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Abstract microRNAs (miRNAs) are short, single-stranded
RNA molecules that function together with the partner pro-
teins and cause degradation of target mRNAs or inhibit their
translation. A particular miRNA can have hundreds of targets;
therefore, miRNAs cumulatively influence the expression of a
large proportion of genes. The functions of miRNAs in human
diseases have been studied since their discovery in mammali-
an cells approximately 12 years ago. However, the role of
miRNAs in allergic disease has only very recently begun to be
uncovered. The purpose of this review is to provide an over-
view of the functions of miRNAs involved in the development
of allergic diseases. We describe here the functions of
miRNAs that regulate Th2 polarization and influence general
inflammatory and tissue responses. In addition, we will high-
light findings about the functions of extracellular miRNAs as
possible noninvasive biomarkers of diseases with heteroge-
neous phenotypes and complex mechanisms and briefly dis-
cuss advances in the development of miRNA-based
therapeutics.
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Introduction

The immune system is controlled by dynamic and multilevel
regulation of gene expression in each involved cell type.
microRNAs (miRNAs) constitute a group of gene expression
regulators that post-transcriptionally fine-tune the expression
of up to 50 % of genes [1, 2]. The growing number of studies
demonstrates that miRNAs control the signaling pathways in
every cell type, impact the development and phenotypic sta-
bility of immune cells, and regulate the strength of inflamma-
tion in tissues. Because of numerous biological functions of
miRNAs, the expression modulation of this novel group of
molecules may potentially be used for therapeutic purposes.
The presence of quantifiable amounts of miRNAs in the body
fluids suggests that miRNAs can potentially be used as non-
invasive biomarkers to better distinguish endotypes of hetero-
geneous diseases, including asthma and other allergic diseases
[3, 4]. Studies regarding the roles of miRNAs in allergic
diseases have been emerging during the last 4 years, and the
functions of miRNAs in the regulation and pathogenesis of
these diseases are mostly uncharacterized [5, 6]. Here, we
provide an overview of miRNAs that influence the develop-
ment of allergic diseases or impact the strength of inflamma-
tion in affected tissues. In addition, we discuss the potential of
miRNAs as biomarkers and targets of gene therapy.

miRNA Biogenesis and Mechanisms of Action

miRNAs are transcribed in the nucleus by RNA polymerase 11
as a part of longer transcripts by either independent promoters,
as polycistronic transcripts, or embedded within the introns of
protein-encoding genes. Similar to other genes, the expression
of miRNA encoding sequences is controlled at the epigenetic
level, during transcription, processing, nuclear export and
degradation [5]. For maturation, miRNAs pass through
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consecutive steps of processing that include cleavage by en-
donuclease Drosha-DGCRS (DiGeorge syndrome critical re-
gion gene 8) in the nucleus, export to the cytoplasm by the
Exportin-5-Ran-GTP complex and additional processing by
the enzyme Dicer in the cytoplasm. Finally, one strand of the
duplex is incorporated into the RNA-induced silencing com-
plex (RISC), which contains the Argonaute 2 (AGO2) and
glycine-tryptophan 182 kDa protein (GW182) [7, 8]. In mam-
malian cells, RISC-loaded miRNAs bind through partial com-
plementarity of at least 6-8 nucleotides to the target mRNAs
and thereby mediate repression of translation or induce
mRNA degradation via initiation of deadenylation. miRNAs
mainly interact with 3’ untranslated regions (3’UTRs) of
mRNA, where their binding is more efficient because of the
lack of active translation [9].

miRNAs Regulate Immune Responses

A healthy immune system detects and eliminates pathogens
very efficiently. However, excessive and inappropriate re-
sponses to pathogens, self-antigens, damaged cells, toxins,
allergens or irritants can cause unreasonably strong inflamma-
tion and tissue damage as well as autoimmunity and allergic
diseases [10—12]. Numerous studies have demonstrated that
miRNAs impact both innate and adaptive immune responses.
miR-21, miR-146a and miR-155 are among the most inten-
sively studied immune system-related miRNAs. miR-21 is
highly expressed in many cell types and regulates various
immunological processes [13]. The expression of miR-21 is
regulated by STAT3 and NF-kB [14]. In mouse macrophages,
miR-21 has been shown to suppress inflammatory responses
via targeting tumor suppressors and a proinflammatory pro-
tein, PDCD4, which promotes activation of NF-kB and con-
trols production of IL-10 [15].

Similar to miR-21, miR-146a is an antiinflammatory
miRNA that has been shown to suppress the activation
of NF-kB in numerous studies. miR-146a directly
downregulates IL-1 receptor-associated kinase 1 (IRAK1),
TNF receptor-associated factor 6 (TRAF6) [16], Relb, a mem-
ber of the noncanonical NF-kB/Rel family [17], and caspase
recruitment domain-containing protein 10 (CARDI10, also
known as CARD-recruited membrane-associated protein 3,
CARMA3) [18]. miR-146a-/- mice have been shown to de-
velop autoimmunity caused by the overactivation of STAT1 in
Treg cells, which leads to increased IFN-y production and an
inability to suppress Thl type responses [19-21]. Interesting-
ly, constitutive ubiquitous overexpression of miR-146a also
leads to autoimmunity. Mice with 2-6-fold overexpression of
miR-146a in most of the tissues spontaneously develop auto-
immune lymphoproliferative syndrome-like disease, most
likely caused by reduced expression of Fas, and increased
levels of serum IgG and double-negative T cells [22], which
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demonstrates that precise regulation of miR-146a expression
is crucial for a healthy immune system.

In contrast to miR-21 and miR-146a, miR-155 acts mainly
as a proinflammatory factor. miR-155 expression is induced
upon vesicular stomatitis virus infection in macrophages,
which promotes type I IFN signaling via targeting suppressor
of cytokine signaling, SOCS1 [23]. Suppression of SH2
domain-containing inositol-5-phosphatase (SHIP1) by miR-
155 causes activation of Akt kinase and upregulation of IFN
response genes during the cellular response to LPS [24]. In
addition, miR-155 directly represses BCL6, a transcription
factor that attenuates NF-«kB signaling, and this promotes
atherosclerosis in mice [25]. miR-155 also functions in the
development and activation of adaptive immune cells, includ-
ing effector T cell subsets [26]. In addition, miR-155-deficient
mice are defective in production of Th1l and Thl7 cells and,
therefore, are highly resistant to experimental autoimmune
encephalomyelitis [27].

