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Abstract
Allergic asthma is a common disease characterized by mucus hyper secretion, eosinophil and
mast cell recruitment, smooth muscle contraction and airway remodeling. Although allergic
asthma was first described as a disease of the adaptive immune system, the focus nowadays is
switched towards researching bronchial epithelial cells (BECs) and type 2 innate lymphoid
cells (ILC2s). The airway epithelium is the first barrier to allergens, and regulates further
immune responses. ILC2s are stimulated by IL-33, IL-25 and TSLP produced by damaged airway
epithelial cells, and play a role in inflammation and tissue repair. ILC2s have 2 main
phenotypes, a pro-inflammatory phenotype mediated by the production of IL-5, IL-9 and IL-13
on one hand and a tissue repair phenotype mediated by amphiregulin on the other hand. A
therapeutic intervention that induces a shift from the IL-5/IL-13 producing phenotype towards
an amphiregulin producing phenotype might both inhibit inflammation and stimulate tissue
repair in allergic asthma patients. This essay reviews the function of BECs, ILC2s, and
amphiregulin in order to investigate whether amphiregulin producing ILCs could function as a
new therapeutic target. In addition we will discuss whether more amphiregulin is beneficial for
allergic asthma patients due to its role in tissue fibrosis and cancer.
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1. Introduction
Allergic asthma is a common chronic inflammatory
disease of the airways in which a patient mounts an
inappropriate response to allergens. Asthma is
characterized by mucus hyper secretion, eosinophil and
mast cell recruitment, smooth muscle contraction and
airway remodelling, all of which contribute to
bronchoconstriction (1). The symptoms of asthma are
reversible, however, when asthma persists over years
the inflammation becomes chronic and the lung gets
irreversibly damaged. Therapies for asthma, like
corticosteroids and β2-adrenoreceptor agonists, do
focus on decrease the symptoms. Therapeutics that
enhance tissue repair or cure asthma to give tissue a
chance to recover are not yet available. Also, the reason
why some individuals get allergic asthma and others do
not is still not fully understood.
Inhaled allergens such as house dust mites (HDMs),
animal dander, plant and tree pollen, and fungal spores
are able to activate dendritic cells (DCs) in the lungs.
The DCs migrate to lymph nodes, where Th2 cells are
induced to differentiate. IL-4 producing Th2 cells
induce class switching in B cells leading to IgE
production. This IgE can bind to the FceRI receptor on
the membrane of mast cells. When the individual is
exposed to the allergen again, allergens will bind to the
IgE antibodies. Crosslinking of FceRI receptors will
activate a signal cascade in the mast cell. The mast cells
immediately release histamine and other compounds
causing an immediate hypersensitivity reaction. This
first, IgE dependent reaction, is rapid and mostly local;
histamine from the mast cells induces vasodilatation,
vascular leakage, mucus secretion and contraction of
smooth muscle cells of the bronchi. Histamine is not the
only mediator produced by mast cells: proteases cause
tissue damage, lipid mediators like leukotrienes,
prostaglandin D2 and platelet-activating factor (PAF)
have histamine-like actions and cytokines like TNF , IL4 and IL-13 play a role too. TNF recruits leukocytes, IL4 amplifies the Th2 response and IL-13 enhances IgE
production of B-cells and stimulates epithelial cells to
secrete mucus. Besides the early response, a second
late-phase reaction will occur 2-24 hours after the
exposure to the allergen. This second late response
relays on Th2 cells. The late-phase reaction is
characterized by infiltration of eosinophils, neutrophils,
basophiles, monocytes and Th cells. Th2 cells produce
cytokines such as IL-4 and IL-13 {{58 Kumar, V. 2010}}
(2) Prolonged allergic inflammation results in
irreversible lung tissue damage characterized by
fibroblast proliferation and fibrosis (3).

While allergic asthma is classically considered to be a
problem of the adaptive immune system, recently the
focus is more on the role of innate immunity in the
pathogenesis of allergic asthma. The epithelial barrier
was first seen as a physiological barrier only, but is now
recognized as an important mediator in regulating
tolerance and inflammation(3). The epithelium ‘senses’
allergens and is able to recruit and activate dendritic
cells and ILC2 cells. ILC2 cells have two phenotypes,
one able to induce tissue repair (via amphiregulin) and
one able to induce further tissue damage by increasing
the inflammation (via IL-5 and IL-13). The ILC2s seem
to be a heterogeneic population, although discrete
subpopulations with different phenotypes have not yet
been undisputedly identified. ILC2s are now widely
studied, but their role in tissue repair is not
investigated well and remains unclear. Which factors
influence the phenotype of ILC2 cells, which
mechanisms induce ILC2s to shift to the repair
phenotype and the role of amphiregulin in this picture
are still unknown. The research question of this essay
will focus on the question if ILC2s can be shifted
towards an amphiregulin producing phenotype and if
this shift would induce tissue repair during allergic
asthma.

