplified by smoking (139,
140). In contrast, a more recent study reported significantly lower
relative and absolute numbers of y3-T cells in the sputum and
BAL of patients with COPD than those with asthma or healthy
subjects, which negatively correlated with FEV1 and smoking
pack years (141). This finding contradicted earlier publications
but failed to stratify patient subgroups due to small sample size
whereas the previous studies may have been confounded by
inhaled steroid and bronchodilator therapies, and thus, much
more work is required to fully appreciate the contribution of y§-T
cells in COPD.

In many cases, airway infections can cause COPD
exacerbations, which are an acute worsening of respiratory
symptoms. IL-17 producing cells, in particular Th17 cells, play
distinct roles in host defenses against diverse pathogens (142).
Pathogens that invoke an IL-17 response involve innate immune
cells such as y3-T cells, NKT cells, MAIT cells, and ILC3s, as
well as adaptive Th17 cells. Persistence of some bacteria such as
Pseudomonas aeruginosa within the lower airways is common in
patients with cystic fibrosis, non-cystic fibrosis bronchiectasis,
and COPD. In a murine model of chronic pulmonary infection
with Pseudomonas aeruginosa, there was a significant expansion
of IL-17% cells in lung homogenates and of these, 50% were
CD3~ IL-17"7 ILC3s, likely to be LTi cells and 50% were
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FIGURE 3 | Unconventional lymphocytes are implicated as pathogenic mediators of asthma and COPD and disease exacerbations. In asthma, IL-4 and IL-13
cytokines produced by NKT cells are directly involved in disease development which is compounded by additional IL-4 production from y3-T cells. Conversely there is
a reduction in IFN-y producing y8-T cells and MAIT cells, which correlates with disease severity in asthma and COPD. In COPD, there is an increase in NKT cell
numbers and cytotoxicity in the lungs, and IL-17-mediated neutrophilia, which is driven by y8-T cells, both of which contribute to lung damage. These studies
demonstrate the complex interplay and multifaceted contributions from the different types of unconventional T cells to chronic lung disease.
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CD3% T cells, split equally between y3-T cells and Th17 cells,
demonstrating a diverse range of cellular sources of IL-17 in
chronic respiratory infection (143). Why a spectrum of IL-17-
producing cells are generated during pulmonary infection and
the roles of these different cell types, remains to be determined.

Just as cigarette smoke has been shown to increase the
number of IL-17A" NKT cells in the lung, alternative cellular
sources of IL-17A include NK cells and y3-T cells which
have been shown to become potent producers of IL-17A upon
cigarette smoke exposure, with the frequency of IL-17% y3-T
cells significantly increasing in number (144). Clinical studies
and experimental models of viral-induced COPD exacerbations
provide strong evidence of ineffective anti-viral immunity in
response to cigarette smoke. Although increased y3-T cell
numbers and production of IL-17A in response to cigarette
smoke has been shown to be protective, pneumococcal challenge
of mice chronically subjected to cigarette smoke led to defective
production of IL-17 from y3-T cells (145). Similarly, in the
presence influenza A, mice exposed to cigarette smoke recovered
poorly from an acute infection (146). During influenza infection,
y8-T cells acquire reciprocal production of IFN-y and IL-17A,
however, cigarette smoke exposure leads to repression of IFN-
y transcription (146). The contribution of unconventional T
cells to chronic lung disease, including asthma and COPD, is
only starting to be understood (Figure 3). As most chronic lung
disease patients experience exacerbations during the course of
their disease, an improved understanding of how y8-T cells
as well as MAIT and NKT cells contribute to the cytokine
milieu during these insults to drive ILC plasticity and alter
function is now required. This may offer important new insights
into the way in which innate and innate-like cells contribute
to COPD and asthma exacerbations, as well as other chronic
pulmonary diseases.

CONCLUDING REMARKS

The development of innate and innate-like lymphocytes with
overlapping phenotypes and functions has most likely evolved
to provide robustness to the pulmonary immune system (147).
ILCs and unconventional T cells may differ in cellular biology
but they share common roles in tissue integrity preservation,
lung homeostasis and immunity against infections. Compared
with their conventional counterparts, it seems likely that ILCs
and unconventional T cells have developed as specialized tissue-
resident sensors to rapidly detect deviations in tissue integrity
that arise from infection or injury. While it is clear that
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Invariant NKT Cell-Mediated
Modulation of ILC1s as a Tool for
Mucosal Immune Intervention

Stephanie Trittel ", Neha Vashist?*, Thomas Ebensen’, Benedict J. Chambers?,
Carlos A. Guzman'* and Peggy Riese ™*

" Department of Vaccinology and Applied Microbiology, Helmholtz Centre for Infection Research, Braunschweig, Germany,
2 Department of Medicine, Center for Infectious Medicine, Karolinska Institute, Karolinska University Hospital Huddinge,
Stockholm, Sweden

Non-NK group 1 innate lymphoid cells (ILC1s), mainly investigated in the mucosal areas
of the intestine, are well-known to contribute to anti-parasitic and anti-bacterial immune
responses. Recently, our group revealed that lung ILC1s become activated during murine
influenza infection, thereby contributing to viral clearance. In this context, worldwide
seasonal influenza infections often result in severe disease outbreaks leading to high
morbidity and mortality. Therefore, new immune interventions are urgently needed. In
contrast to NK cells, the potential of non-NK ILC1s to become functionally tailored
by immune modulators to contribute to the combat against mucosal-transmitted viral
pathogens has not yet been addressed. The present study aimed at assessing the
potential of ILC1s to become modulated by INKT cells activated through the CD1d
agonist aGalCerMPEG. Our results demonstrate an improved functional responsiveness
of murine lung and splenic ILC1s following iNKT cell stimulation by the mucosal route,
as demonstrated by enhanced surface expression of TNF-related apoptosis-inducing
ligand (TRAIL), CD49a and CD28, and increased secretion of IFNy. Interestingly, INKT
cell stimulation also induced the expression of the immune checkpoint molecules GITR
and CTLA-4, which represent crucial points of action for immune regulation. An in vivo
influenza infection model revealed that intranasal activation of ILC1s by aGalCerMPEG
contributed to increased viral clearance as shown by reduced viral loads in the lungs.
The findings that ILC1s can become modulated by mucosally activated iINKT cells in a
beneficial manner emphasize their up to now underestimated potential and renders them
to be considered as targets for novel immune interventions.

Keywords: ILC1, iNKT cell, «GalCerMPEG, intra nasal, influenza virus, modulation

INTRODUCTION

The recent discovery of innate lymphoid cells (ILCs) expanded the pool of heterogenic innate
immune cell populations. ILCs are classified into group 1, 2, and 3 ILCs according to the expression
of the transcription factors T-bet, GATA-3, and RORyt, respectively. They can rapidly secrete
diverse cytokines upon stimulation and were shown to represent the innate counterparts of Ty1,
Ty2 and Ty17 cells (1-3).
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Group 1 ILCs encompass conventional NK cells as well as
non-NK cells, named ILCls. In contrast to NK cells, ILCls
express the surface receptor CD127, but lack the expression of the
transcription factor Eomes (4, 5). The cytotoxic activity of ILC1s
is much less prominent and mainly mediated via the expression
of the TNF-related apoptosis-inducing ligand (TRAIL), whereas
the killing of viral or transformed cells via inherent granule-
mediated cytotoxicity is a main functional feature of NK cells
next to cytokine secretion. With regard to the cytokine profile
secreted upon stimulation, ILC1s primarily produce IFNy and
TNFa, similar to NK cells. Thus, ILCs expressing CD127 and
T-bet but not Eomes and displaying weak cytotoxicity are
considered as ILCls.

ILCs were mainly found to be enriched at mucosal sites, where
they contribute to the first line of host defense as well as to
tissue homeostasis (6-8). ILC1s are also present in all secondary
lymphoid tissues, albeit at very low frequencies (9). With regard
to protective immunity, ILC1s were already shown to contribute
to combat against bacterial as well as parasitic infections,
and they were described in association with cytokine-mediated
inflammation (10-13). Their impact in viral infection is less well-
addressed and currently under investigation. Here, ILCls are
considered to be involved in anti-viral immunity against HIV
and chronic hepatitis B (14, 15). Murine studies also suggest a
role of ILCls in cytomegalovirus and adenovirus infections (16—
18). The beneficial impact of ILC1s during mucosally transmitted
influenza infection as well as the importance of their cross-talk
with other immune cells was recently reported by our group. In
this context, differential expression of the immune checkpoint
molecule GITR was shown to influence ILC1 functionality.
IFNy-secreting ILC1s displayed a differential GITR expression
profile. ILC1s over-expressing GITR rather showed diminished
IENy production. These observations were confirmed in an
influenza infection model in which GITR-blocking could reverse
ILC1 functionality (19). In general, GITR is described to co-
stimulate T cell functionality as well as NK cell cytotoxicity
(20, 21). However, its overexpression leads to ILC1 regulation
in the course of influenza infection. These findings highlight
its complex and differential effects depending on the cell type
and immunological setting. Besides GITR, CTLA-4 represents a
prominent immune checkpoint molecule that might prove useful
for ILC1 modulation. CTLA-4 was shown to harbor a regulatory
impact on T cells and was also described to inhibit IFNy secretion
by NK cells in response to mature DCs (22, 23). These findings
also suggest an implication in ILC1 functionality.

The described features render ILCls interesting targets for
mucosal immune interventions. The development of novel
formulations that act directly at the port of pathogen entry, such
as influenza, are moving into the focus of vaccinology. However,
despite the advances made in the field of adjuvant research, there
is still a strong need for the development of mucosal immune
modulators suitable for implementation in vaccine formulations.
In this regard, a pegylated derivative of a-galactosylceramide
(aGalCerMPEG) was demonstrated to exhibited potent mucosal
adjuvant properties (24, 25). The glycolipid antigens, aGalCer
and aGalCerMPEG are presented by APCs via the non-classical
MHC class I molecule CD1d and recognized by invariant NKT

(iNKT) cells. Upon activation, iNKT cells secrete a variety of
cytokines that initiate down-stream activation of other innate
and adaptive immune cells (26-28). Its strong modulating
impact on inherent NK cell features upon subcutaneous (s.c.)
administration further points to a possible impact on ILC1
features. However, the capacity of ILCls to become modulated
and their emerging impact on anti-viral mucosal immunity is still
elusive and was therefore the aim of the present study.

MATERIALS AND METHODS

Mice

C57BL/6 (H-2b) female mice aged 8-10 weeks were purchased
from Harlan Winkelmann GmbH (now Envigo, Borchen,
Germany). Ja281~/~ and RAG2~/~ mice were bred at the
animal facility of the Helmholtz Center for Infection Research
(HZI), Braunschweig. Mice were treated according to local
and European community guidelines. They were housed under
pathogen-free conditions in individual ventilated cages with food
and water ad-libitum. The performed animal experiments were
approved by the local government in Braunschweig (Germany)
under the animal permission codes AZ: 33.42502-04-13/1281 and
AZ: 33.19-42502-04-16/2280.

