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Abstract

The recent discovery of new innate lymphoid
cells (ILCs) has revolutionized the field of

allergies. Since most allergic diseases induce
a type 2 immune response, Th2 cells, which
produce IL-4, IL-5, and IL-13 in an antigen-
dependent manner, in addition to basophils
and mast cells which are activated by
antigen-specific IgE, are thought to play a
major role in the pathogenesis. However,
since group 2 innate lymphoid cells (ILC2s)
produce type 2 cytokines (i.e., IL-2, IL-4, IL-5,
IL-6, IL-9, IL-13, GM-CSF, and
amphiregulin) in response to various
cytokines, including IL-33 in the surrounding
environment, the possibility has emerged that
there are two types of allergies: allergies
induced in an antigen-dependent manner by
Th2 cells and allergies induced in an antigen-
independent manner by ILC2s. In order to
make an impact on the increasing incidence
of allergic diseases in the world, it is essential
to research and develop new treatments that
focus not only on Th2 cells but also on ILC2s.
In this chapter, the role of ILCs in allergic
diseases, which has rapidly changed with the
discovery of ILCs, is discussed, focusing
mainly on ILC2s.
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6.1 Introduction

The word “allergy” is coined from the Greek
words “allos” (changed) and “ergon” (reaction),
meaning that the immune response which evolved
to prevent disease turns into a harmful reaction. It
also means that since the distant past, people have
been aware that an allergy is a strange reaction
different from the common immune response, but
they had no way of knowing how it had changed.
One of the most beneficial roles of the type
2 immune response in organisms is in eliminating
helminths. Most helminths are much larger than
bacteria and viruses, and are beyond the range of
phagocytosis. Therefore, our body has evolved its
own defense mechanisms against helminths. IL-5
induces eosinophils to weaken the parasite, and
IL-13 induces mucus production from goblet cells
to flush helminths out of the body. In this case,
since it is difficult for dendritic cells (DCs) to
phagocytose a target that is too large, Th2 cells,
which are activated based on antigen presentation
by DCs, are unable to exert their full power. On
the other hand, the larger the target, the more the
tissue that will be physically destroyed, and the
necrotic epithelial cells will release large amounts
of IL-33. In addition to destroying tissue,
proteases, which are a component of helminth
shells, contribute significantly to IL-33 produc-
tion by directly inducing cell death in epithelial
cells. ILC2s are cells that highly express ST2/IL-
1RL1 (the IL-33 receptor) and are located near
IL-33-producing cells. ILC2s can quickly
respond to IL-33 and produce type 2 cytokines
such as IL-5 and IL-13 to flush helminths out of
the mouth by sputum or out of the anus by diar-
rhea in cases of pulmonary or intestinal infection,
respectively. This mechanism is primitive com-
pared to the antigen-specific response of acquired
immunity, but it is indispensable for humans who
coexist with helminths in an uneasy balance.
However, our living environment has changed
drastically in the last half century, and parasitic
infections have decreased dramatically in devel-
oped countries.

In countries that are no longer infected with
parasites, strange reactions are beginning to

occur, just like “allos” plus “ergon.” According
to the World Allergy Organization (WAO),
30–40% of the world’s population suffers from
one or more allergy symptoms, making it a seri-
ous health problem. The reason for the increase in
allergic diseases is not only the decrease in para-
sitic infections, but also that improved sanitation
decreases bacterial and viral infections, which
leads to a decrease in the type 1 immune response
used to suppress the type 2 immune response.
However, if we focus on the fact that parasite
infections have decreased, then type 2 immune
responses, which are the main cause of allergies,
should have also decreased along with the
decrease in infections. What needs to be consid-
ered here is the mechanism common to both
parasitic infections and allergies, whereby ILC2s
recognize IL-33 and produces type 2 cytokines.
Unlike Th2 cells, ILC2s cannot specifically rec-
ognize antigens or distinguish whether IL-33 is
produced by a parasite or an allergen that is harm-
less to the body. As well as parasites, various
allergenic antigens such as dust mites, pollen,
fungi, and fruits contain proteases which directly
induce necrosis of the epithelium, and stimulate it
to release IL-33. The days when ILC2s maintain
an exquisite coexistence with parasites are long
gone, but ILC2s deep inside the body may still be
unaware of the changing times and are needlessly
initiating type 2 immune responses, relying on
IL-33 as an alarm signal (Fig. 6.1).

6.2 Innate Lymphoid Cells
in the Lungs

Since the lungs are vital organs for the gas
exchange of oxygen and carbon dioxide, they
are constantly exposed to various allergens and
viruses through breathing. The airway epithelial
cells are covered with a layer of mucus to capture
allergens and viruses, and ciliated cells eliminate
them by ciliary movement. However, when the
allergens and viruses are not eliminated and reach
airway epithelial cells, cell-derived cytokines are
rapidly released and directly activate ILCs and
trigger innate immune responses. Among ILCs
in the lungs, ILC2s in particular have been
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reported to be involved in allergic diseases by
inducing type 2 inflammation through the produc-
tion of IL-5 and IL-13.

The proportion of lung ILCs is small, account-
ing for only about 0.4–1% of lung cells in naïve
mice [1]. Among ILCs, ILC2s are the most abun-
dant (>60%), followed by ILC1s (<20%) and
ILC3s (<20%) [2]. On the other hand, the fre-
quency of ILCs in the human lung is only about
0–0.1% of CD45+ cells, and conventional NK
(cNK) cells are the major ILCs, followed by
ILC1s and ILC3s, while ILC2s are rare
[2, 3]. However, the proportion of ILCs has
been reported to change dynamically due to plas-
ticity, and the presence of inflammatory cytokines
such as IL-1β in the lung due to smoking and
obesity increases the frequency of ILC1s and
ILC3s [4, 5]. Thus, although human lung ILC2s
are relatively rare cell populations, they express
high levels of IL13 as well as epithelial

cell-derived cytokine receptors IL1RL1 and
IL17RB, compared to blood and tonsil ILC2s
[6], and are suggested to have a significant impact
on the induction of type 2 inflammation.

