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Abstract: The airway epithelium is the first line of defense for the lungs, detecting inhaled environ-
mental threats through pattern recognition receptors expressed transmembrane or intracellularly.
Activation of pattern recognition receptors triggers the release of alarmin cytokines IL-25, IL-33, and
TSLP. These alarmins are important mediators of inflammation, with receptors widely expressed
in structural cells as well as innate and adaptive immune cells. Many of the key effector cells in
the allergic cascade also produce alarmins, thereby contributing to the airways disease by driving
downstream type 2 inflammatory processes. Randomized controlled clinical trials have demonstrated
benefit when blockade of TSLP and IL-33 were added to standard of care medications, suggesting
these are important new targets for treatment of asthma. With genome-wide association studies
demonstrating associations between single-nucleotide polymorphisms of the TSLP and IL-33 gene
and risk of asthma, it will be important to understand which subsets of asthma patients will benefit
most from anti-alarmin therapy.
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1. Introduction

Epithelial cell-derived mediators including the alarmin cytokines IL-25, IL-33, and
thymic stromal lymphopoietin (TSLP) have emerged as key players in propagating asthma
pathogenesis. Release of these alarmins from the airway epithelium of asthmatics leads to
the downstream production of type 2 cytokines, most notably IL-4, IL-5, and IL-13 from
multiple effector cells. With upregulation of type 2 cytokine expression, many allergic
mechanisms are initiated, including eosinophilic inflammation, immunoglobulin (IgG)
class switching to IgE, stimulation of B-cell growth, goblet cell metaplasia, and subsequent
mucous production. As a result of emerging evidence, IL-25, IL-33, and TSLP are important
mediators of inflammation during allergic disease and may prove to be key targets for
therapeutic intervention. This review focuses on the role of alarmins in the pathogenesis of
asthma and the associations of polymorphisms frequently found in patients.

Airway epithelium of the upper (nasal) and lower (lung) airways are the first line in
defense against environmental triggers such as allergens, viruses, pollutants, and microbes.
These epithelial cells express transmembrane or intracellular pattern recognition recep-
tors (PRRs) that recognize highly conserved microbial motifs called pathogen-associated
molecular patterns (PAMPs) and host-derived molecular damage-associated molecular
patterns (DAMPs). PRRs recognize invading threats and initiate host defence through
the rapid production alarmin cytokines. As part of innate immunity, PRRs can also act as
helper proteins for transmembrane receptors, provide opsonization for phagocytosis, direct
microbial killing, and initiate the cascade of innate and adaptive immune responses. These
cell-bound receptors are divided into two groups: secreted receptors including Toll-like
receptors (TLRs), C-type lectin receptors (CLR), protease-activated receptors (PAR), and
cytosolic DNA receptors such as AIM2-like receptors (ALRs), and intracellular cytosolic
receptors consisting of NOD-like receptors (NLRs), and RIG-I-like receptors (RLRs) [1,2].
As of present, studies have shown that allergens and viruses can interact directly with
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TRLs, CLRs, and PARs on epithelial and dendritic cells inducing the release of epithelial
alarmins to prompt Th2 biased inflammation (Figure 1).
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Figure 1. Mechanisms of alarmin cytokine release from epithelium and leukocytes in the airway.

TLRs, RLRs, and NLRs all recognize different but overlapping microbial components;
however, only TLRs have been proven to respond to environmental allergen provocation.
TLRs are the most extensively researched PPRs, and to date, 10 members of the human
TLR family have been identified. Certain TLRs are expressed on the cell surface (TLRs
1, 2, 4-6, and 10), while others (TLRs 3, 7-9) are found in intracellular compartments,
such as endosomes. TLRs are expressed on a variety of cells including macrophages,
dendritic cells, B cells, specific types of T cells, and structural non-immune cells including
fibroblasts and epithelial cells. TLRs can be divided into several subfamilies on the basis
of which PAMPs the receptors recognize; TLR1, TLR2, TLR4, and TLR6 recognize lipids,
whereas TLR3 and TLR7-9 recognize nucleic acids, and TLR5 recognizes extracellular
bacterial flagellin [2,3]. Of particular interest to the development of allergic diseases are
lipopolysaccharides (LPS) and peptidoglycans (PGN) found within most natural allergens
such as house dust mite (HDM). Recent studies have established the role of TLR4 molecules
in the recognition of LPSs, forming a receptor complex including the LPS-binding protein,
CD14, MD2, and TLR4 molecules on immune and non-immune cells [4,5]. Among LPSs
and PGNs is Der p2, a lipid-binding protein that shares significant structural similarities
with MD2 [6,7]. Der p2 is the main allergen component of HDM, and this structural
similarity allows for the formation of the receptor complex to be recognized by TLR4.
The structural similarity between Der p2 and MD2 explains the mechanistic action of
allergic inflammation in response to HDM; however, this is the only allergen with data
showing this relationship. Although there is controversy over TLR4's pro or anti-allergic
responses to allergens in human studies, it should be noted that provisional data suggest
that TLR1/2/6[8,9], TLR3 [10], and TLR5 [11] are involved in pro-allergic responses to OVA
challenge in experimental mouse models of asthma. TLR4 stimulation by allergens triggers
the production of the epithelial-derived alarmins TSLP, IL-33, and IL-25, which support
the expansion of Th2 inflammation through the modulation of DC function [6,12]. Aside
from allergens, allergic inflammation in the lung can be induced by viruses. The possible
mechanism for this viral induction is the activation of TLR3 via viral double-stranded
DNA [10,13]. Viral infection was also found to initiate alarmin expression and subsequent
Th2 biased allergic inflammation through additional TLRs present on immune cells that
detect dsDNA including TLR7, TLRS, and TLR9 [14-17].
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Emerging research suggests an important role for complex carbohydrates in initiating
Th2 inflammation against allergens and parasites. CLRs possess a transmembrane PRR with
a carbohydrate-binding domain enabling the unique ability to recognize glyo-allergens.
A variety of inhaled allergen extracts are known to contain carbohydrates that activate
CLRs expressed on dendritic cells and airway epithelial cells including dendritic-cell-
specific-ICAM3 (DC-SIGN), macrophage galactose-type C-type lectin receptor (MGL),
mannose receptor (MR), and work in conjunction with TLR4 pathways to drive Th2 immune
responses [18-20]. Specifically, HDM extracts are known to be detected by dectin-1 on
epithelial cells [20], whereas HDM, pollen, and dog allergen extracts are detected by DC-
SIGN [19,21,22], and HDM, cockroach, dog, and cat allergen extracts are detected by MR
on epithelial and DCs [23,24]. No data exist to demonstrate the direct release of alarmins
from CLRs recognition of allergen extracts; however, Al-Ghouleh et al. demonstrated TSLP
secretion by epithelial cells upon stimulation and recognition of HDM by TLRs was in
some part carbohydrate-dependent [25].