Administration of «GalCerMPEG

The glycolipid aGalCer was pegylated at the HZI according
to the published protocols (24). Briefly, aGalCer was mixed
with methyl-PEG-COOH and the resulting aGalCerMPEG was
purified by silica gel chromatography. Its purity was assessed
by HPLC. Mice were administered with a single dose of
aGalCerMPEG (5 pg (=1.7 nmol) diluted in PBS) via the
intranasal (i.n., 20 pl) or the subcutaneous (s.c., 50 wl) route.
For the i.n. administration, mice were briefly anesthetized by
inhalation anesthesia.

Influenza Strains and Infection

The mouse-adapted influenza A/PR/8/34 (HIN1 PRS8) strain
was kindly provided by Dr. Paulina Blazejewska and Dr.
Klaus Schughart (HZI). Mice were infected with a single dose
containing 2*10° foci forming units (ffu)/animal of HIN1 diluted
in 20 1 PBS via the i.n. route. For this, mice were anesthetized
by intra-peritoneal (i.p.) injection of ketamine/Xylazin (1 mg
ketamine/0.1 mg Xylazin per 10 g body weight). The body weight
was monitored on a daily basis.

Sample Collection

Mice were euthanized and lungs, spleens and draining lymph
nodes (dLNs, cervical and mediastinal) were collected and
separately mashed through a 100 um nylon strainer. Spleen
and dLN homogenates were subjected to erythrocyte lysis.
Lung homogenates were subsequently incubated at 37°C in 5%
FCS RPMI 1640 (Life technologies, UK) containing 0.2 mg/ml
collagenase D (Roche, Germany) and 20 pg/ml DNase I (Roche,
Germany). Lymphocyte suspensions were purified by density
gradient centrifugation (Easycoll, Biochrome GmbH, Germany).
Lung and spleen lymphocytes were incubated in medium
containing brefeldin A (5pg/ml) and monensin (6 pg/ml) for
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3h at 37°C. Blood samples were collected via the retro-orbital
plexus. Serum was isolated upon centrifugation and stored at
—80°C until further use. Bronchoalveolar lavage (BAL) samples
were collected by two intratracheal washes with 1 ml 5% FCS
PBS. Serum and BAL samples were subsequently analyzed
by cytometric bead array according to the manufacturer’s
protocol (Affymetrix/eBioscience).

Foci Assay

The viral burden of infected mice was assessed using lung
homogenates that were prepared on ice in PBS supplemented
with 0.1% BSA using the Polytron 2100 homogenizer (4,000 rpm-
—20 s/sample). The supernatant, cleared by centrifugation, was
stored at —80°C until further use. The assay was performed as
described previously (19). Briefly, serial dilutions of the lung
homogenates were incubated with MDCK cells and the influenza
nucleocapsid was detected by ELISA. Foci were counted under a
microscope and viral titers were calculated as ffu/ml.

Flow Cytometry Analysis

The prepared single cell suspensions were subjected to flow
cytometry. Upon incubation with Fc-block (CD16/CD32, 2.4G2,
Fc block, BD Biosciences), cells were stained for surface markers
and subsequently fixed and permeabilized for intracellular and
intranuclear staining steps according to the manufacturer’s
protocol (BD Bioscience, USA/Foxp3 staining kit, eBioscience,
USA). The samples were processed on a FACS LSR II and
Fortessa (BD Bioscience, USA) and the subsequent analysis was
performed using the FlowJo software (TreeStar Inc.). ILC1s were
identified according to the gating strategy published recently
[(19) and Figure S1]. Briefly, living single lineage negative
NKp46™" lymphocytes were gated on CD90TCD127% cells
and ILCls were identified by the expression of T-bet and the
lack of Eomes expression. The following antibodies were used:
LIVE/DEAD Fixable Blue Dead cell stain kit (UV excitation,
Invitrogen, USA), CD90.2 (53.2-1, BV785, Biolegend), CD127
(A7R34, PE-Cy5/biotin, Biolegend), NKp46 (29A1.4, A700, BD
Bioscience/19A1.4, APC, eBioscience), CD3/CD19/Grl1/Ter-
119  (17A2/6D5/RB6-8C5/TER-119, BV421, Biolegend),
TRAIL (N2B2, biotin-streptavidin BV650, Biolegend), GITR
(YGITR765, PE, Biolegend), CD28 (37.51, PerCP-Cy5.5,
Biolegend), CTLA-4 (UC10-489, BV605, Biolegend; stained for
surface and intracellular expression simultaneously), CD49a
(Ha31/8, BV510, BD Bioscience), CDI1lc (N418, PE-Cy7,
Biolegend), CD11b (M1/70, BV605, Biolegend), B220 (RA3-6B2,
PE-Cy5, Biolegend), CD80 (16- 10A1, BV421, Biolegend), CD86
(GL-1, BV650, Biolegend), IFNy (XMG1.2, BV711, Biolegend),
T-bet (4B10, PE-Cy7, Biolegend), Eomes (Danllmag, FITC,
eBioscience), RORyt (AFKJS-9, APC, eBioscience). The t-
distributed stochastic neighbor embedding (tSNE) analysis
was performed using the FlowJo software (Version 10.5.3,
TreeStar Inc.).

In vitro Models

For assessing the impact of aGalCerMPEG on ILC1 activation in
vitro, aGalCerMPEG-loaded bone marrow derived dendritic cells
(BMDCs), sorted splenic NKT cells (B220~ CD11c™ NKI.17"

CD4™1 CD8 cells, sorted using a FACS Aria II cell sorter) and
in vitro-generated ILC1s were co-cultured. ILC1s were generated
from RAG2™/~ bone marrow cells in vitro as described earlier
(19). NKT cells were sorted on a FACS Aria II cell sorter
using the following antibodies: CD4 (GK1.5, FITC, eBioscience),
CDS8 (53-6.7, FITC, BD), NK1.1 (PK136, PE-Cy7, eBioscience),
B220 (RA3-6B2, Pacific Blue, BioLegend), CD11c (N418, PB,
BioLegend). BMDCs were generated as previously described
(19). Briefly, bone marrow cells were incubated in the presence
of 100ng/ml FLT-3 ligand (Peprotech, USA) for 7-8 days.
For co-culture studies these BMDCs were primed overnight
with 300 ng/ml aGalCerMPEG and subsequently co-cultured in
complete media supplemented with 300 ng/ml of aGalCerMPEG
overnight at a ratio of 6:6:1. To address the in vitro impact of
aGalCerMPEG on ILCls in the context of HIN1 infection, the
co-culture was set up with HIN1-infected BMDCs. For this,
BMDCs were infected for 1 h with the wild type mouse-adapted
HIN1 PR8 strain at a multiplicity of infection (MOI) of 1. The
BMDCs were subsequently cultured for 5h at 37°C with 5%
CO,. After 6h, the BMDCs were harvested, washed, counted,
and used in the described co-culture experiments. For all co-
culture settings, brefeldin A (5 pug/ml) and monensin (6 jLg/ml)
were added for the last 3h of incubation. The phenotypic and
functional analysis of the cells was performed by flow cytometry
as described above.

Statistical Analysis

The data analysis was performed using GraphPad Prism
6.0 (GraphPad Software, USA). Independent groups were
statistically compared using Mann-Whitney test and for
the comparison of multiple groups, the One-way ANOVA
statistical analysis was applied. P-values < 0.05 were considered
statistically significant.

RESULTS

Intranasal Administration of «GalCerMPEG
Induces an ILC1 Activating Cytokine Milieu

The previous finding that ILC1s contribute to the clearance of
HINT1 infection via cross-talk with other immune cells renders
them an interesting target for mucosal immune modulation
(19). Thus, the impact of the iNKT cell-activating CD1d
agonist aGalCerMPEG on ILC1 functionality was investigated.
Wild type mice received a single dose of aGalCerMPEG (5
pg/animal) by in. route to gain insight into its impact on
the mucosal and systemic cytokine environment. At different
time points, serum and BAL samples were analyzed with
regards to changes in the concentration of various cytokines
known to impact adaptive as well as innate immune cell
populations. After 6h an increased expression of IL-4 was
detected in serum as well as BAL samples, peaking 12h after
administration. In serum and BAL samples, aGalCerMPEG
administration induced increased levels of IL-12 as early as 12
and 6 h after treatment, respectively. After 12 and 24 h enhanced
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FIGURE 1 | «GalCerMPEG administration induces enhanced secretion of ILC1 stimulating cytokines and reduced frequencies and absolute numbers of ILC1s. Wild
type mice were administered i.n. with a single dose of aGalCerMPEG (5 1.g). Sera and BAL samples were collected at the indicated time points post-administration
and evaluated for their cytokine profile by CBA. (A) Fold change of MFI of cytokines detected in sera and BAL as compared to untreated controls. The shown data are
derived from one experiment (n = 4). Lung and splenic lymphocytes were stained for ILC1s (CD3~, CD19~, Gr1—, Ter119~, CD90.2+, CD127+, NKp46T, T-bet ™,
and Eomes™) to perform flow cytometry analysis. (B) Frequencies (of total cells) and absolute numbers of lung and splenic ILC1s. Box plots represent the range in
frequency and absolute number variation with the horizontal line indicating the mean. MFI and frequency data are representative from one out of two independent
experiments (each with n = 4-5). Asterisks denote significant values calculated by One-way ANOVA as compared to untreated samples; **p < 0.001; “*p < 0.01;
*p < 0.05.

IFNy levels were observed in serum but not in BAL samples  lymphocytes were analyzed regarding their frequencies and
(Figure 1A). absolute numbers by flow cytometry (Figure S1). After 24h

To investigate whether aGalCerMPEG-induced changes in  significantly decreased frequencies of splenic and lung-derived
the cytokine milieu influence ILCls, lung and spleen derived = ILCls were observed (Figure 1B). The absolute cell numbers
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of lung ILCls were marginally decreased 24 and 48h post-
administration, whereas splenic ILC1 numbers were significantly
decreased at all investigated time points after aGalCerMPEG
administration. The obtained data show that the administration
of aGalCerMPEG supports the generation of an ILC1-activating
cytokine environment while resulting in reduced frequencies and
absolute numbers of ILC1s at both local and systemic levels.

