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Maintenance of homeostasis and immune protection rely on the coordinated action of different physiological systems.
Bidirectional communication between the immune system and physiological systems is required to sense and restore any
disruption of equilibrium. Recent transcriptomic analyses of innate lymphoid cells (ILCs) from different tissues have revealed that
ILCs express a large array of receptors involved in the recognition of neuropeptides, hormones and metabolic signals. ILCs rapidly
secrete effector cytokines that are central in the development and activation of early immune responses, but they also
constitutively secrete mediators that are important for tissue homeostasis. To achieve these functions effectively, ILCs integrate
intrinsic and extrinsic signals that modulate their constitutive and induced activity. Disruption of the regulation of ILCs by
physiological regulators leads to altered immune responses with harmful consequences for the organism. An understanding of
these complex interactions between the immune system and physiological mediators is crucial to decipher the events leading to

the protective versus pathological effects of these cells.
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INTRODUCTION: SENSING OF PATHOLOGICAL AND
PHYSIOLOGICAL SIGNALS

Life consists of the maintenance of a dynamic equilibrium through
regulation of key variables within an acceptable range. These
variables include blood pH, osmolarity and glucose levels; sodium,
calcium and oxygen concentrations; and body temperature. This
equilibrium is constantly challenged by intrinsic and extrinsic
stressors. Stress is defined as a state of threatened homeostasis,
and reestablishment of this homeostasis is achieved through
complex interactions of the endocrine system, autonomic nervous
system and immune systems." When stress cannot be handled by
homeostatic mechanisms, it leads to an inflammatory response;
this response is generally triggered by pathogens, toxins and
allergens. Inflammation is the last response? engaged in an
organism to maintain and defend homeostasis when all other
physiological regulators have failed. Defensive inflammatory
responses need to be tightly controlled to be directed towards
noxious stimuli without damaging host tissue. This control is
achieved by constant communication between different physio-
logical systems that are responsible for both sensing disruptions in
equilibrium and restoring equilibrium. Dysfunctions in this
communication can lead to the development of diseases due to
chronic inflammation caused by uncontrolled homeostasis-
restoring responses.

The discovery of innate lymphoid cells (ILCs) has forced
immunologists to rethink the immunological architecture that
provides immune protection. Indeed, ILCs occupy a particular
place in the landscape of immunology. ILCs reside within tissues,
and their activity is not modulated by antigen-specific receptors
but by a complex mixture of cytokines, alarmins and physiological
signals derived from their microenvironment.

ILCs were initially classified into three main subsets based on
the cytokines and transcription factors they express: group 1 ILCs
(ILCTs), group 2 ILCs (ILC2s) and group 3 ILCs (ILC3s) are associated
with T helper 1 (Th1), Th2 and Th17 functions, respectively. In
contrast, natural killer (NK) cells are analogous to innate CD8"
cytotoxic T cells. The nomenclature has been recently extended to
include five groups; NK cells and lymphoid tissue-inducer cells
(LTis) have been added as distinct subsets that were previously
categorized within the ILC1 and ILC3 groups, respectively.® This
distinction is based on the evidence that each of these subsets
have distinct developmental pathways.*™®

ILCs seed tissues during embryonic stages, developing from
progenitors derived from the fetal liver and fetal gut.'® Experi-
ments using parabiont mice suggest that ILCs mainly reside within
these tissues and self-renew in the adults from local progenitors
without substantial replenishment from bone marrow progenitors,
with exception in the case of NK cells.'" However, recent studies
suggest that ILCs can be mobilized from bone marrow,'*
suggesting that ILC trafficking is more dynamic than previously
thought.

Once in the tissues, each ILC subset appears to be highly
conditioned by the microenvironment and harbor distinct proper-
ties in different tissue settings. Analysis at the single-cell level of
ILCs from different tissues has highlighted the important
heterogeneity of ILC subsets residing within tissues.'®'® These
cells display a unique set of receptors encoded by specific
transcriptomic signatures imprinted in a tissue-specific manner.'
This adaptability highlights how ILCs sense local endogenous
signals that regulate their specification by controlling the
expression of distinct patterns of activating/inhibitory receptors.
The intimate crosstalk between ILCs and their microenvironment,
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the strategic localization of ILCs and the constitutive activity of
ILCs within peripheral tissues have expanded our view of the role
of these cells in health and disease. Their activities go beyond
simple reactions to pathogen invasion and inflammation, extend-
ing to anticipation and maintenance of the homeostasis of the
tissue itself. In this review, we propose that ILCs integrate
physiological signals that modulate their constitutive activity in
a tissue- and time-specific manner. This regulation involves the
specific expression of receptors that are able to sense neuropep-
tides, hormones and metabolic signals. ILCs appear to be
particularly sensitive to such regulation and may represent a link
between the immune system and other physiological systems
found in organisms. We further propose that this physiological
regulation of ILCs is critical to maintaining tissue homeostasis and
deregulation of these physiological mechanisms may explain the
protective versus pathological properties of these cells. Thus, ILC
dysregulation may lead to chronic inflammation, metabolic
diseases or tissue damage.

DYSREGULATED ILC RESPONSES ARE LINKED TO CHRONIC
INFLAMMATION

ILCs rapidly respond to host- and pathogen-derived signals and
are the innate sources of interferon-y (IFN-y) (ILC1s); interleukin
(IL)-4, IL-5, IL-9 and IL-13 (ILC2s); and IL-17 and IL-22 (ILC3s). ILCs
also maintain tissue homeostasis by contributing to tissue
remodeling and wound healing through the secretion of
amphiregulin'” and 1L-22."®

ILC1s

ILC1s are mainly involved in early protection against viruses'® and
bacteria.®®® ILC1s reside in many organs, including the liver,
uterus, skin, salivary glands and gut.?' In contrast to NK cells that
express integrin a2 (CD49b), ILC1s express high levels of integrin
al (CD49a), CD200r1, CD103 or tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) depending on the tissue they
reside (reviewed in ref.2"). While NK cells are cytotoxic cells, ILC1s
have reduced cytotoxic activity but produce more cytokines such
as IFN-y, tumor necrosis factor (TNF) and granulocyte-macrophage
colony-stimulating factor (GM-CSF).'® Dysregulation of ILC1 and
NK cell responses in adipose tissue leads to the development of
metabolic disorder and obesity.*?

