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Abstract

Food allergy is an increasingly common disease worldwide, and is thought to be driven by an uncontrolled type 2 immune
response. Current knowledge about the underlying mechanisms that initiate and promote an inappropriate immune response to
dietary allergens is limited. Sensitization through the skin in early life is considered to be a key event. Food allergy results from
a dysregulated type 2 response to food allergens, characterized by enhanced levels of IgE, IL-4, IL-5 and IL-13 with infiltration
of mast cells, eosinophils and basophils during acute reactions. Recent data implies a possible role of innate lymphoid cells
(ILCs) in driving food allergy. ILCs represent a group of lymphocytes that lack specific, recombined antigen receptors. They
contribute to immune responses not only through the release of cytokines and other mediators, but also by responding to
cytokines produced by activated cells in their local microenvironment. Due to their localization at barrier surfaces of the
airways, gut and skin, ILCs form a link between the innate and adaptive immunity. This review summarizes recent evidences
on how skin and gastrointestinal mucosal immune system contribute to both homeostasis and the development of food allergy,

as well as the involvement of ILCs towards inflammatory processes and regulatory mechanisms.

Abbreviations:

AD: Atopic dermatitis

AREG: amphiregulin

COPD: Chronic pulmonary obstructive disease
DCs: Dendritic cells

EoE: Eosinophilic eosophagitis



FLG: Filaggrin

FPIES: Food protein induced enterocolitis syndrome
GM-CSF: Granulocyte-macrophage colony-stimulating factor
GUT: Gastrointestinal system

ILCs: Innate lymphoid cells

iTregs: Inducible T regulatory cells

KLRG1: Killer cell lectin-like receptor subfamily G member 1
LTi cell: Lymphoid tissue inducer cells

NK cell: Natural killer cell

OIT: Oral immunotherapy

PGD2: Prostaglandin D2

RORyt: Retinoic acid related orphan receptor gamma t
TGF-8: Transforming growth factor-3

TSLP: Thymic stromal lymphopoietin

TNF-o: Tumor necrosis factor- o

7Z0-3: Zonula occludens-3

Introduction

Food allergy is defined as an adverse reaction to food which is reproducible and arises from a specific immune
response.! Food allergies affect up to 7-8% of the population and have been increasing in prevalence, although
the incidence has probably stabilised in Western countries. Prevalence is higher in children compared to
adults, with the most common food triggers being peanut, tree nuts and seeds, egg, milk, wheat, soy,
fish and shellfish.}® The common underlying mechanism is the breakdown of immunological and clinical
tolerance to an ingested food, causing either IgE-mediated reactions (including anaphylaxis) or non-IgE-
mediated disorders such as eosinophilic eosophagitis (EoE) and food protein induced enterocolitis syndrome
(FPIES).*Sensitization to food allergens usually occurs through the skin and/or gastrointestinal tract (and
less commonly through the respiratory tract), due to impaired barrier function.® SFollowing sensitization,
many — but not all — individuals go on to develop clinical reactivity. The interaction between microbiota,
the immune system, epithelial barrier function and genetic factors results in a dysregulated type 2 response
to food allergens. Recent studies have demonstrated the possible involvement of a novel cell type, known
as innate lymphoid cells (ILCs), in driving food allergy.” While their role is not currently well-defined, the
elevated levels of Interleukin (IL)-25, IL-33 and thymic stromal lymphopoietin (TSLP) observed in allergic
patients imply a possible role because these cytokines are strong stimuli of a subset of these cells, the
ILC2s.7Y For instance, recently, it was shown that IL-33 promotes food allergy through the expansion and
activation of ILC2s, resulting in the large production of I1.-4 that suppresses regulatory T cells function in
the skin, lung and small intestine.!? ILC2s have been shown to be potent producers of IL-9, which was highly
expressed in a study of children with peanut allergy.'’ In addition, the expression of IL-33 was increased in
esophageal biopsies of pediatric EoE patients'? and ILC2s density was increased in esophageal biopsies from
patients with active EoE.13