Intranasal Administration of «GalCerMPEG

Results in Enhanced ILC1 Activation
The observed impact of «GalCerMPEG on ILC1 frequencies and
numbers prompted the functional evaluation of lung and splenic
ILC1s. Therefore, following i.n administration of aGalCerMPEG,
surface markers known to be expressed following ILCI activation
were evaluated at different time points. A significantly enhanced
expression of TRAIL on lung ILCls was observed 24 and 48 h
after administration, whereas splenic ILC1 showed a significantly
elevated expression at all analyzed time points (Figure 2A). The
administration of aGalCerMPEG resulted in elevated expression
of CD49a and CD28 after 24 and 48 h in both organs as compared
to untreated controls (Figure 2A). The analysis of IFNYy secretion
revealed significantly increased expression densities (MFI) as
well as frequencies in the lung after 12 and 24h (Figure 2B).
The frequency of splenic IFNy-secreting ILC1s was enhanced 24
and 48 h after administration of «GalCerMPEG and significantly
increased expression densities were detected at all analyzed time
points. These results demonstrate that ILCls at mucosal as
well as lymphoid tissues can be phenotypically and functionally
modulated by administration of the glycolipid aGalCerMPEG.
The stimulation of iNKT cells via the s.c. route resulted in a
similar activation of lung and splenic ILCls as observed for the
i.n. route (Figure S2).

The iNKT cell-dependent activation of different populations
of the innate (e.g., NK cell and DCs) as well as the adaptive (e.g.,
CD4*" and CD8™' T cells) immune system by aGalCerMPEG
was already shown Ebensen et al. (24). However, the importance
of iNKT cells for the observed aGalCerMPEG-induced ILC1
activation is still elusive. Therefore, iNKT cell-deficient mice
(Ja281~/7) received aGalCerMPEG by in. route and the
secretion of IFNy by ILCls was assessed. The lack of iNKT
cells completely abolished aGalCerMPEG-induced enhanced
IFNy expression and the increased frequencies of IFNy™
ILCl1s observed in the lungs and spleen of wild type mice
(Figure 2C and Figure S3). These findings clearly show the iNKT
cell dependency of the detected aGalCerMPEG-induced ILC1
activation after mucosal application.

aGalCerMPEG-Activated iNKT Cells
Stimulate GITRT But Not GITR™ ILC1s

We recently showed in a murine influenza infection model
that the differential expression of GITR, a stimulatory immune
checkpoint molecule, can influence the activation status of ILC1s.
Here, we assessed whether the level of GITR expression by
ILC1s and subsequently their functional responsiveness can be
modulated by in. administered aGalCerMPEG. Significantly
enhanced expression densities of GITR on lung ILCls were

observed 24 and 48h after iNKT cell stimulation (Figure 3A).
The increase in GITR expression was accompanied by elevated
IFNy secretion by GITRT but not GITR™ ILCls, which peaked
24h after iNKT cell stimulation. For splenic ILCls, increased
expression levels of GITR were detected 12 and 24 h after i.n.
aGalCerMPEG administration. Similar to lung ILCls, splenic
GITR™ ILCls showed significantly enhanced IFNy secretion
after 12h whereas no changes were observed for GITR™ ILCls
as compared to untreated controls (Figure 3B). The obtained
finding reveals aGalCerMPEG-induced changes on the GITR
expression level and enhanced cytokine secretion of GITR™
ILC1 subsets.

ILC1 Stimulation by «GalCerMPEG Is
Characterized by an Enhanced CTLA-4

Expression

Next to GITR, CTLA-4 represents an interesting stimulatory
immune checkpoint molecule which is described to control
T cell and NK cell activation. Thus, surface and intracellular
CTLA-4 expression by lung and splenic ILCls following i.n.
administration of aGalCerMPEG was assessed. The stimulation
of iNKT cells resulted in enhanced frequencies of lung CTLA-4"
ILCls as well as significantly increased expression of CTLA-
4 after 48 and 84h as well as 84h, respectively (Figure 4A).
In contrast, splenic ILC1s did not show meaningful changes in
frequency or expression density with regard to CTLA-4. The
aGalCerMPEG-induced up-regulation of CTLA-4 in vivo was
further confirmed in an in vitro co-culture of BMDCs, sorted
NKT cells and in vitro-generated ILC1s (Figure S4A).

Subsequently, CLTA-4* and CTLA-4~ lung ILCls were
compared with regard to their surface expression of activation
markers as well as the secretion of cytokines to assess the
impact of CTLA-4 expression on ILC1 functionality. Strikingly,
significantly enhanced expression densities of TRAIL and IFNy
were observed after 48, and 48 as well as 84 h, respectively, which
correlate with an elevated expression of CTLA-4 (Figure 4B).
Furthermore, enhanced GITR expression was observed in
the CTLA-4" but not CTLA-4~ ILC1 subsets 84h after
0GalCerMPEG administration. The expression of CD28 was not
associated with CTLA-4 expression. These results demonstrate
that aGalCerMPEG-mediated activation of ILCls induces the
expression of CTLA-4 on ILCls. In addition, the observed
correlation of CTLA-4 with enhanced expression of the activation
markers TRAIL and GITR, and the secretion of IFNYy reveals that
only activated lung ILC1s express CTLA-4. These findings were
consistent with conducted in vitro co-culture experiments of
BMDOCs, sorted NKT cells and in vitro generated ILCls, in which
the aGalCerMPEG-induced secretion of IFNy was restricted to
the CTLA-41 ILC1 subset (Figures S4A,B).

Subsequently, it was investigated whether aGalCerMPEG
induces changes in the expression patterns of CTLA-4 ligands
on DCs. To this end, cells isolated from dLNs (mediastinal
and cervical) of aGalCerMPEG-treated mice were analyzed
with regard to the frequencies of different DC subsets and
the expression of the CTLA-4 ligands CD80 and CD86.
Significantly increased frequencies of pDCs were observed 48 h
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FIGURE 2 | «GalCerMPEG treatment results in activation of ILC1s. Wild type (WT) and Ja281 =/~ mice received a single dose of aGalCerMPEG (5 .g) by i.n. route.
Subsequently, lung and splenic lymphocytes were stained for the surface activation markers TRAIL, CD49a and CD28 as well as IFNy, and analyzed by flow
cytometry upon 3 h incubation in the presence of monensin and brefeldin. (A) MFI of lung and splenic ILC1s expressing TRAIL, CD49a, and CD28. (B) MFI and
frequency (of ILC1s) of IFNy production by lung and splenic ILC1s. (C) Frequencies (of ILC1s) of lung and splenic IFNy™ ILC1s derived from wild type and Ja281~/~
mice. Box plots represent the range in MFI variation with the horizontal line indicating the mean. MFI data are representative from one out of two independent
experiments (each with n = 4-6) for (A) and (B) and from one experiment (n = 4-6) for (C). Asterisks denote significant values calculated by One-way ANOVA as
compared with untreated samples; ***p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05.
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FIGURE 3 | Enhanced IFNy secretion by GITR™ ILC1s following i.n. treatment with aGalCerMPEG. Wild type mice were administered i.n. with a single dose of
aGalCerMPEG (5 1g). Lung and splenic lymphocytes were stained for GITR and IFNy expression by ILC1s and subjected to flow cytometry analysis. MFI of GITR on
ILC1s and MFI of IFNy by GITR* and GITR™ ILC1s derived from (A) lung and (B) spleen. Box plots represent the range in MFI with the horizontal line indicating the
mean. MFI data are representative from one out of two independent experiments (each with n = 4-6). Asterisks denote significant values calculated by One-way
ANOVA and compared with untreated samples; ****p < 0.0001*; p < 0.05.

after treatment (Figure 4C). Furthermore, iNKT cell activation
induced enhanced expression of the CTLA-4 ligand CD86 24
and 48h later, whereas no impact on CD80 was observed.
Interestingly, the frequency of cDCs was not affected by
aGalCerMPEG, but the expression of CD86 by cDCs was
significantly increased after 48 h. The assessment of pulmonary
DCs (MHC cl. IITCDI11ct) revealed significantly enhanced
frequencies as well as marginally increased expression of
CD80 and CD86 upon i.n. administration of aGalCerMPEG
(Figure $4C). The obtained data suggest an interaction of
ILC1s with different DC subsets via the ligation of CTLA-4
to their respective ligands upon aGalCerMPEG-stimulation of
iNKT cells.

Stimulation of iNKT Cells Activates ILC1s

in the Course of Influenza Infection

Our group showed that ILCls contribute to the clearance of
influenza infections. Therefore, the observed phenotypic and
functional modulation of ILCls by aGalCerMPEG-activated

iNKT cells raised the question of whether this approach can
be used to improve protective immunity against influenza
infections. In order to address this point, mice which received
aGalCerMPEG i.n. and were infected 12h later with influenza
by the natural i.n. route. Mice treated with aGalCerMPEG as
well as untreated but infected mice showed a body weight
reduction starting from 2 to 3 days post-infection, respectively
(Figure 5A). The viral burden in the lungs assessed 3 days
post-infection revealed that pre-activation of iNKT cells caused
a significant reduction of lung viral titers as compared to
untreated influenza-infected mice (Figure 5B). These findings
demonstrate that aGalCerMPEG boosts protective immune
responses toward influenza infection. In order to assess
the impact of aGalCerMPEG on ILCls in the course of
influenza infection, changes in their phenotype and functional
responsiveness were analyzed. Flow cytometry analysis of
lung- and spleen-derived lymphocytes was carried out 3 days
post-infection. Influenza infection alone resulted in reduced
frequencies of lung ILC1s which was further strengthened by
prior iNKT cell activation. The absolute number of lung ILCls
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FIGURE 4 | «GalCerMPEG-induced enhanced functionality of lung ILC1s is associated with CTLA-4 expression. Wild type mice were treated i.n. with a single dose of
aGalCerMPEG (5 g). Lung and splenic lymphocytes were isolated 48 and 84 h after administration and stained for ILC1 expression of CTLA-4 and activation markers
(TRAIL, GITR, CD28, IFNy) for the flow cytometric analysis upon 3 h of incubation in the presence of monensin and brefeldin. (A) Representative dot plots
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**p < 0.01; *p < 0.05.

FIGURE 4 | show the expression of CTLA-4 on lung and splenic ILC1s. Diagrams show the expression density (MFI) of CTLA-4 by lung and splenic ILC1s. (B) MFI of
TRAIL, GITR, CD28, and IFNy by lung CTLA-4* and CTLA-4~ ILC1s. DCs from dLNs (mediastinal and cervical) were processed for flow cytometry analysis and
stained for markers related to pDC (B220TCD11¢ct) and cDC (B220~CD11c) identification and maturation. (C) Frequencies (of living singlet cells) of DC subsets
and MFI of CD80 and CD86. Box plots represent the range in MFI with the horizontal line indicating the mean. Scatter plots represent the range in MFI with the
horizontal line indicating the mean. MFI and frequencies from one experiment are shown (n = 4-6). Asterisks denote significant values calculated by One-way ANOVA
as compared to untreated samples (A) and (C) or by unpaired, two-tailed Student’s t-test or comparing CTLA-4~ and CTLA-4T (B); **p < 0.0001; **p < 0.001;

was not affected as compared to uninfected controls, but was
significantly increased upon pre-treatment with aGalCerMPEG
as compared to infected untreated mice (Figure 5C).

