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Abstract

Background: The role of miRNAs in the pathogenesis and determining the phenotypes of asthma is not fully eluci-
dated. miR-146a has been previously shown to suppress inflammatory responses in different cells. In this study, we
investigated the functions of miR-146a in human bronchial epithelial cells (HBECs) in association with neutrophilic,
eosinophilic, and paucigranulocytic phenotypes of asthma.

Methods: Bronchial brushing specimens and brochial mucosal biopsy samples were collected from adult patients
with asthma and from age- and gender-matched non-asthmatic individuals. The expression of miR-146a in bronchial
brushing specimens, bronchial biopsy tissue sections or cultured primary bronchial epithelial cells was analyzed by
RT-gPCR or by in situ hybridization. The expression of direct and indirect miR-146a target genes was determined by
RT-gPCR or ELISA. The migration of neutrophils was studied by neutrophil chemotaxis assay and flow cytometry. For
statistical analysis, unpaired two-way Student’s t test, one-way ANOVA or linear regression analysis were used.

Results: Reduced expression of miR-146a was found in bronchial brushing specimens from asthma patients as com-
pared to non-asthmatics and irrespective of the phenotype of asthma. In the same samples, the neutrophil attracting
chemokines IL-8 and CXCL1 showed increased expression in patients with neutrophilic asthma and increased IL-33
expression was found in patients with eosinophilic asthma. Linear regression analysis revealed a significant negative
association between the expression of miR-146a in bronchial brushings and neutrophil cell counts in bronchoalveolar
lavage fluid of patients with asthma. In bronchial biopsy specimens, the level of miR-146a was highest in the epithe-
lium as determined with in situ hybridization. In primary conventional HBEC culture, the expression of miR-146a was
induced in response to the stimulation with IL-17A, TNF-q, and IL-4. The mRNA expression and secretion of IL-8 and
CXCL1 was inhibited in both stimulated and unstimulated HBECs transfected with miR-146a mimics. Supernatants
from HBECs transfected with miR-146a had reduced capability of supporting neutrophil migration in neutrophil
chemotaxis assay.

Conclusion: Our results suggest that decreased level of miR-146a in HBECs from patients with asthma may contrib-
ute to the development of neutrophilic phenotype of asthma.
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Background

Asthma affects up to 300 million people worldwide [1].
Patients with asthma suffer from bronchoconstriction
and increased mucus production in the airways that
results in symptoms like coughing, wheeze and chest
tightness [2, 3]. As asthma is a highly heterogeneous dis-
ease, attempts have been made to define asthma pheno-
types and/or endotypes on the basis of involved immune
cells or molecular processes, respectively [4—6]. As one
option, this allows categorization of asthmatics into
eosinophilic, neutrophilic, mixed granulocytic and pauci-
granulocytic asthma phenotypes [4, 5]. The eosinophilic
phenotype is characterized by the presence of eosinophils
in the lung, is frequently associated with increased Th2
responses, involvement of type 2 innate lymphoid cells
(ILC2) and increased cytokines IL-4, IL-5 and IL-13 [7,
8]. Patients with paucigranulocytic asthma tend to have
fewer overall immune cells in the airways, as measured in
the bronchoalveolar lavage fluid (BALF) [4, 5]. In neutro-
philic asthma, neutrophil chemoattractants are secreted
by bronchial epithelial cells and fibroblasts, for example
in response to IL-17 secretion from Th17 cells or ILC3 [9,
10]. Independent from phenotype, airways of all asthma
patients are influenced by chronic inflammation, which
also leads to the changes in genes affecting cell prolifera-
tion, such as HBEGF and FGF2 and eventually, airway
remodeling may take place [1-3].

Inhaled glucocorticosteroids represent hallmark of
asthma management, often together with other control-
ler medicines that include [,-agonists, theophylline,
antileukotrienes and anticholinergics [11-13]. In addi-
tion, several biologics have become available recently for
severe asthma and more will be introduced in the future
[6, 14]. However, because these treatment options are not
always applicable and occasionally fail to prevent asthma
exacerbations, there is still a need for better understand-
ing of the molecular background of asthma to achieve
more effective treatment [15, 16].

miRNAs are short endogenous RNAs capable of reg-
ulating gene expression through binding their target
mRNA via partial complementarity, which leads to inhi-
bition of the translation or mRNA degradation [17-19].
The majority of protein coding genes in human cells and
most biological processes, including innate and adap-
tive immune responses influencing the development of
asthma, are regulated by miRNAs [20, 21]. Previous stud-
ies have shown that miR-146a has important role in the
suppression of inflammatory responses in different cell
types [22—24] and therefore is involved in modulation of
immune responses. In line with that, we have previously
shown that miR-146a inhibits inflammatory responses
in human primary keratinocytes and in a mouse model
of atopic dermatitis [25, 26]. One of the main target
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genes of miR-146a is IL-1 receptor-associated kinase 1
(IRAK1) [27], which suppression leads to reduced activ-
ity of the nuclear factor (NF)-«xB pathway and inhibition
of numerous pro-inflammatory chemokines, including
C-X-C Motif Chemokine Ligand (CXCL)1 and IL-8
[26, 28]. A recent genome-wide association study of a
broad allergic disease phenotype (GWAS; n=2360,838)
identified MIR3142-MIR146A as a shared risk loci of
asthma, hay fever and atopic dermatitis [29]. The capac-
ity of miR-146a to inhibit the expression of pro-inflam-
matory chemokines IL-8 and CCL5 [28], to augment
the anti-inflammatory effect of glucocorticosteroids [30]
in human lung alveolar epithelial cell line A549, and to
inhibit neutrophil elastase-induced gene MUC5AC
in immortalized human bronchial epithelial cell line
16HBE [31] has been formerly shown. Very recently, the
increased expression of miR-146a in cultured commer-
cial human airway or bronchial epithelial cells (HBECs)
was reported [30]. However, no data about miR-146a
expression in airway epithelial cells of asthma patients is
available, as well as the potential influence of miR-146a
on the development or contribution to the heterogeneity
of asthma has not been studied before.