Classification and Plasticity of ILCs

ILCs are novel subsets of lymphoid cells that lack antigen-specific receptors, making them distinct from T
and B cells. They respond to a number of inflammatory cytokines such as IL-1, 1L-18, 1L.-33, 11.-23, and IL-25
(IL-1 and IL-12 family cytokines) and lipid mediators.'* Helper ILCs can be classified into ILC1, ILC2, ILC3



and lymphoid tissue inducer (LT4i) subtypes based on their cytokine production and transcriptional profiles
(Figure 1): in this regard, ILC1s, ILC2s and ILC3s resemble CD4" T helper (Th)1, Th2 and Th17/22 cells,
respectively.!® 6 LTi cells are indispensable for the initiation of secondary lymphoid organ development
during embryonic life.!” Adult LTi cells are Neuropilin-1+ (NRP1+) ILC3-like cells that are key inducers of
ectopic lymphoid aggregate (ELA) formation.'® In addition to this, natural killer (NK) cells represent the
“cytotoxic” ILCs corresponding to CD8+ cytotoxic T cells.!5:19

ILC1s are defined by the expression of T-bet (T-box expressed in T cells) transcription factor and can be
activated by macrophage- and dendritic cell (DC)-derived IL-12 and IL-18. The activation of ILC1s lead to
the production of interferon (IFN)-y. Upon exposure to intracellular pathogens, an increase in ILC1 number
is observed in order to protect against viruses and bacteria.2® They have been implicated in conditions like
Crohn’s disease?!, Celiac disease?? and chronic pulmonary obstructive disease (COPD).23

ILC2s are under the control of transcription factor GATA-3, and once activated by epithelium-derived IL-25,
IL-33 and TSLP, they produce the type 2 cytokines IL-5 and IL-13.15 23 The putative role of ILC2s have
been defined in several diseases including allergic asthma?* 25, allergic rhinitis?%, atopic dermatitis (AD)2”
and eosinophilic esophagitis.'3

ILC3s are divided into 2 different subtypes, which can be distinguished by the expression of the natural
cytotoxicity receptor NKp44.2® Retinoic acid-related orphan receptor (RORyt) is the transcription factor
for all ILC3 subtypes. ILC3s secrete IL-17, 11.-22, granulocyte-macrophage colony-stimulating factor (GM-
CSF) and/or tumor necrosis factor (TNF)-a in response to myeloid-derived IL-138 and IL-23.2° They can
both promote or supress the immune response depending on the microenvironment and presence of cytokines
within the tissues.? Retinoic acid and active form of vitamin D (1,25-dihydroxyvitamin D3) have antagonistic
effects on the expression of effector cytokines and gut-homing integrin by human ILCs. The balance between
these vitamins may be an important factor in the functioning of ILCs in allergic disease, including food
allergy.3!

Activated CD40L+ ILC3s reside on the border of T cell-B cell areas in tonsils and are in close contact with
B cells in vivo. CD40L+ ILC3s and B cells are a symbiotic relationship: ILC3s induce IL-15 production
in B cells via BAFF-receptor, while IL-15, a potent growth factor for ILC3s, upregulate CD40L expression
on ILC3s. IL-15-activated CD40L+ ILC3s help the differentiation of IL-10 secreting, functional immature
transitional regulatory B cells in a CD40L- and BAFF-receptor-dependent manner. This contributes to the
maintenance of immune tolerance to innocuous antigens and is thought to become insufficient in allergic
diseases.?? Tonsils are a crucial site for the generation of functional allergen-specific Treg cells and are
therefore important mucosal sites for the development of immune toleranc. ILC3s and Breg cells co-localize
in the interfollicular regions of palatine tonsils, together with Treg cells. These data suggest that there are
regulatory niches in tonsils.33

More extensive information on ILC surface markers and cytokine production can be found in recent
reviews.?® 30:19 T,C3s have been associated with the pathology of inflammatory bowel diseases®*, COPD??
and psoriasis.36

Beyond this classification, ILCs display plasticity and heterogeneity across tissues.3”3? ILCs are able to
change their phenotype and function in response to changes in the local microenvironment, a characteristic
which confounds attends to delineate and classify their role. In the presence of 11.-12, ILC3s and ILC2s lose
their RORyt and GATA-3 expression respectively, and can trans-differentiate into ILCls expressing T-bet
and producing IFN-y.22 49 41 T[,C1s can be reconverted into ILC3s by stimulation with IL-1B, IL-23 and
retinoic acid.*?Similarly, IL-1f and IL-4 can reconvert ILCls into ILC2s.23