A significant drop in ILC1 frequencies and absolute
numbers was detected in the spleen after infection as compared
to uninfected controls (Figure S5A). Pre-treatment with
aGalCerMPEG prior to infection could reverse this effect and
resulted in significantly increased numbers of splenic ILCls as
compared to untreated but infected groups.

These results show that stimulated iNKT cells impact
ILCl1s and thus prompted the evaluation of a functional ILC1
modulation in the course of influenza infection. A significantly
up-regulated expression of TRAIL and CD49a was observed
on lung ILCls derived from pre-treated influenza-infected mice
as compared to the untreated infected and uninfected control
groups (Figure 5D). For splenic ILCls, increased expression
densities of TRAIL and CD49a in the aGalCerMPEG-pre-
treated infected group were observed as compared to the non-
treated infected group (Figure S5B). Significantly enhanced
GITR expression was also detected on splenic ILCls upon
influenza infection, whereas in the lung only minor changes were
observed (Figure 5D and Figure S5B). The pre-treatment with
aGalCerMPEG, however, resulted in an additionally increased
GITR expression on ILC1s in both organs. With regard to CD28,
an enhanced expression was observed on lung ILCls derived
from aGalCerMPEG pre-treated infected mice as compared
to the uninfected as well as infected but untreated groups
(Figure 5D). With regard to splenic ILCls, influenza infection
alone resulted in an up-regulated expression of CD28 that
was not further boosted by the pre-activation of iNKT cells
(Figure S5B).

These data show that oGalCerMPEG administration
significantly alters the phenotype of ILCls in the course of
infection locally, at the site of administration and infection, as
well as at systemic level.

In order to assess whether the phenotypic activation is
accompanied by functional changes, lung and splenic ILCls
were subsequently assessed for their cytokine secretion capacity
3 days post-infection. The expression density of IFNy by
lung and splenic ILCls was not affected by the infection
alone as compared to uninfected controls. Pre-treatment with
aGalCerMPEG significantly boosted the IFNy expression density
of lung and splenic ILC1s as compared to uninfected or untreated
infected controls (Figure 5E and Figure S5C). The frequencies
of IFNy™ lung ILCls were significantly elevated upon infection,
whereas splenic IFNy™ ILCls were only marginally increased
(Figure 5E and Figure S5C). The pre-activation of iNKT cells
by aGalCerMPEG prior to the infection resulted in even

higher frequencies of IFNy™ lung ILCls, whereas only a minor
additional effect was observed for spleen-derived ILCls. The
presented data prove that aGalCerMPEG can modify both
local and systemic ILCI responses during influenza infection.
Furthermore, the data clearly demonstrate the capacity of
aGalCerMPEG for boosting and fine-tuning ILCI functionality
in the course of an HIN1 influenza infection.

aGalCerMPEG-Activated ILC1s Expressing
CTLA-4 Display Increased Functionality in

Course of Influenza Infection

The observed impact of activated iNKT cells on the phenotype
and functionality of lung and splenic ILCls as well as the
implication of CTLA-4 expression for ILC1 responsiveness also
raised the question of whether CTLA-4 expression by ILCls is
affected in the course of influenza infection. To approach this
assumption, the expression of CTLA-4 and IFNy by ILCls was
assessed in an in vitro co-culture system comprising HIN1-
infected BMDCs, NKT cells and in vitro generated ILCls as
previously described (19). A significantly enhanced expression
density of CTLA-4 and IFNy by ILCls was observed when NKT
cells and ILC1s were co-cultured with influenza-infected BMDCs
in the presence of aGalCerMPEG as compared to co-cultures of
H1N1-infected BMDCs in the absence of NKT cell stimulation
or uninfected BMDCs and unstimulated NKT cells (Figure 6A).
The functional analysis of ILC1s with regard to CTLA expression
identified CTLA-4T ILC1s as the main producers of IFNY in this
in vitro setting.

In vivo, the in. administration of aGalCerMPEG resulted
in an up-regulation of CTLA-4 on lung ILCls. A beneficial
role of memory T cell responses in the course of influenza
infection was recently ascribed to the interaction of CTLA-
4 with its corresponding ligands CD80/CD86 (29). Thus, to
assess the impact of HIN1 infection on CTLA-4 expression,
lung ILCls were analyzed 3 days post-infection. Influenza
infection alone did not impact the expression density or
frequencies of CTLA-417 ILCls as compared to uninfected
controls, whereas prior iNKT cell stimulation by aGalCerMPEG
induced significantly enhanced frequencies of CTLA-4" ILCls
as well as increased expression density levels (Figures 6B,C).
To further assess the impact of CTLA-4 expression on ILC1
functionality, CTLA-4t and CTLA-4~ ILCls derived from
aGalCerMPEG-treated HI1N1-infected mice were analyzed 3
days post-infection. CTLA-4% lung ILCls showed enhanced
expression densities of TRAIL and GITR as compared to CTLA-
4~ ILCls, whereas the expression of CD28 did not differ between
both populations (Figure 6D). The production of IFNy was
marginally increased in the CTLA-4-expressing ILC1 subset.
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FIGURE 5 | HIN1 infection of aGalCerMPEG-treated mice induced ILC1 activation. Wild type mice were administered i.n. with a single dose of aGalCerMPEG (5 ng)
12h prior to H1N1 infection (2*108 ffu). (A) Changes in body weight (%) post-infection. (B) Lung viral burden as determined 3 days post-infection by foci assay. Scatter
plots represent viral loads as ffu per lung. Depicted data are representative from one out of two independent experiments (each with n = 5-7). Lung lymphocytes were
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FIGURE 5 | isolated 3 days post-infection and analyzed for (C) frequencies and absolute numbers of ILC1s and (D) their expression density (MFI) of the activation
markers TRAIL, CD49a, CD28, and GITR by flow cytometry analysis. Frequency and absolute cell number data are representative from one out of two independent
experiments (each with n = 5-7). MFI data for the expression of the activation markers are shown from one experiment (1 = 5-7). (E) Lung lymphocytes secreting
IFNy (MFI and frequencies) analyzed by flow cytometry following 3 h incubation in media with monensin and brefeldin. MFI and frequency data are representative from
one out of two independent experiments (each with n = 5-7). Box plots represent the range in frequency variation as well as absolute cell number with the horizontal
line indicating the mean. Asterisks denote significant values calculated by One-way ANOVA; **p < 0.001; **p < 0.01; *p < 0.05.

These data confirm a link between the expression of CTLA-4
and the functionality of ILC1ls upon mucosal stimulation with
aGalCerMPEG in the course of influenza infection.

DISCUSSION

Our previously published studies demonstrated that ILCls
distinctly contribute to the clearance of influenza infection,
partly by cross-talking with innate and adaptive immune cells
(19). Here, an influenza-induced activation of ILC1s was shown
by enhanced expression of different surface activation markers
and secreted cytokines. These findings prompted the question
of whether ILCls can be modulated to promote anti-viral
immunity. To address this issue, the impact of a pegylated
derivative of the iNKT cell agonist aGalCer on ILC1 functionality
was investigated. This compound was already shown to affect
various innate and adaptive immune cells populations (24,
25, 30). In this context, aGalCerMPEG-activated iNKT cells
were reported to modulate inherent NK cell features, thereby
impacting anti-viral responses in a murine cytomegalovirus
infection model (31). The close similarity of NK cells and
ILC1s cells, together with the mucosal adjuvant properties
of aGalCerMPEG (24, 32) suggest that it might also be a
promising modulator of ILC1 functionality when administered
by mucosal route.

The in. treatment of wild type mice with aGalCerMPEG
resulted in enhanced levels of a variety of cytokines including the
iNKT cell-characteristic cytokine IL-4 as well as IL-12 and IFNy
with differential patterns observed in serum and BAL samples.
These findings indicate the promotion of Tyl as well as T2
responses thus indicating a balanced adaptive immune response.
Stimulation of iNKT cells with aGalCerMPEG resulted in the
activation of ILCls as shown by the increased expression of
different activation markers as well as an enhanced cytokine
production. Interestingly, this activation was not limited to the
lung, but was also observed for splenic ILCls. The observed
increased expression of TRAIL correlates with an enhanced
cytotoxic potential. In this regard, a previous report showed that
stimulation of NKT cells with aGalCer induced an upregulated
TRAIL expression by liver NK cells (33). Furthermore, TRAIL
was reported to contribute to immunity against HIV, hepatitis,
CMV and influenza amongst others (34, 35). The induction of
TRAIL expression by ILCls might thus directly contribute to
anti-viral immunity. An enhanced activation status of ILCls
upon administration of aGalCerMPEG is further reflected by
an elevated expression of CD49a. This is in line with earlier
findings showing a correlation of enhanced CD49a expression
and elevated functionality by T cells and NKT cells upon in
vivo stimulation with concanavalin-A (36). CD49a was further

described as a ligand implicated in retaining immune cells within
tissues (37). Thus, besides its function as an activation marker,
CD49a might promote the retention of activated ILC1s within
the lung, thereby supporting local immune responses. CD28
expression was also found to be enhanced on ILCls following
aGalCerMPEG stimulation by the mucosal route. CD28 was
reported to induce the proliferation of murine IL-2-activated
NK cells in vitro and enhance their IFNy-production via the
interaction with its ligands CD80 and CD86 (38). Thus, the
findings of increased expression of TRAIL, CD49a, and CD28
corroborates that «GalCerMPEG administered i.n. promotes the
activation of ILC1s. Furthermore, the stimulation of iNKT cells
resulted in increased IFNy secretion by ILCls. Interestingly,
a previous study reported that CD49a expression on T cells
drives IFNy production, thereby promoting inflammation (36).
An additional study showed that protection against Toxoplasma
gondii infection could be mediated by CD28" NK cells displaying
increased IFNy production and cytotoxicity (39). A similar
mechanism might be triggered in ILCls following stimulation
with aGalCerMPEG. The increased IFNy secretion might
be further elicited by the observed aGalCerMPEG-induced
upregulation of IL-12 and IFNy. These cytokines were described
to play crucial roles in promoting IFNy production by NK cells
(40, 41). Treatment of Ja281~/~ mice, which lack NKT cells,
with aGalCerMPEG did not result in any changes with regard
to the activation status and functionality of ILCls as compared
to untreated mice. This is consistent with recent studies from
our group demonstrating that the aGalCerMPEG-mediated
activation of NK cells is crucially dependent on the presence
of iNKT cells as well as CD1d expression (24, 31). The s.c.
administration of aGalCerMPEG showed the same stimulatory
impact on lung and splenic ILCIs as the i.n. administration thus
highlighting the potential of immune cell stimulation via the
iLn. route.