6.2.1 Mechanism of IL-33-Induced
Asthma

Various allergens and pathogens, such as
helminths, house dust mites [7], Alternaria
alternata [8], papain [9], chitin [10], α-GalCer
[11], rhinovirus [12], and influenza virus [13],
induce epithelial cell-derived cytokines such as
IL-33 via cytotoxicity and ATP release [14]
(Fig. 6.2). The mechanism by which IL-33 is
released is ingenious considering that allergen-
derived proteases not only damage epithelial
cells to release IL-33, but also play a role in
cleaving full-length IL-33 into an activated form

Fig. 6.1 Mechanism of allergy induced by Th2 cells and
ILC2s. In antigen-dependent allergy, DCs that have
phagocytosed the antigen migrate to lymph nodes and
present the antigen to Th0 cells via MHC class II and
TCR. Th0 cells differentiate into Th2 cells over a period
of about 5 days, and mature Th2 cells migrate to peripheral
tissues and produce type 2 cytokines. In contrast, in

antigen-independent allergy, the protease activity of the
allergen directly causes necrosis in epithelial cells. Since
ILC2s are tissue-resident cells, they immediately respond
to IL-33 and produce type 2 cytokines. IL-25 secreted by
tuft cells and TSLP produced by epithelial cells, stromal
cells, and DCs are also involved in the activation of ILC2s
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[15]. IL-33 stimulates NF-κB and MAPK signal-
ing pathways in ILC2s, and activates the tran-
scription factor GATA3 via p38 MAPK, which
strongly induces cell proliferation and production
of type 2 cytokines such as IL-5 and IL-13
[16, 17]. IL-5 promotes eosinophil activation,
migration, and survival, and IL-13 promotes gob-
let cell hyperplasia and mucus hypersecretion in
the lungs [18]. This IL-33/ILC2-mediated
immune response is referred to as “nonallergic
eosinophilic inflammation” since it occurs in an
antigen-independent manner without acquired
immunity [19].

Asthma is a chronic respiratory disease
characterized by chronic airway inflammation
and reversible airway obstruction, and is consid-
ered to be a heterogeneous syndrome consisting
of a variety of pathologies. Most people with
asthma, except for those with neutrophilic
asthma, have type 2 inflammation, and Th2 cells
have been considered to play a vital role in

inflammation. However, accumulating evidence
suggests that IL-33 and ILC2s are also involved
in the pathophysiology of asthma. Genome-wide
association studies (GWAS) have reported that
single-nucleotide polymorphisms (SNPs) in
IL33 and its receptor, IL1RL1, are associated
with asthma [20], and IL-33 expression is
increased in the airways and bronchoalveolar
lavage (BAL) fluid in patients with asthma, and
is correlated with disease severity and lung func-
tion [21–23]. Similarly, the number of ILC2s is
increased in the sputum and BAL of patients with
asthma, especially in those with severe asthma
[22, 24]. However, there are no definitive results
on the number of ILC2s in the peripheral blood of
patients with asthma [24, 25], which suggests that
it is difficult to use the blood to monitor the status
of ILC2s in the lungs. Furthermore, house dust
mites and rhinoviruses induced IL-33 and
increased the number of ILC2s in sputum and
BAL, but decreased the number of ILC2s in the

Fig. 6.2 IL-33 induces activation of ILC2s in diverse
pathological conditions. In helminth infection, IL-33
induces IL-5 and IL-13 production from ILC2s, which
work to expel helminths from the body via worm attack
by eosinophils and mucus production by goblet cells,
respectively. In viral infections, ILC2s activated by IL-33
play a protective role by producing IL-13 and
amphiregulin. IL-13 acts to promote epithelial cell

regeneration and amphiregulin promotes tissue repair. In
allergy, IL-33 activates ILC2s to produce a variety of
cytokines, including IL-4, IL-5, IL-13, and amphiregulin.
IL-5 induces eosinophilic inflammation, and IL-13
promotes mucus production by goblet cells, resulting in
runny nose and sputum. It has been suggested that IL-4
induces IgE production from B cells, and IL-4, IL-13, and
amphiregulin may be involved in fibrosis
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blood [26–28]. These findings suggest that even
though ILC2s are recognized as tissue-resident
cells in mice, a portion of ILC2s are transferred
from the peripheral blood to the airways in
humans [29, 30]. Until the discovery of ILC2,
asthma was thought to be an antigen-specific
disease, but it is now clear that IL-33/ILC2-
mediated immune responses play an important
role, especially in the pathogenesis of virus-
induced asthma exacerbation, uncontrolled
asthma, and severe asthma [24, 27, 31].

6.2.2 Cytokines and Lipid Mediators
that Regulate the Function
of ILC2s

IL-33 rapidly and potently activates ILC2s and
induces type 2 inflammation, but other epithelial
cell-derived cytokines also activate ILC2s in the
lungs. For example, IL-25 is an epithelial cell-
derived cytokine that activates murine and human
ILC2s in combination with IL-2 in vitro [32, 33],
and tuft cells in the intestinal tract and bronchi
have been reported as IL-25-producing cells
[34]. However, IL-25 is less potent than IL-33
in inducing type 2 inflammation and airway con-
traction in mice [35]. Thymic stromal
lymphopoietin (TSLP) is also an epithelial cell-
derived cytokine that has modest effects on the
activation of ILC2s, but it is rather important in
altering the properties of ILC2s; TSLP induces
corticosteroid resistance via phosphorylation of
STAT5 and expression of Bcl-xL in ILC2s, lead-
ing to corticosteroid-resistant type 2 inflammation
in mice [36] (Fig. 6.3). Indeed, TSLP expression
is increased in the airways of patients with severe
asthma [37], and TSLP concentration in BAL
correlated with corticosteroid resistance in
ILC2s in humans [31]. Although IL-33, IL-25,
and TSLP are often described in parallel in
reviews as epithelial cell-derived cytokines,
more research on the cytokine production mecha-
nism for IL-25 and TSLP is required to under-
stand the regulation of ILC2 by these three
cytokines.