Here we analyzed the expression of miR-146a and
selected genes either known to be influenced by miR-
146a or associated with Th2 or Thl responses in brush
biopsy specimens from patients with asthma. In addition,
the expression regulation and function of miR-146a in
the modulation of molecular processes associated with
asthma was studied in primary conventional HBEC cul-
tures. Our results reveal that reduced expression of miR-
146a in HBECs may lead to cellular processes that skew
immune responses towards neutrophilic one and thus
contribute to the development of neutrophilic phenotype
of asthma.

Materials and methods

Patient samples

Bronchial brushing samples used for RNA isolation were
obtained from 30 adult patients with asthma in stable
phase and from 11 age- and gender-matched non-asth-
matic individuals from the Department of Pulmonology,
the Jagiellonian University Medical College (Krakow,
Poland). The diagnosis of asthma was made according to
Global Initiative for Asthma (GINA) guidelines. Asthma
patients were categorized into eosinophilic, neutro-
philic and paucigranulocytic inflammatory phenotypes
based on the number of granulocytes present in BALF.
Bronchial mucosal biopsy samples for in situ hybridiza-
tion were collected from 3 adult patients with asthma
and 2 non-asthmatic individuals from the Tartu Univer-
sity Hospital (Tartu, Estonia). The study was approved
by the Research Ethics Committees of the Jagiellonian
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University Medical College and the University of Tartu.
Each participant provided written informed consent.
Additional information regarding recruited individuals is
provided in Table 1 and Additional file 1.

Cell culture, stimulation and transfection of HBECs

HBECs were isolated from bronchial biopsies by ini-
tial short-term pronase (Roche, Basel, Switzerland) and
DNase (Sigma-Aldrich, USA) digestion. In total, cell
lines were isolated from 1 asthma and 4 control subjects.
Primary HBECs were cultured as monolayer in sup-
plemented BEGM" (Bronchial Epithelial Cell Growth
Medium, Lonza, Basel, Switzerland) medium. For stimu-
lation, IFN-vy (final concentration 20 ng/ml, eBiosciences,
USA), TNF-a (20 ng/ml, Biolegend, USA), IL-17A (10 ng/
ml, Peprotech, UK), IL-22 (20 ng/ml, Peprotech, UK) and
IL-4 (40 ng/ml, Peprotech, UK) were used. For transfec-
tions, miRIDIAN microRNA Mimic Negative Control
#1 (Dharmacon, USA) or miRIDIAN microRNA hsa-
miR-146a-5p mimic (Dharmacon™, USA) were trans-
fected using MIRFECT (RNAexact, Estonia) according to
manufacturer’s protocol. Additional information can be
found in Additional file 1.

RNA isolation, cDNA synthesis and RT-qPCR

For RNA isolation Qiazol (Qiagen, Germany) and Total
RNAzole out Mini kit (A&A Biotechnology, Poland)
were used according to the manufacturer’s instructions.
To analyze miRNA expression, either TagMan® Micro-
RNA Assays (Life Technologies, California, USA) and
5x HOT FIREPol® Probe qPCR Mix Plus (ROX) (Solis

Table 1 Clinical characteristics of studied patients
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BioDyne, Tartu, Estonia) or miScript II RT Kit, miS-
cript SYBR Green PCR Kit and Hs_miR-146a_1 miS-
cript Primer Assay (cat. MS00003535) by Qiagen were
used according to the manufacturer’s protocols. For
normalization let-7a and AACt calculation were used.
For mRNA RT-qPCR, ¢cDNA was synthesized using
oligo-dT (TAG Copenhagen, Denmark), RevertAid
Reverse Transcriptase (Thermo Scientific) followed by
qPCR with 5x HOT FIREPol EvaGreen qPCR Super-
mix (Solis BioDyne, Estonia). Target gene expression
was normalized to EEF1A1 expression using AACt cal-
culation. Additional information is provided in Addi-
tional file 1.

ELISA and neutrophil chemotaxis assay

Supernatants from HBECs transfected with miRNA
mimics and stimulated with cytokines were used for
ELISA and neutrophil chemotaxis assay. ELISA MAX"
Deluxe Set (BioLegend, 431504) for IL-8 and human
CXCL1/GRO alpha DuoSet ELISA (R&D Systems,
DY275-05) were used according to the manufactur-
ers’ instructions. For neutrophil chemotaxis assay,
4 x 10° of primary human neutrophils were seeded on
ThinCert cell culture inserts (3-um pore size) (Greiner
Bio-One, Kremsminster, Austria) placed in 24 well
plate containing the supernatants from HBECs. 60 min
after incubation at 37 °C, the number of migrated neu-
trophils was analyzed by using BD LSRFortessa (BD
Biosciences, USA) cell analyzer. More detailed informa-
tion is provided in Additional file 1.

Characteristic All asthmatics

Eosinophilic® phenotype Neutrophilic® phenotype Paucigranulocyticc Controls

phenotype

n, (%) 30 (100) 11(36.7) 7(23.3) 12 (40.0) 11(100)
Gender: male/female 16/14 4/7 5/2 7/5 7/4
Age (y), mean +SD 456+ 13.1 398495 48.1+18.7 493+113 5224166
Duration of asthma (y), mean £ SD 15.0£163 83+80 13.9+79 21.8+227 NA
FEV, % predicted 8184240 86.6+22.7 7424329 81.9420.1 1112496
FEV, % reversibility 72£72 65+54 6.2+57 84195 30%35
Positive skin prick test with common 15 (50.0) 4(364) 4(57.1) 7 (583) NA

allergens n, (%)
Severity of asthma, median (IQR)d 4 (1-5) 4 (2-4) 4 (2-5) 4 (1-5) NA
Inhaled glucocorticosteroids (%, aver-  96.6, 969 (0-4000) 100, 940 (250-2000) 100, 929 (500-2000) 91.6,1020 0

age dose pg, [range]) (0-4000)
Systemic glucocorticosteroids n, (%) 7 (23.3) 109.1) 4(57.1) 2(16.7) 0

NA not applicable/available
2 Eosinophilic (E), > 2% of eosinophils and < 3% of neutrophils in BALF
b Neutrophilic (N), < 2% eosinophils and > 3% neutrophils in BALF

¢ Paucigranulocytic (P), < 2% of eosinophils and < 3% neutrophils in BALF

4 1QR, interquartile range; asthma severity stages according to GINA (Global Initiative for Asthma) classification
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In situ hybridization (ISH)

ISH was performed using 10 pm sections of frozen bron-
chial mucosal biopsy specimens. Using miRCURY LNA
miRNA ISH Buffer Set (FFPE), hsa-miR-146a-5p miR-
CURY LNA miRNA Detection probe (cat. YD00619856)
and control probe miRCURY scrambled ISH 49 °C (cat.
YCDO0074470-BCG) were used according to the manufac-
turer’s (Qiagen) protocol. Densitometry analysis of stain-
ing in in situ hybridization images were performed with
Image] software. Additional information is provided in
Additional file 1.

