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Abstract

Asthma is a complex chronic disease and the pathogenesis
is still not entirely clear. In this study, we aimed to clarify the
role and mechanism of miR-29b in the development of asth-
ma. We observed that miR-29b levels were decreased in the
lung and spleen of OVA-induced asthmatic mice. Reverse
transcription-quantitative polymerase chain reaction and
flow cytometry demonstrated that the inducible co-stimula-
tor (ICOS) expression at mRNA and protein levels was elevat-
ed in the lung of asthmatic mice, and miR-29b expression in
the lung of asthmatic mice was negatively associated with
ICOS mRNA levels by Pearson Correlation analysis. Addition-
al, flow cytometry showed that the percentage of CD4*ICOS*
T cells in the lung and spleen was regulated by miR-29b, and
dual luciferase reporter assay confirmed ICOS was a target
gene of miR-29b. Furthermore, miR-29b overexpression in
asthmatic mice was induced with miR-29b agomir by intra-
nasal administration; miR-29b alleviated total inflammatory
cell infiltration and CCL24 levels, decreased IL-5 levels in

bronchoalveolar lavage fluid and serum, and upregulated
IFN-y expression in serum. This study demonstrates that
miR-29b targets ICOS, thereby reverses the imbalance of T
helper 1 cells (Th1)/Th2 responses and decreases eosino-
phils recruitment in the airway, which are key features of al-
lergic airway inflammation. Therefore, miR-29b might be an
attractive candidate target for asthma treatment.

© 2019 S. Karger AG, Basel

Introduction

Asthma is a common chronic respiratory disease and
can affect persons of all ages. There were currently about
300 million asthmatic patients reported in 2017 around
the world, and the prevalence is still increasing every year
[1]. Asthma is characterized by increased airway inflam-
mation and remodeling of airways and dysregulated type
2 immune responses. This results from sustained expo-
sure to aeroallergens, which lead to elevated concentra-
tions of type 2 cytokines including IL-4, IL-5, and IL-13,
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alongside allergen-specific immunoglobulin E (IgE), eo-
sinophilia, and airway hyperresponsiveness [2].

The pathogenesis of asthma has not been fully under-
stood, but T helper 2 cells (Th2) and the Th2 cytokines
have been traditionally thought of as the main drivers of
the disease. Inducible co-stimulator (ICOS), a relatively
newly defined member of the CD28 family, is constitu-
tively expressed in low levels by naive T cells but is sig-
nificantly increased after T-cell activation [3, 4]. It was
reported CD28 is critical during priming responses but
does not contribute to recall responses once effector Th2
cells have been generated. In contrast, ICOS plays the pre-
dominant role in regulating Th2 effector cell activation
[5]. It was reported that ICOS ligand knockout (ICOSL
KO) mice exhibited significantly less lung eosinophilic
infiltration, histopathology, mucus production after
OVA (ovalbumin) sensitization and challenge, as com-
pared with wild type mice. Moreover, CD4* T cells iso-
lated from ICOSL KO mice produced less Th2 cytokines
(IL-4, IL-5 and IL-13) but more Thl (IFN-y) and IL-17
than wild type mice [6]. Taken together, ICOS plays a key
role in asthma. However, the molecular mechanism for
regulating ICOS in asthma has not been very clear.

Recently, there is increasing evidence supporting that
miRNAs are involved in the asthma pathogenesis. miR-
NAs are a class of small, non-coding RNAs that regulate
post-transcriptional gene expression via mRNA degrada-
tion or translation suppression [7]. miRNAs are of great
importance in regulating several pulmonary diseases,
such as chronic obstructive pulmonary disease, intersti-
tial lung disease and asthma [8]. In human smooth mus-
cle actin cells, miR-708 directly targets CD38, thereby
regulating JNK MAPK and PI3K/AKT signaling, which
might control airway inflammation [9]. In addition, miR-
155 was reported to involve in airway eosinophils recruit-
ment and in the regulation of Th2 responses in allergic
airway inflammation [10]. These findings suggest that
many miRNAs are involved in the development of asth-
ma.

miR-29 family includes miR-29a/b/c. The 3 family
members are generated from 2 alleles containing a bicis-
tronic transcriptional unit, miR-29ab1 and miR-29b2c, in
both the human and mouse genomes [11]. Mature miR-
NA sequences of miR-29a/b/c are well conserved, contain
identical seed sequences, and are likely to target the same
transcripts [12]. Besides, miR-29c expression was signifi-
cantly decreased in the lung tissues of doxycycline-in-
duced IL-13 transgenic mice compared with mice that
received no doxycycline, suggesting that miR-29c was
regulated directly or indirectly by IL-13, which may in-
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volve in the development of asthma [13]. Specifically,
miR-29b expression has been linked to pulmonary can-
cers, fibrosis, and bronchopulmonary dysplasia [14]. Pul-
monary miRNA profiling in murine allergic airway in-
flammation showed decreased miR-29b expression [15].
Taken together, miR-29 family might play a central role
in the development of asthma. Furthermore, bioinfomat-
ic analysis indicates that ICOS might be the target gene of
miR-29b. As such, we attempt to explore the role of miR-
29b in regulation of ICOS gene in asthma in this study,
which has never been reported yet.