Furthermore, there is increasing interest in the role protease-activated receptors (PAR)
play in the pathogenesis of asthma. PAR are G protein-coupled receptors activated by
proteolytical cleavage of the amino-terminus, unmasking endogenous tethered ligands for
the receptor binding pockets [26]. PAR-2 has been shown to be expressed on structural
cells including endothelial and epithelial cells; fibroblasts; and immune cells such as
lymphocytes, monocytes, mast cells, neutrophils, eosinophils, macrophages, and DCs.
PAR-2 can be activated by serine proteases from allergen sources such as HDM, cockroach,
pollen, and mold [27,28]. Protease detection through PAR-2 in airway epithelial cells leads
to epithelial alarmin release, cytokine production, cell detachment, and morphological
changes in airway epithelial cells, all contributing to an allergic response [29-32].

2. Epithelial Alarmins in Asthma
2.1. IL-25
2.1.1. IL-25 Expression

IL-25 (also known as IL-17E) was originally identified by Fort et al. as a Th2 producing
cytokine, implicated in the induction of the Th2-like response [33]. IL-25 belongs to the
IL-17 family that comprises six members: IL-17A, IL-17B, IL-17C, IL-17D, IL-25, and IL-17F.
IL-25 shares 16% homology with IL-17A and has distinct biological effects that differ from
other IL-17 family members [33,34]. Eosinophils and basophils have been described as the
major source of IL-25 in patients with asthma, but a wide range of cells produce and secrete
IL-25, including also epithelial /endothelial cells, activated Th2 cells, alveolar macrophages,
bone marrow-derived mast cells, and fibroblasts [35—-41].

2.1.2. IL-25 Receptor Expression and Signaling

While IL-25 is extensively expressed by many cell types, the IL-25 receptor (IL-25R)
expression is more restricted. IL-25 has receptors on innate immune cells including invari-
ant natural killer T (iNKT) cells, ILC2s, eosinophils, basophils, mast cells, and antigen-
presenting cells (APCs) (Table 1).
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Table 1. IL-25 and pathogenic effects in asthmatic airways.

Cell Type Functional Effect of IL-25 on Cellular Function

1 Rab27a and Rab27b expression [42]
J Release of exosomes [42]

T Activated Th2 memory cells [40]
1 Chemotaxis of IL-9 producing cells [43]
p g

Alveolar macrophage

DC

Mast cell Receptor expressed but function not defined [38]

| Apoptosis [44]
T Histamine degranulation, IL-4, IL-13 [40,44,45]

Basophils

Eosinophil expression of IL-25 receptor [40,46,47]
1 MCP-1, MIP-1a, IL-8, IL-6 [48], ICAM-1 [49]
J ICAM-3, L-selectin [49]
Signaling through JNK, MAPK (p38), NF-kB [48,49]

11L-4, IL-5, IL-13 [50]
1LC2 1 Expression of IL-33R [51]
Signaling through MAPK (p38) [50]
T1IL-13 [52]
1 CCL17, CCL22, C10/CCL6, ECF-L [52]
1 1IL-4, IL-5, IL-13 [40]
1 CD3, CD8 cells [53,54]
1 1L-4, IL-5, IL-13 [40]
Signaling through STAT5 [55-57]

ThO cells 1 Inhibit Th2 differentiation [58]

Eosinophils

Innate Immunity

Invariant NKT cells

CD4+ T cell

Th2 cells

Adaptive
Immunity

Receptor expression [38,59]
1 Angiogenesis [59]
1 Endothelial cell VEGF/VEGEF receptor expression) [59]
Signaling through PI3K/Akt and Erk/MAPK [59]
1 TNF-a [60]
J INF-y [60]
1 EMC procollagen-al and lumican mRNA [60]
Signaling through NF-kB [60]

Fibroblasts 1 CCL5, CCL11, GM-CSE, CXCLS8 [61]

Epithelial/endothelial cells

Airway smooth muscle cells

Structural Cells

The IL-25 receptor is expressed by the cell in a form of disulphide-linked dimers,
composed of IL-17RA and IL-17RB subunits, of which both contain a conserved SEFIR
domain at the cytoplasmic region [62,63]. IL-25 binds directly to the IL-17RB subunits and
further associates with the IL-17RA subunit to form a complex that is required to mediate a
downstream signaling cascade [64]. The IL-17RA subunit is shared by receptors of several
IL-17 cytokine family members including IL-17A and IL17R (when paired with IL-17RC)
and IL-17 (when paired with IL-17RE) [65], while IL-17RB can bind with lower affinity
to IL-17B [34,66,67]. IL-25 interaction with the IL-17RA /IL-17RB receptor complex with
co-stimulatory molecules CD3 and CD28 result in the upregulation of several transcrip-
tion factors including nuclear factor kappa B (NF-kB) and p38 mitogen-activated protein
kinases (MAPKSs), c-Jun amino-terminal kinase (JNK), STAT5, GATA3, and NF-ATC1. This
upregulation attributes to the secretion of IL-4, IL-5 IL-6, IL-13 CXCL10, CXCL9, and CCLS5.

Upon ligand binding, IL-25R recruits the adaptor molecule Actl through the homo-
typic interactions of the SEFIR domains, also present on Actl. Once IL-25 is bound to the
adaptor protein Actl (also known as CIKS), Actl mediates multiple signaling pathways
important to immune response and cell fate decisions [68-72]. Both NF-kB and MAPK
(JNK and p38) induce transcriptional activation in an Actl-dependent manner [48,73,74].
Additionally, Actl ubiquitinates TNF-receptor-associated factor (TRAF) adaptors that are re-
cruited to the receptor complex and play a critical role in signal transduction [75]. TRAF6 is
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crucial in IL-25R-mediated activation of the NF-kB pathway as NF-kB activation is blocked
by a dominant-negative form of TRAF6; however, TRAF6 does not affect the activation
of MAPK [71,74,76,77]. TRAF4 amplifies IL-25-mediated signaling by activating the E3
ligase smadubiquitin regulatory factor 2, leading to the ubiquitylation and subsequent
degradation of the inhibitory protein, deleted in azoospermia DAZ-associated protein 2
(DAZAP?2) [78,79]. Interestingly, TRAF2, TRAF3, and TRAF5 are unnecessary for IL-25
signaling but prove to be critical in IL-17A-mediated signaling [74,78,80,81]. IL-25 also
activates Janus kinase/single transducer and activator of transcription (JAK/STAT), which
prove to be essential for survival and transcriptional activation in an Actl-independent
manner [82,83].

Janus kinase/signal transducers and activators of transcription signal (JAK/STAT)
are responsible for the induction of a multitude of cellular mechanisms. Four JAK and
seven STAT molecules have been identified in humans. Typically, JAK activation re-
sults in the phosphorylation of STATs; however, STATs can also be activated via JAK
family-independent mechanisms [84]. STATS is recruited to the IL-25 receptor in a TRAF4-
dependent, Actl-independent manner through direct interaction with tyrosine residues
Y444 and Y454 on the IL-17RB subunit [70,85]. It is theorized that TRAF4-smadubiquitin
regulatory factor 2-dependent degradation of DAZAP2 following the IL-25 stimulation
facilitates the phosphorylation of Y444 and Y454 by JAKSs, thus leading to the recruitment
of STATS to the IL-17RB subunit [78]. However, exact molecular mechanisms have yet to
be identified. STAT5 activation via its cooperation with GATA-3 is sufficient to generate a
Th2 profile [55-57].