Numerous other miRNAs control innate and adaptive im-
mune responses. miR-301a, miR-9, miR-147b and mir-125a
have been implicated in regulating NF-kB [28], miR-10a,
miR-17-92, miR-181a, miR-182 and miR-29a/b impact the
differentiation and plasticity of T cells [29], and miR-17-92,
miR-34a, miR-150, miR-181b, miR-125b and miR-217 influ-
ence the development and functions of B cells [30]. In the
context of allergic diseases, it is especially interesting to study
how miRNAs influence Th2 polarization, the suppressive
capacity of Treg cells and Ig class switching in B cells.

miRNAs in Asthma

Dysregulated expression of several miRNAs has been found
in the airways or lymphocytes of asthma patients and in
different mouse models of asthma-like lung inflammation.
For example, increased expression of miRNA-181a, miR-
155, miR-150, miR-146a and miR-146b was detected in
splenic CD4+ T lymphocytes of an ovalbumin (OVA)-in-
duced mouse model of asthma [31]. In line with this observa-
tion, miR-155-deficient mice develop an altered inflammatory
response with diminished eosinophilic inflammation, reduced
eotaxin-2/CCL24 and periostin levels, and reduced Th2 cell
numbers in the same mouse model [32¢] Table 1. Interestingly,
approximately 50 % of aging miR-155-deficient mice spon-
taneously develop asthma-like lung inflammation with elevat-
ed levels of certain Th2 type cytokines, and increased num-
bers of lymphocytes and macrophages, but similar counts of
eosinophils compared to wild-type (wt) mice, [26], which
indicates that miR-155 influences the development of asthma
through multiple factors.

Several other miRNAs have been shown to modulate
asthma-like lung inflammation in different mouse models.
The expression of miR-126 is increased in the airways of mice
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Table 1 The functions of miRNAs in allergic diseases

miRNA  Disease

Function

Targets

miR-126  Asthma

miR-221  Asthma

miR-145
miR-106a
let-7a

Asthma
Asthma
Asthma

miR-21 Asthma, allergic rhinitis,

Silencing reduced allergic inflammation in an HDM-induced mouse model of asthma
[33] and reduced eosinophilia in the mouse model of chronic airway inflammation [34]
Upregulated in OVA-induced mouse models of asthma, ENREF 136 silencing reduces
allergic inflammation [37]
Silencing reduced allergic inflammation in an HDM-induced mouse model of asthma [35]

Silencing reduced allergic inflammation in an HDM-induced mouse model of asthma [36]

Overexpression reduced allergic inflammation in an OVA-induced mouse model of asthma [48]
Intravenous administration of LNA inhibitors impeded AHR in a mouse model of asthma [46]

Overexpressed in lung-specific IL-13 expressing transgenic mice with induced allergic airway

?

Spred-2

?
IL-10
IL-13

IL-12p35

contact dermatitis, EoE inflammation [41]

Overexpression reduced TLR2 agonist-induced lung inflammation in mice [43]

Increased levels of Thl cytokines and reduced eosinophilia in an OVA-induced mouse model
of asthma in miR-21-deficient mice [42]

Antenatal IgE production and development of allergic rhinitis [44]

Upregulated in contact dermatitis lesional skin [47]

Upregulated in EoE
esophageal tissue [45¢]

miR-146a Asthma?

Overexpressed in splenic CD4+ T lymphocytes [31] ?

Reduced expression in CD8+ and CD4+ cells in patients under oral corticosteroid treatment [101]

Reduces cytokine-induced apoptosis in human bronchial epithelial cells [59]

miR-375 EoE

Positive regulator of TSLP in human primary lung epithelial cells [52] ?

Expression is modulated by 1L-13 [46]
Downregulated in EoE esophageal tissue [45¢]

miR-133a  Asthma
hyperresponsiveness [61]

miR-1 Asthma

Downregulation in mouse bronchial smooth muscle cells augmented airway contraction and

Downregulated by VEGF in the lung endothelium, intranasal administration of miR-1

RhoA

Mpl

inhibited inflammatory responses to OVA, HDM and IL-13 overexpression Mpl [60]

miR-155  Atopic dermatitis,

asthma activation [63]

Is required for Th2-mediated eosinophilic inflammation in the OVA-induced mouse model

of asthma [32¢]

miR-155-deficient mice spontaneously developed asthma-like inflammation in the lung and had

Influences development of AD by downregulation of CTLA-4-negative regulator of T-cell

CTLA-4

PU.1

c-Maf

increased levels of IL-4 and IL-5 in T cells [26]

miR-125b
miR-150

CRS with nasal polyps
ACD

Upregulated in CRS with nasal polyps, influenced IFN-o/3 production [68]
Nanovesicles containing miR-150 induced antigen-specific tolerance in ACD model in mice [84¢]

4E-BP1

upon exposure to house dust mite (HDM). Inhibition of miR-
126 expression using intranasal administration of miR-126
antagomir, which is a cholesterol-linked single-stranded
RNA complementary to miR-126, abolished airway hyper-
reactivity (AHR), impaired Th2 responses and reduced aller-
gic inflammation in an HDM-induced mouse model of asthma
[33], and decreased eosinophilia in a mouse model of chronic
airway inflammation [34]. Similarly, the inhibition of miR-
145 [35] and miR-106a [36] had antiinflammatory effects on
HDM-induced allergic airway disease in mice.

Increased levels of miRNA-221 were detected in the lung
biopsies of mice subjected to an OVA-induced mouse model
of asthma, whereas the inhibition of miR-221 reduced inflam-
mation in the airways [37]. In agreement with this observa-
tion, miR-221, which is known to regulate the cell cycle of
mast cells, is upregulated in mast cells by stimulation with
IgE-allergen complexes and stem cell factor [38, 39].

The potential role of miRNAs in corticosteroid-resistant
asthma is mostly unexplored. One of the initial studies in this
area demonstrated a rapid change in miRNA levels in mouse
lungs following LPS-induced inflammation; however, no in-
fluence of glucocorticoids was detected [33]. Another study
demonstrated that the expression of miR-146a is reduced in
CD8+ and CD4+ T cells from severe asthma patients with
continuous oral corticosteroid treatment [34]. In agreement
with this observation, the expression of miR-146a was shown
to be suppressed by dexamethasone in splenic CD4+ T lym-
phocytes from the mice used in the OVA-induced mouse
model of asthma [31].