Immune system of the skin and ILCs

The skin acts as an interface between host and environment, and serves as a mechanical and biological
barrier against chemical and physical effects and pathogenic microorganisms. Skin-associated immune cells
are important for this protection: macrophages, DCs, mast cells, T cells, B cells, neutrophils and recently



described ILCs orchestrate the defense while taking part in homeostatic functions.*® 44Studies in humans
revealed that during homeostatic skin conditions, ILCs are mainly localized in the dermis, with the exception
of ILC3s which are found within the epidermis.*® 46 A recent study reported that ILCs are compartmentalized
within sebaceuous glands, and a subset of RORytt ILCs found within hair follicles can modulate these
sebaceous glands.*” ILC2s are the most abundant subset of ILCs found in the healthy skin, constituting
nearly one third of the skin-resident lymphocytes in mice.*>ILC3s in healthy human skin are also present
in high numbers.*® Skin ILCs migrate to the tissue from the circulation. This idea is supported by the
expression of CCR10 and cutaneous leukocyte antigens in some of the circulating ILCs.36> 49

In the steady state, ILC2s are involved in homeostasis and wound healing.** Multiphoton microscopy study
reveals the perivascular distribution of ILC2s and their close proximity to skin resident mast cells, suggesting
that these cells affect each other during homeostasis and inflammation.*> ILC2s are the main source of IL-13
in the skin resulting in the inhibition of the mast cell functions.*> ILC2s express amphiregulin (AREG) which
is an epidermal growth factor related molecule and plays an important role in tissue repair in the skin and
airways after acute epithelial damage.5%>* Recently, it was shown that acute cutaneous injury promoted ILC2
response which prevented epithelialization and effective wound closure.?? ILC3s have also been shown to take
part in skin repair. Both mouse and human studies showing accumulation of IL-17F-producing ILC3s in the
wound site. In an ILC3-deficient mouse model, a delay in epidermal proliferation, macrophage accumulation
and wound healing was observed, demonstrating ILC3 contribution in the repair of skin tissue.?3

In addition to homeostasis and wound repair, ILCs have an important role in disease processes of the skin.
Exposure of the skin to allergens and exogenous molecules frequently trigger type 2 cytokine production
associated with elevated TSLP, IL-33 and IL-25.4% 51, 54-56 This is characterized by the secretion of IL-4,
IL-5 and IL-13 by ILC2s, increased eosinophil numbers and mast cell activation.*® ®!:56 ILC2s can also
disrupt keratinocyte tight junction barrier integrity by their IL-13 production.?” ILC2 receptors for IL-25,
IL-33 and TSLP is upregulated in AD skin lesions 3% 51- 5859 and an increase in the proportion of ILC2s is
also observed, suggesting an important role of ILC2s in skin inflammation.*> Additionally, a novel mechanism
for the ILC2 activation in AD is the tumor-associated surface molecule B7-H7 which increases in AD skin
and activates NKp30 expression on ILC2s in human.59Experimental models have demonstrated that ILC2s
and their stimulator epithelial cytokines TSLP, IL-13 and IL-25 play an important role in the pathogenesis
of food allergy.” ! Recently, a study involving murine model reported that ILC2 is an essential mediator
of skin to gut crosstalk following mechanical skin injury. ILC2 was driven by IL-25 and I1.-33 and resulted
in the expansion of intestinal mast cells, thereby promoting IgE-mediated food anaphylaxis.®? Therefore,
ILC2s may be an important and potent driver of the skin immune system in type 2 inflammation like food
allergy and AD (Figure 2).