Statistical analysis

For visualization and statistical analysis, GraphPad Prism
5 (GraphPad Software Inc, USA) and unpaired two-way
Student’s t-test, One-way ANOVA or linear regression
analysis were used. The results were considered signifi-
cant at *P <0.05; **P <0.01; ***P <0.001. For heatmapping,
online software Morpheus (https://software.broadinsti
tute.org/morpheus/) was used.

Results

The expression of miR-146a is reduced in bronchial brush
specimens and is in negative association with the number
of neutrophils in the airways of patients with asthma

To assess the role of miR-146a in association with asthma,
we first examined miR-146a expression in bronchial
brushing samples subjected to preserving conditions
immediately after collection and later to simultaneous
RNA purification. The bronchial brushing samples from
asthma patients expressed significantly less miR-146a
when compared with non-asthmatic controls (Fig. 1a).
When patients were subgrouped based on inflammatory
phenotypes, we observed miR-146a downregulation in
airway epithelial cells from patients with eosinophilic,
neutrophilic and paucigranulocytic asthma phenotype
as compared to non-asthmatic controls (Fig. 1b). Lin-
ear regression analysis revealed a negative relationship
between miR-146a expression in bronchial brushings and
neutrophil cell counts in BALF in asthmatics (Fig. 1c). No
association was found between the expression of miR-
146a and eosinophil counts in the airways (Additional
file 1: Figure S1A). To further analyze the expression
and localization of miR-146a in human airways, we per-
formed ISH on bronchial biopsy sections. The strongest
miR-146a staining was confined to the bronchial (Fig. 1d)
and bronchiolar epithelium (Additional file 1: Figure
S1C), suggesting that in the lungs, miR-146a is mainly
expressed in the bronchial epithelium. No significant
difference in the expression level of miR-146a between
the samples from asthma patients and controls were
observed by ISH (Additional file 1: Figure S1B). Hema-
toxylin and eosin staining revealed an increased thickness
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of the basal lamina (Fig. 1e) and epithelial shedding (data
not shown) in samples from the patients with asthma. In
conclusion, we show that miR-146a is expressed in the
epithelium layer of lung tissue and is reduced in airway
epithelial cells from patients with asthma irrespective of
lower airway inflammatory phenotype.

The expression of miR-146a-influenced chemokines

is increased in the airway epithelial cells from patients

with neutrophilic asthma phenotype

As the miR-146a level was reduced in the airway epithe-
lial cells from patients with asthma, we next analyzed
mRNA expression of miR-146a indirect (CXCL1 and
IL-8) [26, 28] and direct (IRAK1) [27] target genes in
the same samples. In addition, to evaluate the relevance
of our findings, we assessed the expression of genes pre-
viously associated with Th2 type immune responses,
including IL-33 [32] and IL-4 receptor (IL-4R) [33], and
the interferon-response genes associated with Thl type
immune responses, such as interferon regulatory fac-
tor 1 (IRF1) and IFITM1. Among these genes, only the
expression of IL-33 was detected to be increased when
all asthma patient samples were included to analysis
(Additional file 1: Figure S1D). When the patients were
subdivided by inflammatory phenotypes, the upregulated
expression of miR-146a-influenced chemokines IL-8
and CXCL1 (Fig. 2a) as well as higher expression lev-
els of IL-4R (Fig. 2b) and interferon response gene IRF1
(Fig. 2c) were detected in airway epithelial cells from
patients with neutrophilic asthma. The expression of
IL-33 was significantly higher in eosinophilic asthmatics
when compared to non-asthmatics (Fig. 2b). miR-146a
direct target IRAK1 did not differ between non-asthmat-
ics and asthma patients in any analysis (Fig. 2a, Addi-
tional file 1: Figure S1D). Furthermore, linear regression
analysis did not reveal any association between miR-146a
expression and mRNA levels of tested indirect and direct
genes (data not shown). Taken together, we detected that
airway epithelial cells from asthma patients with neutro-
philic phenotype had expected increased expression of
IL-8 and CXCL1 while asthmatics with eosinophilic phe-
notype had an enhanced expression of IL-33.

Pro-inflammatory cytokines induce the expression

of miR-146a in HBECs

To understand how miR-146a expression is regulated
in the airway epithelial cells, we stimulated primary
cultured HBECs from healthy donors with cytokines
associated with asthma pathogenesis, including IFN-y,
TNF-a, IL-17A, IL-22 and IL-4 [34, 35]. The expression
of miR-146a was strongly induced by pro-inflammatory
cytokines TNF-a and IL-17A, and with less extent by
IL-4 (Fig. 3a). The highest increase in the expression of
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Fig. 1 The expression of miR-146a is downregulated in epithelial cells from airway biopsies of patients with asthma. a—c Relative expression

of miR-146a in bronchial brushing specimens from patients measured by RT-qPCR. Data represent mean =+ SEM. a Unpaired t-test, ***P <0.001.