ILC2s

ILC2s play important roles in allergies and anti-parasite immu-
nity.?> ILC2s can be activated by epithelial stress signals such as IL-
25 and IL-33.2* In the lung, they are critical for tissue repair and
protection through their secretion of amphiregulin,'’ which
promotes mucus production and tight junctions that limit
inflammation and restore barrier integrity. Disruption of ILC2
functions in the lung is associated with asthma and airway
hypersensitivity,> while in adipose tissue, such disruption results
in increased insulin resistance and propensity towards obesity.?®
ILC2s can be divided into two main subsets: (i) natural ILC2s
(nILC2s), which reside within tissue, and (ii) inflammatory ILC2s
(iIILC2s), which can be mobilized from blood during chronic
inflammation.’>'* nILC2s are KLRG1™Thy1M9"ST2*, while iILC2s
are characterized by their KLRG1"Thy1'°“ST2~ expression
profile.'?

ILC3s

ILC3s are greatly enriched in the intestine. Their capacity to
produce IL-22 promotes colonization of the intestine by beneficial
commensal bacteria that protect against intestinal inflamma-
tion.?”?® Perturbed ILC3 responses are associated with impaired
capacity to maintain epithelial defenses and mucosal barrier
function, resulting in disastrous consequences.”® ILC3s are divided
into three subsets: (i) LTi cells, which are required for the
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generation of lymph nodes during embryogenesis, and (ii)
NKp46" and (i) NKp46~ subsets, which are essential for
protection of the intestinal mucosa.>® ILC3s depend on the
transcription factor Roryt for their development and produce a
variety of cytokines, including IL-17A, IL-17F, IL-22 and GM-
CSF, essential for immune protection.

NEUROREGULATION OF ILC RESPONSES

Both the nervous and immune systems share common features in
their organization, structure and communication. Cells from both
systems are spread throughout the body, sense environmental
changes, generate memory and interact with other cell popula-
tions through the secretion of polypeptides. Importantly, both
neurons and immune cells express receptors to sense cytokines
and neurotransmitters, allowing direct communication between
the two systems. Receptors for IL-6, transforming growth factor-f3
(TGF-B), IL-1-B and TNF are found in the brain and enteric
neurons;>' 3 conversely, immune cells express receptors for
neuropeptides, as we will discuss further in this section of the
review. The strategic positioning of ILCs at mucosal surfaces allows
them to be some of the first responders to environmental insults.
ILCs are mainly found at mucosal barrier surfaces and appear to be
in close contact with neurons and glial cells of the autonomic
nervous system (ANS). The ANS is divided into (i) the sympathetic
system that predominates during emergency “fight-or-flight”
reactions and during exercise to prepare the body for strenuous
physical activity and (ii) the parasympathetic system, which
prevails during resting conditions, regulating basic body functions
such as digestion as well as energy conservation and storage. The
expression of specific neuroregulators and neurotrophic factors by
the nervous system enables spatiotemporal regulation of immune
cells. Disruption of the communication loop between the central
nervous system (CNS) and ILCs results in inappropriate responses
to infectious and homeostatic cues.

Neuromedin U

Neuromedin U (NMU) is a neuropeptide expressed in many
different types of neurons, including cholinergic, noncholinergic
and sensory neurons. NMU is widely distributed in the body, but
the highest concentration is detected in the gastrointestinal tract,
particularly the duodenum and jejunum. In the lamina propria,
NMU is specifically expressed in cholinergic neurons>* The
physiological roles of NMU are numerous and include regulation
of food intake® and gastric acid secretion as well as smooth
muscle contraction and blood pressure regulation. NMU signals
through two receptors. Nmur1 is more abundantly expressed in
peripheral than in central tissues, particularly the gastrointestinal
tract, whereas Nmur2 is mainly found in the CNS. Among immune
cells, NMUR1 is specifically expressed on ILC253%353” Mucosal
neurons express NMU and modulate ILC2 activity through this
pathway (Fig. 1). NMU can induce the production of IL-5 and IL-13
by ILC2s through extracellular signal-regulated kinase-1/2 (ERK1/2)
kinase activation and calcium-influx-dependent activation that
lead to the translocation of the nuclear factor of activated T cells
(NFAT).3® Infection by the parasitic helminth Nippostrongylus
brasiliensis induces the secretion of NMU by cholinergic neurons
via MyD88 activation, which then promotes the secretion of IL-5,
IL-13 and amphiregulin by ILC25.3*3¢ In the absence of NMUR
signaling, type 2 responses are impaired, resulting in poor control
of worm infection. Interestingly, treatment of wild-type mice with
the recombinant neuropeptide NmU23 accelerates the ability of
the mice to clear parasitic helminth infection.

ILC2s are also important mediators of allergic reactions, and
NMU can mediate allergen-induced eosinophilia and mast cell
activation in the lung mucosa.>® Synergistic effects of the alarmin
IL-25 and NMU on ILC2s promote the proliferation of transcrip-
tionally active inflammatory ILC2s, leading to marked
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ILC functions are regulated through extensive integration of dietary-derived metabolites and neuroendocrine signals. Enteric neurons