ILC2s do not express antigen-specific
receptors such as Th2 cells, but ILC2s express

various receptors for cytokines and lipid
mediators, which are influenced by the
surrounding environment. For example, proteases
in house dust mites and papain induce basophils
to produce IL-4, which increases the
responsiveness of ILC2s to IL-33 in mice
[38]. TNF-like ligand 1A (TL1A, TNFSF15),
glucocorticoid-induced TNF receptor ligand
(GITRL, TNFSF18), leukotriene, and prostaglan-
din D2 (PGD2) have been reported to activate
ILC2s synergistically with IL-33 in mice and
humans [25, 39–47]. Cysteinyl leukotrienes and
PGD2 bind to G protein-coupled receptors, which
increase the intracellular Ca2+ concentrations of
ILC2s and promote nuclear transfer of NFAT
[48]. Since this signaling pathway is different

Fig. 6.3 IL-33 and TSLP cooperatively induce steroid
resistance in ILC2. Under steady-state and IL-33 stimula-
tion, ILC2s are sensitive to steroids, but under simulta-
neous stimulation of IL-33 and TSLP, they become
resistant to steroid. TSLP induces Bcl-xL expression by
phosphorylation of STAT5, resulting in steroid resistance
in ILC2s
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from that induced by IL-33 or IL-25, lipid
mediators can activate ILC2s synergistically
with IL-33 and induce IL-4 production from
ILC2s [43]. Some patients with asthma have
aspirin-exacerbated respiratory disease (AERD),
which is characterized by swelling of the mucous
membranes of the sinuses, nasal passages, and
airways; these symptoms are exacerbated by the
ingestion of cyclooxygenase-1 (COX-1)
inhibitors, including aspirin and other nonsteroi-
dal anti-inflammatory drugs (NSAIDs) [49]. In
patients with AERD, the administration of
COX-1 inhibitors increases the production of
lipid mediators, such as leukotriene and PGD2,
and induces the accumulation of ILC2s in the
nasal mucosa, whereas the number of ILC2s is
decreased in the blood of patients with AERD
[50]. These findings suggest that ILC2s contrib-
ute to the pathogenesis of AERD through the
production of lipid mediators.

In contrast, some cytokines and lipid
mediators inhibit the activation of murine and
human ILC2s and suppress type 2 inflammation.
Interferons (IFNs) and IL-27 produced by NK
cells, T cells, plasmacytoid dendritic cells, and
interstitial macrophages suppress ILC2 activation
in a STAT1-dependent manner [30, 51–
54]. These cytokines are involved in the resolu-
tion of ILC2-mediated type 2 inflammation, and
without these cytokines, type 2 inflammation
would persist for a long time. The bronchial epi-
thelium in patients with asthma has been reported
to produce less IFN-β when infected with
rhinoviruses [55]. Therefore, replenishment of
IFN-β and other suppressive cytokines may be a
treatment option for virus-induced exacerbation
of asthma [56, 57]. In addition, other lipid
mediators such as PGE2, PGI2, and lipoxin A4
have been reported to inhibit the production of
IL-5 and IL-13 from ILC2s via cAMP activation
[58–61].

Finally, since ILC2s have plasticity, the type
of cytokines they produce changes dynamically
depending on the surrounding cytokine environ-
ment. IL-1β, IL-18, and IL-12 induce IFN-γ pro-
duction, and retinoic acid induces IL-10
production in murine and human ILC2s [4, 62–
64]. Viral infection and smoking provoke

inflammatory cytokines, including IL-12, and
the frequency of IFN-γ-producing ILC2s is
increased in patients with chronic obstructive pul-
monary disease [4]. Thus, various regulatory
mechanisms exist for ILC2-mediated type
2 inflammation, and a disruption of these regu-
latory mechanisms results in the exacerbation and
progression of allergen-independent type
2 inflammation in vivo.

6.2.3 Neuroimmune Interaction
in ILC2s

Neuronal and immune systems have close bidi-
rectional interactions. Neuron-derived
neuropeptides and neurotransmitters regulate
immune cell functions, whereas inflammatory
mediators produced by immune cells enhance
neuronal activation [65]. In recent years, several
neuropeptides have been shown to directly affect
ILC2s. Pulmonary neuroendocrine cells (PNECs)
are rare airway epithelial cells that sense various
stimulations, including oxygen, stretch, and
chemicals, and release neuropeptides, such as
calcitonin gene-related peptide (CGRP). ILC2s
have been reported to express CGRP receptors
and co-localize with PNECs in the lungs of mice
[66]. However, the effect of CGRP on ILC2s is
complicated; CGRP has induced IL-5 production
in murine ILC2s, but constrained IL-13 produc-
tion and proliferation [67]. ILC2s have also
expressed neuromedin U receptor 1 (NmUR1),
while neuromedin U (NMU) had a potent effect
on inducing the proliferation and cytokine pro-
duction of IL-5, IL-9, IL-13, and amphiregulin
from ILC2s in mice [68–70]. In addition, pulmo-
nary sensory nerve-derived vasoactive intestinal
peptide (VIP) activated ILC2s and CD4 T cells to
enhance type 2 inflammation in ovalbumin
(OVA)- and house dust mite (HDM)-induced
asthma mouse models [71]. Therefore, genetic
ablation of Nav1.8-positive sensory nerves
reduces immune cell infiltration and airway
hyperreactivity in OVA-induced asthma mouse
models [71].