Assessing the potential role of aGalCerMPEG-activated ILC1s
in the course of HIN1 infection in vivo revealed reduced viral
titers in mice pre-treated with aGalCerMPEG. The increase
in the absolute numbers of lung ILCls correlated with an
increased expression of TRAIL, CD49a, and CD28 in mice
treated with aGalCerMPEG prior to influenza infection. This
suggests that pre-activated ILC1s exhibit a higher responsiveness,
thereby contributing to viral clearance. The elevated CD28
levels on lung ILCls indicate a potential role for the CD28-
CD80/CD86 axis leading to improved ILCls responsiveness
during influenza infection. This is in line with a study
describing a crucial impact of the CD28-CD80/CD86 axis
for anti-viral CD8" T cell responses (42). Furthermore, an
increased IFNy secretion by lung ILCls was observed in
aGalCerMPEG-pre-treated and infected mice. Secretion of IFNy
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FIGURE 6 | «GalCerMPEG-induced CTLA-4 expression correlates with aGalCerMPEG-activated ILC1s. FLT-3L differentiated BMDCs were first treated overnight with
aGalCerMPEG (300 ng/ml) and subsequently BMDCs were infected with HIN1 (MOI 1). BMDCs treated with aGalCerMPEG were co-cultured with in vitro-generated
ILC1s and sorted splenic NKT cells overnight at a 6:6:1 ratio. ILC1s were assessed for the expression of CTLA-4 and IFNy by flow cytometry following 3 h incubation
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t-test or by One-way ANOVA; **p < 0.01; *p < 0.05.

FIGURE 6 | in the presence of monensin and brefeldin. (A) MFI of ILC1s expressing CTLA-4 and IFNy and MFI of IFNy expression by CTLA-4* and CTLA-4~ ILC1s.
Bars represent mean + SEM. MFI data are shown from one experiment (n = 3-4 technical replicates). Wild type mice were injected i.n. with a single dose of
aGalCerMPEG (5 g) 12 h prior to HIN1 infection (2*108 ffu). Lung lymphocytes were analyzed by flow cytometry 3 days post-infection with regard to CTLA-4
expression and markers related to ILC1 functionality following 3 h incubation in the presence of monensin and brefeldin. (B) Representative dot plots depicting CTLA-4
expression by lung ILC1s. (C) tSNE analysis of ILC1s indicating the expression density of CTLA-4. (D) Expression densities of TRAIL, GITR, CD28, and IFNy by
CTLA-4% and CTLA-4~ lung ILC1s isolated from aGalCerMPEG-treated and influenza-infected mice. Box plots and scatter plots represent the range in MFI with the
horizontal line indicating the mean. MFI data are displayed from one experiment (n = 5-8). Asterisks denote significant values as calculated by unpaired student’s

downstream of iNKT cell activation was previously shown to
enhance the cytolytic activities of NK as well as virus-specific
CD8' T cells, resulting in reduced influenza viral burden
and enhanced survival (43). Similarly, stimulation of iNKT
cells improved the disease outcome after influenza infection
by boosting innate responses mediated by NK cells (44).
Thus, the obtained results clearly indicate that stimulation
of iNKT cells using aGalCerMPEG boosts the functionality
of lung ILCls, which might in turn contribute to early
anti-viral immunity.

Next to the expression of activation markers and cytokine
secretion, the impact of aGalCerMPEG-activated iNKT cells on
the expression of the immune checkpoint molecules GITR and
CTLA-4 by ILC1s was investigated. GITR signaling was already
shown to inhibit regulatory T cells, thereby supporting the
balance between effector and regulatory T cells and promoting
CD47" and CD8™ T cell responses (45-47). Recently, GITR was
identified as a novel mechanism regulating ILC1 functionality
in vivo in the course of influenza infection as well as in
vitro upon cytokine stimulation (19). However, an impact of
iNKT cell activation on GITR expression by ILCls has not
been reported so far. Interestingly, the activation of ILCls by
aGalCerMPEG-stimulated iNKT cells resulted in increased GITR
expression with GITRT ILCls displaying enhanced functionality.
GITR up-regulation on memory CD8' T cells was previously
demonstrated to result in an increased survival in the bone
marrow dependent on IL-15 (48). Interestingly, elevated levels of
the cytokine IL-15 were also observed in sera of aGalCerMPEG-
treated mice (31). Thus, aGalCerMPEG-induced iNKT cell
stimulation might boost the functional response of ILCls by
promoting their survival. The observation of increased GITR-
L expression on DCs hints toward a potential interaction
with GITRT ILCls following iNKT cell stimulation (data not
shown). In the influenza infection model, aGalCerMPEG-pre-
treated mice showed an enhanced GITR expression on ILCls as
compared to infected untreated controls. This interaction might
subsequently boost the potential of DCs to present antigens
thus supporting enhanced anti-viral immunity. On the other
hand, the elevated expression of GITR could also serve as
a built-in safety feature to control immune activation. The
ligation of GITR expressed on iNKT cells by an agonistic anti-
GITR mAb was shown to negatively regulate their proliferation
and cytokine secretion in response to oGalCer (49). Here,
aGalCerMPEG-stimulated iNKT cells might initially trigger
ILC1 activation but also promote GITR-upregulation thereby
keeping the balance of immune activation and preventing
overwhelming immune responses.

Besides the up-regulated expression of GITR on ILCs, iNKT
cell stimulation by aGalCerMPEG induced an increased CTLA-
4 expression on ILCls over time. CTLA-4 has been extensively
studied with regard to T cell biology and its role as an immune
checkpoint molecule rendered it an attractive target for immune
therapy (50-52). In this regard, the manipulation of CTLA-4
signaling (e.g., by using Ipilimumab) has been investigated in
clinical trials and approved for treatment of advanced melanoma
(53-55). The increased aGalCerMPEG-induced expression of
the co-stimulatory receptor CD86 on dLN-derived DCs hints
toward a potential interaction of CTLA-4" ILCls with CD86™
DCs. Interestingly, CTLA-4" ILC1s displayed a higher activation
status at earlier time points. This observation concurs with T cell
data showing high CTLA-4 expression on activated, proliferating
T cells 24-72h after stimulation (56). Enhanced CTLA-4
expression at later time points after iNKT cell stimulation
was associated with a gradual decrease of responsiveness, as
demonstrated by reduced IFNY secretion and TRAIL expression
and increased GITR expression. These findings suggest a
regulatory function for CTLA-4 expressed by ILCls. In this line,
activated NK cells expressing CTLA-4 were described to display
reduced IFNYy production in response to interaction with mature
DCs (23). The mechanism of functional immune regulation
might be explained by competition with the co-stimulatory
receptor CD28 for their shared ligands CD80 and CD86
expressed by APCs. Compared to the constitutive expression of
CD28, CTLA-4 is known to be expressed by activated immune
cells at later time points exhibiting higher ligand affinity. Thus,
CTLA-4 expression on ILC1s might compete with CD28, thereby
regulating the functional responsiveness of iNKT cell-modulated
ILC1s. However, further studies are required to confirm a direct
regulatory impact of CTLA-4 on ILCI functionality and ascertain
the mode of action of CTLA-4-induced regulation of ILC1
responses. The observation of aGalCerMPEG-induced immune-
modulation of ILC1s resulting in enhanced functionality suggest
a beneficial effect on the anti-viral immune responses of
ILCls against influenza infection. However, immune stimulation
requires to be regulated to prevent over-shooting responses that
might lead to morbidity and mortality (57, 58). In this regard,
the simultaneously enhanced ILC1-mediated anti-viral responses
and subsequent upregulation of CTLA-4 and GITR expression on
lung ILC1s highlight the potential of aGalCerMPEG as a novel
immune-modulator which is not only capable of improving anti-
viral immune responses, but also preventing over-stimulation
of the immune system. In fact, immune regulation by CTLA-4
might represent a second built-in safety mechanism next to
GITR crucial for preventing over-activation of the triggered
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immune responses. This would be in consistence with our data
showing that CTLA-41 ILC1s display enhanced GITR expression
atlater time points. In conclusion, the obtained data suggest ILC1
modulation as a valid approach for the establishment of immune
interventions against viral infections affecting mucosal areas.
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Several distinct innate lymphoid cell (ILC) populations have been recently identified and
shown to play a critical role in the immediate immune defense. In the context of tumors,
there is evidence to support a dual role for ILCs with pro- or antitumor effects, depending
on the ILC subset and the type of cancer. This ambivalent role has been particularly
well-described in colorectal cancer models (CRC), but the presence and the evolution
of ILCs in the peripheral blood of metastatic CRC (mCRC) patients have not yet been
explored. Here, we investigated the distribution of ILC subsets in 96 mCRC patients who
were prospectively included in the “Epitopes-CRC02” trial. Peripheral blood mononuclear
cells (PBMCs) were analyzed by flow cytometry at metastatic diagnosis and after
3-months of treatment. The treatments consisted of Oxaliplatin-based chemotherapies
for 76% of the patients or Folfiri (5FU, Irinotecan) chemotherapies for 14% of patients.
Compared to healthy donors, the frequency of total ILCs was dramatically increased at
metastatic diagnosis. CD56™ ILC1-like cells were expanded, whereas ILC2, NCR™ ILCP
and NCRT ILCP subsets were decreased. Combined analysis with the systemic
anti-telomerase hTERT Th1 CD4 response revealed that patients with low anti-TERT
Th1 CD4 responses had the highest frequencies of total ILCs at diagnosis. Of those,
91% had synchronous metastases, and their median progression-free survival was 7.43
months (vs. 9.17 months for the other patients). In these patients, ILC1 and ILC2
were significantly decreased, whereas CD56™ ILC1-like cells were significantly increased
compared to patients with low frequency of total ILCs and high anti-TERT responses.
After treatment, the NCR™ ILCP were further decreased irrespective of the chemotherapy
regimen, whereas the balance between ILC1 and CD56™" ILC1-like cells was modulated
mainly by the Folfiri regimen in favor of ILC1. Altogether our results describe the effects of
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different chemotherapies on ILCs in mCRC patients. We also establish for the first time a
link between frequency of ILCs and anti-tumor CD4 T cell responses in cancer patients.
Thus, our study supports an interest in monitoring ILCs during cancer therapy to possibly
identify predictive biomarkers in mCRC.