In this study, we established murine asthma model and
detected miR-29b and ICOS expression in the lung tis-
sues and spleens. miR-29b mimics and inhibitors trans-
fection assay and flow cytometry showed ICOS was nega-
tively regulated by miR-29b, which was confirmed by
dual luciferase reporter assay. Meanwhile, miR-29b over-
expression in asthmatic mice by nasal administration re-
vealed that miR-29b alleviated eosinophil’s recruitment
in the airway and alter the balance of Th1/Th2 responses
by suppressing ICOS expression. Therefore, miRNA-29b
might be a new therapeutic target for managing asthma.

Materials and Methods

Mice

BALB/c female mice aged 6-8 weeks were raised under spe-
cific pathogen-free conditions and were from Chongqing Medical
University.

Asthma Model and Treatment

To induce allergic asthma, mice were intraperitoneally sensitized
with 100 ug OVA (Sigma-Aldrich, St. Louis, MO, USA) absorbed to
1 mg of aluminum hydroxide (Thermo scientific, Waltham, MA,
USA) in 200 pL of sterile phosphate-buffered saline (PBS). After
sensitization on days 1 and 8, mice were challenged with 5% OVA
inhalation for 30 min every day from day 14 to 21. For miR-29b
treatment, 100 ug miR-29b agomir (GenePharma, Shanghai, China)
in 30 uL PBS was administered by intranasal inhalation starting on
days 17, 19, and 21. The control group was treated in the same way
with PBS. Mice were sacrificed 24 h after the last OVA challenge.

ELISA

IL-5, IFN-y, IgE levels in bronchoalveolar lavage fluid (BALF)
and serum were determined by commercial ELISA kits (Biolegend,
San Diego, CA, USA). IL-13 was measured by ELISA kits (R&D
Systems, Minneapolis, MN, USA) according to the manufacturer’s
instructions.

Reverse Transcription-Quantitative Polymerase Chain

Reaction

Total RNA including miRNA was extracted from lung tissue
using HiPure Universal miRNA Kits (Magen, Shanghai, China).
The cDNA was obtained from total RNA using a PrimeScriptTM
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Table 1. Primers in this study

Primer Sequence (5'-3")

mmu-miR-29b
F: CCGCGCGTAGCACCATTTGAAATC
R: ATCCAGTGCAGGGTCCGAGG

RT: GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAACACT

[§[9 F: CTCGCTTCGGCAGCACA
R: AACGCTTCACGAATTTGCGT

pGL6-miR- F: CAGGGTACCTATGTATATAAAATTCATAATGAATATATTTGCCTATATTCTCCCTACAAGAATAT
ICOS-3'UTR R: GCGAAGCTTGCTCCAGGCTGATGGGGAC
Muc5ac F: AATGACTCAATCTGCGTGCCTTCC
R: CAGGTTAGCGTGGCTTCCTTACAG
CCL11 F: TCACTGTGTAGACCAGGCTGACC
R: ATTCTGGCTTGGCATGGTAGCAC
CCL24 F: CAGAGACGCCGTGGCAATAGC
R: TCACTCAGCACAGGAGACACCAG
ICOS F: GAAGCCGTACTTCTGCCGTGTC

R: CTTGGTGAGTTCGCAGAGGACTTC

ICOS, inducible co-stimulator.

RT reagent Kit (Takara, Shiga, Japan) according to the manufac-
turer’s protocol. Reverse Transcription-Quantitative Polymerase
Chain Reaction was performed using the SYBR Premix Ex Taq kit
(Takara, Shiga, Japan). All mRNA expressions were normalized to
GAPDH gene expression and miRNA was normalized to U6 gene
expression. The primers used in this study were shown in Table 1.

Histopathological Analysis of Lung

The lung tissues were fixed in 4% paraformaldehyde, embed-
ded in paraffin, sectioned, and stained with hematoxylin and eosin
to examine lung inflammation, or Periodic Acid-Schiff to observe
hyperplasia and mucus secretion of airway mucosa goblet cells un-
der the microscope.

Flow Cytometry

Single-cell suspension was performed as described below. The
lung tissues and spleen tissues were removed from mice, the lung
tissues were minced and incubated for 30 min at 37 °C with RPMI
1640 and Collagenase IV (1 mg/mL, Sigma-Aldrich). The spleen
tissues were grinded and filtered through a sieve. Then red blood
cells were lysed with Red Blood Cell Lysis Buffer. After washing 3
times with PBS, cells were incubated for 30 min at 4 °C with FITC-
CD4 (BD Pharmingen, San Jose, CA, USA) and PE-ICOS (Bioleg-
end, San Diego, CA, USA). Cells were washed 3 times with PBS and
then measured with flow cytometry.