2.1.3. The Role of IL-25 in the Airways

IL-25 is expressed in airway epithelium as a preformed cytokine and stored in the cy-
toplasm, thereby permitting rapid release upon cell stimulation by environmental triggers,
including allergens. IL-25, both protein and transcript, is found in higher levels in airways
of asthmatic patients compared to controls [59,86]. Allergic asthmatic patients with late
asthmatic responses (bronchoconstriction, AHR, eosinophilic airway inflammation) to in-
haled allergen challenge have further elevations of IL-25 in the epithelium and submucosa,
and in eosinophils and basophils post-challenge [38,45,46,87], as well as elevated IL-17RB in
myeloid dendritic cells (mDCs), plasmacytoid dendritic cells (pDCs), eosinophils and their
progenitors, and basophils measured in blood and sputum [45-47,88], thereby linking IL-25
signaling to acute worsening of asthma. In addition, asthmatic patients with higher IL-25
transcript levels were shown to have more severe disease [86], suggesting this cytokine is
an important driver of asthma.

IL-25 induces Th2-skewed inflammation marked by the over expression of cytokines
IL-4, IL-5, and IL-13, and in asthmatic patients, this leads to an increase in serum IgE levels,
blood eosinophilia, and pathological changes in the lungs characterized by increased mucus
production and epithelium cell hyperplasia [64]. ILC2 rapidly proliferate in response
to IL-25 [89] and production of IL-25 by epithelial cells induces chemokines including
TARC, eotaxin, and macrophage-derived chemokine (MDC), thereby playing a role in
in airway remodeling and angiogenesis [59], which contributes to asthma severity. In
patients with allergic diseases such as allergic asthma, local cells in the affected tissue,
including eosinophils, basophils, mast cells, and keratinocytes, express both IL-25 and
IL-25R, and further drive an allergic response [40]. IL-25 directly enhances Th2 cytokine
production from TSLP-DC-activated Th2 memory cells by enhancing the production of Th2
transcription factors in an IL-4-independent manner [40]. Additionally, pDC expression
of TLRY, FceR1, and CD68 can be regulated by IL-25, suggesting that IL-25 may act as a
link between adaptive and innate immune responses through its ability to control TLR9
expression and TLR9-induced responses [88].

IL-25 release by airway epithelial cells contributes to many other pathogenic features
of asthma, including the recruitment of eosinophils, airway mucus over secretion, and
airway remodeling. IL-25 activation of eosinophils upregulates the gene expression and
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release of various chemokines including MCP-1, MIP-1alpha, and cytokines IL-8 and IL-
6 [48]. Additionally, IL-25 was shown to significantly upregulate the surface expression
of ICAM-1 while suppressing ICAM-3 and L-selectin on eosinophils, thereby facilitating
endothelial transmigration [49].

In basophils, activation of IL-17RB by IL-25 was shown to inhibit basophil apoptosis
and augment IgE-mediated basophil degranulation of inflammatory mediators including
histamine, LTCy, IL-3, and IL-13 [44]. IL-25 alone has limited effects on ILC2s; however, in
combination with co-stimulatory cytokines such as IL-2, it promotes the phosphorylation
of GATAS3 resulting in the rapid production of type 2 cytokines [50]. Mast cells are shown
to express equal levels of IL-25R to eosinophils, T cells, and endothelial cells [38]; however,
the exact mechanisms by which IL-25 stimulates mast cells is not known. Although
macrophages are potent producers of IL-25, these cells also respond to IL-25 released from
lung epithelial cells by downregulating their Rab27a and Rab27b expression, resulting in the
suppression of exosome release and attenuating exosome-induced TNF-alpha expression
and secretion from neighboring macrophages [42]. Thus, IL-25 acts in a negative feedback
fashion, providing crosstalk between epithelial cells and macrophages.

In addition to innate immune cells expressing IL-25R, a variety of adaptive immune
cells including Th2 and Th9 cells are responsive to IL-25. Th2 cells are shown to have the
most sustained IL-25R expression, and IL-25R is highly expressed on CD4+ Th2 memory
cells [40]. IL-25 activation of CD4+ T cells mediates enhanced type-2 immune response
through activation of naive peribronchial lymph nodes, with CD3 and CD8 cells increasing
the production of IL-4, IL-5, and IL-13 but not INF-alpha [53,54]. IL-25 co-stimulation
of Th2 memory cells enhances their Th2 polarization and cytokine production in an IL-
4 independent manner [40]. Surprisingly, IL-9-producing Th9 cells were found to have
enhanced IL-17RB expression when treated with IL-4 and tumor growth factor beta (TGE-f3).
This suggests that Th9, an inhibitor of Th2 differentiation, responds to IL-25, and that the
dual expression of IL-17RB on Th9 and Th2 potentially functions as a feedback loop to
regulate Th2 cells and their response to IL-25 [58].

Structural cells including endothelial cells also respond to IL-25, forming a positive
feedback loop in the airways [38]. IL-25 was found to contribute to angiogenesis by in-
creasing endothelial cell VEGF/VEGEF receptor [59]. Fibroblasts [61] and airway smooth
muscle cells (ASMC) also express IL-25R under specific conditions [60]. Fibroblasts con-
stitutively express IL-25R, which is further increased when stimulated with TNF-alpha
and decreased with TNF-betal to induce and maintain eosinophilic inflammation. IL-25
upregulates CC chemokine ligand (CCL) 5 and CCL11, and synergistically induces GM-CSF
and CXC chemokine ligand (CXCL) 8 with TNF-alpha stimulation [61]. IL-25 can also
modulate bronchial airway smooth muscle hyperplasia and collagen deposition. ASMC
expression of IL-25R is upregulated by TNF-alpha and downregulated by INF-gamma. In
addition, stimulation with IL-25 elevates expression of extracellular matrix components
(ECM) (mainly procollagen-al and lumican mRNA) from ASMC, indicting a possible role
of airway remodeling through the induction of ECM [60].

Overexpression of IL-25 in the lung in mice induces allergic TH2 responses [35] and
IL-25 blockade attenuates allergen-induced AHR and type 2 inflammation in the lungs of
sensitized mice [90]. Together these observations strongly support IL-25 as a critical factor
for allergic responses, and that IL-25 blockade has the potential to alleviate asthma and
allergic inflammation. There has only been one randomized clinical trial testing the efficacy
of IL-25 blockade, and this study used an anti-IL-17RA monoclonal antibody, brodalumab,
in a population of moderate to severe asthmatics. Treatment with brodalumab failed to
show improvement of lung function measured by peak flow, or symptoms measured by
Asthma Control Questionnaire in the overall patient population [91]. However, a subgroup
of patients with high bronchodilator reversibility demonstrated a clinically meaningful
response to brodalumab, suggesting blockade of IL-25 may indeed be beneficial in some
asthma patients. Experiments in mice have shown that combined blockade of IL-25 together
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with IL-33 and TSLP was significantly better at inhibiting OVA-induced Th2 inflammation,
suggesting IL-25 blockade alone may not provide sufficient protection.