Together, these studies demonstrate that miRNAs can ei-
ther enhance or reduce the allergic inflammation in asthma
and suggest that a complex network of miRNAs impacts the
development of asthma and related inflammatory processes.
Because asthma is a complex syndrome with heterogeneous
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endotypes or phenotypes [3, 4], miRNAs as fine-tuners of
gene expression may possibly contribute to the development
of different forms of asthma, including corticosteroid-resistant
asthma.

Th2 Cell Polarization and miRNAs

A growing number of studies describe miRNA functions in
the differentiation, phenotypic stability and plasticity of T cells
[29]. Allergic diseases are characterized by the expansion of
Th2 cells and development of IgE-expressing memory B cells
and plasma cells that produce IgE antibodies specific to com-
mon environmental allergens [12]. The hallmark cytokines for
Th2 cells are IL-4, IL-5 and IL-13. However, the Th1/Th2
balance is also influenced by the levels of Th1 cytokines such
as IL-12 and IFN-y [40]. Several miRNAs directly target
either Th1 or Th2 type cytokines. miR-21 is the most highly
upregulated miRNA detected in doxycycline-induced lung-
specific IL-13 transgenic mice during OVA-induced allergic
airway inflammation. Because miR-21 directly targeted IL-
12p35, it was suggested that miR-21 might contribute to Th2
polarization during allergic airway inflammation [41]. Later,
reduced lung eosinophilia and increased levels of IFN-y were
detected in OVA-challenged miR-21-deficient mice consistent
with a miR-21 binding site on IL-12p35 [42]. miRNA-21 also
inhibited innate immune responses in TLR2 agonist-induced
lung inflammation in mice [43]. Clinical studies have demon-
strated a correlation between reduced levels of miR-21 in
mononuclear leukocytes from human umbilical cord blood
samples and elevated antenatal IgE production in allergic
rhinitis patients [44]. Additionally, the upregulation of miR-
21 was observed in esophageal biopsies from patients with
eosinophilic esophagitis (EoE) [45¢]. EoE is characterized by
very high IL-13 overproduction and strong Th2 type inflam-
mation and eosinophilia in the esophagus; it can therefore be
regarded as a model for Th2 type disease [46]. In addition,
miR-21 is upregulated in the lesional skin from subjects with
allergic responses to diphenylcyclopropenone (DPCP) in
humans and in a dinitrofluorobenzene (DNFB)-induced con-
tact dermatitis model in mice, in which Th17 and Thl re-
sponses are dominant [47].

Ubiquitously expressed miRNA let-7 has been shown to
influence the expression of IL-13 in lung epithelial cell-line
AS549. Indeed, intranasal administration of let-7 family
miRNAs led to reduced IL-13 and AHR as well as resolution
of allergic inflammation in an OVA-induced mouse model of
asthma [48]. However, in another study, inhibition of let-7
miRNAs using intravenously administered locked nucleic
acid (LNA) inhibitors hampered AHR in a mouse model of
asthma instead of exacerbating the disease [49].

miR-155 might impact the Th1/Th2 balance and the devel-
opment of allergic disease through its function in
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macrophages, in which miR-155 targets IL-13RA, SOCSI
and SHIP1. When miR-155 levels are reduced in differentiat-
ing macrophages, STAT6 is more activated, leading to the
establishment an alternative pro-Th2 phenotype M2 of mac-
rophages [50]. Opposite to miR-155, the increased levels of
miR-375 promote the differentiation of Th2 cells in gut mu-
cosal epithelial cells, in which miR-375 has been shown to be
induced by IL-13. In the presence of miR-375, the elevated
expression of key Th2 cytokines, thymic stromal
lymphopoietin (TSLP) and resistin-like beta (RELMf3) [S1¢]
was detected, which correlated with the suppression of the
transcription repressor Kruppel-like factor 5 (KLFS). In agree-
ment with these results, diesel exhaust particles, which are
known to aggravate asthma, upregulated TSLP mRNA and
miR-375 in primary human bronchial epithelial cells, whereas
miR-375 was shown to be a positive regulator of TSLP [52].
In contrast to gut mucosal epithelial cells, miR-375 is down-
regulated by IL-13 in human esophageal squamous and bron-
chial columnar epithelial cells, which suggests that the regu-
lation of miR-375 expression is complicated and cell type
specific [45¢].

Several studies demonstrating the impact of miRNAs on
the expression levels of proinflammatory cytokines suggest
that many other miRNAs can affect the Th1/Th2 balance. For
instance, IL-10-induced miR-187 negatively regulates
TNF-o, IL-6 and IL-12p40 production in TLR4-stimulated
monocytes [53], and miR-155 functions as a positive regulator
of IFN-y production through direct targeting of the inositol
phosphatase SHIP1 in human NK cells [54, 55]. These data
suggest that numerous miRNAs are involved in regulating the
Th1/Th2 balance and may therefore play a role in the devel-
opment of allergic diseases.

miRNAs in the Lung Tissue Cells

Disease-related changes in lung alveolar epithelial cells, en-
dothelial cells, fibroblasts and bronchial smooth muscle cells
play an important role in asthma. Already the initial expres-
sion profiling studies of different lung epithelial cell lines and
tissue resident cells suggested that miRNAs are part of the
regulatory network involved in tissue responses to asthma.
miRNAs have different expression profiles in airway smooth
muscle cells, alveolar epithelial A549 cells, bronchial epithe-
lial Beas2B cells, bronchial fibroblasts and alveolar macro-
phages [56]. In epithelial cells from asthmatic patients, 66
miRNAs were shown to be differentially expressed, and path-
way analysis indicated that the putative targets of these
miRNAs encode disease or inflammation-related proteins
such as TNF-«, IL-8, Cox2, IL-6 and AQP4 [57]. IL-1f3-
induced miR-146a has been shown to reduce the levels of
the proinflammatory chemokines IL-8 and CCL5 (also known
as RANTES) in human alveolar A549 epithelial cells [58]. In