Isolation and Culture of Spleen CD4* T cells

Spleen CD4" naive T cells were isolated using a CD4* T-cell
isolation kit (Miltenyi Biotec, Auburn, AL, USA) and cultured in
1,640 medium supplemented with 10% serum and penicillin-strep-
tomycin liquid (Invitrogen, Carlsbad, CA, USA) in a 5% CO, incu-
batorat 37°C. CD4" naive T cells were transfected with mimics NC,

Th1/Th2 Imbalance and Alleviates Airway
Eosinophils Recruitment in Asthma

Table 2. The RNA oligo used in this study

RNA oligo Sequence (5'-3")

Mimics NC UUCUCCGAACGUGUCACGUTT

ACGUGACACGUUCGGAGAATT

UAGCACCAUUUGAAAUCAGUGUU
CACUGAUUUCAAAUGGUGCUAUU

CAGUACUUUUGUGUAGUACAA
AACACUGAUUUCAAAUGGUGCUA

UAGCACCAUUUGAAAUCAGUGUU
CACUGAUUUCAAAUGGUGCUAUU

miR-29b mimics

Inhibitors NC
miR-29b inhibitors

miR-29b agomir

NC implies a scrambled sequence control.

miR-29b mimics, inhibitors NC, miR-29b inhibitors (GenePhar-
ma, Shanghai, China) using Lipofectamine 2000 as recommended
by manufacture’s guidelines. After 24 h transfection, murine CD4*
T cells were activated in presence of anti-CD3 (2 pg/mL) (eBiosci-
ence, San Diego, CA, USA) and anti-CD28 (1 ug/mL; eBioscience,
San Diego, CA, USA) for additional 72 h then used for flow cytom-
etry. The RNA oligo used in this study were shown in Table 2.

MicroRNA Target Prediction

MiRNA databases and target prediction tools miRBase (http://
microrna.sanger.ac.uk/), DIANA (http://www.microrna.gr/mi-
croT-CDS), and TargetScan (http://www.targetscan.org/index.
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html) were used for the identification of the potential targets of
miR-29b. We focused on targets predicted by at least 2 prediction
databases and found there was an miR-29b seed matching the
ICOS 3'UTR region.

Dual Luciferase Reporter Assay

The target gene 3'UTR was cloned into multiple cloning sites
downstream of the pGL6-miR (Beyotime, Wuhan, China) lucifer-
ase gene expression vector. The ICOS 3'UTR-WT reporter plas-
mid was constructed containing the miR-29b binding site, and the
ICOS 3'UTR-Mut reporter plasmid was constructed containing
the mutation site to which miR-29b can’t bind. The HEK-293T cell
line was obtained from Dr. Tingmei Chen, Chongqing Medical
University. Cells (0.5 x 10°) were seeded into 24-well plate per well.
In 16-24 h, following with miRNA mimics (500 ng), pGL6-miR
ICOS 3'UTR WT/Mut (500 ng), pRL-SV40 (10 ng) were co-trans-
fected into each well by Lipofectamine 2000 (Invitrogen, Carlsbad,
CA, USA). After 72 h, the cell lysis was collected, luciferase and
Renilla activity was measured by Dual-Luciferase Reporter assay
system (Promega, Madison, W1, USA).

Statistical Analysis

Statistical analysis was performed (Prism software version 5.0;
GraphPad Software, San Diego, CA, USA) using Student ¢ test or
the Wilcoxon-Mann-Whitney test. Results are shown as the
mean = SEM. p values <0.05 were considered significant.

Results

The Murine Asthma Model Is Successfully Established

We established an OVA-induced murine asthma
model. As compared with the NC group, the total inflam-
matory cell infiltration (Fig. la), eosinophilic counting
(Fig. 1b, ¢), IgE (Fig. 1d), IL-5 (Fig. 1e) and IFN-y (Fig. 1f)
levels in BALF were increased in the OV A group, which
suggested that the murine asthma model was successfully
established.

miR-29b Expression Is Decreased in Lung and Spleen

of OVA-Induced Murine Asthma

In order to explore the role of miR-29b in asthma, we
detected the expression of miR-29b in lung by qRT-PCR
and found that miR-29b was significantly decreased com-
pared with that of the control group (Fig. 2a). Further-
more, miR-29b expression in the spleen of asthmatic
mice was decreased (Fig. 2b). These results indicate that
miR-29b might play a role in asthma.

miR-29b Is Negatively Correlated with ICOS

Expression in OVA-Induced Murine Asthma

The TargetScan and DIANA soft predict that ICOS
may be a target of miR-29b. Next, we detected ICOS
mRNA expression in lung by qRT-PCR and the results
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showed that the levels of ICOS were increased in the
OVA group compared with that of the control group
(Fig. 3a). Pearson correlation analysis showed that miR-
29b expression was negatively correlated with ICOS
mRNA in lung tissues of asthmatic mice (Fig. 3b). Air-
way inflammation is an important feature of asthma,
and T lymphocytes are central to the induction and reg-
ulation of the allergen-induced inflammation. ICOS* T
cells are required for the development of local airway
inflammation and IgE production [16]. Thus, we ana-
lyzed CD4*ICOS* T cells in lung and spleen by flow cy-
tometry. The cell gating strategy was used as follows
(Fig. 3¢): The percentage of CD4*ICOS* T cells was sig-
nificantly higher in lung tissues of mice in the OVA
group than that in the control group, as were these cells
in spleen (Fig. 3d). Together, allergen exposure induces
both local and systemic CD4"ICOS* T-cells responses.
In addition, we also analyzed the mean fluorescence in-
tensity (MFI) of ICOS expression on CD4" T cells be-
tween the groups. The MFI of ICOS expression on CD4+
T cells were higher in lung (Fig. 3e) and spleen (Fig. 3f)
from asthmatic mice than saline mice, which was con-
sistent with a relative number of CD4*ICOS* T cells in
Figure 3d. These suggest that miR-29b is negatively cor-
related with ICOS expression in OVA-induced murine
asthma.