Keywords: ILC, metastatic colorectal cancer, Th1, chemotherapy, immunomonitoring

INTRODUCTION

Colorectal cancer (CRC) has been used as a model to demonstrate
the role of the immune system in cancer, notably to establish
the prognostic role of memory T cell infiltration and Thl7
predominance (1). Fifteen percent of localized CRC patients
present microsatellite instability (MSI), with a higher mutation
load conferring a higher response to immunotherapy (2). The
immune response is also involved in CRC microsatellite stability
(MSS), for example in consensus molecular subtype (CMS) four
CRC patients (3). Research at the metastatic stage is ongoing in
order to better define the CRC-stage-linked immune responses.
It was previously described that cytotoxic innate immune cells, so
called conventional natural killer (NK) cells, were almost absent
in human colorectal tumors, despite efficient T cell infiltration
(4). In contrast, a recent study on 13 localized human CRC and 13
lung tumors showed that helper innate immune cells, the recently
identified family of innate lymphoid cells (ILCs) are present in
these tumors, at different levels (5).

Distinct helper ILC populations have been reported to play
a critical role on the maintenance of tissue homeostasis and
immediate immune host defense (6). ILCs exhibit transcription
factor and cytokine profiles that phenocopy the three major T
helper (Th) cell subsets: Thl, Th2, and Th17/22. Thus, ILCs
are classified into three subgroups, ILC1, ILC2, and ILC3 (7-9).
The ILC3 subgroup can be further subdivided into NCR* ILC3
that express the natural cytotoxicity receptor (NCR) NKp46,
and NCR™ ILC3, which include lymphoid tissue inducer (LTi)
cells. In addition, an extensive analysis of ILC from human
peripheral blood and tissue showed recently that ILCs with c-
Kit" phenotype, previously proposed to represent human ILC3,
are enriched in multi-potent and uni-potent ILC precursors
(ILCP) in the peripheral blood that can give rise to all know ILC
subsets (10).

ILCs produce high amounts of different cytokines very early
after infection and tissue damage, suggesting potential pro- and
anti-oncogenic roles of these cells during the early phases of
carcinogenesis. ILCls represent a very early source of IFN-y
that is mainly associated with a protective role against tumors
through the upregulation of MHC molecules (11-13), the
induction of Th1 polarization, and the activation of macrophages
(14). Recently, we identified CD56% ILCl-like cells, an ILC
population within the ILC1 compartment, which constitutively
expresses CD56 and CD127, but lack c-Kit; similar to Stage 4b
NK cells they lack KIR and CD16, but they express NKG2A.
CD56™ ILC1-like cells possess cytotoxic potential and have anti-
leukemic effects (Salome et al., in revision). Similarly, CD103%
cytotoxic intraepithelial ILC1-like cells were previously reported

in localized colorectal tumors (5) and were shown to directly
kill tumor cells in a perforin-dependent manner (15, 16). Both
pro- and antitumor roles of ILC2 in cancer biology have been
suggested. Indeed, we and others reported on the expansion
of ILC2, which contributed to the suppression of antitumor
responses via an IL-13/monocytic-myeloid derived suppressor
cell (M-MDSC) axis (17-19). In CRC, high levels of the ILC2-
activating alarmin IL-33 and the prototypic ILC2 cytokine IL-
4 are associated with poor prognosis (20, 21). In addition to
this protumorigenic role, ILC2 also produce IL-5, which induces
the selective expansion of eosinophils (22) whose degranulation
has been shown to improve prognosis in various types of
cancer, including CRC (23). Furthermore, secretion of IL-13 by
ILC2 may promote the migration of activated DCs to tumor-
draining lymph nodes resulting in cytotoxic T cell activation
(24). ILC3 have also been described to play a protective role in
carcinogenesis by limiting tissue damage through the secretion
of IL-22 in a model of chronic colitis (25). However, 1L-22
producing CCR6" ILC3 may increase the tumorigenic potential
of colon cancer (26-28). NCR™ ILC3-derived IL-22 can act on
colon epithelial cells to sustain tumor progression. Moreover,
IL-17 was shown to inhibit tumor progression by acting on
T cells (29) and to contribute to reduced tumor growth and
metastasis in mice inoculated with a colon cancer cell line (26).
Nevertheless, an IL-23-Th17 gene signature in resected CRC
was associated with a worse prognosis and found to predict
rapid progression to metastatic disease, which demonstrates the
potential pro-tumorigenic role of ILC3 (30).

These observations suggest the involvement of ILCs in
natural tumor immunity. Furthermore, while a putative role
for ILCs in mediating the effect of chemo-immunotherapy
was demonstrated in a mouse model of melanoma (31),
there is limited data available on the impact of anti-cancer
treatments on ILC frequency and phenotype in humans. A
recent study on human ovarian cancer reported that an ILC3-
like population that expresses IFN-y and IL-22 suppressed the
activation and proliferation of tumor-infiltrating lymphocytes
(TIL) ex vivo, suggesting a potential benefit of depleting these
cells before TIL-based immunotherapy (32). In addition, a
link between the efficacy of immune checkpoint blockades
and ILCs is currently under investigation because ILC2 cells
have recently been shown to express PD-1 (33, 34). Moreover,
growing evidence suggests that chemotherapy may also modulate
ILC homeostasis, in particular by altering the composition of
commensal microbiota (35).

In this study, we assessed the modulation of ILC subsets in
parallel with antigen-specific CD4 T cell responses in a large
cohort of metastatic CRC (mCRC) patients, at baseline and 3
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months postchemotherapy. Since human telomerase (hTERT)
is expressed in many cancer types and plays a crucial role
in oncogenesis by providing proliferation, survival and anti-
apoptotic signals necessary for tumor progression (36-38), we
used hTERT as a hallmark of cancer and as a universal tumor
antigen prototype (39-41). We monitored the systemic anti-
hTERT Th1 CD4 response and explored the relationship between
anti-hTERT responses and the ILC compartment. We report here
that ILCs are increased in favor of ILCI in the peripheral blood
of chemotherapy-naive mCRC patients, and that the frequency
of ILCs is negatively correlated with the cancer-specific Thl
immune response. Moreover, we observed that chemotherapy
regimens, especially Folfiri, act on specific ILC subsets without
affecting the total ILC population in the peripheral blood.

MATERIALS AND METHODS

Patients and Healthy Donors

Metastatic colorectal cancer patients were enrolled from
March 2013 to August 2016 in the “Epitopes-CRC02” trial
(NCT02817178), a French multicentric prospective study
assessing the impact of treatment on the CD4 T cell response.
All patients were enrolled after signing an informed consent,
in accordance with French regulation, and after approval by
local and national ethics committees. All data were anonymized.
Overall population characteristics are summarized in Table S1.
For each patient, blood samples were collected before any
metastatic cancer specific treatment (baseline) and after 3
months of a chemotherapy-based regimen. The materials
used and analysis plan are illustrated in Figure 1. Briefly, we
monitored ILCs by flow cytometry in 86 patients at baseline
and 76 matched patients after chemotherapy. From the samples
collected after treatment, we retained data for patients receiving
the following chemotherapy-based regimens: (A) 5FU and
Irinotecan (Folfiri) (n = 19), (B) 5FU and Oxaliplatin (Folfox)
(n = 40), and (C) 5FU, Oxaliplatin and Irinotecan (Folfoxiri)
(n = 17). Patients treated with 5FU only, patients without
treatment data available or patients without available data at
baseline were removed from the analysis. Of note, we chose to
include five patients who received Oxaliplatin and Raltitrexed,
a folic acid analog that inhibits thymidylate synthetase similar
to 5FU, in the Folfox branch. A total of 86% of patients received
a bevacizumab regimen as well, regardless of the chemotherapy
protocol. For healthy donor controls, blood cells were collected
from anonymous donors at the Etablissement Frangais du Sang
(Besangon, France) and the Transfusion Interregionale CRS
(Lausanne, Switzerland) using an apheresis kit preparation, after
obtaining signed informed consent.

Cell Isolation

Peripheral blood mononuclear cells (PBMCs) were isolated from
peripheral blood of patients and healthy donors by density
centrifugation using a Ficoll gradient (GE healthcare). Cells
were maintained in RPMI (Gibco) supplemented with 8%
human serum, 100 U/ml penicillin-streptomycin (Invitrogen)
and nonessential amino-acids.

Antibodies

The following anti-human antibodies were used for the lineage
the cocktail: CD3-FITC, CD4-FITC, CD8a-FITC, CD14-FITC,
CD15-FITC, CD16-FITC, CD19-FITC, CD20-FITC, CD33-
FITC, CD34-FITC, FceRI-FITC, and CD203¢c-FITC (all from
Biolegend). In addition, these anti-human antibodies were
used: CD335 (NKp46)-PE/Cy7, CD294 (CRTH2)-PE, CD127-
BV421 from Biolegend, CD56-APCeF780 from eBioscience,
and CD117 (ckit)-APC from BD Bioscience. For intracellular
transcription factor staining the following anti-human antibodies
were used: Tbet-PE/CF594, GATA3-PE/Cy7, and RORyt-PE
from BD Bioscience. Corresponding isotype control antibodies
were used as controls.

Staining and Flow Cytometry

To prepare for immunostaining, PBMCs were counted and
suspended in FACS buffer (1X PBS, 50 uM EDTA, 0.2% BSA)
prior to labeling with appropriate antibodies for 30 min in the
dark at 4°C. The cells were then washed with 1X PBS. For the
second step, cells were stained with the fixable viability dye,
eFluor 506 (eBioscience), for 30 min at 4°C. The cells were then
washed again with 1X PBS. Samples were evaluated on a FACS
Canto II (BD Biosciences).

For transcription factor staining, after extracellular staining,
cells were fixed and permeabilised using the InvitrogenTM
eBioscience Foxp3/Transcription factor staining buffer Set
according to manufacturer’s recommendations. Intracellular
antibodies were prepared in Permeabilisation buffer 1X and the
intracellular staining was perform for 1h at room temperature.
After incubation, cells were washed with Permeabilisation buffer
1x twice and finally resuspended in FACs buffer. Samples were
acquired using a Gallios II from Beckman Coulter.

Analysis were realized with FlowJo Software v 9.9.4. The
gating strategy was set based on the isotype controls and applied
in a standard format across all samples and all conditions.