2. Role of epithelial cells in allergic asthma
Allergic asthma has been seen as a disease of the
adaptive immune system for years, caused by overactive Th2 lymphocytes and a disturbed Th1/Th2
balance. Th2 cells were seen as the main producers of
IL-4, IL-5, IL-9 and IL-13. Studies were particularly
focusing of the regulation of Th2 by DCs, and not on the
activation of DCs (by the epithelium) itself. This view
has changed over the last years, and the innate immune
system is now known to play a major role in allergic
asthma too. The physical barrier of the bronchial
epithelium is part of the innate immune system and
protects the body from invasive inhaled pathogens.
However, the function of the epithelium goes further
than being a barrier alone. Bronchial epithelial cells
(BECs) are activated by inhaled antigens triggering
pattern recognition receptors like protease activated
receptors (PARs) and toll like receptors (TLRs) on the
cell-membrane. The TLR triggering leads to a Nf-B
signaling cascade, which drives both the production of
chemokines and cytokines and activation and
recruitment of DCs and ILC2s. This could mean that the
interactions between bronchial epithelial cells and DCs
or ILC2s are the origin of allergic sensitization putting
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epithelial cells center stage in the pathogenesis of
allergic asthma (4).
2.1 Epithelial cells show loss of barrier function due to
loss of functional junctions
Asthma is associated with airway remodeling and
fibrosis. The asthmatic airway shows structural
changes in the epithelium like epithelial fragility, goblet
cell hyperplasia, increased smooth muscle cells and
thickening of the basement membrane (5). Asthma
patients have a compromised barrier function of the
bronchial epithelium and allergens can get in direct
contact with antigen presenting cells like DCs (4, 6, 7).
The physiological barrier of the epithelium is
dependent on apical tight junctions and adherens
junctions, which can be dysfunctional in allergic asthma
patients. The involvement of junction proteins in
asthma is also confirmed by genome wide association
studies.
Genome wide association studies (GWAS) are used to
compare
frequencies
of
single
nucleotide
polymorphisms (SNPs) between a disease group and a
healthy control group. SNPs that are more common
with a disease might be linked to genes involved with
the disease pathogenesis. Those studies help with
finding important pathways in the disease. GWAS
reported the involvement of CDHR3 (encoding
cadherin-related family member 3) in early childhood
asthma with severe exacerbations (6). CDHR3 is highly
expressed in airway epithelium and belongs to the
cadherin family of transmembrane proteins involved in
homologous cell adhesion and important for several
cellular processes, including epithelial polarity, cell-cell
interaction and differentiation (6). A disturbance of this
process might have in role in asthma. A second
susceptibility gene for asthma found in GWAS is
protocadherin-1 (PCDH1) (11,12). PCDH1 is involved
with epithelial junctions and expressed in apical
adhesion complexes in bronchial epithelial cells. PCDH1
is associated with an increase of bronchial
hyperresponsiveness (11). A third asthma associated
gene found by GWAS is Orosomucoid like 3 (ORMDL3)
(13). ORMDL3 is mainly expressed in bronchial
epithelial cells. In mice ORMDL3 expression is known to
be induced by allergens (14), however, the role of
ORMDL3 in the pathogenesis of asthma is unknown.
Other studies identified reduced expression of Ecadherin and zonula occludens-1 (ZO-1), both
important proteins for the stability of cell-cell junctions,
in the bronchial epithelium of asthma patients (7-9). In
vitro cultures of epithelial cells from asthmatic patients
show that down regulation of ZO-1 and E-cadherin is

retained ex vivo, indicating the down regulation is
caused by a cell-intrinsic mechanism. However, mRNA
levels of E-cadherin and ZO-1 are not down regulated
compared to healthy controls, indicating that the
problem appears after translation(10). This could be
problems with post-translational modification, protein
stability, or the subcellular location of the proteins. The
association between asthma and the proteins ZO-1 and
E-cadherin is not confirmed in genome wide
association studies (GWAS). Tissues at surface areas
that are in contact with the environment, should react
fast on environmental changes. Epigenetic changes
appear much faster than genetic changes. Therefore
might the down regulation of E-cadherin and ZO-1 be
caused by epigenetic changes, which is plausible given
the location of epithelial cells(10).
Epithelial cells with a delayed barrier function have
problems with the prevention of allergens to invade.
This epithelial cells get damaged and enhance an
inflammatory response by interacting with DCs and
ILC2s.
2.2 Damaged epithelial cells produce IL-33, IL-25 and
TSLP
The interaction between epithelial cells and immune
cells is mainly established by the production of the
alarmins IL-25, IL-33 and TSLP. These molecules are
released from necrotic epithelial cells, or are secreted
after epithelial damage and allergen exposure without
cell death (15). Allergens are able to cause breakdown
of the epithelial barrier and trigger mostly IL-33
secretion. The cytokines IL-25, IL-33 and TSLP are of
great interest because of their ability to activate DCs
and ILC2s and stimulate proliferation, survival and
cytokine production in ILC2s.
Asthma patients have increased levels of IL-33, IL-25
and TSLP compared to healthy controls (16, 17). The
level of IL-33 in serum and sputum is increased in
young asthmatic children treated with glucocorticoids
(18), and in serum of asthmatic patients without
treatment (sputum was not measured) (19) compared
to non-asthmatic individuals.
The importance of IL-33 in asthma has also been
confirmed in GWAS studies. Both IL-33 and its receptor
IL1RL1 show a strong association with asthma and
allergic diseases (6, 20, 21). TSLP (20) and the IL-25
receptor (3) are also associated with asthma in GWAS
studies however the involvement of those genes was
not reproducible in all GWAS studies. Another GWAS
identified epithelial gene involved in asthma is GSDMB
(6,21). GSDMB belongs to the gasdermin protein family.
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Gasdermin genes are implicated in the regulation of
apoptosis in epithelial cells. Their involvement in
allergic asthma could indicate a disturbed apoptotic cell
regulation. Increased apoptosis could generate more
anti-inflammatory cytokine production, caused by the
engulfment of apoptotic cells by surrounding epithelial
cells, as shown by Juncadella and colleagues in 2013
(22). Polymorphisms in the GSDMB gene could cause
delayed apoptosis, resulting in less anti-inflammatory
cytokine production by surrounding epithelial cells.
Damaged epithelial cells could show enhanced necrosis
instead, and this would lead to more inflammatory
cytokine release. However, the exact mechanism of

GSDMB contributing in
understood.

allergic

asthma

is

not

In conclusion, Epithelial cells play a key role in allergic
asthma not only by the physiological barrier they
maintain, but also by the release of IL-25, IL-33 and
TSLP after allergen exposure. Those cytokines are very
important due to their ability to activate mainly ILC2s.
With the possibility of activating ILC2s, the epithelium
has an important function in regulation of tolerance to
allergens.