Curr Allergy Asthma Rep (2014) 14:424

Page 5 of 9, 424

addition, miR-146a might contribute to tissue remodeling in
the lungs because it has been shown to reduce cytokine-
induced apoptosis of human bronchial epithelial cells [59].
Several very recent and interesting studies describe the
functions of miRNAs in lung endothelial cells and smooth
muscle cells. The lung-specific overexpression of vascular
endothelial growth factor (VEGF) was shown to decrease
miR-1 expression in the lung endothelium, whereas intrana-
sally delivered miR-1 inhibited inflammatory responses to
OVA, HDM and IL-13 overexpression. In the same study,
VEGF blockade, as well as knockdown of MPL, a miR-1
target myeloproliferative leukemia virus oncogene, inhibited
Th2-mediated lung inflammation, demonstrating that VEGF
controls lung Th2 inflammation via miR-1 and MPL [60].
Downregulation of miR-133a is responsible for the increased
expression of a small GTPase RhoA that leads to an augment-
ed contraction and hyper-responsiveness of bronchial smooth
muscle cells in a mouse model of allergic asthma [61]. miR-
140-3p modulates bronchial smooth muscle cells through
indirect mechanisms involving activation of p38 MAPK and
NF-«kB in humans [62]. These studies together demonstrate
that the increased activation of proinflammatory pathways,
altered expression of tight junction proteins and other changes
observed in the epithelial cells, smooth muscle cells and
endothelium of patients with asthma may also be partially
attributed to underlying aberrant miRNA expression.

miRNAs in Atopic Dermatitis, Allergic Contact Dermatitis
and Chronic Rhinosinusitis

Only a few studies describe miRNA functions in atopic der-
matitis (AD), allergic contact dermatitis (ACD) and chronic
rhinosinusitis (CRS). miR-155 has been shown to be
overexpressed in the skin from AD patients, mainly because
of the infiltrating immune cells. miR-155 was reported to
influence the development of AD through downregulation of
cytotoxic T lymphocyte-associated antigen (CTLA)-4, a neg-
ative regulator of general T cell activation that also plays an
important role in allergen tolerance [63, 64]. miRNA profiling
of human skin challenged with diphenylcyclopropenone [47]
and skin from mice subjected to a mouse model of contact
dermatitis revealed that the same miRNAs, miR-21, miR-142-
3p, miR-142-5p and miR-223, were upregulated in both
humans and mice.

The enhanced expression of miR-203 and miR-146a [65]
and reduced levels of miR-125b [66] have been found in the
psoriatic skin. miR-125b acted as a suppressor of keratinocyte
proliferation, most likely via direct targeting of fibroblast
growth factor receptor 2 (FGR2) [66]. Similar to psoriasis,
Thl type inflammatory responses are dominant in ACD and
become important in the chronic phase of skin inflammation
in AD [67], suggesting that miR-203, miR-146a and miR-

125b might have a role in AD and ACD as well. Interestingly,
miR-125b was also upregulated in eosinophilic CRS with
nasal polyps. miR-125b overexpression influenced IFN-o/f3
production, most likely through the suppression of eukaryotic
translation initiation factor 4E (EIF4E)-binding protein 4E-
BP1 in airway epithelial cells [68]. These initial studies dem-
onstrate that miRNAs are involved in the regulation of allergic
inflammation in the skin and sinonasal epithelial cells.

Extracellular miRNAs as Biomarkers

Asthma is a complex disease that can be subcategorized to
endotypes based on underlying cellular and molecular mech-
anisms [3, 4, 69]. The development of endotype-specific
treatment modalities is important for better management of
asthma and depends on identification of reliable biomarkers.
The miRNA expression pattern is variable in different cell
types and disease conditions. Moreover, miRNAs can be
detected in different cell-free body fluids, such as blood se-
rum, urine and saliva, suggesting that miRNAs are po-
tential non-invasive biomarkers for numerous disease
conditions [70-73]. Accordingly, a number of studies
have confirmed that serum miRNAs are suitable bio-
markers in the case of various cancers, tissue injury
and inflammation [70, 73-75].

Very recent studies suggest that serum miRNAs can be
used as biomarkers also in case of allergic diseases. In the
serum from patients with chronic obstructive pulmonary dis-
ease (COPD), four miRNAs (miR-20a, miR-28-3p, miR-34c-
5p and miR-100) are significantly downregulated, and one
(miR-7) is upregulated [ 76]. Out of the ten most differentially
expressed miRNAs in esophageal tissue from EoE biopsies,
the differential expression of miR-146a, miR-146b and miR-
223 has been detected in plasma from EoE patients [45¢].
Significant differences in bronchoalveolar lavage fluid
(BALF) exosomal miRNA profiles have been detected be-
tween patients with mild asymptomatic asthma and healthy
subjects [77]. miRNAs have also been detected in exhaled
breath condensate (EBC), whereas 11 miRNAs were some-
what differently expressed in asthmatic patients compared
with healthy subjects [78]. Future studies will reveal whether
serum and airway miRNAs can be used as biomarkers to
distinguish different endotypes of asthma and other allergic
diseases.

The Functions of Extracellular miRNAs

miRNAs can be secreted via cell-derived membrane
vesicles, called exosomes, and by protein-miRNA com-
plexes, such as high-density lipoprotein (HDL) and
AGO2, which is a part of the RISC complex [79]. In
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addition, a passive leakage from cells can occur because
of apoptosis, necrosis, tissue injury and chronic inflam-
mation. Extracellular miRNAs can be taken up by re-
cipient cells; HDL-bound miRNAs enter into recipient
cells via scavenger receptor class B type I in cultured
hepatocytes [80]. However, most of the miRNAs in
plasma exist in complexes with the AGO2 protein, not
exosomes or microvesicles [81, 82]. AGO2 has been
shown to protect miRNAs from degradation [83]. These
findings came from initial studies, which proposed that
miRNAs might also function in communication between
cells and play a role in immune responses including
allergic responses. Indeed, a very recent study demon-
strated that CD8+ suppressive cells are capable of pro-
ducing antigen-specific antibody-coated nanovesicles
containing miR-150. These nanovesicles entered into
effector T cells and thereby suppressed induced ACD
and promoted antigen-specific tolerance in mice, where-
as the nanovesicles from miR-150-deficient mice did not
have a suppressive effect [84¢].