b Patients were categorized into inflammatory phenotypes based on BALF cell percentages: eosinophilic (E), > 2% of eosinophils and < 3% of
neutrophils in BALF; neutrophilic (N), < 2% eosinophils and > 3% neutrophils in BALF; paucigranulocytic (P), < 2% of eosinophils and < 3% neutrophils
in BALF). One-way ANOVA, *P <0.05. ¢ Linear regression analysis between miR-146a expression in asthmatic bronchial brushings (data presented

on log2 scale) and neutrophil percentage among non-epithelial BALF cells. 95% confidence interval (Cl) of the regression line is shown as dotted
line.d, e 10 um sections of frozen bronchial biopsy samples were subjected to in situ hybridization (d) or hematoxylin and eosin staining (e),

bar =50 um. d Blue color shows the expression of miR-146a. Black dashed line indicates the outer border of the epithelium layer in the specimen.
Red dashed line indicates the outer border of the basal lamina. One asthmatic and non-asthmatic sample representative of 3 and 2 subjects,
respectively

miR-146a was present in cells co-stimulated by TNF-a  this result, we measured the expression of the same set
and IL-17A (Fig. 3a). No influence of IFN-y and IL-22 on  of protein coding genes in stimulated HBECs that was
miR-146a level was detected. To evaluate the relevance of  analyzed in patients’ bronchial brushing samples. At the
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Fig. 2 The expression of miR-146a-influenced chemokines is increased in brush biopsy airway epithelial cells from asthma patients with
neutrophilic asthma phenotype. Relative mRNA expression of indicated miR-146a-influenced genes (a), genes associated with Th2 type responses
(b) and interferon dependent genes (c) in bronchial brushing specimens from patients with asthma was measured by RT-gPCR and compared to
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mRNA level, the expression of IL-8 was induced by all
cytokines analyzed (Fig. 3b). However, at protein level,
IL-8 was induced in response to TNF-q, IL-17A and IL-4
and most strongly by co-stimulation with TNF-a and
IL-17A (Fig. 3c), which was similar to the changes in the
expression of miR-146a (Fig. 3a) and CXCL1 (Fig. 3b,
). Out of the studied interferon response genes, IRF1
was highly induced in response to all cytokines ana-
lyzed, however, the expression of IFITM1 changed only
in response to stimulation with IFN-y, IL-22 or IL-4
(Fig. 3b). As chronic inflammation influnces cell prolif-
eration associated with tissue remodeling, we also ana-
lyzed the expression of Heparin-binding EGF-like growth
factor (HBEGF) and Fibroblast Growth Factor 2 (FGF2).
As shown on Fig. 3b, HBEGF expression was induced
in response to all studied pro-inflammatory cytokines
except for IL-22 and IL-4 stimulation and FGF2 expres-
sion was increased by all cytokines but IL-22. The
expression of Th2-type inflammatory genes IL-33 and
IL-4R were also increased in response to IFN-y stimu-
lation (Fig. 3b), and to less extent by TNF-a. These data
together demonstrate that several proinflammatory

cytokines, including Th2-type cytokine IL-4, have capac-
ity to stimulate the expression miR-146a in parallel with
inflammation-associated mediators in primary HBECs.

Overexpression of miR-146a leads to decreased expression
of pro-inflammatory chemokines, diminished expression
of airway remodeling associated growth factors

and moderate increase in interferon response genes

To better understand the function of miR-146a in the air-
way epithelial cells, we next transfected primary HBECs
with miR-146a and control mimics and then stimulated
the cells with pro-inflammatory cytokines (Fig. 4). There-
after, miR-146a (Fig. 4a) and mRNA expression levels of
the same genes that we analyzed in bronchial brushing
samples and stimulated HBECs, were measured. As dem-
onstrated in Fig. 4b, the expression of miR-146a direct
target gene IRAK1 was strongly inhibited in miR-146a
transfected cells in all used conditions. Concordantly,
IL-8 mRNA was significantly decreased in miR-146a
transfected cells in all conditions and CXCL1 was down-
regulated when stimulated with IFN-y, TNF-a, IL-17A
or IL-4 (Fig. 4c). In miR-146a transfected HBECs, the
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expression of IRF1 was induced in unstimulated cells and
IFITM1 expression was increased in unstimulated condi-
tions, as well as in cells stimulated with TNF-a, IL-17A
or IL-4 (Fig. 4d). No effect on Th2 related genes IL-33
and IL-4R was observed by overexpression of miR-146a
in HBECs (data not shown). The expression of growth
factors related to tissue remodelling was also influenced
by overexpression of miR-146a: HBEGF was reduced in
most of the conditions and FGF2 in the presence of IL-
17A (Fig. 4e). When transfected HBECs were costimu-
lated with TNF-a and IL-17A, miR-146a overexpression

led to the significant suppression of IL-8 and increase
in IFITM1 expression (Additional file 1: Figure S2B, C).
Decreased expression of IL-8 and CXCL1 in cells trans-
fected with miR-146a was confirmed on protein level
by measuring concentration of these chemokines in the
cell culture supernatants (Fig. 4f and Additional file 1:
Figure S2E). Together these data demonstrate that miR-
146a has capacity to modulate inflammatory responses of
HBEC:s via inhibiting the expression of pro-inflammatory
chemokines IL-8 and CXCL1 and moderately upregulat-
ing the interferon response genes IFITM1 and IRF1.
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Fig. 4 miR-146a inhibits the expression of pro-inflammatory chemokines IL-8 and CXCL1 and moderately upregulates interferon response genes.
HBECs were transfected with miR-146a or control mimic and 24 h later stimulated with indicated cytokines or left unstimulated (US) for 48 h until
harvesting. Relative miR-146a expression (a) and mRNA (b-e) expression was measured by RT-gPCR. (f) Protein levels of IL-8 and CXCL1 from the
supernatants of transfected and stimulated HBECs were measured by ELISA. Data represent mean £ SEM. Unpaired t-test, *P < 0.05, **P < 0.01,

miR-146a inhibits the expression of secretable factors
needed for neutrophil migration

Since the expression of IL-8 and CXCLI1, known to
be chemotactic for neutrophils [36], were reduced in
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miR-146a transfected HBECs, we next studied whether
miR-146a has an effect on neutrophil migration using
cell supernatants from HBECs transfected with miR-
146a or control mimic and stimulated with TNF-a, IFN-
Y, IL-17A or IL-4. Stimulation of HBECs with TNF-«a or
IL-17A led to enhanced secretion of factors attracting
neutrophils while overexpression of miR-146a in these
conditions resulted in the suppression of neutrophil
migration (Fig. 5a). The highest number of neutrophils
was found in the supernatants from control mimic trans-
fected and TNF-a+IL-17A stimulated HBECs, however,
the effect of miR-146a was not significant in these con-
ditions (Additional file 1: Figure S2F). The stimulation
of HBECs with IFN-y or IL-4 did not have an effect on
the number of migrating neutrophils, neither was an
influence of miR-146a in the presence of these cytokines
observed (Fig. 5b). These results indicate that miR-146a
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has capacity to suppress the production of chemoattract-
ants needed for neutrophil migration.