Mucosal immune system of the GUT and ILCs

The gastrointestinal system (GIT) is the largest lymphoid tissue in the body which interfaces with the ex-
ternal environment. Interaction of three distinct cellular compartment shapes the biological behaviour of
this system. The first cell compartment is the epithelial mesenchymal cell monolayer composed of diverse
cell types and presents a physical and biological barrier against nonself components of the lumen, including
pathogens and allergic molecules. The second cell compartment comprises the innate and adaptive immune
system cells including mast cells, dendritic cells, ILCs, T and B cell types and humoral components like
slgA, slgE and sIgG. The third compartment of this ecosystem is the commensal microbiota. Communi-
cation between these three different cell compartments results in either immune tolerance to antigens and
commensal bacteria, or a milieu in which an inflammatory mucosal immune response can develop. More-
over, immune reactions against harmful microorganisms are also shaped by the interaction of these three cell
compartments.%3> 64

Luminal antigens are taken up and processed by DCs and presented to T cells leading to the development of
mucosal antigen-specific immune responses such as Thl, Th2, T regulatory (Tregs), Th17 cell type or IgA-
producing B cells. During homeostasis, the predominating ILC type is the ILC3s which is found mostly in
the intestinal lamina propria but also in the lymphoid structures.?? %% ILC3s are also involved in limitation



of pathologic adaptive immune responses against commensal bacteria in the gut®®, with a recent study

demonstrating them as important producers of IL-2 in the gut, which plays a role in driving Treg cells.

LTi cells are necessary for the development of lymphoid tissues in the fetal GIT and they can also pro-
duce cytokine IL-17.% 69 T[22, a cytokine produced by ILC3, can induce epithelial tight junction proteins
thereby promoting epithelial barrier function”™. ILC3-derived IL-22 also induces the production of antimi-
crobial peptides in the gut.”* Moreover, experimental data have shown that in mice, ILC2s regulate intestinal
eosinophil homeostasis”™® and are involved in restoring the epithelial barrier function by the production of
AREG (Figure 3).”> Whether human ILC2s exert similar functions is still unclear.

The link between skin barrier disruption and response to food allergens in the GIT

Food allergy frequently develops in infancy,” so establishing oral tolerance though exposure to food allergens
early in life may be protective against food allergy. The LEAP study showed that the introduction of peanut
into the infant diet before 12 months of age decreased the risk of peanut allergy by 81% at age 5 years in
children at high risk of developing peanut allergy due to egg allergy or severe eczema.” Although the GIT
mucosa is continuously exposed to allergens and commensal microorganisms, the immune system usually
mounts a tolerant response to these antigens. Induced regulatory T cells (iTregs) and Trl lymphocytes
play an important role in this immune tolerance. Tolerogenic CD103™ dendritic cells present the luminal
antigens and induce FOXP3* Tregs in a Transforming growth factor-B (TGF-f) and retinoic acid dependent
pathway.”% 77 In children who “outgrow” and become tolerant to cows milk protein, the level of Tregs are
higher than in those with persisting allergy to cow’s milk.”® Genetic and environmental factors shape the
immune responses in the skin when an exposure to food allergens occurs. In two epidemiologic studies, AD
and the filaggrin (FLG) gene mutation have been identified as potential risk factors for the development of
food allergy.™: 8 In animal models, epicutaneous exposure to food allergens resulted in intestinal food allergy
development in a Th2 dependent manner.’* 8! However, the mechanism by which allergic sensitization in
the skin is able to disrupt oral tolerance and lead to the development of food allergy remains unclear. It
has been proposed that the triggering effect of epicutaneous food allergen exposure stimulates TSLP, I1.-33
and IL-25 production in skin keratinocytes; these alarmins induce the activation of ILC2s and dendritic
D(s. 45 51, 54-56, 76, 77 The migration of DCs to the lymph nodes triggers the proliferation of Th2 effector
and memory cells.?2 Ingestion of the food in the context of pre-existing sensitization may cause migration of
these Th2 cells into the GIT where they communicate with ILC2s, which, in turn produce IL-13. Intestinal
epithelial cells also produce IL-33 and IL-25, further stimulating ILC2s. These processes then induce the
development of food allergy.?3> 84