that produce VIP and NMU stimulate ILC2 IL-5 and IL-13 secretion, leading to eosinophil recruitment and mucus production by goblet cells.
Norepinephrine secreted by the sympathetic nervous system inhibits ILC2 function. DHT inhibits ILC2 proliferation and cytokine production.
Glial cell GFL secretion induces ILC3 IL-22 production. Dietary-derived metabolites influence ILC functions. These include vitamins A and D,
AHR ligands, prostaglandins and leukotrienes. While prostaglandins negatively regulate ILC2 functions, these lipid-derived molecules induce
ILC3 IL-22 secretion. In contrast, leukotrienes impede ILC2 cytokine release. Vitamins have opposite effects on ILC2s and ILC3s. While RA
inhibits ILC2 activity, it promotes ILC3 IL-22 production. Vitamin D is a negative regulator of ILC3 functions. Finally, AHR ligands are potent
inducers of ILC3 IL-22 secretion. The green and red arrows indicate positive and negative regulators of ILC functions, respectively. ILC innate
lymphoid cell, IL interleukin, VIP vasoactive intestinal peptide, NMU neuromedin U, GFL glial-derived neurotrophic factor family of ligands, RA
retinoic acid (vitamin A), VitD3 vitamin D3, PG prostaglandin, LT leukotriene, AHR aryl hydrocarbon receptor, DHT dihydrotestosterone

amplification of IL-5 and IL-13 production and resulting in
exacerbated allergic lung inflammation.>” Administration of IL-
25 and NMU in vivo results in enhanced histopathological
evidence of allergic inflammation and increases lung and
bronchoalveolar lavage fluid eosinophilia. Upon house dust mite
(HDM) challenge, Nmur1-deficient mice exhibit marked reduc-
tions in ILC2 numbers compared to control mice and demon-
strate decreased type 2 allergic airway inflammation, consistent
with reductions in ST2" inflammatory ILC2s.3” Because of its
action on smooth muscles, NMU can coordinate the expulsion of
invading pathogens and allergens by coordinating the contrac-
tion of the muscularis mucosae and the promotion of type 2
immunity by ILC2s to generate optimal immune responses to
such threats.

Substance P
Substance P (SP) is a key player in nociception and is released
upon stimulation of nociceptors to generate neurogenic inflam-
mation, which is characterized by increased capillary permeability
and vasodilatation. SP signals through the neurokinin receptors
NK1R, NK2R and NK3R and has been shown to regulate cell
migration and proliferation. SP also plays a proinflammatory role
by stimulating the innate immune system, such as by activating
monocytes, eosinophils, neutrophils and mast cells.>

Studies on the effects of SP on ILCs have been limited to NK
cells with contradictory results. Early works reported that SP
enhanced cytotoxicity,***' while a more recent study showed an
inhibitory role of SP in human NK cells associated with reduced
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cytotoxicity, mobilization of intracellular calcium, degranulation
and chemotaxis.*> In mice, SP induces IL-18 production by NK
cells, and inhibition of SP signaling through NK1R reduces IFN-y
and IL-18 production during Pseudomonas aeruginosa infection,
leading to poor control of the bacterial infection in the cornea.*®
These findings, however, indicate that there is a regulatory role for
SP in NK cells, warranting further study to explore the potential
roles of other arms of the innate immune system in contributing
to the modulation of NK cell activity by SP.

Regulation of ILCs by the sympathetic and parasympathetic
pathways

Epinephrine and norepinephrine are released by the sympathetic
nervous system, which is responsible for preparing the body for
physical and mental activities. These signaling molecules engage
B:- and B,-adrenergic receptors (B,AR), which are commonly
found on bronchial smooth muscles and cardiac muscles. There-
fore, modulating B-adrenergic receptor signaling is a common
pharmacological strategy for the treatment of asthma®™ and
cardiovascular conditions.*®* NK cell cytotoxicity and IFN-y,
granzyme-B and perforin expression are reduced when (,AR is
stimulated.***” Similar to other catecholamines, norepinephrine is
released in a pattern following the circadian rhythm and has been
shown to regulate circadian oscillations in NK cell cytolytic activity.
Increased levels of norepinephrine in the spleen during the light
phase (the resting phase in rodents) are correlated with inhibition
of granzyme-B and perforin production. In contrast, during the
dark phase (the active phase in rodents) when the levels of
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norepinephrine are reduced, granzyme-B and perforin transcript
levels are increased.”®

Norepinephrine also exerts an inhibitorg/ effect on ILC2
proliferation and function by binding to 3,AR.* After N. brasiliensis
infection, mice lacking B,AR demonstrated increased ILC2

infiltration in the small intestine and increased production of IL-
13. B,AR deficiency leads to increased eosinophilia and goblet cell
hyperplasia, resulting in better control of worm burdens. In
contrast, stimulation of ,AR with the agonist clenbuterol has
opposite effects, inhibiting ILC2 effector functions and conse-
quently increasing worm burden.*

Through the release of acetylcholine via the vagus nerve, the
parasympathetic nervous system also plays an important role in
controlling inflammatory responses. Upon inflammation, the IL-1
released by innate cells activates the vagus nerve, which leads to
negative feedback control of inflammation through the release of
acetylcholine. Vagotomy is associated with exacerbation of the
TNF response after endotoxin shock, while activation of the
cholinergic pathway inhibits the release of proinflammatory
cytokines by macrophages.®®>' Vagal disruption also induces
dysregulation of ILC3s in the peritoneum and changes in lipid
mediator profiles, particularly the levels of protectin conjugates in
tissue regeneration 1 (PCTR1).>2 PCTR1 is a pro-resolving mediator
that exerts potent tissue regenerative effects by enhancing
macrophage recruitment and phagocytosis and reducing leuko-
cyte infiltration and inflammation.>® ILC3s produce PCTR1 in
response to acetylcholine, and disruption of the vagus nerve
delays the resolution of infectious inflammation.>® Collectively,
these studies reveal how the intimate connection between the
nervous system and the innate immune system provides a fine-
tuned balance between the acute responses necessary to protect
the host and those necessary to prevent excessive inflammation
leading to chronic pathologic inflammation. Neuronal control can
therefore affect the development and function of innate immune
cells, resulting in macroscopic changes of the gut microbiota.
These findings prompt further studies to unravel the underlying
molecular mechanisms and potentially find different indications
for current therapeutics.