Figure 1, Role of ILC2s in allergic asthma. Allergens stimulate the epithelial cells to produce IL-33, IL-25 and TSLP which activate
dendritic cells (DCs) and type 2 innate lymphoid cells (ILC2s). DCs can activate CD4 + cells that produce IL-2. IL-2 can also stimulate
ILC2s. ILC2s produce IL-5 and IL-13 that contribute to inflammation and asthmatic symptoms due to eosinophil and basophil
recruitment, IgE production, mucus secretion, goblet cell hyperplasia and muscle contraction. ILC2 produce autocrine IL-9 to
stimulate cell survival, and amphiregulin (AREG) that stimulates proliferation, survival and differentiation in epithelial cells,
smooth muscle cells and fibroblasts. Picture composed from (1, 3, 16).

3. Role of type 2 innate lymphoid cells in allergic
asthma
Where earlier the T cells (especially the Th2 cells) were
considered as the center of immune regulation, the
perception changed towards dendritic cells and
nowadays towards innate lymphoid cells (ILC). The ILC
family consists of a group of cytokine producing cells
with a lymphoid morphology and the lack of antigen-

specific receptors. There are three subcategories of ILC
identified: type 1 ILCs, type 2 ILCs and type 3 ILCs with
all a different function and cytokine expression. Here,
we will only focus on type 2 ILCs (ILC2s) because of
their prominent role in asthma and the type 2 response.
ILC2s mature under control of RORα and GATA3 from
progenitors in the bone marrow. ILC2s play a role in
immunity, inflammation, tissue remodeling and the
pathogenesis of allergy and asthma (1, 23). ILC2s are
present at mucosal surfaces like the bronchial
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epithelium and are defined by their ability to produce
type-2 cytokines (IL-5, IL-9, IL-13) during allergic
airway inflammation. (15, 24, 25). This type 2 immune
response is necessary to facilitate B-cell class switching
to IgE production and to recruit and activate mast cells
(MCs), basophils, and eosinophils. Type 2 cytokines are
also able to cause goblet-cell hyperplasia, mucus
production and contribute to smooth muscle
contraction (17). A more unknown compound also
produced by ILC2s is the EGFR ligand amphiregulin, a
growth factor involved in tissue repair. See figure 1.
ILC2s can contribute to both tissue damage and tissue
repair after the clearance of parasites, like helminths,
from the epithelium. Parasites cause significant damage
to bronchial epithelial cells. ILC2s are able to enhance
epithelial proliferation via amphiregulin thereby
restoring the epithelial barrier. ILCs are also able to
enhance type-2 inflammation via IL-5, IL-9 and IL-13,
thereby attracting and activating eosinophils (IL-5) and
enhancing mucus secretion (IL-13), draining the
parasites from the mucosal surfaces (1). The functions
of ILC2s can thus be divided in two phenotypes; one
characterized by pro-inflammatory activity mediated
by IL-5, IL-9 and IL-13 and one characterized by
promoting epithelial repair mediated by amphiregulin.
3.1 ILC2s contribute to allergic inflammation
ILC2s contribute to allergic inflammation by the
production of pro-inflammatory cytokines as a reaction
on IL-33, IL-25 and TSLP produced by damaged
epithelial cells (see figure 1 and 2). The proinflammatory cytokines IL-5 and IL-13 contribute to
allergic inflammation and levels of the cytokines are
both elevated in sputum and serum of asthma patients
(26). IL-5 recruits eosinophils to the side of
inflammation and stimulates eosinophil maturation and
differentiation (27). Eosinophils are not present in
healthy lungs, and the presence of eosinophils is a
hallmark of asthma. Eosinophils enhance inflammation
by the release of inflammatory mediators like reactive
oxygen species and cytokines. Eosinophils also
contribute to tissue remodeling during asthma (2).
IL-13 has several inflammatory actions, including
disruption of the epithelial barrier and airway
remodelling leading to fibrosis (4). IL-13 acts on
smooth muscle cells leading to enhanced sensitivity for
bronchoconstriction and on fibroblasts inducing the
production of extracellular matrix. IL-13 stimulates
goblet cells to produce mucus, induces goblet cell
hyperplasia and induces airway hyperresponsiveness
(29). IL-13 also facilitates IgE production in B-cells (3).
The importance of IL-13 is further established by the

fact that IL-13 deficient mice do not develop bronchial
hyperreactivity reactions nor goblet cell hyperplasia.
(30)
Another process induced by IL-13 is the activation of
alternative activated macrophages (AAMs). Classically
activated macrophages (CAMs) are activated by
interferon-γ (IFN-γ). AAMs are activated by IL-13 and
IL-4. Whereas CAMs have a pro-inflammatory
phenotype, AAMs produce more anti-inflammatory and
tissue repair factors (31). On the other hand, AAMs also
produce chemokines that recruit and activate
eosinophils, mast cells, and basophils. Furthermore,
prolonged IL-13 expression promotes excessive fibrosis
(32). AAMs also produce IL-4 and IL-13 (33). IL-13
activates AAMs, that produce more IL-13, and will
activate even more AAMs thereby generating a positive
feedback loop that further enhances inflammation and
tissue damage mediated by the other pro-inflammatory
actions of IL-4 and IL-13.