In contrast, cholinergic neurons produce ace-
tylcholine and α7nAChR, an acetylcholine
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receptor, which suppresses type 2 cytokine pro-
duction from murine ILC2s [72]. Furthermore,
sympathetic nerves release noradrenalin while
β-adrenoceptor stimulations suppress ILC2 pro-
liferation and ILC2-mediated inflammation in
mice [73]. These data suggest that the neural
system, in addition to the interactions with epithe-
lial cells and other immune cells, may regulate
ILC2-induced type 2 inflammation. At this stage,
it is not clear how these neural factors are
involved in the pathogenesis of asthma, but they
may be important factors in understanding the full
picture of ILC2-dependent asthma.

6.2.4 The Role of ILC2s in Trained
Immunity and Acquired
Immunity

ILC2s have been implicated not only in innate
immune responses, but also in trained and
acquired immunity. The increased number of
ILC2s in the lungs and mediastinal lymph nodes
of mice treated with IL-33 or papain was
maintained even after 4 weeks, indicating that
ILC2s are long-lived cells. Furthermore, ILC2s
responded more strongly to restimulation and
induced more severe type 2 inflammation,
suggesting that ILC2s have a memory mechanism
[74]. Experiments with Rag1�/� mice treated
with Alternaria allergen extract have shown that
ICOS+ST2+ ILC2 generates memory in asthma
through epigenetic changes [75].

ILC2s also enhance acquired immune
responses. This effect is limited to localized
reactions in the lungs and is dispensable in sys-
temic reactions. ILC2s enhance Th2 cell
responses but has no effect on Th1 or Th17 cells
[76]. Murine ILC2s express MHC class
2, OX40L, CD80, and CD86 and can directly
activate CD4+ T cells, which may promote the
induction of acquired immunity [77–80]. ILC2-
derived IL-13 promotes the migration of dendritic
cells in the lung to the lymph node, where they
promote naïve T cells to differentiate into Th2
cells during allergic lung inflammation
[81]. ILC2-derived IL-13 promotes the expres-
sion of IL-33 in airway epithelial cells, creating

a positive feedback loop and disrupting tight
junctions between the cells [82], thereby increas-
ing the penetration of allergens into the epithe-
lium, which may allow for higher penetration of
allergens across the epithelium. In summary,
ILC2s, which induce innate immune responses,
may enhance acquired immune responses and
exacerbate asthma.

6.2.5 Treatment of ILC2-Mediated
Type 2 Inflammation
in the Lungs

Although new asthma therapies targeting ILC2s
are expected, few drugs have proven inhibitory
effects on ILC2s in patients with asthma.
Corticosteroids and leukotriene receptor
antagonists, generally used to treat asthma,
appear to be somewhat effective against ILC2-
mediated type 2 inflammation. Indeed, inhaled
corticosteroid treatment (i.e., budesonide)
decreased the number of ILC2s in peripheral
blood and suppressed type 2 cytokine production
from ILC2s [83]. However, other studies have
demonstrated that ILC2s in the BAL are resistant
to corticosteroids, and continue to produce type
2 cytokines even in the presence of dexametha-
sone [31]. Importantly, TSLP induces corticoste-
roid resistance of ILC2s and promotes innate type
2 inflammation, and also induces acquired immu-
nity via DCs and CD4+ T cells in asthma model
mice [84]. Suppression of TSLP is important for
resolving ILC2-induced steroid resistance, while
tezepelumab, an anti-TSLP human monoclonal
antibody, has been reported to effectively sup-
press a wide range of inflammation [85–
87]. IL-33 is the most potent cytokine that
activates ILC2s, and antibodies against IL-33 or
its receptor, ST2/IL-1RL1, are currently under
development [88]. In addition, among the
biologics currently in use, dupilumab, an anti-
IL-4/13R antibody, has been suggested to sup-
press ILC2s in humans [89]. Since ILC2s have a
major impact on type 2 inflammation in the lungs,
the development of drugs targeting ILC2-
mediated inflammation is expected to progress
in the future (Fig. 6.4).
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6.3 Innate Lymphoid Cells
in the Skin

The skin is the largest organ and provides a bar-
rier to protect the body from bacterial and viral
invasion, UV, and external stress damage.
Immune cells are strategically placed in the skin
to create efficient protective immunity through
cellular communication. Similarly to the respira-
tory and intestinal tracts, the skin also harbors
tissue-resident ILCs. Skin ILCs not only have
essential functions in maintaining tissue homeo-
stasis, but also play an important role in the path-
ogenesis of skin diseases, including allergies. The
skin consists of three layers: epidermis composed
of four different keratinocytes, collagen-rich der-
mis, and adipocyte-rich subcutaneous tissue.
ILCs, which account for 5% of immune cells in
murine skin, are present in all three skin layers,
but in different proportions. Transcriptome anal-
ysis revealed layer-specific heterogeneity of skin
ILC subsets (Fig. 6.5) [90]. The subcutaneous
tissue is rich in typical GATA3+ ILC2s, which
express Sca-1 and IL-33R and produce IL-5 and
IL-13, while the epidermal and dermal tissues
contain ILCs with mixed phenotypes of ILC3s
and ILC2s. Epidermal and dermal ILCs express
ICOS and CCR6, but do not express Sca-1 and
IL-33R. They express both GATA3 and RORγt
and produce IL-13, IL-22, TNF, and
lymphotoxins [90]. Skin ILCs exhibit distinct
tissue-resident patterns, with ILC1s continuously
migrating between the circulation and peripheral

lymph nodes in a CD62L- and CCR7-dependent
manner, while ILC2s and ILC3s remain in the
tissue [91]. With regard to allergic diseases of
the skin, ILC2s are thought to play an important
role in atopic dermatitis, while ILC1s are thought
to cause contact dermatitis together with NK
cells.