Discussion

Asthma is a heterogeneous disorder, which is not always
well controlled. Hence, there is an unmet need for bet-
ter understanding of the mechanisms underlying the
phenotypic diversity of asthma. In this study, we report
significantly lower miR-146a expression in brushing
biopsy airway epithelial cells from patients with asthma
and a negative association between the reduced miR-
146a expression and the number of neutrophils pre-
sent in the airways. In the bronchial biopsy specimens,
miR-146a was most highly expressed in the epithelium
layer as determined by ISH. Further analyses showed
expected excessive expression of neutrophil attracting
chemokines IL-8 and CXCL1 in HBECs from the patients
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with neutrophilic asthma, while eosinophilic subgroup
showed increased IL-33 expression. In cultured HBECs,
the expression of miR-146a was induced in response to
stimulation with pro-inflammatory cytokines character-
istic of Th17 and Th2 driven inflammation. Overexpres-
sion of miR-146a in HBECs inhibited the expression of
neutrophil attracting chemokines IL-8 and CXCL1 and
reduced the number of migrating neutrophils in neutro-
phil chemotaxis assay. Together, our results indicate that
reduced expression of miR-146a in airway epithelial cells
from asthma patients may contribute to the development
of neutrophilic phenotype of asthma.

Several studies have reported dysregulation of miRNAs
in airway epithelial cells from asthmatics and suggest that
these changes may contribute to the regulation of inflam-
matory responses and airway remodeling [37-40]. How-
ever, to our knowledge, our study is the first describing the
downregulated expression of miR-146a in airway epithe-
lial cells of asthma patients. This finding is consistent with
a previous study showing that patients with severe asthma
have lower expression of miR-146a in CD8' and CD4" T
cells [41]. However, our observation is quite unusual as
the expression of miR-146a has been more often reported
to be increased in site of inflammation, for example in
keratinocytes and in the skin of patients with atopic der-
matitis and psoriasis [25, 26]. Using in situ hybridization,
we observed that miR-146a is expressed in the lung epi-
thelium and in bronchial, bronchiolar, and alveolar epi-
thelium with no difference in the relative signal intensity
of miR-146a between asthmatic patients and controls as
analyzed by densitometry analysis. We propose that ISH
using only a few samples is not sufficiently quantitative
approach, however it is a suitable method to determine
the expression location of miR-146a in lung epithelium.
Interestingly, although miR-146a was downregulated
in all asthma phenotypes, the linear regression analysis
revealed a negative association between miR-146a levels
in bronchial brushing samples and the number of neutro-
phils in BALF fluid, which prompted us to further address
the question about the possible influence of miR-146a on
the development of neutrophilic asthma phenotype.

To assess the relevance of the finding of the lower
miR-146a expression in airway epithelial cells, we also
tested the expression of selected protein coding genes.
Increased expression of IL-8, CXCL1, IL-4R and IRF1 in
patients with neutrophilic asthma and enhanced IL-33 in
samples from eosinophilic patients confirmed phenotypic
and endotypic similarity of these subgroups. As previ-
ous studies have shown miR-146a capacity to suppress
IL-8 and CXCL1 in other cell types [28, 42], our results
suggest that the lower expression of miR-146a may be
linked to enhanced production of these chemokines
by the airway epithelial cells in asthma. Although there
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was a negative association between the miR-146a levels
and the number of neutrophils in BALF fluid, additional
linear regression analysis did not reveal any association
between relative miR-146a expression and mRNA levels
of studied indirect and direct genes (data not shown).
Also, we did not observe significant changes in IRAK1
levels in the samples from the patients with asthma
regardless of the phenotype. We propose that miR-146a
may act partially independently from IRAK1 in primary
bronchial epithelial cells of patients with asthma, as pre-
viously demonstrated in primary human airway smooth
muscle cells [43] and human alveolar A549 epithelial cell
line [44]. Further studies would be needed to confirm this
hypothesis and to delineate additional miR-146a direct
targets in HBECs. Taken together, these data indicate
that miR-146a may act through more complex network of
genes not fully described by the current study.

To better understand the expression regulation of miR-
146a, we also analyzed its level in HBECs stimulated with
inflammatory cytokines. Similarly to keratinocytes [26],
the expression of miR-146a was induced by TNF-a or IL-
17A and additionally with IL-4 in HBECs. Even higher
level of miR-146a was detected following treatment with
combination of TNF-a and IL-17A, suggesting that these
cytokines have a synergistic effect as in airway smooth
muscle cells [45]. In line with previous publications [46—
48], in our current study, HBECs from healthy donors
expressed high amounts of IL-8 and CXCLI in response
to stimulation with TNF-a and IL-17A, as well as was
the expression of interferon-regulated genes IFITM1 and
IRF1 increased in response to IFN-y. However, none of
the used cytokines suppressed the expression of miR-
146a leaving the question about downregulation mecha-
nism in the patient samples unanswered. We propose
that results from cell culture experiments using high
concentrations of cytokines rather mimic processes of
an acute inflammation, whereas patients with asthma
had suffered from the disease on average for 15 years and
therefore many changes in cells from bronchial brush-
ing samples may represent characteristics of chronic
inflammation. Furthermore, it is possible that the expres-
sion of miR-146a in HBECs of patients with asthma is
decreased because of specific gene expression regulators,
epigenetic and/or genetic differences. More specifically,
microRNA expression relies on correct and functional
microRNA biogenesis machinery, which can be disturbed
in case of disease. For example, in lung cancer patients,
a reduced expression of Dicer has been shown, which
potentially might be responsible for decreased levels
of different microRNAs in cancer cells [49]. Secondly,
microRNA expression could be dysregulated due to epi-
genetic changes occuring during development of asthma
as it is demonstrated for airway smooth muscle cells from
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asthmatic subjects [50]. Third possible explanation for
downregulated miRNA expression could be genetic alter-
ations. For example, in several types of lymphomas, the
cause for dysregulated miR-15a and miR-16-1 is a dele-
tion in 13q14 [51]. Interestingly, it has also been shown
that in airways of healthy individuals, genes regulating
cell cycle and immune system are less expressed with age
and among them miR-146 family expression was signifi-
cantly decreased, further indicating that miR-146a is one
of the tightly regulated genes in the airways [52].