Vasoactive intestinal peptide
Vasoactive intestinal peptide (VIP) acts as a neurotransmitter and
is expressed in neurons found in the lung and gut>* VIP is a
potent vasodilator but is also involved in other physiological
processes, including coordination of gastrointestinal motility and
mucus and enzyme secretions in response to feeding and
synchronization of the central circadian rhythm.>® In the immune
system, VIP is known to promote Th2 and T regulatory cell
differentiation.>®” Release of VIP in the gut and lung stimulates
ILC2s through VIP receptor type 2 (VPAC2) to induce IL-5
production. The cyclic release of VIP in response to feeding
induces a rhythmic production of IL-5 by ILC2s. This circadian
expression of IL-5 is detectable in the blood circulation and
appears to regulate systemic eosinophil numbers.>®

Interestingly, lung nociceptors can sense IL-5 released by
activated immune cells, which, in turn, induces the production
of VIP. If uncontrolled, this inflammatory signaling loop can lead to
the development of allergic inflammation.® In allergic airway
inflammatory models, ablation of NaV1.8" nociceptor signaling in
mice reduces the infiltration and activation of lung-resident ILC2s
and Th2 cells, reducing bronchial hyperresponsiveness during
early and peak allergic airway inflammation. Consequently,
infiltration of eosinophils and macrophages is also reduced in
the lungs and bronchoalveolar lavage (BAL) fluid in NaV1.8" defi-
cient mice compared to mice with intact nociceptors. Mice treated
with a VPAC2 antagonist exhibit inhibition of ILC2 activation and
production of the type 2 cytokines IL-5 and IL-13.° This
bidirectional communication between nociceptors and ILC2s
may represent a mechanism to prime and enhance type 2

Cellular & Molecular Immunology (2019) 16:442 - 451

Sensing of physiological regulators by innate lymphoid cells
C Seillet and N Jacquelot

immune responses; however, in the absence of a negative
feedback loop, the uncontrolled release of IL-5 and VIP may
contribute to the development of allergic airway inflammation.

Calcitonin gene-related protein

The neuropeptides calcitonin gene-related protein (CGRP) and y-
aminobutyric acid (GABA) are secreted by pulmonary neuroendo-
crine cells (PNECs). PNECs and the closely associated lung-resident
ILC2s are preferentially found at the lung airway branch points.
This is a strategically advantageous location for PNECs and ILCs to
sense and respond to noxious environmental stimuli, as computa-
tion modeling has shown that over time, particles accumulate at
lung branch points.%® Through the release of CGRP, PNECs directly
orchestrate and amplify ILC2-mediated type 2 airway inflamma-
tion in response to environmental allergens.®’ CGRP increases the
capacity of ILC2s to produce IL-5 in the presence of the alarmin IL-
33 in vitro, while GABA has no effect. Deletion of the CGRP
receptor in CalcrlKO mice reduces immune cell infiltration after
HDM challenge. Similarly, mice that have no PNECs (AscICKO) that
are challenged with ovalbumin peptide allergen display impaired
type 2 immune responses, including defective goblet cell
hyperplasia and eosinophil and immune cell recruitment and
infiltration. In AscICKO mice, the levels of CGRP and GABA are
strongly reduced.®’ Disruption of GABA synthesis in PNECs does
not directly affect the immune response but is essential to
promote goblet cell hyperplasia and mucus and IL-13 over-
production during allergic airway inflammation.®?> Asthmatic
patients have elevated numbers of PNECs, suggesting that future
therapeutics altering CGRP signaling in ILC2s may be viable agents
for treatment of allergic asthma symptoms. Additionally, future
studies on similar neuroendocrine cells in other organs and
tissues, such as the intestinal mucosa, may help us to gain further
insight into the neuroendocrinological regulation of ILCs and how
tissue specificity can be established.

Neurotrophic factors and the RET receptor

The gastrointestinal tract is a highly innervated system under the
influence of a whole separate arm of the ANS called the enteric
nervous system. Therefore, it is unsurprising that nervous control
can also directly influence cells of the immune system to maintain
homeostasis. ILC3s respond to neurotrophic factors released by
associated mucosal glial cells in response to the commensal gut
flora (Fig. 1).5% Glial cells surround neurons and modulate their
activity, migration and development. Glial cells in the small
intestine are able to sense commensal products and alarmins.®®
These cells secrete neurotrophic factor family ligands (GFL) that
bind to the tyrosine kinase receptor (RET) expressed at the surface
of ILC3s. In a gut organoid model cultured in the presence of GFL,
RET signaling in ILC3s was found to be able to directly control the
constitutive expression of IL-22 via downstream phosphorylation of
STAT3 (signal transducer and activator of transcription 3), ERK, AKT
and p38. When the neurotrophic receptor RET is deleted in enteric
ILC3s, IL-22 production by ILC3s is decreased both under steady-
state conditions and during Citrobacter rodentium infection or
epithelial irritation with dextran sodium sulfate (DSS) water. Mice
without RET show increased propensity towards gut inflammation
that leads to altered microbial communities.®®> These findings
demonstrate the direct influence of enteric glial cells on ILC3
functions and how glial-derived ligands facilitate the maintenance
of gut homeostasis and its involvement in gut defense.

ENDOCRINE REGULATION OF ILCS

All corticosteroids and sex hormones are synthesized from
cholesterol through successive enzymatic reactions. Glucocorti-
coids are produced in the adrenal cortex, testosterone is produced
in the Leydig cells of the testes, and estrogen is produced in the
ovaries. These small lipophilic molecules can diffuse through the
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membranes of cells and bind to their receptors in the cytosol. In
the absence of ligands, hormone receptors are associated with
chaperone proteins that prevent their nuclear translocation.
Ligand binding induces the dissociation of the receptors from
the chaperone complexes and allows their translocation into the
nucleus. In the nucleus, these receptors directly regulate the
transcription of target genes with or without interacting with
other transcription regulators upon binding to their hormone
response elements.