6.3.1 ILC2s in Atopic Dermatitis

Atopic dermatitis is a chronic inflammatory skin
disease in which the patient’s quality of life is
severely impaired due to endless itching. Since
atopic dermatitis is associated with high levels of
antigen-specific IgE in the serum and high T cell
infiltration in the skin lesions, acquired immunity
is thought to be important in the pathogenesis of
this disease. In recent years, however, attention
has begun to focus on the important role of innate
immunity in initiating and promoting atopic
inflammation, considering that patients often do
not exhibit antigen-specific reactions that are seen
in antigen-restricted allergic disorders such as
pollen and food allergies. Repeated scratching is
known to aggravate symptoms of atopic dermati-
tis. Tissue damage caused by scratching
stimulates the production of cytokines and
chemokines in the epidermis, which in turn
recruits and activates immune cells, thereby
aggravating the condition. From this perspective,
alarmins such as IL-33, TSLP, and IL-25 pro-
duced by epithelium upon tissue damage that
directly activate ILC2s may be deeply involved

・
・
・
・
（ ）

・
・
・

・ ・
・
・

Fig. 6.4 Biologics targeting type 2 immunity. Approved indications vary by country. EGPA eosinophilic
granulomatosis with polyangiitis, HES hypereosinophilic syndrome
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in the pathogenesis of atopic dermatitis. GWAS
have identified susceptibility genes for atopic der-
matitis, including genes encoding IL-33R,
IL-18R, IL-7R, IL-2R, TSLP, IL-4, and IL-13
[92, 93], all of which are associated with ILC2
activation and effector functions. Studies on
patients with atopic dermatitis have reported that

ILC2s, both in the lesional skin and peripheral
blood, are increased compared to ILC2
populations in healthy subjects [94, 95].

To understand the mechanism by which ILC2s
are activated and involved in the pathogenesis of
atopic dermatitis, an atopic-like dermatitis mouse
model with topical application of calcipotriol
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Fig. 6.5 Skin ILCs with distinct transcriptome
landscapes. (a) Single RNA-seq analysis revealed
transcriptome heterogeneity of skin ILC subsets. The sub-
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ILCs, while epidermal ILCs highly express IL-13. (c)
Distribution of ILCs in the skin. (Fig. 5a and b are adapted
from Kobayashi et al., Cell 2019, with permission from
Elsevier)
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(MC903), a vitamin D3 analog, has been used.
Although dermatitis is known to occur in T cell-
deficient mice, depletion of T cells and ILCs by
intraperitoneal administration of anti-CD25 or
anti-CD90.2 antibodies alleviates dermatitis. On
the other hand, dermatitis was not alleviated in
mice lacking IL-33(Il33�/�) or IL-25R (Il17rb�/

�), whereas TSLP receptor-deficient mice
(Tslpr�/�) showed impaired responsiveness to
ILC2s and improved dermatitis, suggesting that
TSLP is important for the activation of skin
ILC2s [94]. In addition, IL-13-producing ILC2s
interact with mast cells in the dermis of mouse
skin and are involved in eosinophil infiltration in
response to IL-2 [96].

On the other hand, the importance of IL-33
and IL-25 has also been reported. While the
above studies used mice of the C57BL/6 strain
background, studies using the BALB/c strain
showed that MC903 induced atopic-like dermati-
tis was reduced in mice lacking IL-25R (Il17rb�/

�) and IL-33R (Il1rl1�/�) [95]. It has been shown
that transgenic mice with forced expression of
IL-33, specifically in epidermal keratinocytes,
have increased IL-33R+ ILC2s and spontaneous
development of atopic-like dermatitis [97]. In
these mice, depletion of ILC2s or basophils
resulted in an improvement of dermatitis,
suggesting that ILC2s and basophils activated
by IL-33 are involved in the pathogenesis of
atopic inflammation [98]. In the abovementioned
study, IL-33R+ ILC2s were enriched in skin
lesions of patients with atopic dermatitis, and
in vitro stimulation of IL-33 induced the produc-
tion of type 2 cytokines from human skin-derived
ILC2s, further highlighting the role of IL-33 in
skin ILC2 activation [95]. The role of IL-25 in
ILC2 activation has been shown in an
OVA-induced atopic-like dermatitis model.
Either IL-25 deficiency, IL-13 deficiency, or
ILC2-specific IL-25R deficiency (Rora-Cre
Il17rbflox/flox) suppressed dermatitis, suggesting
a mechanism by which epidermal derived IL-25
promotes ILC2s to produce IL-13, which leads to
chemokine production such as CCL17 and
CCL22 from the epidermis and recruits T cells
and further promotes dermatitis [99].

It is difficult to conclude which cytokines are
most important for the activation of skin ILC2s,
because different mouse models of atopic derma-
titis and different strains of mice can affect the
results. Nonetheless, there is no doubt that type
2 cytokines are central to the pathogenesis of
atopic dermatitis, as monoclonal antibodies that
block IL-4 and IL-13 signaling markedly improve
clinical symptoms of atopic dermatitis
[100, 101]. If atopic dermatitis is a more
antigen-dependent disease, Th2 cells are likely
to be the source of these type 2 cytokines; how-
ever, patients often demonstrate increased pruri-
tus by sweating, stress, and diurnal rhythms, but
not when exposed to specific antigens, suggesting
that ILC2s are a possible source of type
2 cytokines. New therapeutic targets may be
identified by studying the pathogenesis of atopic
dermatitis from the perspective of ILC2s, which
are activated by cytokines produced in response
to tissue damage such as scratching.