Figure 2, source: Activation of ILC2s by IL-33, IL-25, TSLP and
PGD2 stimulated the production of IL-9, IL-5 and IL-13.
Modified from: (28)

3.2 ILC2s are able to stimulate tissue repair
The tissue repair function of ILC2s was first described
by Monticelli et al., in 2011. These authors reported
that the loss of epithelial barrier function induced by
viral infection in healthy mice was exaggerated after
depletion of ILC2 cells or after IL-33 receptor blockade.
Adding ILC2 cells back to mice with influenza induced
epithelial damage restored the barrier function of the
airway epithelium as measured by a higher mean body
temperature, a restored oxygen saturation level and
regions with epithelial proliferation. These data
indicate that ILC2s and the IL-33 pathway can induce
an epithelial repair mechanism in mice after severe
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influenza induced epithelial damage. The authors
investigated by which mechanism the airway
epithelium was restored by ILC2s and identified an
upregulation of amphiregulin in ILC2 cells after
influenza infection. Exogenous amphiregulin was able
to restore the epithelial barrier after the influenza
induced damage as well and was found to induce this
repair via the EGFR receptor on epithelial cells. This
means that repair of a healthy airway epithelial tissue
upon infection with an influenza virus inducing severe
epithelial damage is likely mediated by amphiregulinproducing ILC2 cells activated by IL-33 released from
damaged bronchial epithelial cells (34). Later the
importance of autocrine production of IL-9 for ILC2 cell
survival was demonstrated. In the absence of IL-9,
ILC2s showed reduced IL-5 and IL-13 expression and
reduced viability, reduced amphiregulin expression and
impaired tissue repair (25).

4. The different faces of amphiregulin
Amphiregulin is an epidermal growth factor receptor
(EGFR) ligand. Amphiregulin can act as an autocrine or
paracrine factor after secretion. The expression and
secretion of amphiregulin is induced by many stimuli
including inflammatory lipids, cytokines, hormones and
growth factors. Amphiregulin is expressed in many
tissues, Including the colon, lungs, hearth and ovaries.
Amphiregulin is expressed by several immune cells and
epithelial cells. Amphiregulin stimulates cell survival,
cell proliferation and cell motility in different cell types
including epithelial cells, fibroblasts and immune cells
like dendritic cells, neutrophils, mast cells and Tlymphocytes (35, 36). Amphiregulin activates a
complex network of intracellular pathways, including
Ras/MAPK, PI3K/AKT, PLCγ and STAT signaling (37).
Amphiregulin is synthesized as a type I transmembrane protein (Pro-AREG). Amphiregulin becomes
soluble after ectodomain shedding of pro-AREG by a
membrane enzyme known as ADAM-17 (35). Since
amphiregulin is released from the cell surface after
cleavage, ADAM17 is responsible for the release of
amphiregulin (39). ADAM-17 regulates the shedding of
a wide variety of matrix-bound or cell surface proteins
such as cytokines, cytokine receptors and adhesion
proteins (38). ADAM-17 is expressed in a variety of
lung cells such as bronchial epithelial cells, vascular
smooth muscle cells, and macrophages. However, the
exact role of ADAM17 in regulation of amphiregulin
cleavage during asthma or other inflammatory diseases
has not been evaluated into any detail.

4.1 Amphiregulin stimulates tissue repair
As mentioned before, Monticelli et al., were the first to
link amphiregulin to a tissue repair function after an
influenza induced lung infection (34). J. Fukumoto and
colleagues showed an increased expression of
amphiregulin during bleomycin-induced pneumopathy
in mice. After administration of amphiregulin the
survival of the mice improved and inflammation and
fibrosis decreased in lung tissue (40). Several studies
have also observed a role for amphireregulin in
epithelial repair, although this function was not always
recognized.
Amphiregulin
stimulation
induces
proliferation of bronchial epithelial cells and smooth
muscle cells (41). Lemjabbar et al., showed an
amphiregulin dependent bronchial epithelial cell
proliferation after cigarette smoke stimulation (42)
which the authors linked to lung cancer, not
considering a function in tissue repair. Amphiregulin is
known to play a role in wound healing in other tissues
as well. In dermatitis amphiregulin stimulates
keratinocyte proliferation. (17).
Large quantities of amphiregulin can also activate Treg
cells, which contribute to an immune-suppressive
environment (17, 35) caused by the immune
suppressive function of Tregs. Tregs have a major role
in regulation of tolerance and allergic reactions by
direct inhibiting the activation of Th2 cells and their
cytokines, and suppress the production IgE (43). Tregs
are also able to directly suppress mast cells, eosinophils
and basophils and therefore inhibit the whole
inflammatory response. The effect of Tregs on ILC2s is
unknown.
4.2 Amphiregulin contributes to tissue fibrosis and plays
a role in cancer.
Amphiregulin is not only involved in tissue repair
mechanisms, but also in tissue fibrosis and even in
cancer. When a repair response is very intense or
chronic, fibrotic tissue might develop. Amphiregulin
levels are significantly increased in sputum and the
bronchial epithelia from asthmatic patients (patients
with exacerbation in the preceding month were
excluded from the study)(44), and this excessive
amount of amphiregulin might contribute to fibrosis
(35). The source of the amphiregulin is unclear, it could
be produced by ILC2s, but also by other amphiregulin
producing cells like the epithelium. Amphiregulin
expression is up-regulated in a wide variety of tumors
including epithelial tumors in the lungs. Due to the cell
survival and proliferation inducing capacity,
amphiregulin can act as a proto-oncogene (35). In two
human ovarian cancer cell lines, amphiregulin acted as

7
a down regulator for E-cadherin expression by
interfering with ERK1/2 and AKT pathways (45).
Several studies have confirmed the role of
amphiregulin in tumorigenesis, such as self-sufficiency
in generating growth signals, limitless replicative
potential, tissue invasion and metastasis, angiogenesis,
and resistance to apoptosis (37).