The Impact of miRNAs in Allergic Tissue Inflammation

Allergic tissue inflammation in the skin, sinus or lungs is
induced by the development of a strong allergen-induced
Th2 type immune response, which is supported by the pro-
duction of TSLP, IL-33 and IL-25 by epithelial cells [85]. The

Th2 polarization

miR-21

Innate immune cells
miR-21

Let-7 miR-155 miR-133a
miR-155 miR-146a miR-146a?
miR-375 miR-221 miR-125b?
miR-1877 i miR-126

eosmophlles
neutrophiles

chronic phase of tissue inflammation is affected by a complex
mixture of factors that includes not only Th2 type cytokines,
but also IFN-y [67, 86, 87], IL-17 and IL-22 [88, 89]. Sec-
ondary infections and innate immune response activation in
epithelial cells also have a role during chronic inflammation in
allergic responses [90]. In addition to Th2, Thl and Th22
cells, other cell types contribute to the allergic tissue inflam-
mation. These include Treg cells, CD8+ T cells and innate
immune cells, such as natural killer cells, eosinophils, mast
cells, neutrophils, macrophages, basophils and innate lym-
phoid cells [85, 91-95] (Fig. 1). Based on the current knowl-
edge, we propose that there are three specific mechanisms by
which miRNAs impact allergic inflammation in tissues. First,
miRNAs impact the polarization of Th2 cells. Second,
miRNAs influence the development and functions of CD8+
T cells and innate immune cells found in or recruited into the
inflamed tissue. Third, miRNAs impact chronic inflammation
through their effects in epithelial cells (Fig. 1).

miRNA-Based Therapeutics

The current therapies for asthma and allergic diseases are still
inefficient in controlling severe forms of these diseases [12].
One direction in the development of novel therapeutics for
allergic diseases is biological modification of immune re-
sponses for better and more individualized control [12, 96].
There is obvious potential for miRNAs as novel target

Chronic inflammation and
tissue remodelling

miR-1

miR-150

D TN e

@0‘

@ IL-4 basophiles i; \ IFN-y
L-13 mast cells w IL-22
LS iLe IL-13

’ IL-5

TSLP IL-4

B

Fig. 1 miRNAs in allergic tissue inflammation. Allergic inflammation in
the skin, sinus or lungs starts with an allergen-induced Th2 type immune
response, which is supported by the production of TSLP in epithelial
cells. The chronic phase of tissue inflammation involves Th2, Thl and
Th22 cells. In addition, Treg cells, CD8+ T cells and innate immune cells,
such as Langerhans’ cells (LC), inflammatory epidermal dendritic cells
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(IDEC), natural killer (NK) cells, eosinophils, mast cells, neutrophils,
macrophages, basophils and innate lymphoid cells (/LC), contribute to
allergic tissue inflammation. miRNAs impact the polarization of Th2
cells, influence the development and functions of CD8+ T cells and innate
immune cells, and impact chronic inflammation and tissue remodeling
through their functions in epithelial cells
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molecules for the development of biological therapeutics as
miRNAs can be either inhibited or overexpressed. As the
biological functions of miRNAs are shaped by evolution,
miRNA-based therapeutics have a low likelihood of inducing
toxicity if inadvertently transduced into healthy cells, suggest-
ing that miRNA-based therapeutics would have few side
effects if used as a future approach to treat various inflamma-
tory diseases [97].

Several studies endorse the potential of miRNA-based
therapeutics. Silencing of miR-122 inhibits hepatitis C virus
(HCV) replication in primates [98]. Miravirsen, the first
miRNA-targeting drug, has entered into clinical trials for the
treatment of HCV infection. Miravirsen is a very short LNA-
based anti-miR-122 oligonucleotide, which is capable of in-
dependently entering cells. Similarly, the first miRNA re-
placement therapeutic, a mimic of tumor suppressor miR-34,
has been successfully used in animal models [99]. Currently,
an intravenously injected liposome-formulated miR-34 mim-
ic, MRX34, is in clinical trials for patients with advanced or
metastatic liver cancer [100]. As described above, intranasal
inhalations of different formulas of miRNA inhibitors and
mimics have been successfully used to reduce allergic airway
inflammation in mice [33-35, 37]. Although miRNAs them-
selves are not toxic, the delivery vehicles still can cause
unexpected cell differentiation, activation of immune re-
sponses or other side effects. In addition, several tissues and
cell types are difficult to access by the currently available
delivery methods [97]. Improved techniques for controlling
miRNA overexpression and inhibition, combined with in-
creased knowledge about the biological functions of miRNAs,
could lead to the development of very specific gene expres-
sion modulators that could be applied as personalized thera-
peutics for allergic diseases in the future.

Conclusions

Asthma and other allergic diseases are multifactorial and
heterogeneous conditions. More than 1 billion people in the
world suffer from some form of allergic diseases. According-
ly, there is a need for more individualized treatment tech-
niques, especially for the difficult-to-treat forms of these dis-
eases. The roles of miRNAs in relation to allergic diseases are
just beginning to be explored. Further characterization of
miRNA functions is important because of the high potential
impact on the treatment of allergic diseases as the modulation
of miRNA expression could potentially be used for therapeu-
tic purposes in the future. In addition, miRNAs are potential
non-invasive biomarkers. Further studies are needed to reveal
the full impact of miRNAs in relation to allergic diseases.

Acknowledgment This work was supported by the Swiss National
Science Foundation grant 32-112306, the Christine Kithne-Center for

Allergy Research and Education, Davos Switzerland (CK-CARE),
Swiss-Polish contribution, European Regional Fund with Archimedes
Foundation, EU structural assistance grant SARMP12219T and personal
research grant PUT214 from the Estonian Research Council.

Compliance with Ethics Guidelines

Conflict of Interest Ana Rebane and Cezmi A. Akdis declare that they
have no conflict of interest.

Human and Animal Rights and Informed Consent This article does
not contain any studies with human or animal subjects performed by any
of the authors.

References

Papers of particular interest, published recently, have been
highlighted as:
» Of importance

1. Makeyev EV, Maniatis T. Multilevel regulation of gene expression
by microRNAs. Science. 2008;319(5871):1789-90.

2. Djuranovic S, Nahvi A, Green R. A parsimonious model for gene
regulation by miRNAs. Science. 2011;331(6017):550-3.

3. Agache I et al. Untangling asthma phenotypes and endotypes.
Allergy. 2012;67(7):835-46.

4. LotvallJ et al. Asthma endotypes: a new approach to classification
of disease entities within the asthma syndrome. J Allergy Clin
Immunol. 2011;127(2):355-60.

5. Rebane A, Akdis CA. MicroRNAs: Essential players in the reg-
ulation of inflammation. J Allergy Clin Immunol. 2013;132(1):
15-26.

6. Lu TX, Rothenberg ME. Diagnostic, functional, and therapeutic
roles of microRNA in allergic diseases. J Allergy Clin Immunol.
2013;132(1):3-13. quiz 14.