6.3.2 NK and ILC1 in Contact
Hypersensitivity

Allergic contact dermatitis is an inflammatory
skin disease caused by the penetration of low-
molecular-weight chemicals and metals. In
hapten-induced contact hypersensitivity (CHS)
in mice [102], antigen-specific or nonspecific
innate immune memory may contribute to the
induced response. Tissue-resident NK cells in
the liver, currently referred to as ILC1s, induce
hapten-specific memory responses independent
of T and B lymphocytes in the CHS model,
suggesting memory-like properties of NK cells
or ILC1 [103, 104]. In contrast to the tissue resi-
dency of ILC2s and ILC3s, IL-7R+ ILC1s acquire
hapten-specific memory in skin-draining lymph
nodes, and are recruited to the liver via CXCR6
and maintained by IL-7R signaling
[105]. Although hapten-specific memory
responses have not been demonstrated in human
ILC1s or NK cells, NK cells accumulate in the
skin of patients with allergic contact dermatitis,
and NK cells release IFN-γ in the presence of T
lymphocytes that produce IL-2 in vitro
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[106]. These studies suggest the existence of an
innate memory response (or trained immunity);
however, the underlying mechanism for the long-
term persistence of the immune response by ILCs
requires further investigation.

6.4 Innate Lymphoid Cells
in the Nasal Mucosa

The olfactory system is not only a chemosensory
organ, but also a sophisticated immune system
that acts as the first line of defense against
infections, due to its constant exposure to the
open air containing abundant immunogens. ILCs
are known to be present in the nasal mucosa, but
in healthy individuals, ILC1s and ILC2s are
found in less than 0.1% of CD45-positive cells,
and considerably less than 0.01% that of ILC3s.
However, in inflammatory conditions such as
chronic sinusitis, ILC2s are increased by more
than 100-fold. Since the nasal mucosa is con-
stantly invaded by antigens from the outside
world, it is prone to various allergic symptoms;
hence, allergic rhinitis and chronic sinusitis are
well-known allergic inflammations of the nose.
The discovery of ILC2s has accelerated our
understanding of the pathogenesis of these
diseases, which is thought to be mainly caused
by Th2 cells. Since the nasal polyps, which form
in the paranasal sinuses, were one of the first
tissues in which human ILC2s were discovered,
research on the pathogenesis of nasal allergies,
with a focus on ILC2s, has been conducted
mainly in humans.

6.4.1 Allergic Rhinitis and ILC2s

Allergic rhinitis is classified as an IgE-mediated
type 1 allergy, in which allergen exposure causes
a runny nose, sneezing, and nasal congestion.
Within 30 min of exposure to an allergen, the
cross-linking of IgE and allergen induces hista-
mine release from mast cells, triggering the initial
allergic reaction. Subsequently, 6–24 h after aller-
gen exposure, eosinophilic infiltration occurs and
triggers tissue destruction and remodeling.

Patients with allergic rhinitis have elevated levels
of IL-25, IL-33, and TSLP in the serum or nasal
lavage fluid [107–109]. GWAS revealed that
SNPs in the IL33 gene are associated with Japa-
nese cedar pollinosis, suggesting that IL-33 is
strongly involved in the pathogenesis of allergic
rhinitis [109]. IL-33-deficient mice display
reduced symptoms of allergic rhinitis
[110, 111]. In addition to IL-33, a number of
GWAS analyses have demonstrated that SNPs
in the TSLP gene are also correlated with allergic
rhinitis [112–116], and the expression of TSLP in
the nasal cavity is associated with the severity of
the symptoms [117, 118]. In a mouse model of
allergic rhinitis, the roles of TSLP and IL-33 were
different between acute and chronic models. In
the acute allergic rhinitis model, both TSLP and
IL-33 contributed to the initial sneeze, and the
subsequent eosinophilic infiltration depended on
IL-33, whereas in the chronic model, the sneeze
response or eosinophilic infiltration depended on
TSLP or TSLP and IL-33, respectively. Further-
more, IL-25 was also detected in the nasal lavage
fluid of allergic rhinitis patients, and the expres-
sion of Il25 was enhanced in the nasal mucosa of
OVA-induced allergic rhinitis model mice
[119]. However, in a mouse model of
HDM-induced allergic rhinitis, IL-25 deficiency
had no effect on the symptoms [111]. Since IL-25
enhances the expression of TSLP in nasal epithe-
lial cells, further analysis of the possible involve-
ment of IL-25 in the pathogenesis of allergic
rhinitis is needed [107].

Recently, ILC2s were analyzed in patients
with allergic rhinitis. The frequency of ILC2s in
peripheral blood was significantly higher in
patients with allergic rhinitis than that in healthy
subjects [120, 121]. Interestingly, there seems to
be a difference in the reactivity of ILC2s
depending on the type of allergen: patients with
allergic rhinitis to HDM had the highest fre-
quency of ILC2s in the peripheral blood, while
patients with allergic rhinitis to other allergens,
such as wormwood, had higher ILC2s than those
of healthy subjects, but predominantly lower than
those of patients with allergic rhinitis to HDM
[121, 122]. However, in all patients, there was a
correlation between the severity of symptoms and
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the percentage of ILC2s in the peripheral blood
[121], suggesting that ILC2s play an important
role in the pathogenesis of allergic rhinitis. Since
allergic rhinitis is one of the most antigen-
dependent allergic diseases, it is necessary to
clarify how ILC2s contribute to its pathogenesis
via IL-25, IL-33, and TSLP.

6.4.2 Chronic Rhinosinusitis
and ILC2s

Chronic rhinosinusitis (CRS) is an inflammatory
disease of the nasal mucosa triggered by upper
respiratory tract inflammation, such as from the
common cold that spreads to the mucosa and
persists for more than 3 months. It has been
demonstrated that in CRS with nasal polyps
(CRSwNPs), type 2 inflammation, including
IgE, IL-5, and IL-13 production, and eosinophil
infiltration occur, suggesting that Th2 cells are
strongly involved in the pathogenesis. Human
ILC2s were first isolated from the nasal polyps
of CRSwNP patients in Netherlands, along with
the lungs and gut, and ILC2s were found to accu-
mulate in polyps [33]. Subsequently, the accumu-
lation of ILC2s in nasal polyps was confirmed in
the United States [123]. It has been proposed that
CRSwNPs can be divided into eosinophilic
(ECRS) and non-eosinophilic (NECRS)
subgroups [124], and ILC2s have been shown to
accumulate in nasal polyps in ECRS but not in
NECRS in various countries [125–127],
suggesting that the mechanism of ILC2-induced
ECRS is common worldwide. Despite the accu-
mulation of ILC2s in nasal polyps, there was no
difference in ILC2s in peripheral blood in all
studies, consistent with the view that ECRS is a
local inflammatory disease. Other ILC subsets,
including ILC1s and ILC3s, were also analyzed
in polyps of CRS; however, while ILC2s were
selectively accumulated in polyps and increased
100-fold compared to the ILC2s in the sinus
mucosa of healthy subjects, other ILC subsets
were unchanged in the polyps [128], suggesting
that ILC2s predominantly contribute to polyp
development in CRS.