5. Discussion: amphiregulin producing ILC2 as a
therapeutic target
Patients with allergic asthma are now treated with
therapeutics developed in the 1970s; corticosteroids to
decrease inflammation and β2-adrenoreceptor agonists
to induce smooth muscle relaxation (46). Those
treatments help most patients to control their
symptoms, but does not cure the disease. Asthma in
particular is challenging to treat due to the
heterogeneous character of the disease (26).
Allergens cause epithelial stress and damage, and
allergic asthmatic patients with an impaired epithelial
barrier function and enhanced apoptosis suffer from
more epithelial damage compared to healthy controls.
The more epithelial damage, the more IL-33, IL-25 and
TSLP is produced. IL-33, IL-25 and TSLP activate ILC2s,
which have a function in both inflammation (mediated
by IL-5, IL-13) and tissue repair (mediated by
amphiregulin). IL-33 is the main ILC2 activator and
evokes the strongest cytokine response. When
considering ILC2s as a therapeutic target, the
phenotype of ILC2s should be shifted from an
inflammatory towards a repair function in order to
diminish inflammatory symptoms and enhance tissue
repair.
5.1 Regulation of the ILC2 phenotype is not well
understood
The regulation of the phenotype of ILC2s is not well
understood. There are studies trying to unravel the
mechanisms behind the production of IL-5 and IL-13 by
ILC2s, but those studies mostly lack measures of the
production of amphiregulin. For instance, inhibition of
prostaglandin D2 (PGD2) decreases the production of
IL-4, IL-9, IL-5 and IL-13 (25);IL-2 and IL-7 induce IL-5,
IL-9 and IL-13 expression (17, 26) and the tumor
necrosis factor (TNF) superfamily member TL1A is able
to induce type 2 cytokine production in ILC2s.
However, the influence of PGD2, IL-2, IL-7 and TL1A on
amphiregulin production was not tested. Whether
those factors can cause a shift in the phenotype of ILC2
is therefore unknown.

Not only cytokines are able to regulate ILC2s. ILCs
express the killer cell lectin-like receptor G1 (KLRG1),
which can bind to cadherins including E-cadherin. The
interaction between E-cadherin and the KLRG1 on
ILC2s down regulates both cytokine expression and the
production of amphiregulin (17, 25). This interaction is
also present in mature NK cells and differentiated T
cells, which leads to an inhibition of functional
responses in those lymphocytes as well (47). The
interaction of KLRG1 with cadherins leading to a
delayed lymphocyte response has been suggested to
function as a mechanism towards epithelia repair in
order to prevent autoimmunity (47, 48). This
mechanism could play a role during allergic asthma too.
During asthma the barrier function of the epithelium is
compromised and E-cadherin expression is reduced.
This could lead to a decreased interaction between
KLRG1 and E-cadherin and a decreased inhibition of
bound lymphocytes. The specific role of KLRG1―Ecadherin interaction during allergic asthma is
unknown.

Figure 3. Regulation of amphiregulin (AR) and cytokine
expression in T-cell subsets by cAMP. cAPM ago – cAMP aginist
to induce cAMP signaling, cAMP anta = cAMP antagonist to
inhibit cAMP signaling. Figure shows a shift towards
amphiregulin production after cAMP stimulation, and a shift
towards cytokine expression after inhibiting cAMP signaling.
Source: (36)

Although studies about the regulation of the production
of amphiregulin in ILC2s are limited, Yilin Qi et al.,
report about the regulation of amphiregulin in human T
cell subsets. They report expression of amphiregulin in
naive and memory CD4 and CD8 T cells, Th1 and Th2 in
vitro T cell lines, and subsets of memory CD4 T cells.
Amphiregulin expression was induced by T cell
receptor stimulation, enhanced by cAMP and protein
kinase A (PKA) increasing compounds like
prostaglandin E2 (PGE2) and adenosine and inhibited
by blocking the cAMP/PKA pathway. Enhancing
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cAMP/PKA signaling led to more amphiregulin
expression while reducing synthesis of IL-4, IL-5 and
IL-13. See figure 3. These findings suggest that
amphiregulin synthesis is regulated by local
environmental signals and not by pre-commitment of
the T cell subset.
The cAMP elevation by PGE2 and adenosine was
established by respectively G protein-coupled receptors
E2 and E4 and A2A receptor signaling (36). PGE2 is
produced by activated macrophages and adenosine is
released from necrotic cells, so both compounds are
present during allergic inflammation. Neither the E2,
E4 nor the A2A receptor signaling is studied yet in
ILC2s. It would be very interesting to investigate
whether this signaling pathway works the same for
ILC2s, and if PGE2 and adenosine can induce a
phenotypic shift towards amphiregulin production and
away from IL-5/IL-13 production.
5.2 Other therapeutic targets interfering with
amphiregulin production
Amphiregulin production is not only dependent on the
expression level in ILC2s. This means that there are
more therapeutic targets available to interfere with the
available amount of amphiregulin on the site of
inflammation Besides ILC2s there are more cell types
able to produce amphiregulin. T-cell subsets, mast cells,
basophils and bronchial epithelial cells are also known
to produce amphiregulin in asthma patients. Here, the
production of amphiregulin is regulated by asthmarelated compounds including fine particulate matter
IgE, IL-3, IL-5 and histamine (35, 36, 49-51). Allergic
asthma patients have higher numbers of basophils able
to produce amphiregulin compared with controls (52)
and mast cells of asthma patients have a upregulated
expression of amphiregulin compared to healthy
controls (51). For the upregulation of amphiregulin as a
therapeutic intervention more cell types than ILC2s can
be considered. Attention should be paid to the effect of
amphiregulin produced by other cell types. Cell types
where the production of amphiregulin is coupled to
pro-inflammatory cytokine release could induce more
inflammation and fibrosis than actual tissue repair.
Another possible therapeutic target is ADAM-17. By the
ectodomain shedding of pro-amphiregulin to
amphiregulin, ADAM-17 plays a key role in regulation
the amount of bioavailable amphiregulin. ADAM-17 is
expressed on a variety of lung cells such as bronchial
epithelial cells, vascular smooth muscle cells, and
macrophages, but the expression in ILC2s is unknown.
To evaluate ADAM-17 as a therapeutic target, the
mechanisms behind ADAM-17 expression and function