2.2. IL-33
2.2.1. IL-33 Expression

IL-33 is a member of the IL-1 cytokine family, being most homologous to IL-1-beta
and IL-18, and it is constitutively expressed in the nuclei of cells including endothelial
cells, fibroblast reticulate cells from secondary lymphoid tissues, keratinocytes, airway
smooth muscle cells, and epithelial cells [92-97]. IL-33 is synthesized as a full-length
(pro-IL-33) precursor, consisting of a non-classical nuclear localization sequence and a
chromatin-binding domain at the N-terminus and a C-terminal domain with cytokine
activity [98], giving IL-33 the unique ability to function as a cytokine and as a transcriptional
regulator. Localization of IL-33 in the nucleus appears to regulate IL-33 cytokine activity,
suggesting that IL-33 sequestration to the nucleus functions to limit its pro-inflammatory
capabilities [99,100].

2.2.2. IL-33 Receptor Expression and Signaling

IL-33 binds to a heteromeric receptor. IL-33 was first identified as the ligand for
suppression of tumorigenicity 2 (ST2, also referred to as IL-1RL1, T1, or IL-33R) [101],
which had been characterized as an orphan receptor important in type 2 responses within
the lungs [102,103]. ST2 is encoded by IL1RL1 gene and is a member of the Toll-like /IL-1-
receptor superfamily [104,105]. ST2 has two main splice forms resulting from differential
promoter binding. The transmembrane isoform (ST2L) acts as the receptor for IL-33 [101]
while the soluble isoform (sST2) lacks the transmembrane domain and acts as a decoy
receptor that blocks IL-33 activity [106,107]. ST2L is highly expressed on hematopoietic cells
and mature leukocytes including mast cells, Th2 lymphocytes, macrophages, basophils,
eosinophils, and ILC2s [101,108-114] (Table 2). To induce signaling, IL-33 also binds to IL-1
receptor accessory protein (ILIRAcP), the second protein of the IL-33 heteromeric receptor.

Table 2. IL-33 and pathogenic effects in asthmatic airways.

Cell Type Functional Effect of IL-33 on Cellular Function

1 M2 macrophage polarization [108,109]
J ADAMTS family of metalloproteases [110]
Signaling through ERK1/2, JNK, and PI3k-Akt [110]

1 Th2 polarization [111,115,116]
Dendritic cells 1 CD4+ T cell release of IL-5 and IL-13 [101]
1 Macrophage release of IL-13 [108]

Macrophages/
monocytes

1 Mast cell survival, adhesion, cytokine production [117]
1 1IL-6, IL-13 [112]
Mast cells MK2/3 activation of ERK1/2, PI3k
cKit activation of ERK1/2, JNK1, PKB, and STAT3 [118]

1 Histamine, IL-4, IL-5, IL-6, IL-8, IL-9, IL-13, MCP, MIP [113,119-122]
1 CD11b expression [113]

Innate Immunity

Basophils 1 Adhesion and priming of eotaxin-induced migration [113]
Signaling through ERK1/2, JNK, p38, and NF-kB [113]
1 Eosinophil survival, adhesion, degranulation [123]
1 Mature eosinophils and eosinophil progenitors from bone marrow [113]
P phil prog
Eosinophils 1 Adhesion and survival [124]

1 Expression of CD11b [124]
+11-8 [113,125]
Signaling through MAPK (p38) and NF-kB [113]

L.C2 1 IL-5, IL-13 [114,126,127]
s Signaling through PI3k/AKT/mTOR, MAPK (p38) [128,129]

iNKT cells 1 IL-4, INF-gamma [119]
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Table 2. Cont.

Cell Type Functional Effect of IL-33 on Cellular Function
@ > CD4+ T cells TIL-9 [121]
E g 11L-4, IL-5, IL-13 [130,131]
3 E Th2 cells J IL-4, IL-5, IL-13 in certain conditions [132]
<5 Signaling through PI3k/AKT/mTOR [118,129] and MAPK [132]
T2 Epithelial/ +1IL-8
& "§ 3 endothelial cells Signaling through ERK and MAPK (p38) [133]

Receptor signaling utilizes a range of transcription factors. Upon binding of IL-
33 with ST2L, the target cells undergo conformational changes, resulting in the recruit-
ment of ILIRAcP forming an IL-33/ST2/IL-1RAcP complex. Formation of this complex
causes rapid activation of the NF-kB and MAPK (ERK1/2), JNK, p38, JAK2, SYK, and
phosphophoinositied-3-kinase (PI3K)/protein kinase B (AKT) signaling pathways, and
the IRAK (IL-1R-associated kinase)/ TRAF6 module [111,113,114,134,135] to promote the
production and release of a range of proinflammatory mediators including IL-6, IL-§,
MCP-1, and MCP-3 [130,136]. The TRAF6 module induces a cascade of events by further
activating TAK1 (MAP3K?) and causing activation of the transcriptional regulator NF-kB,
which in turn activates stress-activated protein kinase p38 and c-Jun N-terminal kinase
(JNK). Activation of ERK signaling has also been reported but appears to be independent
of TRAF6-mediated signaling [137]. The induction of IL-6 and IL-13 production by IL-33
relies heavily on MK2/3-mediated activations of ERK1/2 and PI3K signaling [118].

Activation of signaling modules by IL-33 also occurs in a cell-type specific manner
to induce the variety of downstream effector proteins, but in a diverse range of cell types.
With relevance to asthma, the p38 MAPK pathway is important. Activation of p38 MAPK
induces the phosphorylation and subsequent binding of GATA3 to the IL-5 and IL-13
promotor regions within ILC2 cells [128]. IL-33 also activates MAP-kinases, in particular
P38, and the NF-kB pathway to stimulate eosinophils [113]. IL-33 induces other pathways
such as the PI-3 kinase/AKT/mTOR pathway in murine cells including Th2, ILCs and
eosinophils, and human endothelial cells [129]. In mast cells, the cross-activation of c-Kit
by ST2 results in the phosphorylation of c-Kit at Y721 and phosphorylation of ERK1/2,
JNK1, PKB, and STAT3 [118], whereas in macrophages and primary human monocyte-
derived macrophages, IL-33 activates the ERK1/2, JNK, and PI3K-Akt signaling to decrease
the expression of ADAMTS family of metalloproteases [110]. IL-33 induces production
of IL-13 from mast cells via a MyD88-5-/12-LO-BLT2-NF-kB cascade [112]. This broad
range of signaling pathways across a wide variety of cell types serves to amplify the
pro-inflammatory scope of IL-33.