7. Krol J, Loedige I, Filipowicz W. The widespread regulation of
microRNA biogenesis, function and decay. Nat Rev Genet.
2010;11(9):597-610.

8. Winter J et al. Many roads to maturity: microRNA biogenesis
pathways and their regulation. Nat Cell Biol. 2009;11(3):228-34.

9. GuS et al. Biological basis for restriction of microRNA targets to
the 3’ untranslated region in mammalian mRNAs. Nat Struct Mol
Biol. 2009;16(2):144-50.

10.  Medzhitov R. Inflammation 2010: new adventures of an old
flame. Cell. 2010;140(6):771-6.

11. Renz H, Brandtzaeg P, Hornef M. The impact of perinatal immune
development on mucosal homeostasis and chronic inflammation.
Nat Rev Immunol. 2012;12(1):9-23.

12.  Akdis CA. Therapies for allergic inflammation: refining strategies
to induce tolerance. Nat Med. 2012;18(5):736—49.

13.  Kumarswamy R, Volkmann I, Thum T. Regulation and function of
miRNA-21 in health and disease. RNA Biol. 2011;8(5):706-13.

14. Iliopoulos D et al. STAT3 activation of miR-21 and miR-181b-1
via PTEN and CYLD are part of the epigenetic switch linking
inflammation to cancer. Mol Cell. 2010;39(4):493-506.

15.  Sheedy FJ et al. Negative regulation of TLR4 via targeting of the
proinflammatory tumor suppressor PDCD4 by the microRNA
miR-21. Nat Immunol. 2010;11(2):141-7.

16. Taganov KD et al. NF-kappaB-dependent induction of microRNA
miR-146, an inhibitor targeted to signaling proteins of innate

@ Springer



424, Page 8 of 9

Curr Allergy Asthma Rep (2014) 14:424

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

immune responses. Proc Natl Acad Sci U S A. 2006;103(33):
12481-6.

Etzrodt M et al. Regulation of monocyte functional heterogeneity
by miR-146a and Relb. Cell Rep. 2012;1(4):317-24.

Crone SG et al. microRNA-146a inhibits G protein-coupled
receptor-mediated activation of NF-kappaB by targeting
CARDI10 and COPSS in gastric cancer. Mol Cancer. 2012;11:71.
Zhao JL et al. NF-{kappa}B dysregulation in microRNA-146a-
deficient mice drives the development of myeloid malignancies.
Proc Natl Acad Sci U S A. 2011;108(22):9184-9.

Boldin MP et al. miR-146a is a significant brake on autoimmunity,
myeloproliferation, and cancer in mice. J Exp Med. 2011;208(6):
1189-201.

Lu LF et al. Function of miR-146a in controlling Treg cell-
mediated regulation of Th1 responses. Cell. 2010;142(6):914-29.
Guo Q et al. Forced miR-146a expression causes autoimmune
lymphoproliferative syndrome in mice via downregulation of Fas
in germinal center B cells. Blood. 2013;121(24):4875-83.

Wang P et al. Inducible microRNA-155 feedback promotes type |
IFN signaling in antiviral innate immunity by targeting suppressor
of cytokine signaling 1. J Immunol. 2010;185(10):6226-33.
O’Connell RM et al. Inositol phosphatase SHIP1 is a primary
target of miR-155. Proc Natl Acad Sci U S A. 2009;106(17):
7113-8.

Nazari-Jahantigh M et al. MicroRNA-155 promotes atherosclero-
sis by repressing Bcl6 in macrophages. J Clin Invest.
2012;122(11):4190-202.

Rodriguez A et al. Requirement of bic/microRNA-155 for normal
immune function. Science. 2007;316(5824):608—11.

O’Connell RM et al. MicroRNA-155 promotes autoimmune in-
flammation by enhancing inflammatory T cell development.
Immunity. 2010;33(4):607-19.

Boldin MP, Baltimore D. MicroRNAs, new effectors and regula-
tors of NF-kappaB. Immunol Rev. 2012;246(1):205-20.
Baumjohann D, Ansel KM. MicroRNA-mediated regulation of T
helper cell differentiation and plasticity. Nat Rev Immunol.
2013;13(9):666-78.

de Yebenes VG, Bartolome-Izquierdo N, Ramiro AR. Regulation
of B-cell development and function by microRNAs. Immunol
Rev. 2013;253(1):25-39.

Feng MJ et al. MicroRNA-181a, -146a and -146b in spleen CD4+
T lymphocytes play proinflammatory roles in a murine model of
asthma. Int Immunopharmacol. 2012;13(3):347-53.

Malmbhall, C., et al., MicroRNA-155 is essential for T2-mediated
allergen-induced eosinophilic inflammation in the lung. J Allergy
Clin Immunol, 2013. This paper demonstrates reduced Th2 type
inflammation in OVA-induced mouse model of asthma in miR-155-
deficient mice.

Mattes J et al. Antagonism of microRNA-126 suppresses the
effector function of TH2 cells and the development of allergic
airways disease. Proc Natl Acad Sci U S A. 2009;106(44):18704—
9.

Collison A et al. Altered expression of microRNA in the airway
wall in chronic asthma: miR-126 as a potential therapeutic target.
BMC Pulm Med. 2011;11:29.

Collison A et al. Inhibition of house dust mite-induced allergic
airways disease by antagonism of microRNA-145 is comparable
to glucocorticoid treatment. J Allergy Clin Immunol. 2011;128(1):
160-167 e4.

Sharma A et al. Antagonism of mmu-mir-106a attenuates asthma
features in allergic murine model. J Appl Physiol. 2012;113(3):
459-64.

Qin HB et al. Inhibition of miRNA-221 Suppresses the Airway
Inflammation in Asthma. Inflammation. 2012;35(4):1595-9.
Montagner S et al. The role of miRNAs in mast cells and other
innate immune cells. Immunol Rev. 2013;253(1):12-24.

@ Springer

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

Mayoral RJ et al. MicroRNA-221-222 regulate the cell cycle in
mast cells. J Immunol. 2009;182(1):433-45.

Akdis M, et al. Interleukins, from 1 to 37, and interferon-gamma:
receptors, functions, and roles in diseases. J Allergy Clin
Immunol. 2011;127(3):701-21.e1-70.

Lu TX, Munitz A, Rothenberg ME. MicroRNA-21 is up-regulated
in allergic airway inflammation and regulates IL-12p35 expres-
sion. J Immunol. 2009;182(8):4994—5002.