ILCs in food allergy and oral tolerance development

IgE-mediated food allergy is the most common type of food allergy, and affecting up to 10% of infants
in western populations.®> 86 It is characterized by specific IgE (sIgE) production and IgE interaction with
different immune cells (Th2 cells, mast cells and basophils).8% 87 The intestinal mucosa is capable of secreting
alarmins which can activate ILC2s.3% In an experimental food allergy model, it was found that deficiency
of IL33 receptor (ST2) prevented the development of food allergy.!® In another study, TSLP and basophils
were both found to be important in allergic cutaneous sensitization while IL-33 was found to be necessary for
the induction of IgE-dependent anaphylaxis.?? The release of IL-33 following skin injury has been shown to
induce IgE-mediated mast cell degranulation and anaphylaxis; blocking ST2 prior to oral challenge reduced
the severity of reaction without affecting the Th2 response to the allergen.® Another important alarmin,
IL-25, has also been shown to increase following food challenges.” The authors also demonstrated that mice
deficient in IL-25 were more resistant to the symptoms of food allergy. Following allergic sensitization,
IL-25 and IL-2 derived from CD4" Th2 cells stimulate ILC2s resulting in the production of large amounts
of IL-13 and amplifying the IgE-mediated response in this experimental model. In addition, ILC2s with
defective IL-13 production had a reduced ability to develop allergic inflammation, resulting in resistance to
food allergy.” In a murine model of food allergy, IgE-stimulated mast cells induced IL-13 production from
ILC2s in an IL-4Ra-dependent manner; in addition, ILC2s amplified systemic anaphylaxis by increasing
target tissue sensitivity to mast cell mediators.?® These findings support a key role of ILC2s in food allergy



in an IL-13-dependent manner.

Tregs regulate the functions of ILC2s and suppress their type 2 cytokine production. Reciprocally, ILC2s
secrete IL-4 which downregulates Treg functions and increases mast cell activation.'® In the steady state,
these networks function to facilitate tolerance; however, genetic and environmental factors, such as micro-
biota dysregulation, may stimulate alarmin production from the intestinal epithelial cells resulting in ILC2
activation.?® Of note, medium-chain triglycerides in peanut have been shown to increase alarmin production,
thus promoting allergic sensitization and anaphylaxis.”! Inducible T regulatory cells (iTregs) are inhibited
by the effect of IL-4,'° and after re-exposure to food allergens, activated mast cells can stimulate IL-33
production and ILC2 activation. This forms a positive feedback loop on mast cell activation and a negative
feedback loop on iTregs, promoting the persistence of food allergy.?? 93

Commensal bacteria also have indirect effects on host immune responses towards food antigens. Some
Clostridia strains induce the accumulation of Tregs in the colon.?* ?° Clostridia also trigger ILC3s to produce
11L-22, strengthening the epithelial barrier. In mice, Clostridia containing microbiota suppressed food allergic
responses.” In response to the microbial signals, macrophages secrete IL-13 which mediates GM-CSF release
from ILC3s. GM-CSF induces IL-10 and retinoic acid production by DCs and macrophages and subsequently
promotes the induction of Tregs. Any interference with this crosstalk can result in loss of oral tolerance to
food allergens.®”

Eosinophilic esophagitis (EoE) is a chronic disease characterized by gastroesophageal reflux disease,
and dysphagia leading to food impactions and strictures. Pathologically, esophageal remodeling consists
of epithelial hyperplasia with barrier dysfunction, subepithelial fibrosis, and smooth muscle dysmotility.%
Although the role of IgE in the pathophysiology of EoE is unclear, affected individuals usually have elevated
levels total IgE and IgE sensitization to foods and aeroallergens.’® In children with EoE, sensitization to
both food and environmental allergens may be observed in 75% of patients.!?? Elimination of food allergens,
or elemental diets can reduce disease symptoms in 70-99% of patients, however relapse is very common after
re-introduction of food allergens.'®! This suggests that chronic food antigen hypersensitivity is an essential
feature of EoE. In addition, many patients with EoE have a history of IgE-mediated food allergy,'%% 192 and
there may be progression from IgE-mediated food allergy to the later development of EoE towards the same
food.'®3EoE has been reported as an adverse event in up to 10% of patients undergoing oral immunotherapy
(OIT) for IgE-mediated food allergy , although fortunately in this context symptoms tend to resolve after
discontinuation of the triggering allergen (presumably on the basis that the development of symptoms in
the context of OIT is less chronic in natiire).!% 1% Furthermore, OIT is known to stimulate the production
of IgG,, which may indicate its in the pathogenesis of EoE.'% 107 Historically, EoE was proposed to ocur
through an IgE-mediated mechanism, however targeted dietary elimination and the use of IgE-blocking
strategies have failed to support this notion. Measures of IgE sensitisation are not helpful in identifying the
responsible food allergen in clinical practice.!® 1 This, while EoE is associated with IgE sensitization, it is
not considered to be an IgE-mediated disease.