2.2.3. Role of IL-33 in Airways

IL-33 is a central component for activation of both the innate and adaptive arms of
immunity, and in this capacity release of IL-33 into the airways plays an important role
in the pathobiology of asthma. A myriad of cells found in asthmatic airways express
IL-33. IL-33 is highly expressed in bronchial epithelium of patients with asthma [87] with
increased expression after exposure to environmental triggers such as allergen [87,138].
Furthermore, proteolytic maturation of IL-33 by allergen is proposed to be a mechanism for
induction of allergic inflammation [139]. Bronchial epithelium also expresses ST2L, and
this co-expression of ligand and receptor is thought to amplify the inflammatory response
in a positive feedback loop [133].

In the lower airways, the release of IL-33 has been proposed to be responsible for
the development and exacerbation of airway hypersensitivity and asthma [140,141]. IL-33
is one of the earliest cytokines released in response to allergens [128] and is elevated in
the lung epithelium [95], airway smooth muscle [141], and bronchoalveolar lavage [142],
correlating with disease severity [96]. IL-33 and sST2 levels are markedly elevated in blood
and sputum of patients with eosinophilic asthma [143,144], and in those experiencing
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acute exacerbations [144]. Exposure to inhaled allergen in mild allergic asthmatic subjects
enhances ST2L expression on eosinophils in blood and sputum, and this increased receptor
expression can be replicated by in vitro stimulation of eosinophils with IL-33 [145]. ILC2s
are major cellular targets of IL-33, and upon activation by IL-33, their production of Th2
cytokines plays a critical role in type-2 immunity and eosinophil homeostasis [125].

IL-33 has been shown to be responsible for inducing early immune development and
polarization toward type 2 T cell inflammation [101,146] through activation of resident
dendritic DC to become mature and induce DC-stimulated differentiation of naive CD4+
T cells into polarized type 2 T cells [111,115,116] that produce cytokines such as IL-5 and
IL-13 [101]. In turn, cytokine release from type 2 T cells prolongs eosinophil survival,
adhesion, and degranulation [123], thereby contributing to asthma pathogenesis. 1L-33
activated DCs also prolong survival, enhance adhesion, and stimulate cytokine production
of mast cells [117], as well as stimulate secretion of IL-13 by alveolar macrophages [109].
The mechanistic pathways through which IL-33 activated DCs induce type 2 immunity in
humans is complex and not fully understood.

IL-33 can also induce cell activation, independent of DCs. IL-33 directly induces
cytokine production, including IL-4, IL-5, IL-13, and IL-9, in CD4+ T cells [121]. Memory
Th2 cells express even higher levels of ST2 than effector Th2 cells [130,131]. Interestingly,
Th2 cells also negatively regulate IL-33-mediated cytokine production. In the presence of a-
galactosylceramine antigen presentation, IL-33 dose-dependently increases the production
of IL-4 and INF-gamma in iNKTs, while IL-33 stimulation in combination with IL-12 induces
INF-gamma production from iNKT and from NK cells [119]. Macrophages express both the
ST2L and sST2; IL-33 stimulation induces naive macrophages to produce M1 chemokines
such as CCL3 and enhances the expression of M2 chemokine markers including CCL17,
CCL18, and CCL24 in previously polarized macrophages [108,109]. Potent activation
of ILC2s is achieved through upregulating co-stimulatory molecules OX40L and PD-L1,
thereby inducing ILC2s to produce IL-5 and IL-13 [114,126]. On a per cell basis, IL-33
is able to induce approximately 10-fold more IL-5 and IL-13 from ILC2s compared to
activated type 2 T cells [127], indicating the relative potential contribution of each cell
to type 2 inflammation. IL-33 promotes basophil IgE-dependent and IgE-independent
release of histamine, as well as secretion of IL-4, IL-5, IL-6, IL-8, IL-9, IL-13, MCP, and
MIP [113,119-122]. IL-33 also induces basophil CD11b expression, adhesion, and prime
eotaxin-induced migration [113]. Moreover, IL-33 induces eosinophil CD11b expression,
adhesion to albumin, fibronectin, ICAM-1, and VCAM-1, as well as enhancing eosinophil
survival and cytokine production [124,125].

The best evidence for the IL-33/ST2 axis playing a pathogenic role in asthma comes
from the results of randomized clinical trials. Blockade of IL-33 with itepekimab, compared
to placebo, was shown to reduce exacerbations in patients with moderate-to-severe asthma
when treatment with steroids was withdrawn [147], and blockade of ST2 with astegolimab
reduced the annualized asthma exacerbation rate in a broad population of severe asthma
patients, including those defined as eosinophil-low [148]. Importantly, this study highlights
the role of IL-33 in inflammation driven by non-T2 pathways.

2.3. Thymic Stromal Lymphopoietin
2.3.1. TSLP Expression

TSLP is a member of the IL-2 family of cytokines and was initially identified as a
pre-B cell growth factor. TSLP is a distant paralog of IL-7, as evidenced by sharing a
common receptor subunit IL-7Ra. In humans TSLP has two main isoforms—a short isoform
is expressed under basal conditions, and a longer isoform is induced by inflammatory
stimuli [149-151]. Cleavage of TSLP by serine proteases may regulate TSLP protein levels
and/or functions [152]. TSLP is expressed at barrier surfaces where both exogenous and
endogenous danger signals are sensed and cause its release from a variety of cells including
epithelial cells, epidermal keratinocytes, fibroblasts, myeloid dendritic cells, macrophages,
basophils, and monocytes [151,153-162].
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2.3.2. TSLP Receptor Expression and Signaling

The effects of TSLP are exerted through binding to the high-affinity TSLP receptor
(TSLPR) complex that consists of a TSLP-binding chain and the IL-7Ra subunit [163,164].
The TSLPR is broadly expressed within hematopoietic cell populations including mDCs,
CD4+ and CD8+ T cells, regulatory T cells (Treg), B cells, mast cells, NKT cells, monocytes,
CD34+ progenitor cells, eosinophils, basophils, and airway smooth muscle [165-167]
(Table 3).

Table 3. TSLP and pathogenic effects in asthmatic airways.