Polyp-derived ILC2s respond to IL-25, IL-33,
and TSLP and produce IL-4, IL-5, IL-9, IL-13,

and GM-CSF. Many studies have shown that the
expression of IL-33 is comparable between the
sinus mucosa of CRSwNPs, CRS without nasal
polyps (CRSsNPs), and healthy subjects [33, 123,
129]. However, the expression of IL-33 was
increased in epithelial cells derived from recur-
rent CRSwNPs compared with that from first-
onset CRSwNP, suggesting that alteration of
IL-33 expression in nasal epithelial cells may
contribute to the pathogenesis [130]. In contrast,
TSLP was shown to be upregulated in the nasal
mucosa of CRSwNPs and ECRS [131–
134]. Since the expression of TSLP in the nasal
mucosa correlated with polyp scores, and GWAS
analysis showed that SNPs in the TSLP gene
were associated with CRSwNPs, TSLP may
play an important role in the pathogenesis of
CRSwNPs [135]. The increased expression of
IL-25 in CRSwNPs is controversial and therefore
inconclusive. However, it has been reported that
polyp-derived ILC2s respond to IL-25 [33] and
that IL-25 induces differentiation of fibroblasts
into myofibroblasts and contributes to polyp
remodeling [136], suggesting that IL-25 expres-
sion may change with disease progression, or that
ECRS pathogenesis is a heterogeneous disease
that can be further divided by endotypes.

Recently, the dramatic effect of dupilumab on
ECRS has revealed that IL-4 and IL-13 are key
factors in the pathogenesis of the disease [137]. It
is well known that IgE expression in nasal polyps
is high in patients with CRS, regardless of sys-
temic IgE levels [138], suggesting that, unlike
allergic rhinitis, inflammation in CRS is not aller-
gen specific. Therefore, in addition to Th2 cells,
ILC2s may contribute to the pathogenesis of
ECRS through type 2 cytokines in response to
IL-33, TSLP, and IL-25. The discovery of ILC2s
is expected to accelerate our understanding of
CRS pathogenesis and lead to the development
of new therapies.

6.4.3 Nasal Allergy and ILC1s, ILC3s

ILC1s, including NK cells, suppress ILC2 func-
tion through the production of IFNγ. ILC1s in
allergic rhinitis patients produce less IFNγ upon
in vitro stimulation than that produced in
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nonallergic rhinitis patients [139], suggesting that
ILC2s may be activated in these patients. In fact,
in a study of patients who responded to allergen
immunotherapy (AIT), a treatment for allergic
rhinitis showed a reduced response of ILC2s to
allergen stimulation compared to ILC2s in
healthy subjects [140]. In addition, the ratio of
ILC2 to ILC1 in patients who responded to AIT
was similar to that in healthy controls, suggesting
that ILC1s suppress allergic rhinitis by inhibiting
the function of ILC2s. The frequency of ILC3s,
along with ILC2s, significantly increased only
during the grass pollen season in grass-allergic
patients, while the frequency of ILC1s did not
change. Therefore, ILC3s may have a different
function from ILC1s in this condition, but the role
of ILC3s in allergic rhinitis requires further anal-
ysis. Although ILC2s selectively accumulate in
polyps in CRSwNPs, the increased production of
IFNγ and IL-17A in the nasal mucosa in CRSsNP
supports the possibility that ILC3s may have a
different function than ILC1s under these
conditions. Although there are reports that
increased ILC1s and ILC3s are observed in the
nasal mucosa in CRSsNP pathologies, there is no
significant difference in the frequency of ILC1s
and ILC3s in the nasal mucosa compared to
differences in CRSwNPs or healthy individuals,
although there is an increasing trend [128]. There-
fore, the involvement of ILC1s and ILC3s in the
pathogenesis of the disease is still unclear and
requires further analysis.

6.5 Food Allergy, Including
Anaphylaxis, and ILC2s

Food allergy (FA) is an allergic disease that is
increasing worldwide, affecting one in ten people
in developed countries. FA is defined as an
antigen-specific biological response resulting
from exposure to orally ingested food or food-
derived components. Most of the symptoms of
FA depend on the production of antigen-specific
IgE, while anaphylaxis, caused by IgE-mediated
mast cell degranulation, is a serious reaction that
can lead to death. Various forms of food immu-
notherapy including oral, sublingual, and
epicutaneous delivery routes have been used for

the treatment of FA; clinical trials of anti-IgE
therapy have also been initiated. Although anti-
IgE therapy has not yet been approved for the
treatment of FA, the combination of anti-IgE
therapy and oral immunotherapy (OIT) is
expected to be useful in peanut, milk, and multi-
ple FAs, because anti-IgE treatment decreases the
adverse events during OIT and shortens the treat-
ment duration [141, 142].

Various types of ILCs reside in the intestine
and contribute to homeostasis. In particular, the
intestinal lamina propria (LP) has a high fre-
quency of ILCs compared to that in the intestinal
epithelium (IE). In mice, ILCs account for
approximately 2.5% of all lymphocytes in the
small intestinal LP fraction and 1.8% in the
large intestinal LP fraction, which is more than
20 times higher than that in the IE fraction
[143]. In the LP fraction of the small intestine,
ILC3s are the most abundant, accounting for
approximately 60% of all ILCs, while ILC2s
and ILC1/NK cells account for approximately
20% each. On the other hand, in the LP fraction
of the large intestine, ILC2s are the most abun-
dant, accounting for approximately 50% of all
ILCs, while ILC1/NK cells and ILC3s account
for approximately 30% and 20%, respectively,
which is opposite to the composition of the
small intestine. Since FA is a type 2 immune
response similar to other allergies, ILC2s among
ILCs are thought to be involved in the pathogen-
esis of FA.