Several studies have demonstrated that miRNAs, such
as miR-155 [7, 53, 54], miR-21 [55], miR-181 [56], and
miR-223 [57], are involved in the regulation of airway
inflammation. Although anti-inflammatory function of
miR-146a has been demonstrated in various cell types,
including bronchial epithelial cell lines [28, 30, 31], the
function of miR-146a in primary HBECs had not been
studied before. Our study shows that the expression of
IL-8 and CXCL1 were decreased both on mRNA and pro-
tein level in HBECs transfected with miR-146a. We also
demonstrate a strong reduction of IRAK1 and a moder-
ate upregulation of IRF1 and IFITM1 mRNA expression
in miR-146a-transfected HBECs. It should be noted that
both the suppression of IL-8 and CXCL1 and increase
of IRF1 and IFITM1 are most probably indirect effects
of miR-146a. As no influence of miR-146a transfection
on the expression of IL-33 and IL-4R was detected (data
not shown), our results suggest that miR-146a does not
influence Th2-type inflammatory responses in HBECs.
However, our results revealed that miR-146a expression
affects HBEGF expression in the presence of IFN-y, TNF-
a, IL-17A or IL-4 and FGF2 in the presence of IL-17A.
Previous publications have shown upregulated expres-
sion of HBEGF in asthmatic tissues and its involvement
in airway remodeling [58-60], indicating that reduced
expression of miR-146a in airways of asthmatic patients
may also be associated with increased airway remodeling,
however, further investigation would be necessary to
confirm this hypothesis.

Previous publications have demonstrated that HBECs
express high amounts of IL-8 and CXCL1 in response to
TNF-a and IL-17A in order to recruit neutrophils into
the airways [46—48, 57]. Several other studies have shown
that insufficient regulation of NF-«B signaling could be
the origin of abnormally high expressions of IL-8 [61,
62] and CXCL1 [63], which in turn may be the potential
cause of neutrophilic infiltration in the lower airways of
asthma patients. As we observed a negative association
between the relative miR-146a expression and the num-
ber of neutrophils present in the airways and reduced
neutrophil migration towards the supernatants of HBECs
transfected with miR-146a and stimulated with TNF-a
or IL-17A, our data suggest that miR-146a is capable of
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inhibiting the production of neutrophil chemoattractants
also in the airways of patients with asthma. These results
together suggest that there is a strong link between
reduced expression of miR-146a in airway epithelial cells
in asthmatic patients and the development of neutro-
philic phenotype of asthma.

In addition to data indicating that reduced expression of
miR-146a may be linked to the recruitment of neutrophils
in asthmatic airways, our study reveals other interest-
ing asthma-related findings. In particular, we observed a
tendency toward increased expression of IL-4R in airway
epithelial cells from patients with neutrophilic asthma. As
IL-4 binding with its receptor IL-4R mediates signaling
during allergic inflammation and could rather be associ-
ated with airway eosinophilia, this result conveys certain
controversies [64]. Nevertheless, Lavoie-Lamoureux et al.
have demonstrated that IL-4 may also activate neutro-
phils by increasing the secretion of IL-8 and TNF-a and
thereby providing a link between allergic, eosinophilic
non-allergic and neutrophilic inflammation [65].

In summary, we show that miR-146a is expressed in the
bronchial epithelium of the airways, whereas airway epi-
thelial cells from patients with asthma express less miR-
146a as compared to controls, whereas relative levels of
miR-146a were detected to be in negative association
with the number of neutrophils in BALF fluid. The cause
of the reduced miR-146a expression in asthmatic air-
ways is not known, however, it may lead to the increased
neutrophil-attracting chemokines IL-8 and CXCL1 and
thereby contribute to the development of neutrophilic
phenotype of asthma. Our results provide a deeper
understanding of inflammatory processes in asthma, and
in long-term perspective, they might contribute to new
potential options for therapeutic interventions.

Conclusions

The current study indicates that reduced level of miR-
146a in the airway epithelial cells of the patients with
asthma may lead to the development of neutrophilic
phenotype of asthma. miR-146a may have potential as a
novel therapeutic molecule in the modulation of immune
responses in asthma.
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Additional file 1. Additional material and methods. Figure S1.The
expression of miR-146a and selected genes in HBECs from bronchial
brushings from patients with asthma. (A) Linear regression analysis
between miR-146a expression in asthmatic bronchial brushings (data
presented on log2 scale) and eosinophil % among non-epithelial
BALF cells. 95% confidence interval (Cl) is shown as dotted line. (B) An
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integrated density value of the signal per area of interest was obtained for
3 areas of bronchial mucosal biopsy samples from 2 non-asthmatic and

3 asthmatic patients. The relative intensity was calculated as percentage
and was normalized to the average of control samples (100%). (C) In situ
hybridization images of frozen lung tissue biopsy sections from asthmatic
patient. Blue color shows the expression of miR-146a, bar = 50 um. (D)
Relative expression of indicated genes from bronchial brush biopsy
samples of all included asthmatic patients was measured by RT-qgPCR and
compared to samples of non- asthmatic controls. Data represent mean

=+ SEM. Unpaired T-test, *P < 0.05. Figure S2. The expression of miR-146a
and selected genes in HBECs transfected with miR-146a or control mimic
(24 h) and stimulated for 48 h with TNF-a + IL-17A or left unstimulated
(US). Relative miR-146a expression (A) and mRNA (B-D) expression was
measured by RT-gPCR. (E) Protein levels of IL.-8 and CXCL1 from the super-
natants of transfected and stimulated HBECs were measured by ELISA. (F)
Neutrophil chemotaxis assay was performed using supernatants of miRNA
mimics transfected and TNF-a + IL-17A stimulated HBECs. Migrated neu-
trophils were counted by flow cytometry. Data represent mean =4 SEM.
Unpaired t-test, *P < 0.05, **P < 0.01, ***P < 0.001.