Glucocorticoids
The hypothalamic—pituitary-adrenal (HPA) axis is a crucial
neuroendocrine regulatory axis for coordinating and responding
to environmental cues. It controls the rhythmic secretion of
glucocorticoids  (GCs), which are released through the
blood stream into the periphery. GCs have potent immunosup-
pressive and anti-inflammatory effects that enable maintenance of
physiological homeostasis and host integrity, especially during
pathogen elimination, inflammation resolution and tissue repair.
Consequently, adrenalectomy, which prevents GC secretion,
results in increased levels of IL-12, IFN-y, TNF, and IL-6 in mice
in response to murine cytomegalovirus (MCMV) infection, render-
ing these mice more susceptible to viral infection than intact
mice.®* This increased susceptibility is not due to a lack of viral
control but rather than a dysregulation of virus-elicited cytokines.
GCs play an immunoregulatory role by inducing apoptosis of T
helper cells, B cells, macrophages, NK cells, dendritic cells,
neutrophils and eosinophils, consequently downregulating the
secretion of proinflammatory cytokines such as IFN-y, IL-1qa, IL-6
and IL-12 and promoting the production of immunosuppressive
cytokines such as IL-10 and TGF-B.5* ILCs do not escape from such
regulation.®®®” GCs endogenously produced after stimulation of
the HPA axis can inhibit ILC1s and NK cell functions during both
bacterial®” and viral infections,®® thus preventing immunopathol-
ogies without impairing immune responses against infections.
When glucocorticoid receptor is deleted from NKp46-expressing
cells, mice show exacerbated induction of septic shock by the
endotoxin lipopolysaccharide (LPS), as the affected cells are
unable to control the production of inflammatory cytokines such
as IFN-y, which in turn impedes IL-10-dependent immune
tolerance. Similarly, GCs produced during MCMV infection induce
the expression of the checkpoint inhibitor programmed death-1
(PD-1/CD279) specifically on splenic, but not hepatic, NK cells.®®
This induction of PD-1 inhibits the production of IFN-y and
represents an essential regulatory mechanism for protection
against harmful inflammation. The tissue specificity of GC
signaling on NK cells and ILC1s is interesting because it reveals
how the nervous system can regulate the spatiotemporal
reactivity of immune cells. This dynamic regulation is critical for
the return to homeostasis. Systemic inhibition of IFN-y production
would be deleterious for antiviral responses occurring in the liver,
but uncontrolled IFN-y production would be harmful to the
organism.

Sex hormones

Differences in the susceptibility, development and outcomes of
infectious diseases and chronic inflammation observed between
males and females have suggested an important immunoregula-
tory role of sex hormones. Despite the fact that the effects of sex
hormones on immune cells are dependent on cell type, dose and
exposure timing, androgens have generally been described as
mainly anti-inflammatory, while estrogens are considered
proinflammatory.

Estrogens

Estrogens can mediate their effects through direct binding to
estrogen receptor (ER) a and 3 or through nongenomic action via
modulation of intracellular signaling pathways, such as the
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phosphoinositide 3-kinase (PI3K)/AKT and ERK pathways; intracel-
lular calcium mobilization; cyclic adenosine monophosphate
(cAMP); and phospholipase C activation.® Expression of one or
both ER isoforms has been reported in almost all immune cell
types.®® Contradictory roles have been attributed to estrogens in
NK cell functions. While some researchers found that estrogens
enhance the cytotoxicity of the human NK-like cell line in vitro,”°
others described that estrogens reduce NK cell activity, including
cytotoxicity, cytokine production and proliferation.”"”? These
discrepancies could be explained by the concentrations of
estrogens used in such in vitro studies, which are often much
higher than the physiological concentrations measured in females
even during the last month of pregnancy. While NK cell
cytotoxicity is not different between ovariectomized mice and
control mice, administration of estrogens in vivo decreases NK cell
cytotoxicity in ovariectomized mice. However, in the absence of
appropriate models in which ER can be specifically deleted in NK
cells, the direct influence of estrogens on these cells will be
complicated to elucidate.

Uterine ILC2s uniquely express ERa, while ILC2s in other tissues
do not.”® In the absence of estrogen signaling (in mice deficient
for ERa and ), ILC2 populations are significantly decreased in the
uterus, while ILC2 populations in other tissues remain unaf-
fected”* A similar phenotype is observed when mice are
ovariectomized; the number of uterine ILC2s is increased in mice
exposed to estrogens compared to mice exposed to placebo
pellets. Lung ILC2s are not modulated by estrogen administration.
The specific expression of ER in uterine ILC2s may explain why
ILC2s from other tissues are not modulated by the presence of
estrogens. Currently, the consequences of such tissue-specific
regulation of uterine ILC2s on the homeostasis of the uterus or
during gestation are not understood.

Androgens

Androgens, such as testosterone and dihydrotestosterone, med-
iate their effects via the androgen receptor (AR), which can act,
like ER, through genomic and nongenomic pathways. Sex
differences in the susceptibility to develop asthma’® have been
described, and we recently revealed the role of androgen
signaling in ILC2s as a key mechanism that would explain these
differences found between men and women. Both the proportion
and total number of ILC2s are greater in female mice than in male
mice.”* This trend has also been reported in asthmatic patients.
Women have more ILC2s in the blood than men.”® In mice, we
showed that ILC2 progenitors specifically express AR but not ER.
Mechanistically, AR signaling directly inhibits the differentiation
and proliferation of mature ILC2s in a cell-intrinsic manner.”*
Compared to control conditions, treatment of ILC2 progenitors
with dihydrotestosterone (DHT) reduces the development of
ILC2s, while incubation with flutamide, an inhibitor of AR
signaling, increases the number of ILC2s. Production of the type
2 cytokines IL-5 and IL-13 is reduced in males compared to
females and when ILC2s are stimulated in the presence of
testosterone. This inhibitory effect of androgen signaling on ILC2s
appears to protect males from developing allergic airway
inflammation, as male mice have less immune cell infiltration
and IgE production in the lungs than female mice when
challenged with HDM, IL-33 or Alternaria alternata.”*”®

ILC REGULATION BY DIETARY-DERIVED METABOLITES

Mucosal surfaces, in particular those of the gastrointestinal tract,
are constantly exposed to food- and microbiota-derived metabo-
lites and micronutrients. Recent studies have highlighted how
dietary-derived metabolites, such as vitamins A and D, aryl
hydrocarbon receptor (Ahr) ligands and lipids influence local
immunity and gut homeostasis. Located at the frontlines of the
gut mucosa, ILCs of the immune system are well equipped to
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sense these molecules through the expression of specific
receptors. These receptors include vitamin D receptor (VDR),
retinoic acid receptor-a (RARa), Ahr and several prostaglandin (PG)
and leukotriene (LT) receptors. The activation of these specific
receptors upon ligand binding markedly impacts ILC maintenance
and functions but also directly regulates ILC metabolism, revealing
a mechanism of fine control between the immune system and its
environment.