Cell Type Functional Effect of TSLP on Cellular Function
Monocytes/ 1T TARC/CCL17, PARC/CCL18, MDC/CCL22, MIP3f3 /CL19 [168]
macrophages T CD80 [165]
phag 1 M2 macrophages [169]
1T MHC class II, CD40, CD86, CD54, CD80, CD83 [170]
1 OX40L [170,171]

1 IL-8, eotaxin-2, TARC/CC17, MDC/CCL22, 1-309/CCL1 [156,172,173]
1 Expansion of CRTH2+ CD4+ Th2 memory cells [166,174]
1 Differentiation of Tregs [174,175]
Signals through Jagged-1, JAK1, JAK2, Akt, ERK, JNK, NE-kB (p50, RelB),
STAT1, STAT3, STAT4, STATS5, STAT6 [172,176-182]

Myeloid DC

>
-‘é 1 IL-5, IL-13, IL-6, IL-10, IL-8, GM-CSF [153,183]
g Mast cells 1 CXCLS8, CCL1 [153,184]
g 1 TGF- B [153]
9 1 CD69, CD62L, CD11b, CD123, IL-33R, IL-18R surface expression [167]
g Basophils + IL-4, TL-13 [45]
A 1 CD203c, IL17RB expression [45]
1 Survival, adhesion [185]
Eosinophils 1 CD18, ICAM-1, CXCL8, CXCL1, CCL2, IL-6 [185]
P | L-selectin [185]
Signals through ERK, p38, NF-kB [185]
ILC2s 1 IL-25R, IL-33R expression [186,187]
Natural killer T cells 1 1L-4, IL-13 [188]
. 1 Eosinophilopoiesis and basophilopoiesis [189,190]
CD34+ progenitor 4 IL-5, IL-13, GM-CSF, CCL22, CCl17, CXCL8, CCL1 [189,190]
cells 1 IL-5Rox expression [189,190]
1 Proliferation [191,192]
B cells 1 Development [191,192]
Signals through STAT1, STAT3, STATS, JAK1, JAK2 [193]
1 Proliferation [156]
Th2 cells 1 Differentiation [156]
oz 4 IL-5, IL-4, IL-13 [156,171]
-»a g 1 Proliferation [156]
S g CD4+ T cells 1 Differentiation [156,191]
< E Signals through STAT1, STATS5, JAK1, JAK2 [177-179,194,195]
1 Proliferation [196]
CD8+ T cells Signals through STATS, Bcl-2 [196]
J Development [176]
T regulatory cells 1 Differentiation [166,174-176]

LIL-10 [197]

Structural
Cells

Epithelial/endothelial

cells

1 Airway obstruction mechanisms [198,199]

Signals through TARC/CCL17, MDC/CCL22, IP-10/CXCL10 [198,199]

Airway smooth
muscle

4 IL-6, CXCLS, CCL11 [200]
1 Migration, actin polymerization, cell polarization [200]
Signals through STAT3, MAPKs (ERK1/2, p38 and JNK) [200]

TSLPR binds with high affinity to TSLP. While IL-7Ra does not bind to TSLPR alone
with measurable affinity, IL-7Ra binds to the TSLP/TSLPR complex with high affinity, mak-
ing this binary assembly mechanistically crucial for effective signal transduction [201,202].
Interestingly, TSLPR and IL-7Ra have some affinity for each other in the absence of TSLP,
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suggesting that a preformed receptor-receptor TSLP-mediated complex may be required
under certain conditions [201].

Binding of TSLP to the IL-7Ra/TSLP receptor complex phosphorylates STAT-3 and
STAT-5 through JAK1/JAK2 and PI3K pathway signaling [168,203-205]. Other studies
have shown that TSLP can also induce STAT-1 phosphorylation in CD4+ T cells and
myeloid DCs [177,178]. TSLP-mediated signaling via the JAK/STAT pathways has been
extensively studied in DCs and T lymphocytes [177,179,180]. In mDCs, potent and long-
lasting activation of JAK1 and JAK2 by TSLP induces the phosphorylation of mitogen-
activated protein kinase (MAPK)s, extracellular signal-regulated kinase (ERK), and c-Jun
N-terminal kinase (JNK) [172]. STATs play a crucial role for TSLP-DC signaling, and JAKs
(JAK1/2) can be activated following stimulation by TSLP and initiate signaling pathways
downstream via STATs; however, which subtype of STATs are involved and JAKs’ specific
role in this process remains unconfirmed [172,176].

DCs are activated by TSLP and CD40L, along with stimuli that bind to TLRs (including
LPS, polyl:C, and R848). TSLP promotes DC maturation and upregulation of MHC class 1I,
as well as the co-stimulatory molecules CD40, CD86, CD54, CD80, CD83, and CD-LMAP
on human mDCs [170]. However, unlike CD40L and the TLR ligands, TSLP does not
stimulate but rather limits the production of pro-inflammatory cytokines TNF-a, IL-1B,
and IL-6 and the Thl-polarizing cytokines IL-12 and type 1 IFNs [156,206]. TSLP priming
of DCs promotes the upregulation of OX40L, which induces naive T cells to acquire an
inflammatory Th2-like phenotype with the production of type 2 cytokines including IL-4, IL-
5, IL-13, and TNF-alpha, but not regulatory cytokines such as IL-10 [171]. TSLP simulation
of DCs and subsequent Th2 polarization has been shown to involve the Notch pathway
when human bronchial epithelial cells are exposed to environmental pollutants [181].
Recent reports also show the induction of the tight junction protein claudin-7 following
TSLP stimulation of DCs was dependent on the NF-kB pathway [182]. TSLP can also induce
DCs to produce chemotactic factors including IL-8, eotaxin-2, TARC/CCL17, MDC/CCL22,
and 1-309/CCL1 that participate in the recruitment of Th2 cells, eosinophils, and neutrophils
to the airways [156,172,173]. Additionally, TSLP promotes a priming effect on DCs to
induce the expansion and functionality of CRTH2+ CD4+ Th2 memory cells [166,174,175],
which in human CD4 T-cell cultures can drive the differentiation of Tregs and hinder the
developments of FOXP3+ Tregs [166,174,175]. TSLP can also suppress the production of
IL-10 by pulmonary Tregs [197].

2.3.3. TSLP in the Airways

Functional studies have demonstrated that TSLP can strongly induce the development,
expansion, and effector function of immune cells, inducing the innate and adaptive immune
system. In response to pathogenic stimuli or mechanic injury, TSLP exacerbates allergic
inflammation by activating many effector cells that participate in the immune cascade,
including ILC2s and myeloid DCs [169,207-210].

As a key cell in the innate immune system, the mDC responds to TSLP by upregulating
co-stimulatory molecules CD40, CD80, CD86, and OX40L that drive induction of Th2 cells
and Th9 cells, as well as their elaboration of type 2 cytokines [156,170,173,179,194,211-216].
TSLPR has also been described in other innate cells such as macrophages [169] and NK
cells [184]. The role of TSLP stimulation of DCs is well characterized compared to that
of monocytes/macrophages. It has recently been shown that TSLP also induces CD80
expression in human peripheral blood CD14+ monocytes/macrophages, indicating mono-
cyte/macrophage activation [165]. Additionally, TSLP was associated with an increase
in the percentages of CD149im/~ CD80+, CD11c+, and HLA-DR+ cells, being consis-
tent with the increased differentiation into myeloid DCs [165]. TSLP induces the re-
lease of T cell-attracting chemokines (TARC)/CCL17, DC-CK1/pulmonary and activation-
regulated chemokine (PARC)/CCL18, macrophage-derived chemokine (MDC)/CCL22, and
MIP33/CL19 [168]. TSLP can also drive the differentiation and activation of alternatively
activated macrophages (referred to as M2 macrophages) during allergic inflammation [169].
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In some asthma models, TSLP-driven allergic inflammation is mediated by ILCs. There
is an important role for the TSLP/ILC axis since TSLP has been shown to mediate resistance
to corticosteroids in ILC2s examined from human PBMCs and bronchoalveolar lavage
BAL fluid [217]. Human NKT cells were shown to induce the production of IL-4 and IL-13
in the presence of TSLP stimulation [188], as well as the addition of DCs to the culture
upregulated the IFN-gamma expression [188].