miR-29b Negatively Regulates the Expression of ICOS

in vitro

To gain insight into the role of miR-29b in regulation
of ICOS expression, we isolated spleen-naive CD4* T
cells, then we transfected with miR-29b mimics or inhib-
itors into the spleen-naive CD4" T cells and investigated
the percentage of CD4*ICOS* T cells following 72 h cul-
ture with anti-CD3 and anti-CD28 stimulation. As com-
pared with the control group, the percentage of
CD4*ICOS* T cells was markedly decreased in the miR-
29b overexpression group (Fig. 4a, b), whereas it was sig-
nificantly increased in the miR-29b inhibitors group
(Fig. 4c, d). These investigations suggest that miR-29b
can negatively regulate the expression of ICOS in vitro.

ICOS Is a Molecular Target of miR-29b

The bioinformatics analysis found a putative binding
site between ICOS and miR-29b by using 3 authoritative
databases, TargetScan, mirWalk, and DIANA (Fig. 5a).
To determine whether ICOS was a molecular target of
miR-29b, we constructed a wild luciferase reporter vector
containing ICOS 3'UTR, as well as a mutant control vec-
tor harboring an miR-29b identical sequence in the
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Fig. 1. The murine asthma model is successfully established. a, b
The number of total inflammatory cells and eosinophils counts in
BALF. ¢ The inflammatory cell types are classified by Swiss stain-
ing. The IgE (d), IL-5 (e) and IFN-y (f) levels in BALF were de-
tected by ELISA. Statistical analysis was performed by Wilcoxon-

3'UTR region (Fig. 5a). As compared with the ICOS-W'T/
NC group or ICOS-Mut/miR-29b mimics group, ICOS-
WT 3'UTR luciferase activity was inhibited in the miR-
29b mimics group (Fig. 5b), while ICOS-Mut 3'UTR lu-
ciferase activity was not changed. These results suggest
that miR-29b could specifically target the ICOS-3'UTR
region and downregulate ICOS expression at the post-
transcriptional level.

Th1/Th2 Imbalance and Alleviates Airway
Eosinophils Recruitment in Asthma

Mann-Whitney test. Data are presented as mean + SEM, 6-8 mice/
each group. * p <0.05, ** p <0.01, *** p < 0.001. ns, not significant;
PBS, phosphate-buffered saline; BALF, bronchoalveolar lavage
fluid.

Intranasal Delivery of miR-29b Agomir Alleviates

Airway Eosinophil’s Recruitment

To define the role of miR-29b in the development of
characteristic allergic asthma features, miR-29b overex-
pression in asthmatic mice was induced with miR-29b
agomir by intranasal administration. The number of total
inflammatory cells and eosinophil’s in BALF was reduced
significantly in the OVA+ miR-29b agomir group com-
pared with that of the OVA group (Fig. 6a, b). It was pre-
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viously shown that eotaxin-1/CCL11 and eotaxin-2/
CCL24 played pivotal roles in regulating eosinophil re-
cruitment locally in the airways in response to allergen
challenge [10]. Thus, we measured mRNA levels of these
chemokines in the lung. CCL11 and CCL24 mRNA levels
were significantly raised in the OV A group compared to
the levels in the control group. CCL24 expression was
lower in the OVA+ miR-29b agomir group than that in
the OVA group (Fig. 6¢, d), while CCL11 showed no dif-
ferences between the 2 groups. These results imply that
miR-29b-induced decreases in eosinophils might be me-
diated by CCL24. Allergen-specific antibodies, especially
IgE, are a key feature of asthma. Results showed that miR-
29b agomir administration did not decrease total serum
and BALF IgE levels (Fig. 6e, f). Besides, Lung tissue HE
staining in the OV A group showed thickened bronchial
mucosa, lumen stenosis, increased inflammatory cells in-
filtration in lung tissues, and broken alveolar walls com-
pared to control group, while the inflammation was de-
creased in the OVA+ miR-29b agomir group compared
to the OV A group (Fig. 6h). In addition, we also detected
muc5ac mRNA levels in lung tissues and found there was
no difference in muc5ac levels between the OVA+ miR-
29b agomir group and the OV A group (Fig. 6g). As com-
pared to the control group, lung tissue PAS staining
showed obvious goblet cell hyperplasia and accumulated
airway mucus secretions in the OVA group and the
OV A+ miR-29b agomir group, but there were no obvious
differences between the 2 groups, which was consistent
with the levels of muc5ac (Fig. 6i). Taken together, miR-