Vitamins A and D

Recent studies have shed light on the critical roles of vitamins A
and D and their active forms, retinoic acid (RA) and 1,25-
dihydroxyvitamin D3, respectively, on gut-resident immune
cells.”””® RA is an essential fat-soluble vitamin that is of absolute
necessity for many biological and physiological processes. It is
required during embryogenic development, acting as an essential
regulator of tissue differentiation and growth.”® Vitamin D is
derived from a precursor molecule present in the skin that
requires ultraviolet B radiation for its synthesis. Then, vitamin D is
further metabolized into its active biological form, 1,25-dihydrox-
yvitamin D3 (VitD3),”® which is critical for bone mineralization and
calcium homeostasis, among other processes.”® RA and VitD3 bind
to the retinoic acid receptor and vitamin D receptor, respectively,
two nuclear receptors that are both highly expressed in all
intestinal ILCs. Upon ligand binding, both receptors heterodimer-
ize to a common nuclear receptor, RXR, before binding to their
response elements and initiating cell-specific DNA transcriptional
responses. Although they share the same nuclear receptor, the
RXR, VDR-RXR and RAR-RXR complexes have different and
opposing effects on ILC functions.

RA is shown to regulate LTi cell maturation during embryogenic
development by modulating RORyt expression, which subse-
quently controls lymph node and Peyer patch formation but also
influences immune fitness in adulthood.®° In adulthood, RA
regulates ILC3 functions and the capacity of ILCs to express IL-
228"%82 through direct binding of the RAR-RXR complex to the il22
and Rorc promotor regions, which subsequently promotes their
transcription (Fig. 1).°°8' Exogenous supplementation of RA
induces gut ILC3 proliferation and accumulation, increases
protection against C. rodentium infection and reduces gut
inflammation in DSS-induced colitis. Deficiency in vitamin A is
associated with significant reductions in the expression of the
important antimicrobial peptide Regllly by goblet cells, resulting in
compromised immunity to acute bacterial infection.®? Interest-
ingly, a lack of vitamin A increases ILC2 numbers and IL-13
production, enhancing protection against Trichuris muris, a
nematode parasite. RA is also a regulator of the capacity of ILCs
to home to the intestine. RA induces the upregulation of the
homing molecules CCR7, CCRI and a,f; at the surface of ILC1s
and ILC3s but not ILC25.28% Upon RA stimulation, ILC1s and ILC3s
downregulate CCR7 and upregulate CCR9 and a4, expression,
allowing cells to egress from the mesenteric lymph nodes and
migrate to the gut. In CCR9-deficient mice, ILC3s accumulated in
the periphery despite being stimulated with RA. While CCR7 is
critical for the migration of ILC3s to the mesenteric lymph nodes,
CCR9 and integrin a4B; expression is mandatory for short-term
ILC3 gut homing and long-term residence in the small intestine.
The differential regulation of ILC homing subsets in response to
RA can explain why ILC3 numbers, but not ILC2 numbers,
are reduced in previous studies®'®? Why such important
differences have been observed between ILC2s and ILC3s in
response to RA has not yet been elucidated. Investigation of the
molecular events and major cellular modifications after RAR-RXR
activation in ILCs is critical to answer such questions. Furthermore,
in humans, RA is known to facilitate the conversion of ILC1s into
ILC3s by promoting RORyt expression.®*

Conversely, VDR-deficient mice are resistant to C. rodentium
infection; this effect is associated with increases in IL-22-producing
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ILC3s, increased expression of Regllly in epithelial cells and
modification of the gut microbiota composition.®> VitD3 is a
negative regulator of the IL-23R pathway and can induce a
cytokine shift in human ILC3s, inducing the IL-6 production and
decreasing IL-22, IFN-y and GM-CSF secretion in vitro.%¢ Patients
suffering from inflammatory bowel disease have less VitD3 in their
plasma than healthy volunteers or patients in remission.®® This
finding suggests that VitD3 is potentially an important regulator of
the pro- versus anti-inflammatory balance controlling the cytokine
programs of gut-resident ILC3s, acting as a rheostat of mucosal
homeostasis. In humans, stimulation of ILC2s and ILC3s with RA
increases cytokine production and homing molecule expression,
while addition of VitD3 reduces RA-dependent effects, revealing
opposing roles of these two vitamins on ILC functions.®” Taken
together, these studies reveal a fine control of gut ILC migration,
maintenance and function by RA and VitD3 and indicate that
vitamin deficiencies broadly modify ILC behavior, immune
responses and gut homeostasis.

Aryl hydrocarbon receptor ligands

Aryl hydrocarbon receptor (AHR) belongs to the superfamily of
nuclear receptors. AHR is activated by aromatic hydrocarbons that
are naturally found in fruits and vegetables. These include indoles
that are directly found in cruciferous vegetables or are obtained
following tryptophan degradation by the gut microbiota.?%° The
binding of these ligands to AHR induces its translocation from the
cytoplasm to the nucleus to regulate the transcription of its target
genes.® The first evidence of the impact of Ahr on the immune
system emerged with the development of Ahr-null mice. The
primary study revealed a profound reduction in T and B cells in the
spleen and peripheral lymph nodes of these mice.”® Gut-resident
ILCs highly express AHR, allowing them to actively sense their
environment and act as wardens of the gut mucosa. A lack of AHR
is associated with reduced ILC3 numbers and decreased ILC3-
derived IL-22 (Fig. 1).°"°2 AHR directly binds the /22 promoter and
acts in concert with RORyt to induce /22 expression in ILC3s.%
Loss of Ahr expression does not impact LTi formation and
accumulation in the fetal intestine in mouse embryos; rather, Ahr
loss influences the maintenance of gut ILC3s in adulthood through
increased apoptosis associated with decreased expression of the
prosurvival molecules Bcl2 and Bcl2/1 in these cells.”® These results
reveal a network that critically regulates both the maintenance
and functions of these cells. However, the regulated pathways
might differ between ILC3 subsets given that Ahr deficiency
differentially impacts LTi populations and other ILC3 populations.