Acknowledgements
Not applicable.

Authors’ contributions

AK performed the experiments, analyzed the data, contributed with design
of the study and wrote the manuscript. JS, KS, MS, AAl, BJ, GB contributed
with design of the study, were responsible for the clinical part of the study,
and participated in writing the manuscript. AAab contributed with design of
the study and data analysis. AR designed the study, supervised the project
and writing the manuscript. All authors have read and approved the final
manuscript.

Funding

This work was supported by personal research Grant PUT1669 from the
Estonian Research Council, European Union through the European Regional
Development Fund (Project No. 2014-2020.4.01.15-0012; Centre of Excellence
for Genomics and Translational Medicine) and by Polish National Science
Center Grants: UMO-2014/15/B/NZ5/01539 and UMO-2014/13/B/NZ3/02393.

Availability of data and materials
Not applicable.

Ethics approval and consent to participate

This study was approved by the Ethics Committee of the Jagiellonian Univer-
sity Medical College and by the Research Ethics Committee of the University
of Tartu. Each participant provided written informed consent.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

! Institute of Biomedicine and Translational Medicine, University of Tartu, Ravila
14B, 50414 Tartu, Estonia. 2 Department of Internal Medicine, Jagiellonian Uni-
versity Medical College, Krakow, Poland. > Department of Pulmonary Medicine,
University of Tartu, Tartu, Estonia. 4 Lung Clinic of Tartu University Hospital,
Tartu, Estonia.

Received: 28 August 2019 Accepted: 18 November 2019
Published online: 27 November 2019

References
1. Lambrecht BN, Hammad H. The immunology of asthma. Nat Immunol.
2015;16(1):45-56.

20.

21.

22.

23.

26.

27.

Page 12 of 13

Lemanske JRF, Busse WW. Chapter 8: asthma: clinical expression and
molecular mechanisms. J Allergy Clin Immunol. 2010;125(2):595-102.
Locksley RM. Essay: asthma and allergic inflammation. Cell.
2010;140:777-83.

Traister RS, Wenzel SE. Inflammatory phenotypes in asthma pathogenesis.
Drug Discov Today. 2012;9(3):e75-81.

Tliba O, Panettieri RA Jr. Paucigranulocytic asthma: uncoupling

of airway obstruction from inflammation. J Allergy Clin Immunol.
2019;143(4):1287-94.

Chung KF, Adcock IM. Precision Medicine for the discovery of treatable
mechanisms in severe asthma. Allergy. 2019;74(9):1649-59.

Malmhall C, Alawieh S, Sjostrand M, Bossios A, Eldh M, Radinger M. Micro-
RNA-155 is essential for TH2-mediated allergen-induced eosinophilic
inflammation in the lung. J Allergy Clin Immunol. 2014;133(5):1429.
Woodruff PG, Modrek B, Choy DF, Jia GQ, Abbas AR, Ellwanger A, et al.
T-helper type 2-driven inflammation defines major subphenotypes of
asthma. Am J Resp Crit Care. 2009;180(5):388-95.

Pelaia G, Vatrella A, Busceti MT, Gallelli L, Calabrese C, Terracciano R, et al.
Cellular mechanisms underlying eosinophilic and neutrophilic airway
inflammation in asthma. Mediat Inflamm. 2015;2015:879783.

. Busse WW. A role for neutrophils in asthma exacerbations. Nat Med.

2017;23(6):658-9.

. Chowdhury BA, Seymour SM, Levenson MS. Assessing the safety of add-

ing LABAs to inhaled corticosteroids for treating asthma. N Engl J Med.
2011;364(26):2473-5.

. Pedersen S, O'Byrne PM. Combination inhaled corticosteroid and long-

acting beta(2)-agonist use and severe asthma exacerbations. J Allergy
Clin Immunol. 2012;129(5):1280-1.

. Pavord ID, Beasley R, Agusti A, Anderson GP, Bel E, Brusselle G, et al. After

asthma: redefining airways diseases. Lancet. 2018;391(10118):350-400.

. van de Veen W, Akdis M. The use of biologics for immune modulation in

allergic disease. J Clin Invest. 2019;130:1452-62.

. Jackson DJ, Sykes A, Mallia P, Johnston SL. Asthma exacerbations: origin,

effect, and prevention. J Allergy Clin Immunol. 2011;128(6):1165-74.

. Agache |, Akdis CA. Precision medicine and phenotypes, endotypes,

genotypes, regiotypes, and theratypes of allergic diseases. J Clin Invest.
2019;130:1493-503.

Kho AT, McGeachie MJ, Moore KG, Sylvia JM, Weiss ST, Tantisira KG. Circu-
lating microRNAs and prediction of asthma exacerbation in childhood
asthma. Respir Res. 2018;19:128.

Ong J, Timens W, Rajendran V, Algra A, Spira A, Lenburg ME, et al.
Identification of transforming growth factorbeta-lregulated microRNAs
and the microRNAtargetomes in primary lung fibroblasts. PLoS ONE.
2017;12(9):e0183815.

Lam JKW, Chow MYT, Zhang Y, Leung SWS. siRNA versus miRNA as thera-
peutics for gene silencing. Mol Ther-Nucl Acids. 2015;4:2252.

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

Friedman RC, Farh KK, Burge CB, Bartel DP. Most mammalian mRNAs are
conserved targets of microRNAs. Genome Res. 2009;19(1):92-105.
Taganov KD, Mark PB, Kuang-Jung C, David B. NF-kB-dependent induc-
tion of MicroRNA MiR-146, an inhibitor targeted to signaling proteins of
innate immune responses. Proc Natl Acad Sci USA. 2006;33:12481.
Saferding V, Puchner A, Goncalves-Alves E, Hofmann M, Bonelli M,
Brunner JS, et al. MicroRNA-146a governs fibroblast activation and joint
pathology in arthritis. J Autoimmun. 2017,82:74-84.