There is increasing evidence for epithelial barrier dysfunction in EoE followed by eosinophilic inflammati-
on like AD. The expression of FLG, zonula occludens (ZO)-3 and claudin-1 is decreased in EoE patients,
correlating with spongiosis,'!? and mutations in FLG are higher in patients with EoE.!!3 EoE pathogenesis
is determined by TSLP produced by epithelial cells and IL-5 and IL-13 produced by inflammatory cells,
including ILC2s. IL-5 production leads to esophageal eosinophilia and IL-13 induces EoE-specific epithe-
lial gene expression and remodeling like angiogenesis.!'*Eosinophil granulocyte-derived extracellular traps
stimulate alarmin (IL-33, TSLP) production in airway epithelial cells that enhances ILC2 activation and
cytokine production.!'® It remains unknown as to whether eosinophil cells contribute to ILC2 activation in
patients with EoE. IL-33 gene expression has been implicated in pediatric EoE development.'? Inhibition of
the esophageal Treg function by 11.-33 may induce loss of antigen specific tolerance and provide a mechanistic
rationale for EoE development.'? IL-33 and TSLP induce human ILC2s to produce large amounts of Th2
cytokines. Recently it was shown that ILC2s were significantly increased in tissues from patients with active
EoE versus inactive EoE and were also higher than ILC2s in controls. Importantly, levels of ILC2s in biopsy



specimens correlated with numbers of eosinophils in esophagus tissue. This supports a role for ILC2s in EoE
pathogenesis.'® Mast cells and IL-9 have also been implicated. ILC2s produce IL-9 and are located close to
mast cells in human lung, suggesting a crosstalk between these two cell types.'1% 117 Both IL-33 and TSLP
activate ILC2s from esophageal lymphoid tissue which provides a proof of concept for ILC2s induction in
EoE (Figure 4).'® Indeed, TSLP is highly expressed in EoE tissue.9® 118

Atopic dermatitis (AD) is a relapsing chronic inflammatory skin disease characterized by epithelial barrier
dysfunction and type 2 inflammation.!'? During the development of AD, environmental allergens and genetic
factors affect the skin barrier function and trigger type 2 inflammation. This may lead to the failure of the
mechanisms of oral tolerance, resulting in the development of food allergy. Infants with AD at 4 months
of age are at increased risk for allergy to hen’s egg.™ An important risk factor for AD is the FLG gene
mutation. FLG mutations cause skin barrier disruption and decrease the level of E-cadherin which is an
important inhibitor of ILC2s through its receptor (Killer cell lectin-like receptor subfamily G member 1
(KLRG1).5 In an experimental model of AD with FLG mutations, skin inflammation was associated with
the expansion of IL-5-producing I1.C2s. Additionally, mice with FL.G mutations showed increased frequency
of ILC2s in the skin in comparison to control subjects.?”

Interaction of ILC2s with other cell types may also be important. Although basophils in healthy human
skin are rare, they are enriched in the dermis of AD lesions and located in close proximity to ILC2. ILC2s
express IL-4 receptor o (IL-4Ra) and proliferate in an IL-4-dependent manner. I1-4 is supplied by basophils
during AD inflammation, which suggests a relationship between these two cell types in AD pathogenesis.!2°
Dermal ILC2s locate perivascularly and are in close proximity to the skin resident mast cells. ILC2s produce
IL-9 and IL-13 and these cytokines may activate mast cells. On the other hand, mast cells produce 1L-25,
Prostaglandin D2 (PGD2), and Leukotriene C4 (LTC4) which can activate the ILC2s.'! Both mast cells and
ILC2s can be activated by TSLP which may potentiate the function of both of these cell types.