need to be fully understood. ADAM-17 cleaves more cell
surface proteins such as cytokines, cytokine receptors
and adhesion proteins and interfering with this process
could induce negative side-effects (38).
Inhibition of IL-5 and IL-13 by lebrikizumab (anti- IL13) and mepolizumab (anti-IL-5) show promising
results in humans (26, 53) and blocking IL-33 signaling
results in a dampening of type 2 bronchial
inflammation in mice (26). Attenuation of ILC2s might
also be established by KLRG1 agonists. Combination
therapies of inhibiting the pro-inflammatory cytokine
release from ILC2s and a upregulation of amphiregulin
in cell types other than ILC2s can also be considered as
a new therapeutic intervention.
Another therapeutic target could be found in the
development of ILC2s. The expression of RORα and
GATA3 is essential for the development of functional
ILC2s. RORα expression is found in ILC2s only, and
could therefore function as a biologic marker and a
therapeutic target. (26)
5.3 Dealing with the different faces of amphiregulin
Since amphiregulin is involved in tissue repair after
epithelial damage, enhancing the amount of
amphiregulin in the bronchial epithelial could be
beneficial for asthmatic patients. However, the answer
is not that simple. Amphiregulin levels are already
significantly increased in sputum and the bronchial
epithelia from asthmatic patients. So, the amount of
amphiregulin does not seem to be the problem, but
studies confirming this hypothesis lack. On the other
side, J. Fukumoto and collaeges showed that
administration of amphiregulin improved the
inflammation and decreased fibrosis in lung tissue after
bleomycin-induced pneumopathy in mice (40). So,
maybe amphiregulin is only able to repair tissue in
certain circumstances. Which circumstances these are,
is not clear.
When the amount of amphiregulin is not the problem,
then what is? Amphiregulin can be produced by
epithelial cells an dILC2s, however, the source of
amphiregulin during asthma related tissue damage is
not studied. There could be a difference in ILC2 derived
amphiregulin and epithelial cell derived amphiregulin.
This difference would not be the molecular structure,
but the place and time the amphiregulin is secreted. It
would be very interesting to investigate whether
asthmatic patients suffer from an amphiregulin
response at the wrong time and at the wrong place. In
asthmatic patients ILC2s could function as a source of
mainly IL-5 and IL-13, while the epithelium is secreting
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amphiregulin in order to enhance tissue repair. This
situation might not be very well regulated, resulting in
both inflammation and fibrosis. Another option is that
the epithelial cells are not able to respond in a way of
tissue repair in asthmatic patients. And when
myofibroblasts and other cell types involved in tissue
remodeling are, amphiregulin might only induce
extracellular matrix deposition and smooth muscle cell
proliferation leading to tissue fibrosis. As mentioned
before, excessive amphiregulin is linked to fibrosis and
can act as a proto-oncogene. Amphiregulin is also
involved in cancer treatment resistance (37). From this
point of view, enhancing the amount of amphiregulin
might not be a good idea after all.
Studies comparing the response of allergic asthmatic
patients versus healthy controls on epithelial damage
are necessary to unravel this questions.

6. Conclusion
After the discovery of ILC2s the view of regulation of
type-2 inflammations has changed remarkably. ILC2s
are stimulated by IL-33, IL-25 and TSLP produced by
damaged epithelial cells, and play a role in
inflammation and tissue repair. ILC2s have 2 main
phenotypes, pro-inflammatory mediated by the
production of IL-5, IL-9 and IL-13 on one hand and
tissue repair mediated by amphiregulin on the other
hand. Studies assessing the regulation of the phenotype
of ILC2s are limited, focus mainly on IL-5, IL-9 and IL13 cytokine production and do not include
amphiregulin measurements. Therefore it is unknown
whether ILC2s can be stimulated towards a more
amphiregulin producing phenotype. Yilin Qi et al.,
report that amphiregulin in human T cell subsets can be
upregulated by enhancing cAMP and PKA, while
reducing the synthesis of IL-4, IL-5 and IL-13. This
mechanism is not studied in ILC2s yet, but might yield
the same results. More research needs to be done to
unravel the phenotypic regulation of ILC2s and possible
therapeutic targets interfering with this phenotype.
However, it can be questioned whether more
amphiregulin is beneficial for allergic asthma patients,
especially when not well regulated, due to its role in
tissue fibrosis and cancer.

References
(1) Walker JA, McKenzie AN. Development and function
of group 2 innate lymphoid cells. Curr Opin Immunol
2013 Apr;25(2):148-155.
(2) Nakagome K, Nagata M. Pathogenesis of airway
inflammation in bronchial asthma. Auris Nasus Larynx
2011 Oct;38(5):555-563.