The regulation of AHR signaling is tightly controlled because
prolonged activation by ligands that resist metabolic clearance
or excessive AHR ligand degradation can both have detrimental
effects. The clearance of ARH ligands involves the cytochrome
P4501 (CYP1) family of enzymes. Constitutive expression of CYP1
enzymes results in strong reductions in the AHR ligands available
and leads to loss of enteric ILC3s and Th17 cells.** Consequently,
constitutive expression of Cypla and loss of Ahr have similar
consequences when mice are infected with C. rodentium, leading
to increased susceptibility associated with reduced production of
IL-22.2279% Excessive clearance of AHR ligands in constitutive
Cypla-expressing mice can be counterbalanced by increased
intake of AHR ligands in the diet, resulting in restoration of
immune protection against bacterial infections.”* Such findings
highlight how the availability of AHR ligands in mucosal tissue
regulates the activity of ILC3s during homeostasis and under
inflammatory conditions.

In humans, AHR is a major transcription factor participating in
the maintenance of ILC3s. Ahr expression in ILC3s (Rorc™Ahr' Tb-
x217Eomes™) prevents cells from transdifferentiating into NK cells
(Rorc~Ahr~Tbx21"Eomes™) under IL-15 and IL-1B stimulation.®® In
contrast, disruption of Ahr expression in ILC3s with specific short
hairpin RNA or inhibition with AHR antagonists in vitro induces
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transdifferentiation of ILC3s into NK cells, which is associated with
acquired IFN-y expression and killing functions.’

As mentioned before, one of the major sources of AHR ligands
is tryptophan catabolism by the gut microbiota. It has been well
demonstrated that modification of eating habits directly influ-
ences the gut microbiota composition.”® This subsequently
impacts the availability of Ahr inducers and modulates ILC3
maintenance and functions; notably, beneficial changes provide
resistance against colonization of the fungus Candida albicans and
promote mucosal protection against inflammation.””*® Interest-
ingly, gestation-specific gut colonization of pregnant germ-free
mice has been shown to favor ILC3 development and long-term
ILC3 maintenance in offspring as well as to positively regulate IL-
22 production in these cells.” Importantly, these effects rely on
maternal microbiota-derived molecules, many of which have in
fact been identified as precursors or natural Ahr ligands (e.g.,
kynurenine).”

Collectively, these studies demonstrate, once again, the
importance of crosstalk between the gut microbiota and innate
immune mechanisms in the regulation and maintenance of gut
homeostasis. This crosstalk is mediated by Ahr expression and
activation and is finely controlled by both AHR ligand availability
and feedback loop mechanisms.

9

LIPIDS

Lipids are essential components of cells that provide precursor
molecules for cell membrane formation or fuel cells to support
their functions. Lipid mediators obtained from the catabolism of
food-derived lipids or from the recycling of lipid cell membrane
components markedly modulate immune responses, playing both
proinflammatory and anti-inflammatory roles to maintain body
homeostasis.'® They have recently been shown to be critical
players in modulating ILC functions. Most of these mediators
come from the catabolism of arachidonic acid, which gives rise to
different products. These include prostaglandins (D,, E; and I,)
and leukotrienes (B4, C4, D4 and E;), among others. These products
are obtained following the action of specific enzymes.'® PGs and
LTs signal through specific receptors that are expressed in all ILC
subsets. Activation of these receptors conveys specific immune
responses and regulates ILC migration, proliferation and cytokine
production.

Leukotrienes

Lung ILC2s highly express one LT receptor, cysteinyl leukotriene
receptor 1 (CysLTR1).'°"1°2 |LC2 stimulation by LTD, induces rapid
and robust calcium influx, which leads to the secretion of IL-4, IL-5,
and IL-13 in a CysLT1R-dependent manner. LTC, and LTD,
administered in vivo act synergistically with IL-33 to activate lung
ILC2s through the NFAT pathway, promoting lung ILC2 prolifera-
tion, IL-5 expression and lung eosinophilia.'®® CysLT1R-deficient
mice infected with N. brasiliensis or A. alternata species display
reduced ILC2 lung accumulation, IL-5 and IL-13 production and
proliferation.’™'% In humans, ILC2 IL-13 production is also
increased upon LT stimulation. Furthermore, the expression of IL-
33/IL-25 receptors is augmented, which allows ILC2s to be more
responsive to these cytokines.'®® Altogether, these studies high-
light the role of LTs in ILC2 biology and their impact on lung
homeostasis. Given the essential role of ILC2s in the development
of allergic reactions, it would be interesting to specifically target
this LT-CysLTR1 pathway to modulate ILC2-mediated proinflam-
matory activity and potentially reduce asthma symptoms and
disease severity.'°%'9>1% Tq date, only CysLTR1 has been identified
as a potent regulator of ILC functions that is mainly involved in
promoting allergy and lung inflammation. Given the expression
levels of other LT receptors in ILCs, especially gut-resident ILCs,
further investigations are warranted to determine the roles of
these lipid mediators on ILC maintenance and functions.