Lu TX et al. MicroRNA-21 limits in vivo immune response-
mediated activation of the IL-12/IFN-gamma pathway, Th1 polar-
ization, and the severity of delayed-type hypersensitivity. J
Immunol. 2011;187(6):3362-73.

Case SR et al. MicroRNA-21 inhibits toll-like receptor 2 agonist-
induced lung inflammation in mice. Exp Lung Res. 2011;37(8):
500-8.

Chen RF et al. MicroRNA-21 expression in neonatal blood asso-
ciated with antenatal immunoglobulin E production and develop-
ment of allergic rhinitis. Clin Exp Allergy. 2010;40(10):1482-90.
Lu, T.X,, et al., MicroRNA signature in patients with eosinophilic
esophagitis, reversibility with glucocorticoids, and assessment as
disease biomarkers. J Allergy Clin Immunol. 2012;129(4):1064-
75 €9. This study demonstrates the differential expression of miR-
146a, miR-146b and miR-223 esophageal tissue and in plasma
from EoE patients, which suggests that extracellular miRNAs
could be used as potential biomarkers of allergic diseases.

Lu TX et al. MiR-375 is downregulated in epithelial cells after IL-
13 stimulation and regulates an IL-13-induced epithelial tran-
scriptome. Mucosal Immunol. 2012;5(4):388-96.

Vennegaard MT et al. Allergic contact dermatitis induces upregu-
lation of identical microRNAs in humans and mice. Contact
Dermatitis. 2012;67(5):298-305.

Kumar, M., et al., Let-7 microRNA-mediated regulation of IL-13
and allergic airway inflammation. J Allergy Clin Immunol. 2011.
Polikepahad S et al. Proinflammatory role for let-7 microRNAS in
experimental asthma. J Biol Chem. 2010;285(39):30139—49.
Martinez-Nunez RT, Louafi F, Sanchez-Elsner T. The interleukin
13 (IL-13) pathway in human macrophages is modulated by
microRNA-155 via direct targeting of interleukin 13 receptor
alphal (IL13Ralphal). J Biol Chem. 2011;286(3):1786-94.
Biton, M., et al., Epithelial microRNAs regulate gut mucosal
immunity via epithelium-T cell crosstalk. Nat Immunol.
2011;12(3):239-46. This study demonstrates that miR-375 pro-
motes the expression of TSLP and the differentiation of Th2 cells
in gut mucosal epithelial cells.

Bleck B et al. MicroRNA-375 regulation of thymic stromal
lymphopoietin by diesel exhaust particles and ambient particulate
matter in human bronchial epithelial cells. J Immunol.
2013;190(7):3757-63.

Rossato M et al. IL-10-induced microRNA-187 negatively regu-
lates TNF-alpha, IL-6, and IL-12p40 production in TLR4-
stimulated monocytes. Proc Natl Acad Sci U S A. 2012;109(45):
E3101-10.

Trotta R et al. miR-155 regulates IFN-gamma production in
natural killer cells. Blood. 2012;119(15):3478-85.

Trotta R et al. Overexpression of miR-155 causes expan-
sion, arrest in terminal differentiation and functional acti-
vation of mouse natural killer cells. Blood. 2013;121(16):
3126-34.

Williams AE et al. MicroRNA expression profiling in mild asth-
matic human airways and effect of corticosteroid therapy. PLoS
One. 2009;4(6):¢5889.

Jardim MJ et al. Distinct microRNA expression in human airway
cells of asthmatic donors identifies a novel asthma-associated
gene. Am J Respir Cell Mol Biol. 2012;47(4):536-42.

Perry MM et al. Rapid changes in microRNA-146a expression
negatively regulate the IL-1beta-induced inflammatory response



Curr Allergy Asthma Rep (2014) 14:424

Page 9 of 9, 424

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

in human lung alveolar epithelial cells. J Immunol. 2008;180(8):
5689-98.

Liu X et al. MicroRNA-146a modulates human bronchial epithe-
lial cell survival in response to the cytokine-induced apoptosis.
Biochem Biophys Res Commun. 2009;380(1):177-82.

Takyar S et al. VEGF controls lung Th2 inflammation via the
miR-1-Mpl (myeloproliferative leukemia virus oncogene)-P-
selectin axis. J Exp Med. 2013;210(10):1993-2010.

Chiba Y, Misawa M. MicroRNAs and their therapeutic potential
for human diseases: MiR-133a and bronchial smooth muscle
hyperresponsiveness in asthma. J Pharmacol Sci. 2010;114(3):
264-8.

Jude JA et al. miR-140-3p regulation of TNF-alpha-induced
CD38 expression in human airway smooth muscle cells. Am J
Physiol Lung Cell Mol Physiol. 2012;303(5):L460-8.

Sonkoly E, et al. MiR-155 is overexpressed in patients with atopic
dermatitis and modulates T-cell proliferative responses by
targeting cytotoxic T lymphocyte-associated antigen 4. J Allergy
Clin Immunol. 2010;126(3):581-9.¢1-20.

Akdis M et al. Immune responses in healthy and allergic individ-
uals are characterized by a fine balance between allergen-specific
T regulatory 1 and T helper 2 cells. J Exp Med. 2004;199(11):
1567-75.

Sonkoly E et al. MicroRNAs: novel regulators involved in the
pathogenesis of psoriasis? PLoS One. 2007;2(7):e610.

Xu N et al. MiR-125b, a microRNA downregulated in psoriasis,
modulates keratinocyte proliferation by targeting FGFR2. J Invest
Dermatol. 2011;131(7):1521-9.

Rebane A et al. Mechanisms of [FN-gamma-induced apoptosis of
human skin keratinocytes in patients with atopic dermatitis. J
Allergy Clin Immunol. 2012;129(5):1297-306.

Zhang XH et al. Overexpression of miR-125b, a novel regu-
lator of innate immunity, in eosinophilic chronic rhinosinusitis
with nasal polyps. Am J Respir Crit Care Med. 2012;185(2):
140-51.

Wenzel SE. Asthma phenotypes: the evolution from clinical to
molecular approaches. Nat Med. 2012;18(5):716-25.

Mitchell PS et al. Circulating microRNAs as stable blood-based
markers for cancer detection. Proc Natl Acad Sci U S A.
2008;105(30):10513-8.

Hanke M et al. A robust methodology to study urine
microRNA as tumor marker: microRNA-126 and microRNA-
182 are related to urinary bladder cancer. Urol Oncol.
2010;28(6):655-61.