Granulocytes migrate to inflamed airways where they contribute to tissue damage.
In eosinophils, the hallmark cell of asthma, TSLP, has been shown to prevent apoptosis;
upregulate the adhesion molecule CD18; intercellular adhesion molecule-1; and induce
IL-6, CXCLS8, CXCL1, and CCL2, and downregulate expression of L-selectin. Collectively,
these effects support eosinophil extravasation and migration to sites of inflammation.
Human cord CD34+ cells have also been found to express TSLPR, and stimulation of these
cells by TSLP causes a dose-dependent release of IL-5, IL-13, and GM-CSF; induces the
release of chemokines CCL22, CCL17, CXCL8, and CCL1; and increases the expression of
IL-5Ra [189,190].

TSLP receptors have been described on mast cells [153] and basophils [208]. Mast cells
that are stimulated by TSLP act synergistically with IL-1B and TNF-alpha to release IL-5,
IL-13, IL-6, IL-8, IL-10, GM-CSEF, and chemokines CXCL8 and CCL1, while suppressing
the release of TGF-beta [153]. Mast cells have also been shown to regulate epithelial
TSLP expression [218], suggesting that epithelial-derived TSLP can directly affect mast
cell function, and mast cells in turn can regulate epithelial TSLP expression. Basophils are
not only a significant source of TSLP, but also a potent TSLP receptor expressing cell [219].
Overnight incubation of basophils with TSLP upregulates expression of receptors for TSLP,
IL-33, and IL-25 [45]. TSLP stimulation of basophils also increases their expression of
intracellular Th2 cytokines (IL-4, IL-13), increases markers of activation (CD203c), and
enhances basophil degranulation. The basophil/TSLP axis is not fully investigated in
humans and warrants further study.

TSLP is a powerful regulator of the adaptive immune system. CD4+ T cells and
CD8+ T cells generally do not respond to TSLP under resting conditions; however, fol-
lowing adequate activation, TSLP receptor expression increases on the surface of these
cells [196]. TSLP signaling directly on naive T cells in the presence of TCR stimulation
promotes the proliferation and differentiation to Th2 cells through the induction of IL-4
gene transcription [179,194,212]. It has long been known a subset of CD4+ T cells described
as regulatory T cells (Tregs) can be mediated by TSLP, having TSLP induce proliferation
and differentiation via DCs [176,220]. TSLP is also involved in proliferation and differentia-
tion of B-cell progenitors [221], directly supporting B-cell lymphopoiesis [191,192]. In the
presence of TSLP, multilineage-committed CD34+ progenitor cells, pro-B cells, and pre-B
cells differentiate and proliferate through the phosphorylation of STATS [193].

Structural cells of the airways are also responsive to TSLP. Airway smooth muscle cell
expression of the proinflammatory cytokines IL-6, as well as the CC/CXC chemokine IL-8
(CXCLS8 and eotaxin-1/CCL11), is dependent on stimulation by TSLP and downstream
signaling of STAT3 and MAPKs (ERK1/2, p38, and JNK), but not STAT5 [200].

Anti-TSLP therapy has now been approved for treatment of asthma, with tezepelumab
demonstrating significant attenuation of allergen-induced asthmatic responses [222] and im-
provement in asthma exacerbation rate [223,224] through a reduction in blood eosinophils
and airway nitric oxide levels. While anti-OX40L monoclonal antibody (mAb) treatment
has been shown to moderate Th2 differentiation in murine studies [225], this treatment
approach was not successful in a human model of asthma [226].

3. Variants of Alarmins Genes in Asthma

Some patients respond better than others to asthma treatments, and it is interesting to
consider why this happens. It is generally accepted that genetic and environmental interac-
tions are important risk factors resulting in complications of asthma. The importance of
gene variants in altering the severity of this multifactorial disease has been long confirmed
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by several GWAS studies conducted in the past decade [227-229]. One of the important
reasons that has drawn attention to conducting genetic polymorphism studies is that not all
research findings are similar for a candidate single nucleotide polymorphism (SNP) [230].
Recent genetic evidence has shown associations between certain SNPs in alarmin genes
and susceptibility to asthma. Table 4 summarizes the recently studied SNPs of alarmins
and their association with asthma.

Table 4. IL-33 and TSLP SNPs and their association with asthma.

Alternative N .
Gene SNP Alleles Allele Phenotype (Case/Control) Function Reference
Childhood Associated with atopic, mild and
A/C C atopic and 126/300 late-onset asthma, and a higher level of [231]
51342326 adult asthma eosinophils in peripheral blood
A/C C Childhood 491 cases Associated with decreasgd odds of ED [232]
asthma management failure
C/GT GT Childhood 491 cases Associated with decreasgd odds of ED [232]
asthma management failure
rs7037276 Adult No association between the variant
C/GT G,T 104/111 alleles or genotypes and susceptibility [233]
asthma
to asthma.
IL-33 Childhood . . ) .
153939286 T/AC AC atopic and 126/300 Associated with non-atopic and [231]
childhood-onset asthma
adult asthma
Allele A and its homozygous genotype
AA were significantly associated with
Adult an increased risk to develop asthma,
rs928413 G/ACT ACT asthma 104/111 whereas the heterozygous genotype GA [233]
was associated with a decreased
asthma-risk
Adult AA genotype was indicated as
rs16924159 G/A A asthma 104/111 susceptibility variant to asthma [233]
15992969 A/CGT CGT Adult 13,395 cases Associated with blogd eos.mophll levels, [234]
asthma asthma, and eosinophilic asthma
Adult TT genotype of rs2289276 was inversely
C/T T 126/300 associated with the risk of asthma in a [235]
asthma e
sex specific manner
rs2289276 Childhood TT genotype of 152289276 was
c/T I asthma 40/20 protective to develop asthma [236]
C/T T Adult 272/398 No association with asthma [237]
asthma
C/G G Adult 126/300 No association with asthma [235]
asthma
152289278 Childhood 2289278 significant] iated with
TSLP Cc/G G ildhoo 40/20 152289278 significantly associated wit [236]
asthma asthma severity
Adult 151837253 associated with asthma
c/T T asthma 123/100 susceptibility [258]
Adult .. .
rs1837253 C/T T 272/398 No association with asthma [237]
asthma
Adult T allele associated with increased
c/T T asthma 250/250 susceptibility to asthma in females [239]
Adult - .
rs3806933 C/T T 272/398 No association with asthma [237]
asthma