(3) Li BW, Hendriks RW. Group 2 innate lymphoid cells
in
lung
inflammation.
Immunology
2013
Nov;140(3):281-287.
(4) Lambrecht BN, Hammad H. Allergens and the
airway epithelium response: gateway to allergic
sensitization. J Allergy Clin Immunol 2014
Sep;134(3):499-507.
(5) Hirota JA, Hackett TL, Inman MD, Knight DA.
Modeling asthma in mice: what have we learned about
the airway epithelium? Am J Respir Cell Mol Biol 2011
Apr;44(4):431-438.
(6) Bonnelykke K, Sleiman P, Nielsen K, Kreiner-Moller
E, Mercader JM, Belgrave D, et al. A genome-wide
association study identifies CDHR3 as a susceptibility
locus for early childhood asthma with severe
exacerbations. Nat Genet 2014 Jan;46(1):51-55.
(7) Nawijn MC, Hackett TL, Postma DS, van Oosterhout
AJ, Heijink IH. E-cadherin: gatekeeper of airway mucosa
and allergic sensitization. Trends Immunol 2011
Jun;32(6):248-255.
(8) de Boer WI, Sharma HS, Baelemans SM, Hoogsteden
HC, Lambrecht BN, Braunstahl GJ. Altered expression of
epithelial junctional proteins in atopic asthma: possible
role in inflammation. Can J Physiol Pharmacol 2008
Mar;86(3):105-112.
(9) Xiao C, Puddicombe SM, Field S, Haywood J,
Broughton-Head V, Puxeddu I, et al. Defective epithelial
barrier function in asthma. J Allergy Clin Immunol 2011
Sep;128(3):549-56.e1-12.
(10) Knight DA, Stick SM, Hackett TL. Defective function
at the epithelial junction: a novel therapeutic frontier in
asthma? J Allergy Clin Immunol 2011 Sep;128(3):557558.
(11) Koppelman GH, Meyers DA, Howard TD, Zheng SL,
Hawkins GA, Ampleford EJ, et al. Identification of
PCDH1 as a novel susceptibility gene for bronchial
hyperresponsiveness. Am J Respir Crit Care Med 2009
Nov 15;180(10):929-935.
(12) Koning H, Sayers I, Stewart CE, de Jong D, Ten
Hacken NH, Postma DS, et al. Characterization of
protocadherin-1 expression in primary bronchial
epithelial cells: association with epithelial cell
differentiation. FASEB J 2012 Jan;26(1):439-448.
(13) Akhabir L, Sandford AJ. Genome-wide association
studies for discovery of genes involved in asthma.
Respirology 2011 Apr;16(3):396-406.
(14) Miller M, Tam AB, Cho JY, Doherty TA, Pham A,
Khorram N, et al. ORMDL3 is an inducible lung
epithelial
gene
regulating
metalloproteases,
chemokines, OAS, and ATF6. Proc Natl Acad Sci U S A
2012 Oct 9;109(41):16648-16653.
(15) Cayrol C, Girard JP. IL-33: an alarmin cytokine with
crucial roles in innate immunity, inflammation and
allergy. Curr Opin Immunol 2014 Sep 29;31C:31-37.

10
(16) Wills-Karp M, Finkelman FD. Innate lymphoid cells
wield a double-edged sword. Nat Immunol 2011 Oct
19;12(11):1025-1027.
(17) Scanlon ST, McKenzie AN. The messenger between
worlds: the regulation of innate and adaptive type-2
immunity by innate lymphoid cells. Clin Exp Allergy
2014 Nov 25.
(18) Hamzaoui A, Berraies A, Kaabachi W, Haifa M,
Ammar J, Kamel H. Induced sputum levels of IL-33 and
soluble ST2 in young asthmatic children. J Asthma 2013
Oct;50(8):803-809.
(19) Raeiszadeh Jahromi S, Mahesh PA, Jayaraj BS,
Madhunapantula SR, Holla AD, Vishweswaraiah S, et al.
Serum levels of IL-10, IL-17F and IL-33 in patients with
asthma: a case-control study. J Asthma 2014
Dec;51(10):1004-1013.
(20) Ober C, Yao TC. The genetics of asthma and allergic
disease: a 21st century perspective. Immunol Rev 2011
Jul;242(1):10-30.
(21) Moffatt MF, Gut IG, Demenais F, Strachan DP,
Bouzigon E, Heath S, et al. A large-scale, consortiumbased genomewide association study of asthma. N Engl
J Med 2010 Sep 23;363(13):1211-1221.
(22) Juncadella IJ, Kadl A, Sharma AK, Shim YM,
Hochreiter-Hufford A, Borish L, et al. Apoptotic cell
clearance by bronchial epithelial cells critically
influences airway inflammation. Nature 2013 Jan
24;493(7433):547-551.
(23) Drake LY, Kita H. Group 2 innate lymphoid cells in
the lung. Adv Immunol 2014;124:1-16.
(24) Lefrancais E, Duval A, Mirey E, Roga S, Espinosa E,
Cayrol C, et al. Central domain of IL-33 is cleaved by
mast cell proteases for potent activation of group-2
innate lymphoid cells. Proc Natl Acad Sci U S A 2014 Oct
28;111(43):15502-15507.
(25) McKenzie AN, Spits H, Eberl G. Innate lymphoid
cells in inflammation and immunity. Immunity 2014
Sep 18;41(3):366-374.
(26) Halim TY, McKenzie AN. New kids on the block:
group 2 innate lymphoid cells and type 2 inflammation
in the lung. Chest 2013 Nov;144(5):1681-1686.
(27) Nakajima H, Takatsu K. Role of cytokines in
allergic airway inflammation. Int Arch Allergy Immunol
2007;142(4):265-273.
(28) von Moltke J, Locksley RM. I-L-C-2 it: type 2
immunity and group 2 innate lymphoid cells in
homeostasis. Curr Opin Immunol 2014 Dec;31C:58-65.
(29) Rayees S, Malik F, Bukhari SI, Singh G. Linking
GATA-3 and interleukin-13: implications in asthma.
Inflamm Res 2014 Apr;63(4):255-265.
(30) Lambrecht BN, Hammad H. Asthma: the
importance of dysregulated barrier immunity. Eur J
Immunol 2013 Dec;43(12):3125-3137.