Therapeutic applications and future perspectives

Pathological processes in food allergy are related to type 2 inflammation, in both IgE mediated and non-IgE
mediated diseases. ILC2s have been shown to be key drivers of the pathophysiology. Glucocorticosteroids
are often used as therapy and their effect on suppressing ILC2s has been previously demonstrated.!22:123
TSLP is related to steroid resistance and blockage with anti-TSLP antibody (AMG157) decreases eosinophilic
inflammation in target tissues.'?412°I1-25 and IL-33 are also attractive targets for treating allergic diseases.
PGI2 analog cicaprost inhibits IL-33-induced ILC2 proliferation in experimental mouse models and decreases
IL-5 and IL-13 secretion in humans.'2% Blocking of IL-25, IL-33, or TSLP by antibodies like tezepelumab have
been reported to be beneficial for treating allergic patients.'?” Cytokines released by ILC2s may be targeted
to suppress type 2 inflammation. Humanized monoclonal Ab against IL-5 (mepolizumab) and a human Ab
against IL-4Ra (dupilumab) were found to be effective against several allergic diseases in humans.!2% 129
Dupilumab targets the IL-4R, thereby inhibiting both IL-4 and IL-13 and improves uncontrolled moderate-
to-severe atopic dermatitis as well as persistent asthma.!3% 131

Many other molecules and pathways relevant to ILC2 activation are also being explored. CRTH2 (CD294),
a receptor for PGD2 expressed by ILC2s, promotes ILC2 migration and IL-13 production.'3?Currently, se-
lective CRTH2 antagonists like fevipiprant and timapiprant are being tested for the treatment of allergic
diseases.!33 134 Furthermore, leukotriene receptor antagonists, such as montelukast and zafirlukast can pre-
vent ILC2 activation by inhibiting the cysteinyl leukotriene receptor 1 (CysLT1R).!13® Lipoxin A4 (LXA4)
functions as an inhibitor of ILC2s'3® and severe asthma patients have a LXA4 deficiency!'3”, making LXA4
a treatment option in these patients. Considering that upregulation of c-Myc expression is essential for ac-
tivation and in vivo pathogenic effects of ILC2s, its inhibition might prove to be a promising novel strategy
to combat allergic diseases.'3®

Regulatory immune cells have also emerged as potential targets, for example Treg cells which can suppress
ILC2-driven inflammation. Several recent studies have shown the existence of a novel regulatory ILC coun-
terpart, with the capacity to produce IL-10. These IL-10-producing ILCs are distinct from Treg cells in



in vitrostudies'® and can be induced following stimulation with retinoic acid in the periphery. Moreover,
these IL-10-producing ILCs are functional and can suppress Th2 cell responses'4® 141, These ILCs with reg-
ulatory capacity have also been demonstrated to be induced following subcutanous (SCIT) and sublingual
grass pollen immunotherapy (SLIT).'4!These preliminary, yet promising, observations highlight the poten-
tial utility of regulatory ILCs as a target for the treatment of food allergy. Finally, possible interaction of
ILCs with a novel subset of T cells known as T follicular helper 13 (Tr13) cells which have been implicated
in food allergy remains to be identified.!43

Conclusion

Food allergy is an increasing problem throughout the world. There remain signficant unanswered questions
about its pathogenesis. ILCs provide a bridge between native and adaptive immunity thereby having a
crucial role in immunity. There is a growing awareness about the plasticity of ILCs in different inflammatory
conditions. It is likely that future studies will provide more insights to understanding how the skin and
gastrointestinal mucosal immune systems interact, both in homeostasis and in the progression to food allergy.
In particular, it will be important to identify physiologically relevant stimuli that directly or indirectly
activate ILC2s in skin, which may lead to epicutaneous sensitization. A strong association of AD and food
allergy is found stronger in infancy than childhood, despite epicutaneous sensitization being more evident
in later life.'42 Mechanisms of epicutaneous sensitization during infancy and the role of ILCs have yet be
identified. Understanding the contribution of ILCs to inflammatory processes and regulatory mechanisms
in food allergy may help to develop novel therapeutics that target ILCs to treat food allergy and to induce
immune tolerance.

FIGURE LEGENDS

Figure 1. Classification and plasticity of ILCs.

Figure 2. Pathophysiology of the atopic dermatitis (AD) and the role of ILC2s in AD.
Figure 3. Development of IgE-mediated food allergy in mucosal immune system of the gut.
Figure 4. Role of ILC2 in eosinophilic eosophagitis (EoE).
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