SPRINGERNATURE

Prostaglandins

PGs differentially modulate ILC activity. While PGE, and PGl,
signaling inhibits ILC functions,'®"'%® PGD, signaling promotes
ILC2 activation and ILC2 migration to and accumulation in
inflamed lungs.'®""""

PGD, signaling. The PGD, receptor, CRTH2, was first identified in
Th2 cells."'? It is now used to differentiate human ILC2s from other
ILC subsets."”® During allergic reactions, mast cells and myeloid
cells are potent producers of PGD,,''* which is found in elevated
concentrations in the BAL of patients with severe asthma.'’® PGD,
induces the production of large amounts of proinflammatory
cytokines, such as IL-4, IL-5, IL-13, IL-8, GM-CSF, CSF-1 and TNF-q,
by human ILC2s. Production of these cytokines is further increased
by administration of LTE,;, demonstrating the potential synergy
between different lipid mediators.'® Accumulation of PGD, in the
lungs amplifies type 2 immunity synergistically with IL-33/IL-
25 stimulation, subsequently enhancing ILC2 IL-13 production and
chemotaxis."'®""® Murine ILC2s also express CRTH2 (Gpr44), and
its activation enhances ILC2 migration and functions but does not
influence ILC2 development.'® During inflammation, CRTH2-
deficient ILC2s fail to produce IL-4 and IL-13 and to accumulate
in inflamed lungs.'” Therefore, the PGD,-CRTH2 pathway
represents an additional layer of ILC2 regulation that can
modulate lung allergic inflammation.

PGl; signaling. PGl is recognized by prostacyclin receptor (IP),
which is almost exclusively expressed on ILC2s.'%® PG, is a
negative regulator of ILC2 functions.'® Incubation with cicaprost
(a PGI, analog) inhibits ILC2 proliferation and cytokine production
by ILC2s when ILC2s are stimulated with IL-33."°® IP-deficient mice
challenged intranasally with A. alternata extracts have increased
ILC2 lung accumulation together with enhanced IL-5 and IL-13
expression, resulting in increased eosinophil infiltration and lung
inflammation.

PGE, signaling. PGE, signals through the PGE2 receptor family.
PGE2 receptor 2 (EP2) is mainly expressed by ILC3s, while PGE2
receptor 4 (EP4) is more commonly expressed across multiple
subsets of ILCs, such as ILC1s, NK cells and ILC2s. PGE, attenuates
IL-33-induced ILC2 proliferation and cytokine production in
mice'®” and humans.'"” During A. alternata infection, deletion of
EP4 exacerbates lung inflammation. This effect is associated with
increased IL-5 and IL-13 production by ILC2s, leading to enhanced
eosinophil recruitment. These studies reveal how the PGE,-EP2/4
pathway negatively regulates ILC2 activity.

IL-22 production by ILC3s also appears to be influenced by
PGE,. Inhibition of PGE, synthesis with indomethacin leads to the
development of systemic inflammation induced by LPS due to the
release of important levels of TNFa and IL-6 in the circulation,
resulting in translocation of gut bacteria and accumulation of
neutrophils in the peritoneal cavity.''® These effects can be
prevented by treating mice with EP4 agonists. PGE, contributes to
systemic inflammation by regulating the homeostatic production
of IL-22 by ILC3s (Fig. 1). Reduced synthesis of PGE, inhibits the IL-
22-1L-22R signaling pathway in intestinal epithelial cells, leading
to the downregulation of critical proteins involved in mucosal
integrity, such as Reglllf, Regllly, Fut2, mucins and molecules
forming tight junctions.''®

Overall, these lipid mediators exhibit similar or opposite roles in
ILC functions, depending on the pathways triggered. LTs and
PGD, promote ILC2 cytokine expression and cell proliferation,
whereas PGl, and PGE, limit ILC2 activation. Little is known about
the impact of these lipid mediators on ILC3 functions, with
the exception of PGE,, which appears to promote IL-22 production
by ILC3s to confer intestinal barrier protection and reduce
systemic inflammation in sepsis. As all these lipid mediators are
derived from the catabolism of arachidonic acid, a promising
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strategy may be to modulate different enzymatic pathways to
enhance or inhibit ILC functions according to clinical needs. In
asthma, for example, many new drugs have been developed to
target final products such as IL-5 or IL-13;'° however, modulating
upstream events or the catabolism of arachidonic acid and its
derived products would allow us to broadly dampen disease
severity by targeting several pathways and cell types at the same
time (e.g., IL-5, IL-13, ILC2s and Th2 cells). To date, numerous FDA
(Food and Drug Administration)-approved compounds have been
implicated in the regulation of these pathways, and the feasibility
of using such therapeutic agents to improve asthma could be
quickly evaluated.''*'%!

CONCLUSION

This review highlights the intense crosstalk between the
neuroendocrine system and different ILC populations at mucosal
surfaces and discusses how these interactions participate in the
maintenance of tissue homeostasis and the induction of appro-
priate responses to infections. We are, however, only at the
beginning of our investigations about how ILCs integrate these
signals to fine-tune the immune response to prevent immuno-
pathology without impairing infection control.

The complexity of the effects of physiological regulators on the
immune system is due to their broad impacts involving a large
number of targets, including several regulatory loops, and their
potential indirect effects. Because of synergistic or antagonistic
effects among factors, the ultimate consequences of multiple
physiological mediators on immune cells can be ascertained not
through addition of the effects of the different hormones,
neuropeptides and metabolites but rather through multiplication
of their effects (Fig. 1). Thorough study of the direct and indirect
effects of physiological regulators requires the development of
complex models, such as new models in which a mediator or its
receptor can be deleted in a spatiotemporal manner. With recent
developments in single-cell genomic technologies that facilitate
whole-transcriptome analysis and knockout mouse generation
together with advancements in microscopy techniques, it has
begun to be possible to tease apart, in molecular detail, the
crosstalk between the body’s multiple organ systems and immune
systems in vivo.

Understanding the interactions among these systems will
provide great insight into how disruption within one or more of
these compartments influences each of the other systems and
how outcomes, such as the ability of the host to regulate
inflammation, disease protection and wound healing, are affected.
This approach could also provide us with an important
opportunity to manipulate immune responses using physiological
molecule-based strategies that may be less harmful than synthetic
drug-based strategies.
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