Fig. 3. miR-29b is negatively correlated with ICOS expression in
OVA-induced asthmatic mice. a ICOS mRNA expression in lung
was determined by quantitative PCR. b The correlation between
miR-29b expression and ICOS mRNA levels in lung was analyzed
by Pearson correlation analysis. ¢ The cell gating strategy for
CD4*ICOS* T cells. d The percentage of CD4"ICOS* T cells in
lung and spleen from PBS mice and OVA-treated mice was de-
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29b alleviates airway eosinophils recruitment through re-
ducing CCL24, but has no effect on muc5ac or IgE expres-
sion.

miR-29b Regulates the Balance of Th1/Th2 Responses

through ICOS

It was well known that the imbalance in Th1/Th2 help-
er cell responses and their effector cytokines, IFN-r, IL-4,
IL-5,and IL-13, played important roles in the pathophys-
iology of allergic inflammation [17, 18]. To investigate
whether miR-29b affects Th1/Th2 imbalance, we next de-
tected these cytokines in BALF and serum. IL-5 levels in
BALF and serum were higher in the OV A group than cor-
responding levels in the control group, whereas the in-
creases were inhibited in the OVA+ miR-29b agomir
group (Fig. 7a, c). Besides, IFN-y expression was de-
creased in BALF and serum in the OV A group compared
to control group (Fig. 7b, d). OV A sensitization-induced
decreases in IFN-y levels were reversed by miR-29b
agomir in serum, but not in BALF (Fig. 7b, d). These re-
sults indicate that miR-29b involves in the regulation of
Th1/Th2 balance.

Due to the involvement of ICOS in Th1/Th2 balance
in asthma, we presumed that miR-29b might regulate
Th1/Th2 balance through ICOS. Thus, we detected the
percentage of CD4*ICOS* T cells in lung and spleen with
flow cytometry. The cell gating strategy was used as fol-
lows (Fig. 7e): The percentage of CD4*ICOS* T cells in
lung and spleen was lower in the OVA+ miR-29b agomir
group than that in the OVA group (Fig. 7f). Moreover, the

tected by flow cytometry. The MFI of ICOS expression on CD4+T
cells in lung (e) and spleen (f) was analyzed. Statistical analysis was
performed using the Wilcoxon-Mann-Whitney test. Data are pre-
sented as mean + SEM, 6-8 mice/each group. * p <0.05,** p <0.01.
MFI, mean fluorescence intensity; PBS, phosphate-buffered saline;
ICOS, inducible co-stimulator.

(For figure see next page.)
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Fig. 4. miR-29b negatively regulates the expression of ICOS in vi-
tro. a, ¢ Spleen CD4" naive T cells were transfected with mimics
NC, miR-29b mimics, inhibitors NC, miR-29b inhibitors using Li-
pofectamine 2000. After 24 h transfection, murine CD4* T cells
were activated in presence of anti-CD3 (2 pg/mL) and anti-CD28
(1 pg/mL) for additional 72 h, and then the percentage of

MFI of ICOS expression on CD4* T cells in lung (Fig. 7g)
and spleen (Fig. 7h) was lower in OVA+ miR-29b agomir
than that in the OV A group, which was consistent with a
relative number of CD4+ICOS+ T cells in Figure 7f.
These findings suggest that miR-29b involves in the regu-
lation of Th1/Th2 balance responses through ICOS.

Discussion

miRNAs are involved in many biological and patho-
logical processes including inflammation through the
modulation of their target genes, and they play a role in
the pathogenesis of allergic inflammatory diseases in-

8 Int Arch Allergy Immunol
DOI: 10.1159/000501686

CD4'ICOS™ T cells was detected with flow cytometry. b, d Quan-
tification of the percentage of CD4*ICOS* T cells. The data are
representative of 3 independent experiments. Statistical analysis
was performed using Student ¢ test, * p < 0.05, ** p < 0.01. ICOS,
inducible co-stimulator.

cluding asthma [19]. In this study, we characterized that
miR-29b downregulated the expression of ICOS and
thereby affected the Th1/Th2 balance and eosinophils re-
cruitment in asthma for the first time.

ICOS-ICOS ligand axis was previously demonstrated
to be involved in the allergic airway hyperresponsiveness
and airway ensinophilia [6]. We observed that the ICOS
expression was significantly elevated at transcriptional
and post-transcriptional levels in the lung tissues of asth-
matic mice. Flow cytometry showed that the percentage
of CD4*ICOS* T cells was increased in the lung and
spleen in asthmatic mice. These results indicate that ICOS
is involved in the pathogenesis of asthma and this result
is consistent with that of the previous study.
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Fig. 5. ICOS is a target of miR-29b. a Pre-
dicted miR-29b binding site within the
ICOS 3'UTR. b 293T cells were transfected
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ciferase reporter assay was performed at
72 h post transfection. The data are repre-
sentative of 3 independent experiments.
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Our results showed that decreased miR-29b and ele-
vated ICOS expression in the lung tissues of OVA-in-
duced the murine asthma model. At the same time, Pear-
son correlation analysis showed that miR-29b expression
was negatively correlated with ICOS mRNA in lung tis-
sues of asthmatic mice. The percentage of CD4*ICOS* T
cells in spleen was decreased after transfection with miR-
29b mimics, while miR-29b inhibitors made it increased.
Moreover, a binding site of miR-29b was predicted in
ICOS 3'UTR and experimentally validated by dual lucif-
erase reporter assay. These data confirm that ICOS is a
target of miR-29b. We treated asthmatic mice with miR-
29b agomir by nasal administration, and the result showed
that the percentage of CD4"ICOS™ T cells was decreased
in the lung and spleen compared with that of the OVA
group. This result indicates the regulation of ICOS by
miR-29b in the in vivo model of asthma.