Park NJ et al. Salivary microRNA: discovery, characterization,
and clinical utility for oral cancer detection. Clin Cancer Res.
2009;15(17):5473-7.

Cortez MA et al. MicroRNAs in body fluids—the mix of hormones
and biomarkers. Nat Rev Clin Oncol. 2011;8(8):467-77.
Weiland M et al. Small RNAs have a large impact: Circulating
microRNAs as biomarkers for human diseases. RNA Biol.
2012;9(6):850-9.

Roberts TC et al. Extracellular microRNAs are dynamic non-
vesicular biomarkers of muscle turnover. Nucleic Acids Res.
2013;41(20):9500-13.

Akbas F et al. Analysis of serum micro-RNAs as potential bio-
marker in chronic obstructive pulmonary disease. Exp Lung Res.
2012;38(6):286-94.

Levanen B et al. Altered microRNA profiles in bronchoalveolar
lavage fluid exosomes in asthmatic patients. J Allergy Clin
Immunol. 2013;131(3):894-903.

Sinha A et al. Exosome-enclosed microRNAs in exhaled breath
hold potential for biomarker discovery in patients with pulmonary
diseases. J Allergy Clin Immunol. 2013;132(1):219-22.

Redis RS et al. Cell-to-cell miRNA transfer: From body homeo-
stasis to therapy. Pharmacol Ther. 2012;136(2):169-74.

80.

81.

82.

83.

84..

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

9s.

96.

97.

98.

99.

100.

101.

Vickers KC et al. MicroRNAs are transported in plasma and
delivered to recipient cells by high-density lipoproteins. Nat Cell
Biol. 2011;13(4):423-33.

Arroyo JD et al. Argonaute2 complexes carry a population of
circulating microRNAs independent of vesicles in human plasma.
Proc Natl Acad Sci U S A. 2011;108(12):5003-8.

Turchinovich A et al. Characterization of extracellular circulating
microRNA. Nucleic Acids Res. 2011;39(16):7223-33.

Li L et al. Argonaute 2 Complexes Selectively Protect the
Circulating MicroRNAs in Cell-Secreted Microvesicles. PLoS
One. 2012;7(10):46957.

Bryniarski, K., et al., Antigen-specific, antibody-coated, exosome-
like nanovesicles deliver suppressor T-cell microRNA-150 to ef-
fector T cells to inhibit contact sensitivity. J Allergy Clin Immunol.
2013;132(1):170-81. This study demonstrates that the
nanovesicles containing miR-150 are capable of entering into
effector T cells and suppress ACD, and they promoted antigen-
specific tolerance in mice.

Robinson, DS. The role of the T cell in asthma. J Allergy Clin
Immunol. 2010;126(6):1081-91; quiz 1092-3.

Klunker S et al. A second step of chemotaxis after transendothelial
migration: keratinocytes undergoing apoptosis release IFN-
gamma-inducible protein 10, monokine induced by IFN-gamma,
and IFN-gamma-inducible alpha-chemoattractant for T cell che-
motaxis toward epidermis in atopic dermatitis. J Immunol.
2003;171(2):1078-84.

Soyka MB et al. Defective epithelial barrier in chronic
rhinosinusitis: the regulation of tight junctions by IFN-gamma
and IL-4. J Allergy Clin Immunol. 2012;130(5):1087—-1096 ¢10.
Akdis M, et al. TH17 and TH22 cells: a confusion of antimicrobial
response with tissue inflammation versus protection. J Allergy
Clin Immunol. 2012;129(6):1438-49; quiz1450-1.

Eyerich S et al. Th22 cells represent a distinct human T cell subset
involved in epidermal immunity and remodeling. J Clin Invest.
2009;119(12):3573-85.

Holtzman MJ. Asthma as a chronic disease of the innate and
adaptive immune systems responding to viruses and allergens. J
Clin Invest. 2012;122(8):2741-8.

Salimi M et al. A role for IL-25 and IL-33-driven type-2 innate
lymphoid cells in atopic dermatitis. J Exp Med. 2013;210(13):
2939-50.

Deniz G, van de Veen W, Akdis M. Natural killer cells in patients
with allergic diseases. J Allergy Clin Immunol. 2013;132(3):527—
35.

Nadif R et al. The role of eosinophils and basophils in allergic
diseases considering genetic findings. Curr Opin Allergy Clin
Immunol. 2013;13(5):507-13.

Soyka MB, Holzmann D, Akdis CA. Regulatory cells in allergen-
specific immunotherapy. Immunotherapy. 2012;4(4):389-96.
Licona-Limon P et al. TH2, allergy and group 2 innate lymphoid
cells. Nat Immunol. 2013;14(6):536-42.

Akdis M, Akdis CA. Therapeutic manipulation of immune toler-
ance in allergic disease. Nat Rev Drug Discov. 2009;8(8):645-60.
Kanasty RL et al. Action and reaction: the biological response to
siRNA and its delivery vehicles. Mol Ther. 2012;20(3):513-24.
Lanford RE et al. Therapeutic silencing of microRNA-122 in
primates with chronic hepatitis C virus infection. Science.
2010;327(5962):198-201.

Bader AG. miR-34 - a microRNA replacement therapy is headed
to the clinic. Front Genet. 2012;3:120.

Ling H, Fabbri M, Calin GA. MicroRNAs and other non-coding
RNAs as targets for anticancer drug development. Nat Rev Drug
Discov. 2013;12(11):847-65.

Tsitsiou E et al. Transcriptome analysis shows activation of circu-
lating CD8+ T cells in patients with severe asthma. J Allergy Clin
Immunol. 2012;129(1):95-103.

@ Springer



	MicroRNAs in Allergy and Asthma
	Abstract
	Introduction
	miRNA Biogenesis and Mechanisms of Action
	miRNAs Regulate Immune Responses
	miRNAs in Asthma
	Th2 Cell Polarization and miRNAs
	miRNAs in the Lung Tissue Cells
	miRNAs in Atopic Dermatitis, Allergic Contact Dermatitis and Chronic Rhinosinusitis
	Extracellular miRNAs as Biomarkers
	The Functions of Extracellular miRNAs
	The Impact of miRNAs in Allergic Tissue Inflammation
	miRNA-Based Therapeutics
	Conclusions
	References
	Papers of particular interest, published recently, have been highlighted as:• Of importance