(31) Van Dyken SJ, Locksley RM. Interleukin-4- and
interleukin-13-mediated
alternatively
activated
macrophages: roles in homeostasis and disease. Annu
Rev Immunol 2013;31:317-343.
(32) Wilson MS, Wynn TA. Pulmonary fibrosis:
pathogenesis, etiology and regulation. Mucosal
Immunol 2009 Mar;2(2):103-121.
(33) Gordon S, Martinez FO. Alternative activation of
macrophages: mechanism and functions. Immunity
2010 May 28;32(5):593-604.
(34) Monticelli LA, Sonnenberg GF, Abt MC, Alenghat T,
Ziegler CG, Doering TA, et al. Innate lymphoid cells
promote lung-tissue homeostasis after infection with
influenza virus. Nat Immunol 2011 Nov;12(11):10451054.
(35) Berasain C, Avila MA. Amphiregulin. Semin Cell
Dev Biol 2014 Apr;28:31-41.
(36) Qi Y, Operario DJ, Georas SN, Mosmann TR. The
acute environment, rather than T cell subset precommitment, regulates expression of the human T cell
cytokine amphiregulin. PLoS One 2012;7(6):e39072.
(37) Busser B, Sancey L, Brambilla E, Coll JL, Hurbin A.
The multiple roles of amphiregulin in human cancer.
Biochim Biophys Acta 2011 Dec;1816(2):119-131.
(38) Scheller J, Chalaris A, Garbers C, Rose-John S.
ADAM17: a molecular switch to control inflammation
and tissue regeneration. Trends Immunol 2011
Aug;32(8):380-387.
(39) Lisi S, D'Amore M, Sisto M. ADAM17 at the
interface between inflammation and autoimmunity.
Immunol Lett 2014 Aug 27.
(40) Fukumoto J, Harada C, Kawaguchi T, Suetsugu S,
Maeyama T, Inoshima I, et al. Amphiregulin attenuates
bleomycin-induced pneumopathy in mice. Am J Physiol
Lung Cell Mol Physiol 2010 Feb;298(2):L131-8.
(41) Enomoto Y, Orihara K, Takamasu T, Matsuda A,
Gon Y, Saito H, et al. Tissue remodeling induced by
hypersecreted
epidermal
growth
factor
and
amphiregulin in the airway after an acute asthma
attack. J Allergy Clin Immunol 2009 Nov;124(5):91320.e1-7.
(42) Lemjabbar H, Li D, Gallup M, Sidhu S, Drori E,
Basbaum C. Tobacco smoke-induced lung cell
proliferation mediated by tumor necrosis factor alphaconverting enzyme and amphiregulin. J Biol Chem 2003
Jul 11;278(28):26202-26207.
(43) Stelmaszczyk-Emmel A. Regulatory T cells in
children with allergy and asthma: It is time to act.
Respir Physiol Neurobiol 2014 Nov 18.
(44) Kim KW, Jee HM, Park YH, Choi BS, Sohn MH, Kim
KE. Relationship between amphiregulin and airway
inflammation in children with asthma and eosinophilic
bronchitis. Chest 2009 Sep;136(3):805-810.

11
(45) So WK, Fan Q, Lau MT, Qiu X, Cheng JC, Leung PC.
Amphiregulin induces human ovarian cancer cell
invasion by down-regulating E-cadherin expression.
FEBS Lett 2014 Nov 3;588(21):3998-4007.
(46) Gold MJ, Antignano F, Halim TY, Hirota JA,
Blanchet MR, Zaph C, et al. Group 2 innate lymphoid
cells facilitate sensitization to local, but not systemic,
TH2-inducing allergen exposures. J Allergy Clin
Immunol 2014 Apr;133(4):1142-1148.
(47) Steinle A. Transferrin' activation: bonding with
transferrin receptors tunes KLRG1 function. Eur J
Immunol 2014 Jun;44(6):1600-1603.
(48) Van den Bossche J, Malissen B, Mantovani A, De
Baetselier P, Van Ginderachter JA. Regulation and
function of the E-cadherin/catenin complex in cells of
the monocyte-macrophage lineage and DCs. Blood 2012
Feb 16;119(7):1623-1633.
(49) Blanchet S, Ramgolam K, Baulig A, Marano F,
Baeza-Squiban A. Fine particulate matter induces
amphiregulin secretion by bronchial epithelial cells. Am
J Respir Cell Mol Biol 2004 Apr;30(4):421-427.
(50) Rumelhard M, Ramgolam K, Auger F, Dazy AC,
Blanchet S, Marano F, et al. Effects of PM2.5
components in the release of amphiregulin by human
airway epithelial cells. Toxicol Lett 2007 Jan
30;168(2):155-164.
(51) Okumura S, Sagara H, Fukuda T, Saito H, Okayama
Y. FcepsilonRI-mediated amphiregulin production by
human mast cells increases mucin gene expression in
epithelial cells. J Allergy Clin Immunol 2005
Feb;115(2):272-279.
(52) Qi Y, Operario DJ, Oberholzer CM, Kobie JJ, Looney
RJ, Georas SN, et al. Human basophils express
amphiregulin in response to T cell-derived IL-3. J
Allergy Clin Immunol 2010 Dec;126(6):1260-6.e4.
(53) Barlow JL, McKenzie AN. Type-2 innate lymphoid
cells in human allergic disease. Curr Opin Allergy Clin
Immunol 2014 Oct;14(5):397-403.