3.1. IL-33 Single-Nucleotide Polymorphisms

Many of the SNPs in the IL-33 gene that have been studied in asthmatic patients
have demonstrated a positive and direct association with asthma. Rs3939286, 1516924159,
rs1342326, and rs992969 are among the SNPs that are more pronounced in the asthmatic
population compared to the healthy subjects [231,233,234]. Reports on the associations
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of different variants show that the presence of only one mutated allele in the genome
can result in a significant direct or inverse association. For instance, 1928413 is a SNP
significantly associated with increased risk of asthma when carrying the AA genotype,
while individuals with the heterozygous genotype (GA) have a decreased risk of asthma
compared to those who do not carry the mutated allele [233]. While most association
studies of SNPs focus on the risk and susceptibility of asthma, Tse et al. demonstrated
that SNPs rs1342326 and rs7037276 are inversely associated with emergency department
failure in children with moderate to severe asthma [232], suggesting those that carry these
SNPs may have a better response to common asthma therapy. Findings of genome-wide
association studies show that ethnic background can have an essential role in determining
the direction of association between different SNPs and disease risk or susceptibility [240].
Therefore, it is important to conduct more association studies in populations with different
ethnic backgrounds.

3.2. TSLP Single-Nucleotide Polymorphisms

Among the studies conducted on the gene polymorphisms of TSLP gene and asthma,
several SNPs have been shown to impact the susceptibility to this disease. Interestingly,
one candidate SNP rs2289276 has consistently demonstrated a protective effect, whereby
carrying the SNP is associated with a lower risk of asthma [235,236,241]. Furthermore, the
lower risk was more pronounced in females, meaning that SNPs can act as sex-specific risk
factors [241]. The mechanism behind rs2289276 is not fully understood; however, Harada
et al. proposed that the presence of this SNP on the promoter region of the TSLP gene might
decrease the binding affinity of transcription factors, which in turn leads to downregulation
of TSLP and its inflammatory impacts [151]. While rs2289276 was demonstrated as a
SNP with inverse correlations with asthma, another frequently studied SNP rs1837253 is
significantly correlated with increased asthma susceptibility. In addition, carrying this SNP
may lead to a higher risk of asthma in females [239]. It is not clear how these SNPs exert
their impacts in a sex specific manner; however, the effects of sex hormones on the preva-
lence differences between male and female genders has been confirmed previously [242].
Therefore, the sex-specific patterns of alarmin SNPs could be justified by the alterations that
are made in sex hormone production by these gene polymorphisms. Some TSLP SNPs have
inconsistent associations, for instance, rs2289278 was reported to have no effects on asthma
risk in an Egyptian population [235] but was shown to have significant associations with
asthma severity in Iranians [236]. Conflicting results in these studies might be due to low
frequency of such SNPs in the studied populations or racial and environmental differences.

4. Alarmins and Other Allergic Diseases

In addition to asthma, the epithelial-derived alarmins IL-33, IL-25, and TSLP play
important roles in the pathogenesis of other allergic diseases including allergic rhinitis,
chronic rhinosinusitis, atopic dermatitis, food allergy, and allergic keratoconjunctivitis.
These chronic diseases can affect the quality of life and are more common in industrialized
and developed countries [243]. Here, we briefly describe the recent findings regarding the
role of alarmin cytokines in the development of these allergic diseases.

4.1. Allergic Rhinitis

Allergic rhinitis is one of the most common allergic diseases affecting between 10-30%
of the population worldwide and usually diagnosed by its common symptoms: nasal
congestion and rhinorrhea. This allergic condition often coexists with asthma, sinusitis,
conjunctivitis, and nasal polyposis, suggesting that alarmins may as well function as the
pathological factors in these diseases [244]. Studies on the levels of alarmins in patients
with allergic rhinitis have shown that levels of IL-33, IL-25, and TSLP are significantly
higher compared to healthy controls [245-247]. Interestingly, a recent study has discovered
the synergistic effects of IL-33 and TSLP produced by nasal epithelia cells in promoting
inflammatory cell proliferation and reducing the apoptosis [248].
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IL-25, demonstrated to be rapidly released from the cytoplasm of epithelial cells upon
exposure to aeroallergens, is shown to increase the proliferation of inflammatory ILC2s,
which produce significantly higher levels of IL-17, a cytokine which has been shown to be
associated with more severe allergic rhinitis [249].

4.2. Atopic Dermatitis

Atopic dermatitis is an inflammatory disease of the skin that is more prevalent in
children than adults [250]. Recent studies in human and mouse skin have shown that
alarmin cytokines are upregulated in keratinocytes of atopic dermatitis and result in
eczema symptoms [251-253]. Upregulation of alarmins has also been reported at the gene
expression level in a recent study by Griffiths et al., where mRNA analysis of skin biopsy
samples of atopic dermatitis patients and healthy individuals has shown that IL-33-related
genes are elevated in both lesion and non-lesion skin samples, whereas TSLP genes are
upregulated significantly in lesion compared to non-lesion skin [254]. Recent findings
on the role of IL-25 in the pathology of atopic dermatitis has shown that patients with
moderate and severe atopic dermatitis tend to have higher IL-25 serum concentrations [255].
It has also been reported that exogenous allergens such as house dust mite can prompt the
production of IL-25 and lead to more aggravated symptoms in these patients [256].

4.3. Food Allergy

Food allergy is an IgE-mediated allergic response to food antigens that is growing
in prevalence. While antigens from foods are usually tolerated by the immune system,
patients with food allergies suffer from adverse immune responses when exposed to
certain food antigens such as peanut, milk, egg, fish, shellfish, wheat, soy, and seeds [257].
The food specific allergic response happens because of the epithelial damage in the gut,
which induces the production of alarmins in response antigen activation of ILC2s and
DCs, and subsequently promoting the Th2 response similar to the events in other allergic
diseases [258]. A study published in 2021 has shown that alarmin levels increase in patients
with shrimp allergy compared to healthy participants. However, there was no correlation
between the alarmin levels and the severity of allergic reactions in patients when consuming
the food [259]. The observed efficacy of anti-IL-33 therapies in clinical trials provides clear
evidence that IL-33 is involved in the pathogenesis of food allergy [260].

5. Conclusions

The epithelial-derived alarmins IL-25, IL-33, and TSLP are widely recognized as factors
released in response to danger signals from the environment; however, many other cell
types can also synthesize and release alarmins in inflamed tissue. The alarmin cytokines
are known to be key orchestrators of inflammation in allergic diseases by coordinating
cellular responses in the innate and adaptive immune systems as well as structural cells.
Genome-wide association studies have demonstrated relationships between SNPs and
risk of allergic disease, including asthma. Furthermore, the importance of TSLP and IL-33
in the pathogenesis of asthma has been confirmed by studies showing efficacy of drugs
that block these cytokines. It remains to be determined if the response to anti-alarmin
treatment in patients with allergic disease and improvement in asthma control is related to
environmental factors, or to genetic SNPs.
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