The total inflammatory cells and eosinophils in BALF
were reduced significantly in the OVA+ miR-29b agomir
group compared with that of the OVA group. These re-
sults are consistent with the results of the previous study
that the number of lymphocytes and eosinophils were sig-
nificantly reduced in the BALF of OV A-sensitized mice
after treatment with a neutralizing mAb or ICOS-Ig [5].
Moreover, CCL24 expression was lower in lung tissues in
the OVA+ miR-29b agomir group than that in the OVA
group. These results imply that miR-29b-induced de-
creases in eosinophils in asthmatic mice are mediated by
CCL24 and probably through targeting ICOS.

ICOS is related to the CD28 superfamily and is highly
expressed on activated T cells [3]. And its expression is

Th1/Th2 Imbalance and Alleviates Airway
Eosinophils Recruitment in Asthma

crucial for the survival and function of T cells, Th2 cells
differentiation, and for lung inflammatory responses
[20]. CD4* T cellsisolated from spleen in OV A-sensitized
TCR-transgenic mice were cultured and stimulated with
OVA peptide in vitro. ICOS blockade with a neutralizing
mADb reduced expression of IL-4 and IL-10 and augment-
ed secretion of IFN-y [21]. Although ICOS regulated Th2
cytokine production, it was also preferentially expressed
on Th2 versus Th1 cells, which supported the identifica-
tion of the gene encoding murine ICOS as a Th2-overex-
pressed gene [22]. These data indicated that Th2 cyto-
kines were directly regulated by ICOS. In our model, IL-5
levels were increased in BALF and serum in the OVA
group compared to the levels in the control group, where-
as the increases were inhibited in the OVA+ miR-29b
agomir group. Besides, OV A-induced decreases in IFN-y
levels were reversed by miR-29b agomir in serum. These
results indicate that the decreased IL-5 levels and in-
creased IFN-y levels in the OV A+ miR-29b agomir group
are probably caused by miR-29b targeting ICOS.

Tth (T follicular helper cells) are a distinct CD4" T cell
subset identified by the expression of CXCR5, PD1, Bcl-6,
and ICOS and are predominantly located within the B-
cell follicles of secondary lymphoid organs (SLOs), such
as lymph nodes and the spleen [23]. ICOS defined a sub-
set of T effector cells that were required for B cells infiltra-
tion and local IgE production in lung tissues on allergen
airway exposure [16]. CD4*ICOS* T cells were present
within the B-cell follicles when mice were immunized and
challenged, which raised the possibility that ICOS inter-
acted with B7RP-1 to promote B cell class switch to IgE.
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However, although ICOS played a critical role in IgE pro-
duction, miR-29b agomir administration did not de-
crease the total IgE levels in serum and BALF in our mod-
el. It might be because the time required for IgE produc-
tion was long enough, but we detected IgE expression

only 5 days after treatment with miR-29b agomir, and so
we did not detect the difference.

Previously, it has been shown that miR-29c¢ could regu-
late the expression of matrix metalloproteinase-2 in pri-
mary rat aorta smooth muscle cells. Meanwhile, matrix
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Fig. 6. Intranasal delivery of miR-29b agomir alleviates airway eo-
sinophils recruitment. miR-29b overexpression in asthmatic mice
was induced with miR-29b agomir by intranasal administration. a,
b The number of total inflammatory cells and eosinophils counts
in BALF. ¢ CCL11 d CCL24 mRNA expression was determined by
q-PCRin the PBS group, OVA group, and OVA+ miR-29b agomir
group. e, f IgE levels were detected in BALF and serum. g Muc5ac

Fig. 7. miR-29b regulates the balance of Th1/Th2 responses
through ICOS. a, b The IL-5 and IFN-y levels in BALF were de-
tected by ELISA in PBS group, OVA group and OVA+ miR-29b
agomir group. ¢, d The IL-5 and IFN-y levels in serum were de-
tected by ELISA. e The cell gating strategy of CD4"ICOS* T cells.
f The percentage of CD4*'ICOS™ T cells in lung and spleen was
detected by flow cytometry. The MFI of ICOS expression on

10 Int Arch Allergy Immunol
DOI: 10.1159/000501686

mRNA expression was determined by q-PCR. h, i Lung sections
stained with H&E, or PAS were examined under a microscope. Sta-
tistical analysis was performed with Wilcoxon-Mann-Whitney test.
Data are presented as mean = SEM, 6-8 mice/each group. * p <0.05,
**p <0.01, *** p <0.001. ns, not significant; PBS, phosphate-buft-
ered saline; BALF, bronchoalveolar lavage fluid; IgE, immunoglob-
ulin E; PAS, periodic acid-Schiff; H&E, hematoxylin and eosin.