Assessment of Spontaneous
hTERT-Specific CD4T Cell Responses in

Cancer Patients

An IFN-y ELISpot was conducted for 74 patients of the cohort
at baseline, as previously described by Godet et al. (42). Briefly,
spontaneous responses were assessed by IFN-y ELISpot after an
in vitro stimulation of PBMCs with a mixture of eight peptides
derived from hTERT (TERT44_58, TERT578_592, TERT921_935,
TERT1055-1069, TERT541—555, TERT573_587, TERTg13_627, and
TERT911-925) at 5 pug/ml for 10 days. Another peptide mixture,
referred to as CEF (PANATecs), derived from influenza virus
(Flu), Epstein Barr virus (EBV), and cytomegalovirus (CMV)
was used to evaluate antiviral recall responses in the same
patients. CEF IFN-y ELISpot data were available for 69 of
the 74 patients. After the 10-day incubation with the peptide
mixtures, the cells (10° per well) were cultured in triplicate in
the ELISpot plate with restricted peptides mixture or individual
peptides at 5pg/mL in X-vivo 15 medium (Ozyme, BE04-
418) for 15h. The IFN-y spots were developed following the
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Figure 4: Effect of chemotherapy
treatments on ILC distribution.

manufacturer’s instructions (Diaclone, 856 051 020P). Spot-
forming cells were counted using the C.T.L. Immunospot system
(Cellular Technology Ltd.). The number of specific T cells

expressed as the number of spot-forming cells per 10° cells
was calculated after subtracting the negative control values
(background). Responses were considered positive when the
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number of IFN-y spots was >10 and greater than twice the
background. Responses with a background >100 spots were
excluded from the analysis.

Statistical Analysis

Numerical data are expressed as the mean + SEM (Standard
Error Mean). Student’s t-tests, ANOVAs and Chi-square tests
were used for the evaluation of statistical significance, calculated
with GraphPad Prism 8.0 or R Studio. P-values lower than 0.05
were considered significant with *p < 0.05, **p < 0.005, **p <
0.001, and ***p < 0.0001. Progression free survival (PFS) was
calculated from the date of study enrolment to the date of tumor
progression. Kaplan-Meier survival curves were generated using
R Studio® software (median with 95% confidence interval).

RESULTS

Chemotherapy-Naive Metastatic
Colorectal Cancer Patients Have Increased
Frequencies of ILCs and Their Subsets’
Distribution Is Skewed Toward ILC1

To evaluate the impact of mCRC on ILCs, we investigated ILC
frequency and subset distribution in PBMCs of 86 chemotherapy
naive (baseline) mCRC patients included in the “Epitope-
CRCO02” study (Table S1). Fifty-one healthy donors (HD) were
used as a control cohort. The percentage of total ILCs (ILCtot)
(Lin~ CDI1277") was assessed by flow cytometry, as well as the
five ILC subsets, defined as ILC1 (Lin~ CD127+ cKit~ CRTH2~
CD567), CD56" ILCl-like (Lin~ CD127" cKit~ CRTH2~
CD561), ILC2 (Lin~ CD127t CRTH2%t), NCR™ ILCP (Lin~
CD127% cKitt NKp46~), and NCR* ILCP (Lin~ CD127+ cKit"
NKp46™") (Figure 2A and Figure S1A). In addition, we validated
our gating strategy by assessing master transcription factor
expression of each population by flow cytometry (Figure S1B).
For ILC2, functionally distinct c-Kit* and c-Kit~ ILC2 have
recently been described in healthy donors (43). Interestingly, in
mCRC patients ILC2 were almost exclusively c-Kit™ (Figure S2).
Thus, in subsequent analysis, ILC2 were analysis only based
on the expression of CRTH2. We observed that the frequency
of ILCtot are significantly increased in the PBMCs of mCRC
patients at baseline compared to HD (Figure 2B). Moreover, the
distribution of the ILC subsets was also distinct in chemotherapy-
naive mCRC patients (Figures 2C,D). The ILC2, NCR™ ILCP
and NCR™ ILCP subsets were significantly decreased in patients
at baseline compared to HD, whereas the ILC1 and CD56™
ILC1-like subsets were increased. We next stratified the patients
according to their total ILC tercile distribution: ILCtot low
[0.09-0.54%], n = 29; ILCtot medium [0.54-0.96%], n = 29;
and ILCtot high [0.99-4.11], n = 28. For each group, the ILC
subset distribution was analyzed, and the results showed that the
ILC subset proportions are linearly modulated (Figures 2E,F).
Deeper analysis revealed that the ILC1 population proportion
was significantly decreased in ILCtot high patients, whereas
CD56™ ILCl-like cell proportion was increased. Of note, ILCtot
low patients had the highest proportion of NCR™ ILCP and
NCR™ ILCP cells. Overall, these results show that ILCs are

drastically increased in the peripheral blood, with a skewing
toward ILCls at CRC metastatic diagnosis. Moreover, patients
with high proportions of ILCtot present the lowest rates of ILC1
and NCR™ ILCP cells in favor of CD56" ILCl-like cells.

Patient Clinicobiological Characteristics
and ILC Distribution

To evaluate the link between ILCs and clinicobiological data we
focused our analysis on 74 patients for which ILC frequencies
and tumor-specific Thl immunity (focusing on hTERT as a
universal tumor-antigen) were available. The clinicobiological
characteristics available for these patients are summarized in
Table 1. Because we observed that ILCtot high patients presented
at least 2-fold more ILCs than HD, for clinical correlations
we decided to perform our analyses with merged ILCtot
medium and ILCtot low patients (referred to hereafter as ILCtot
low) (Table 1). ILCtot high patients did not differ from the
rest of the cohort with regards to the age, gender, tumor
location, time of metastases or metastatic location. Regarding
biological and molecular parameters, no difference was observed
between the two groups. Of note, ILC counts were not
influenced by microsatellite status, RAS and BRAF mutations,
carcinoembryonic antigen (CEA) value or lymphocyte count.
Interestingly, only 13% of MSI tumors had an ILCtot high
phenotype and the BRAF mutation prognostic biomarker was
not enriched in the ILCtot high patients. Tumor response rate
was also not different based on the profile of ILC distribution.
Next, some hypotheses were formulated regarding the
different subsets of ILCs and were subsequently tested with
our data. (i) We first hypothesized that MSI CRC patients
harbor a higher mutational load and an interferon gamma
(IFN-y) signature. However, we observed that ILC subsets were
distributed equally in the nine MSI tumors (data not shown),
with the ILCI1 subset count higher in only two patients. (ii) Next,
inflammatory contextures, such as mucosal immunity or hepatic
metastatic localization, were specifically assessed for ILC subsets.
In the 68 synchronic patients with a primary colon tumor in
place, the ILC subset proportions were largely the same. The
ILC subset proportions were almost equally distributed among
each different subset. (iii) We then hypothesized that cytokine
availability following lymphopenia could enhance the number of
ILCs, as has been described for NK cells after transplantation
(44, 45). However, here we did not observe such an expansion,
regardless of which ILC subset was considered. (iv) BRAF
mutations are present in 5-8% of mCRC patients and are often
associated with MSI tumors, however, less is known about BRAF
mutations in MSS tumors. Of the nine BRAF mutated patients in
our cohort, three had an MSS phenotype, however, none of these
patients presented any specific enrichment for one ILC subset.

ILCs Are Negatively Correlated With the
Th1 Anti-hTERT Immune Response

To explore the relationship between the adaptive immune
system and ILCs, we took advantage of promiscuous hTERT-
derived MHC class II peptides that allow for monitoring of
anti-telomerase Thl CD4 immunity in most HLA contexts
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FIGURE 2 | Distribution of ILCs in healthy donors and in metastatic colorectal cancer patients. (A) Flow cytometry gating strategy for ILC subset identifications in
PBMCs. (B) Frequencies of ILCtot. ILC subset distributions (C) and frequencies (D) were analyzed by flow cytometry in PBMCs of 51 healthy donors (HD) and 86
chemotherapy-naive metastatic colorectal cancer patients (baseline). Distribution (E) and frequencies (F) of ILC subsets based on the frequency of ILCtot distributed
in the low (n = 29), medium (n = 29), and high (n = 28) terciles. Columns, the means of ILC frequency for each patient; bars, SEM. *p < 0.05, “*p < 0.005, **p <
0.0001, as determined by Student’s t-test or ANOVA.
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TABLE 1 | Clinicobiological characteristics of patients based on their
ILC distribution.

IFN-y ELISpots ILC low ILC high P
hTERT patients

at baseline

n=74 (%) n =50 (%) n = 24(%)
AGE-YEARS
<65 n =36 (49%) 22 (44%) 14 (61%)
>65 n =37 (51%) 28 (56%) 9 (49%) 0.28
GENDER
F n =27 (36%) 16 (32%) 11 (46%)
M n =47 (64%) 34 (68%) 13 (64%) 0.37
TUMOR LOCATION
Rectum n=19(27%) 14 (30%) 5(21%)
Colon n=>52(73%) 33 (70%) 19 (79%) 0.60
MICROSATELLITES
MSI n=28(21%) 7 (28%) 1(7%)
MSS n=231(79%) 18 (72%) 13 (93%) 0.26
RAS STATUS
M n =33 (50%) 20 (45%) 13 (59%)
WT n =33 (50%) 24 (55%) 9 (41%) 0.43
BRAF STATUS
M n=28(14%) 5(11%) 3 (14%)
WT n =58 (86%) 39 (89%) 19 (86%) 0.99
TIME OF METASTASIS
Metachronous n=14(20%) 12 (24%) 2 (8%)
Synchronous n =57 (80%) 35 (76%) 22 (92%) 0.16
METASTATIC LOCALIZATION
Extra hepatic n=16(22%) n=14(29%) n=2(8%)
Hepatic and other n =19 (26%) n=12(25%) n=7(29%)
Hepatic only n =237 (52%) =22 (46%) n=15(03%) 0.13

METASTATIC LOCALIZATION

Extra n =35 (49%) n=26054%) n=9(37.5%)
hepatic/hepatic

and other

Hepatic only n =237 (51%) n=2246%) n=15(62.5%) 0.28
LYMPHOCYTE COUNT

<1,000 n=29(13%) 5(11%) 4 (17%)

>1,000 n==6187%) 41 (89%) 20 (83%) 0.75
ACE

<20 n =26 (43%) 19 (46%) 7 (35%)

>20 n =235 (57%) 22 (54%) 13 (65%) 0.57
TUMOR RESPONSE

Progression n=4(7%) 2 (5%) 2 (10%)

disease

Stable disease n =21 (36%) 13 (35%) 8 (40%)

Partial response n =29 (50%) 21 (65%) 8 (40%)

Complete n=4(7%) 2 (5%) 2 (10%) 0.66
response

The ILCtot frequencies of patients at baseline were distributed into terciles. The results
shown for the low (n = 25) and medium (n = 25) terciles were pooled and referred to as
ILC low (n = 25 + 25 = 50), and the high tercile was referred to as ILC high (n = 24).
ELISpot hTERT response data was available for all 74 patients, however, data for some
clinicobiological characteristics are missing for some patients.