In studies of FA, models in which OVA/alum
or peanuts/cholera toxin (PN/CT) are
administered orally or peritoneally to mice to
induce antigen-specific IgE production are often
used. In these FA models, subsequent oral admin-
istration of OVA or peanuts to mice can induce
type 2 inflammation, gastrointestinal symptoms
such as diarrhea, and anaphylactic symptoms
such as body temperature decrease through mast
cell degranulation. The cytokines involved in the
activation of ILC2s, such as IL-25, IL-33, and
TSLP, are elevated, and the number of intestinal
ILC2s is increased in an IL-33-dependent manner
in the FA model mice. Consistent with these data,
eosinophil infiltration, IgE production, and ana-
phylactic symptoms are reduced in IL-33 recep-
tor-deficient mice, suggesting that ILC2s are
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involved in the pathogenesis of FA [144]. It has
been reported that in the OVA/alum-induced FA
model, IL-25 production is enhanced and elicits
IL-13 production from ILC2s by direct stimula-
tion or indirect activation via IL-25 receptor-pos-
itive Th2 cells, resulting in mastocytosis and
diarrhea symptoms [145]. Furthermore, in the
PN/CT-induced FA model using IL4RαF709
mice, in which the unrestrained form of the
IL-4Rα chain lacking the immunoreceptor
tyrosine-based inhibitory motif (ITIM) motif is
knocked out, ILC2s contribute to the disruption
of immune tolerance by suppressing antigen-
specific Tregs via IL-4 production and further
enhancing IgE reactivity of mast cells via IL-4/
IL-13 production, leading to the exacerbation of
anaphylaxis [146, 147]. Interestingly, disruption
of the skin barrier induces the activation of intes-
tinal ILC2s via IL-33, which enhances
mastocytosis and anaphylaxis in OVA-induced
FA models [148]. This study indicates that
improper activation of ILC2s is involved in the
development of allergic marches. On the other
hand, Chu et al. reported that ILC2s contribute
to type 2 inflammation in the abdominal cavity
induced by FA, but not to IgE production, gastro-
intestinal symptoms, and anaphylaxis, based on
the result of ILC2 depletion using Thy1-
neutralizing antibody in a PN/CT-induced FA
model [149]. These differences may be due to
the varying FA models and mouse strains used,
or due to the effects of the gut microbiota.
Although ILC2s are abundant in the intestinal
tracts and can be involved in the pathogenesis of
FA as a source of type 2 cytokines, FA studies
focusing on ILC2s have not been widely reported,
especially in humans, compared to other allergic
diseases such as asthma and CRS. Further
research in both humans and mice will help to
understand the role of ILC2s in the development
of FA.

6.6 Allergic Conjunctivitis
and ILC2s

Allergic conjunctivitis is an allergic inflammatory
disease caused by foreign substances in the eyes,
such as pollen, house dust, and contact lenses.

The main symptoms of allergic conjunctivitis
are itching, redness, and increased tear produc-
tion, which are thought to be caused by the
acquired immune system triggered by foreign
substances. However, the involvement of the
innate immune system in allergic conjunctivitis
has recently attracted attention because of the
elevated levels of epithelial cell-derived type
2 initiating cytokines such as IL-33 and TSLP
[150, 151]. The mouse line hK14mIL33Tg is a
keratin 14-driven transgenic mouse, which
overexpresses IL-33 in an epithelial cell-specific
manner and spontaneously develops allergic der-
matitis and conjunctivitis. In these mice, ILC2s in
the conjunctiva were increased by more than
20 times compared to ILC2s in naïve mice, and
ILC2-derived IL-5 and IL-13 production was
enhanced [152]. It was also reported that ILC2s
increased with eosinophils in conjunctivitis
induced by papain contact lenses [153]. Interest-
ingly, a similar level of inflammation was induced
in Rag2-/- mice lacking the acquired immune sys-
tem, suggesting that ILC2-mediated allergic
inflammation plays an essential role in the patho-
genesis of allergic conjunctivitis. It is expected
that understanding the mechanism by which
ILC2s contribute to the maintenance of homeo-
stasis and the induction of allergic inflammation
in the conjunctiva, a barrier tissue in contact with
the outside world similar to the skin, nasal
mucosa, and bronchi would aid in the develop-
ment of novel therapeutic approaches.

6.7 Conclusion

The word “allergy” is a concept, and the actual
diseases, such as asthma, atopic dermatitis, and
food allergy, are differentiated according to the
organ in which the allergy occurs and are treated
by the respective clinical departments. As a result,
patients are referred to the Department of Respi-
ratory Medicine for asthma, the Department of
Dermatology for atopic dermatitis, and the
Department of Gastroenterology for FA, with
limited coordination between doctors in each
department. On the other hand, in the field of
basic research, the existence of ILCs has been
recently revealed, and the role of ILC2s in allergic
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diseases has been rapidly elucidated. As a result,
allergies, regardless of the organ, can now be
roughly divided into antigen-specific mediated
by Th2 cells and antigen-nonspecific mediated
by ILC2s, mainly IL-33. Therefore, future
research, drug development, and medical treat-
ment for allergies must emphasize antigen and
organ specificity to comprehensively understand
the diseases. In the face of the explosive increase
in allergies worldwide, it is necessary to establish
methods that accurately determine whether each
patient’s allergy is dependent on Th2 cells or
ILC2s, and to identify targets that can completely
suppress each of these cell types.
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