CD4+T cells in lung g and spleen h was analyzed. Statistical analy-
sis was performed by Wilcoxon-Mann-Whitney test. Data are pre-
sented as mean + SEM, 6-8 mice/group. * p < 0.05, ** p <0.01. ns,
not significant; PBS, phosphate-buffered saline; BALF, bronchoal-
veolar lavage fluid; ICOS, inducible co-stimulator; MFI, mean flu-
orescence intensity.

(For figure see next page.)
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metalloproteinase-2 is one of main mediators in the patho-
genesis of airway remodeling in asthma [24]. Interestingly,
glucocorticoids, a classical treatment of asthma, can in-
crease miR-29¢ expression in a time-dependent manner
[25]. miR-29b activated NF-xB signaling in KRAS-induced
non-small cell lung cancers [26]. Additionally, NF-kB in-
duction was increased in allergen-sensitized murine lung
tissues and airways of human asthma [27]. Therefore, it is
worth studying signal pathways through which miR-29b
affects the development of asthma by targeting ICOS, and
whether other molecules, besides ICOS, targeted by miR-
29b involves in pathogenesis of asthma.

In summary, our findings suggest that the miR-29b can
suppress ICOS expression, and thereby alter the balance
of Th1/Th2 responses and reduce eosinophils recruitment
in the airway, which are hallmarks of asthma. These find-
ings indicate that miR-29b might serve as a potential ther-
apeutic target in the treatment of allergic asthma.

Acknowledgments

This work was supported by the Natural Science Foundation of
China (No. 81671639). We thank the School of Laboratory Medi-
cine, Chongging Medical University, Chongqing, China; and all

Statement of Ethics

The protocols of the animal studies were reviewed and ap-
proved by the Chongging Medical University Institutional Ani-
mal Care and Use Committee (Assurance Number: SYXK-2012-
0001).

Disclosure Statement

The authors declare that they have no conflicts of interest to
disclose.

Funding Source

This work was supported by the Natural Science Foundation of
China (No. 81671639).

Author Contributions

W.X. and J.Y. designed the studies and wrote the paper; J.Y.
and S.S. performed animal and cell experiments; T.Y. and J.Y.
analyzed data; Y.Q., G.W., X.Z., and Y.Y. provided advice on ex-
periments. All authors read and approved of the final manu-

the authors involved in this study.

References

Becker AB, Abrams EM. Asthma guidelines:
the Global Initiative for Asthma in relation to
national guidelines. Curr Opin Allergy Clin
Immunol. 2017 Apr;17(2):99-103.
Lambrecht BN, Hammad H. The immunol-
ogy of asthma. Nat Immunol. 2015 Jan;16(1):
45-56.

Hutloff A, Dittrich AM, Beier KC, Eljas-
chewitsch B, Kraft R, Anagnostopoulos I, et
al. ICOS is an inducible T-cell co-stimulator
structurally and functionally related to CD28.
Nature. 1999 Jan;397(6716):263-6.
Yoshinaga SK, Whoriskey JS, Khare SD,
Sarmiento U, Guo J, Horan T, et al. T-cell co-
stimulation through B7RP-1 and ICOS. Na-
ture. 1999 Dec;402(6763):827-32.

Gonzalo JA, Tian J, Delaney T, Corcoran J,
Rottman JB, Lora J, et al. ICOS is critical for T
helper cell-mediated lung mucosal inflamma-
tory responses. Nat Immunol. 2001 Jul;2(7):
597-604.

Kadkhoda K, Wang S, Fan Y, Qiu H, Basu S,
Halayko AJ, et al. ICOS ligand expression is
essential for allergic airway hyperresponsive-
ness. Int Immunol. 2011 Apr;23(4):239-49.
Gantier MP, Stunden HJ, McCoy CE, Behlke
MA, Wang D, Kaparakis-Liaskos M, et al. A

10

11

12

script.

miR-19 regulon that controls NF-«B signal-
ing. Nucleic Acids Res. 2012 Sep;40(16):
8048-58.

Levinen B, Bhakta NR, Torregrosa Paredes P,
Barbeau R, Hiltbrunner S, Pollack JL, et al. Al-
tered microRNA profiles in bronchoalveolar
lavage fluid exosomes in asthmatic patients. |
Allergy Clin Immunol. 2013 Mar;131(3):894-
903.

Dileepan M, Jude JA, Rao SP, Walseth TF, Pa-
nettieri RA, Subramanian S, et al. MicroR-
NA-708 regulates CD38 expression through
signaling pathways JNK MAP kinase and
PTEN/AKT in human airway smooth muscle
cells. Respir Res. 2014 Aug;15(1):107.
Malmbhall C, Alawieh S, Lu Y, Sjostrand M,
Bossios A, Eldh M, et al. MicroRNA-155 is es-
sential for T(H)2-mediated allergen-induced
eosinophilic inflammation in the lung. J Al-
lergy Clin Immunol. 2014 May;133(5):1429-
38.el-7.