(42, 46, 47). For this purpose, IFN-y production by PBMCs
derived from 74 chemotherapy naive mCRC patients exposed
to hTERT promiscuous peptides was measured by ELISpot in

short-term stimulation assays. hTERT-derived peptides were
recognized by PBMCs from 18 of the patients analyzed (24.3%)
(Figure 3A). A trend of lower frequency of ILCs was observed
in these patients in comparison to the mCRC patients who had
no Thl responses after hTERT-peptide stimulation. For each
ILCtot group, the number of IFN-y spots after MHC class II
restricted hTERT peptide stimulation were analyzed (Figure 3B).
Interestingly, ILCtot low patients had a higher anti-telomerase
Thl response compared to patients with high ILC levels. As
a comparison to the cancer antigen hTERT, we concurrently
measured T cell reactivity against a mixture of viral peptides in
the same patient group (Figure 3C). Anti-viral T cell responses
were detected in most patients (76.8%). Unlike the systemic
anti-hTERT Thl response, the frequency of patients exhibiting
antiviral T cell responses was equally distributed among the
patient subgroups. These results suggest that the presence of
circulating anti-hTERT Th1 responses is related to the ILCtot
proportion. Interestingly, regardless of the ILCtot percentage,
patients with the highest proportion of ILCP had a better Thl
response compared to patients with the lowest NCR*/~ ILCP
proportion (Figure 3D).

To explore the prognostic value of ILCtot high patients having
lower anti-hTERT Th1 responses, we estimated the PES of the
ILCtot high and ILCtot low patients (Figure S3). In our cohort,
the median of PFS was 7.43 months (95% CI: 6.44-14) for the
ILCtot high patients, and 9.17 months (95% CI: 7.62-11.8) for
the ILCtot low patients (p = 0.3). A better prognosis tendency
was observed for the ILCtot low patients in our cohort, especially
after 15 months.

Our results show that the frequency of ILCtot in the peripheral
blood of mCRC patients at baseline is negatively correlated with
anti-hTERT Thl immune responses.

Chemotherapy Treatment of mCRC
Modulates ILC Subsets’ Distribution

Most conventional chemotherapies present immunogenic
properties that at least partially contribute to their clinical
efficacy (48). To evaluate the impact of chemotherapies on
ILCs, we performed a comparative analysis of total and
ILC subset frequency in peripheral blood of chemotherapy
naive mCRC patients at baseline and on the same patients
after 3 months of treatment (TT in Figure4) with the
classical chemotherapy regimens, Folfiri (5FU and Irinotecan;
n = 19), Folfox (5FU and Oxaliplatin; n = 40), and Folfoxiri
(5FU, Oxaliplatin and Irinotecan; n = 17). The results
showed that chemotherapies did not affect the frequency of
total ILCs, which remain high after treatment (Figure4).
However, chemotherapies modulated the distribution of
ILC subsets. The Folfiri regimen significantly reversed the
balance between ILC1 and CD56% ILCl-like cells, while
ILC2 were not affected by any of the treatments. All of
the regimens induced a decrease in NCR' ILCP that
reached significance in the Folfox group, whereas NCR™
ILCP were significantly increased in the Folfoxiri group.
Collectively, these data highlight the ILC modulation potential
of chemotherapy treatments.
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FIGURE 3 | IFN-y ELISpot hTERT responses relative to the distribution of ILCs. PBMCs from 74 chemotherapy-naive metastatic colorectal cancer patients were
cultured with a mixture of 8 hTERT peptides (TERT44_558, TERT578_592, TERTg21_935, TERT1055_1069, TERT541_555, TERT573_587, TERTg13_g27, and
TERTg11_9g25) at 5pg/mL. The T cell reactivity against the hTERT peptides was detected by IFN-y ELISpot assays, as described in the Material and Methods.
Stimulation with Viral Ag-CEF peptides was used as control for T cell reactivity. (A) The frequency of ILCtot in the PBMCs of each patient was analyzed based on the
positive (n = 18) or negative (n = 56) response to hTERT. (B,C) Results are shown as the means of IFN-y spot numbers (magnitude) and the ILC frequencies (ILCtot
distributed into low (n = 25), medium (n = 25) and high (n = 24) terciles) for hnTERT responses (B) and Viral Ag-CEF responses (C). (D) Results are shown as the
means of IFN-y spot numbers (magnitude) and frequencies of NCR™ ILCP (left) and NCR* ILCP (right) distributed among the low (1 = 25), medium (n = 25) and high
(n = 24) terciles. Columns, the means of spots from triplicate wells; bars, SEM. p < 0.05, as determined by Student’s t-test.

DISCUSSION showed that ILCtot are drastically increased in the peripheral

blood, suggesting cytokine stimulation in the ILC compartment.
ILC dysregulation in terms of frequency and subset composition  [L.-7, largely described as a key stimulator of ILC proliferation
has already been described in hematological malignancies and  and survival (52), could play such a role. Indeed, IL-7 was
some solid tumors (18, 19, 49-51). Here we analyzed ILC  recently described as particularly elevated in the serum of CRC
populations in mCRC patients pre- and postchemotherapy. We  patients, especially in patients with metastases (53). Deeper
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FIGURE 4 | Effect of chemotherapy treatments on ILC distribution. Frequencies of ILCtot (A) and ILC subsets (B) were analyzed by flow cytometry in PBMCs from
chemotherapy-naive mCRC patients (baseline) and after 3 months of treatment (TT). The mean frequency of ILCtot for HD is represented by a dashed line. Each
patient received either the 5FU/Irinotecan regimen (Folfiri) (baseline/TT matched patients, n = 19), the 5FU/Oxaliplatin regimen (Folfox) (baseline/TT matched patients,
n = 40), or the 5FU/Oxaliplatin/Irinotecan regimen (Folfoxiri) (baseline/TT matched patients n = 17). “o < 0.05, **p < 0.005, as determined by Student’s t-test.

analysis revealed that the distribution of ILC subsets was altered ~ to HD, whereas ILC2 and especially NCR™ ILCP and NCR*
in CRC patients. Indeed, only ILC1 and CD56% ILCl-like ILCP were decreased. Recently, increased TGF-B in the tumor
cells were increased in mCRC patients at baseline compared  microenvironment was described as a key factor driving immune
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evasion and metastases in CRC (54). Interestingly, the conversion
of NK cells into noncytotoxic ILC1 has been reported as a novel
mechanism of tumor immune escape, being dependent on TGEF-
B (55, 56). Indeed, the plasticity of ILCs could impact their role
in cancer development. Collectively, these data suggest that ILC1
and ILC1-like cells could be increased due to TGF-f in mCRC
patients. Further investigations are necessary to understand if
the plasticity of ILCs is involved in this conversion or if the
proliferation of CD56™1 ILC1-like cells is specifically favored.

Immunity against cancer is mainly mediated by Thl cells
(57, 58). Thl immune infiltration is correlated to a better
prognosis for patients, notably in CRC. The molecular analysis
of cytotoxic and helper T cell populations in 125 colorectal
tumor specimens by Galon et al. (30) showed that patients
with high Thl cluster expression have prolonged disease-free
survival. More recently, data suggested that circulating tumor-
specific T cells might reflect in situ events in the tumor (59, 60),
since cancer immunity is a dynamic process that involves cell
trafficking through the peripheral blood. Our results showed
that higher systemic IFN-y Thl responses correlated with a
lower frequency of total ILCs, but higher proportions of ILCP
subsets. Thus, IFN-y produced by ILC1 could drive the adaptive
response toward a cancer specific Thl profile. ILCP cells seem
to also be associated with the Th1l immune response because the
highest proportions of ILCP cells were found in patients with
the strongest Th1-derived IFN-y responses. It has been recently
reported that NCR™ ILCP cells are increased in human non-
small cell lung cancer (NSCLC) tissue and might contribute to
the formation of protective tumor-associated tertiary lymphoid
structures (61). These observations might explain the specific
increase in anti-tumor CD4 T cell responses.

Even if no significant PFS differences could be observed when
comparing ILCtot low vs. high patients, there was a tendency for
higher PFS in ILCtot low patients with high Th1 hTERT-related
responses. These observations are in line with previous studies
where spontaneous universal cancer peptide (UCP)-specific T-
cell immune responses correlated with increased overall survival
of patients responding to chemotherapy in NSCLC and anal
squamous cell carcinoma (42, 62). Interestingly, no significant
differences were observed between each group regarding the
clinicobiological characteristics. However, it is interesting to note
that the ILCtot high group was composed of only 13% MSI
tumors, even if these observations are based on a few patients
and considering that MSI tumors are rare in metastatic setting.
In addition, MSI is known to increase the T cell repertoire
involved in tumor immunity conferring a higher response to
immunotherapy (2).

The immune contexture determined at diagnosis influences
the prognosis of cancer patients, including patients with CRC
(63). Moreover, it turned out that widely used conventional
chemotherapies modulated the composition and functionality
of tumor immune infiltrates and this affected disease outcome
(48, 64). In addition, even if chemotherapy causes massive
lymphodepletion, this could ultimately reset the immune system
by favoring a rebound replenishment of various immune cell
subsets and/or allow the emergence of a specific effector
cell type with anticancer activity (65, 66). In this study, we

explored the effects of chemotherapy regimens on the ILC
compartment and we showed that the balance between NCR™
ILCP and NCR™ ILCP was modulated. Indeed, NCR™ ILC3
were decreased with all regimens, and especially with Folfox,
whereas NCR™ ILCP were increased especially with Folfoxiri.
Both regimens include Oxaliplatin, an agent already described
to be an activator of tumor-targeting immune responses, mainly
through the induction of immunogenic cell death (67). Folfiri
does not include Oxaliplatin and is less commonly described as
an immunologic modulator. However, Folfiri regimens induced
a decrease in CD56" ILCl-like cells in favor of ILCI cells.
Interestingly, Folfiri has been described to support the expansion
of circulating myeloid-derived suppressor cells (MDSCs), while
this is not the case for Folfox (68). Thus, it would be interesting
to explore the relationship between ILC1/ILC1-like cells and
MDSCs in the context of mCRC.

To conclude, this study showed that ILCs are increased in
the peripheral blood of chemotherapy-naive mCRC patients
and that their subset distribution is modulated. Moreover, the
frequency of ILCs was found to be negatively correlated with
the cancer-specific Thl immune response. Finally, we showed
that chemotherapy regimens act on the ILC compartment,
especially Folfiri treatment, which modulated the balance
between ILC1 and ILCl-like cells. Altogether, these results
highlight the importance of considering the ILC compartment in
the monitoring of immune responses in cancer to better define
immune scores and eventually to identify useful biomarkers.
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Figure S1 | Flow cytometry gating strategy and expression of transcription factors
for human ILC subsets. (A) Flow cytometry gating strategy for ILC subset
identifications in PBMCs of a representative HD and a representative mCRC
patient. (B) Transcription factors T-bet, GATAS and RORyt were assessed by
intracellular staining respectively on ILC1 and CD56* ILC1, ILC2, and ILCP.
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