Chang TC, YuD, Lee YS, Wentzel EA, Arking
DE, West KM, et al. Widespread microRNA
repression by Myc contributes to tumorigen-
esis. Nat Genet. 2008 Jan;40(1):43-50.

Guo W, Benlhabib H, Mendelson CR. The
MicroRNA 29 Family Promotes Type II Cell

12

Int Arch Allergy Immunol

DOI: 10.1159/000501686

13

14

15

16

Differentiation in Developing Lung. Mol Cell
Biol. 2016 Jul;36(16):2141.

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

Durrani-Kolarik S, Pool CA, Gray A, Heyob
KM, Cismowski MJ, Pryhuber G, et al. miR-
29b supplementation decreases expression
of matrix proteins and improves alveolariza-
tion in mice exposed to maternal inflamma-
tion and neonatal hyperoxia. Am | Physiol
Lung Cell Mol Physiol. 2017 Aug;313(2):
L339-49.

Garbacki N, Di Valentin E, Huynh-Thu VA,
Geurts P, Irrthum A, Crahay C, et al. MicroR-
NAs profiling in murine models of acute and
chronic asthma: a relationship with mRNAs
targets. PLoS One. 2011 Jan;6(1):e16509.
Beier KC, Hutloff A, Lohning M, Kallinich T,
Kroczek RA, Hamelmann E. Inducible co-
stimulator-positive T cells are required for
allergen-induced local B-cell infiltration and
antigen-specific IgE production in lung tis-
sue. ] Allergy Clin Immunol. 2004 Oct;114(4):
775-82.

Yan/Zhang/Sun/Yang/Yang/Wu/Qiu/
Yin/Xu

Downloaded by: C. Alessandri - 87218

185.109.188.148 - 8/29/2019 11:33:48 PM



17

18

19

20

Qiu YY, Zhang YW, Qian XF, Bian T. miR-
371, miR-138, miR-544, miR-145, and miR-
214 could modulate Th1/Th2 balance in asth-
ma through the combinatorial regulation of
Runx3. Am ] Transl Res. 2017 Jul;9(7):3184-
99.

Thai TH, Calado DP, Casola S, Ansel KM,
Xiao C, Xue Y, et al. Regulation of the germi-
nal center response by microRNA-155. Sci-
ence. 2007 Apr;316(5824):604-8.

Lu TX, Rothenberg ME. Diagnostic, func-
tional, and therapeutic roles of microRNA in
allergic diseases. ] Allergy Clin Immunol.
2013 Jul;132(1):3-13.

Dong C, Juedes AE, Temann UA, Shresta S,
Allison JP, Ruddle NH, et al. ICOS co-stimu-
latory receptor is essential for T-cell activa-
tion and function. Nature. 2001 Jan;
409(6816):97-101.

Th1/Th2 Imbalance and Alleviates Airway
Eosinophils Recruitment in Asthma

21

22

23

24

McAdam AJ, Chang TT, Lumelsky AE,
Greenfield EA, Boussiotis VA, Duke-Cohan
JS, et al. Mouse inducible costimulatory mol-
ecule (ICOS) expression is enhanced by CD28
costimulation and regulates differentiation of
CD4+ T cells. ] Immunol. 2000 Nov;165(9):
5035-40.

Coyle AJ, Lehar S, Lloyd C, Tian ], Delaney T,
Manning S, et al. The CD28-related molecule
ICOS is required for effective T cell-depen-
dent immune responses. Immunity. 2000 Jul;
13(1):95-105.

Vinuesa CG, Linterman MA, Yu D, MacLen-
nan IC. Follicular Helper T Cells. Annu Rev
Immunol. 2016 May;34(1):335-68.

Firszt R, Francisco D, Church TD, Thomas
JM, Ingram JL, Kraft M. Interleukin-13 in-
duces collagen type-1 expression through
matrix metalloproteinase-2 and transform-

25

26

27

ing growth factor-B1 in airway fibroblasts in
asthma. Eur Respir J. 2014 Feb;43(2):464-
73.

Chuang TD, Pearce W], Khorram O. miR-29¢
induction contributes to downregulation of
vascular extracellular matrix proteins by glu-
cocorticoids. Am ] Physiol Cell Physiol. 2015
Jul;309(2):C117-25.

Langsch S, Baumgartner U, Haemmig S, Sch-
lup C, Schifer SC, Berezowska S, et al. miR-
29b Mediates NF-kB Signaling in KRAS-In-
duced Non-Small Cell Lung Cancers. Cancer
Res. 2016 Jul;76(14):4160-9.

Sheller JR, Polosukhin VV, Mitchell D, Cheng
DS, Peebles RS Jr, Blackwell TS. Nuclear fac-
tor kappa B induction in airway epithelium
increases lung inflammation in allergen-chal-
lenged mice. Exp Lung Res. 2009 Dec;35(10):
883-95.

Int Arch Allergy Immunol

DOI: 10.1159/000501686

13

Downloaded by: C. Alessandri - 87218

185.109.188.148 - 8/29/2019 11:33:48 PM