Rebane A, Akdis CA. MicroRNAs in allergy and asthma. Curr Allergy
Asthma Rep. 2014;14(4):424.

. Hermann H, Runnel T, Aab A, Baurecht H, Rodriguez E, Magilnick N, et al.

miR-146b probably assists miRNA-146a in the suppression of keratino-
cyte proliferation and inflammatory responses in psoriasis. J Invest
Dermatol. 2017;137(9):1945-54.

Rebane A, Runnel T, Aab A, Maslovskaja J, Ruckert B, Zimmermann M,
et al. MicroRNA-146a alleviates chronic skin inflammation in atopic
dermatitis through suppression of innate immune responses in keratino-
cytes. Allergy. 2014;69:100.

Taganov KD, Boldin MP, Chang KJ, Baltimore D. NF-kappaB-dependent
induction of microRNA miR-146, an inhibitor targeted to signal-

ing proteins of innate immune responses. Proc Natl Acad Sci USA.
2006;103(33):12481-6.



Kivihall et al. Clin Transl Allergy

28.

29.

30.

31.

32.

33

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

(2019) 9:62

Perry MM, Moschos SA, Williams AE, Shepherd NJ, Larner-Svensson HM,
Lindsay MA. Rapid changes in microRNA-146a expression negatively
regulate the IL-1beta-induced inflammatory response in human lung
alveolar epithelial cells. J Immunol. 2008;180(8):5689-98.

Ferreira MA, Vonk JM, Baurecht H, Marenholz I, Tian C, Hoffman JD, et al.
Shared genetic origin of asthma, hay fever and eczema elucidates allergic
disease biology. Nat Genet. 2017;49(12):1752-7.

Tsai MJ, Tsai YC, Chang WA, Lin YS, Tsai PH, Sheu CC, et al. Deduct-

ing MicroRNA-mediated changes common in bronchial epithelial

cells of asthma and chronic obstructive pulmonary disease-a next-
generation sequencing-guided bioinformatic approach. Int J Mol Sci.
2019;20(3):E553.

Zhong T, Perelman JM, Kolosov VP, Zhou XD. MiR-146a negatively regu-
lates neutrophil elastase-induced MUC5AC secretion from 16HBE human
bronchial epithelial cells. Mol Cell Biochem. 2011,358(1-2):249-55.

Roan F, Obata-Ninomiya K, Ziegler SF. Epithelial cell-derived cytokines:
more than just signaling the alarm. J Clin Invest. 2019;129(4):1441-51.
Sunadome H, Matsumoto H, Petrova G, Kanemitsu Y, Tohda Y, Hori-
guchiT, et al. IL4Ralpha and ADAM33 as genetic markers in asthma
exacerbations and type-2 inflammatory endotype. Clin Exp Allergy.
2017;47(8):998-1006.

Barnes PJ. The cytokine network in asthma and chronic obstructive
pulmonary disease. J Clin Invest. 2008;118(11):3546-56.

Hardyman MA, Wilkinson E, Martin E, Jayasekera NP, Blume C, Swindle EJ,
et al. TNF-alpha-mediated bronchial barrier disruption and regulation by
src-family kinase activation. J Allergy Clin Immunol. 2013;132(3):665-75.
Matsuzaki H, Mikami Y, Makita K, Takeshima H, Horie M, Noguchi S, et al.
Interleukin-17A and toll-like receptor 3 ligand Poly(l:c) synergistically
induced neutrophil chemoattractant production by bronchial epithelial
cells. PLoS ONE. 2015;10(10):e0141746.

Jardim MJ, Dailey L, Silbajoris R, Diaz-Sanchez D. 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.
Martinez-Nunez RT, Rupani H, Plate M, Niranjan M, Chambers RC,
Howarth PH, et al. Genome-wide posttranscriptional dysregulation

by MicroRNAs in human asthma as revealed by frac-seq. J Immunol.
2018;201(1):251-63.

Bartel S, Schulz N, Alessandrini F, Schamberger AC, Pagel P, Theis FJ, et al.
Pulmonary microRNA profiles identify involvement of Creb1 and Sec1413
in bronchial epithelial changes in allergic asthma. Sci Rep. 2017;7:46026.
Solberg OD, Ostrin EJ, Love MI, Peng JC, Bhakta NR, Hou L, et al. Airway
epithelial MIRNA expression is altered in asthma. Am J Respir Crit Care
Med. 2012;186(10):965-74.

Tsitsiou E, Williams AE, Moschos SA, Patel K, Rossios C, Jiang XY, et al.
Transcriptome analysis shows activation of circulating CD8(+) T cells in
patients with severe asthma. J Allergy Clin Immunol. 2012;129(1):95-103.
Urgard E, Lorents A, Klaas M, Padari K, Viil J, Runnel T, et al. Pre-administra-
tion of PepFect6-microRNA-146a nanocomplexes inhibits inflammatory
responses in keratinocytes and in a mouse model of irritant contact
dermatitis. J Control Release. 2016;235:195-204.

Larner-Svensson HM, Williams AE, Tsitsiou E, Perry MM, Jiang XY, Chung
KF, et al. Pharmacological studies of the mechanism and function of inter-
leukin-1 beta-induced miRNA-146a expression in primary human airway
smooth muscle. Respir Res. 2010;11(1):68-80.

Perry MM, Moschos SA, Williams AE, Shepherd NJ, Larner-Svensson HM,
Lindsay MA. Rapid changes in microRNA-146a expression negatively
regulate the IL-1 beta-induced inflammatory response in hunan lung
alveolar epithelial cells. J Immunol. 2008;180(8):5689-98.

Comer BS, Camoretti-Mercado B, Kogut PC, Halayko AJ, Solway J, Gerthof-
fer WT. MicroRNA-146a and microRNA-146b expression and anti-inflam-
matory function in human airway smooth muscle. Am J Physiol-Lung C.
2014;307(9):L727-34.

Laan M, Cui ZH, Hoshino H, Lotvall J, Sjostrand M, Gruenert DC, et al.
Neutrophil recruitment by human IL-17 via C-X-C chemokine release in
the airways. J Immunol. 1999;162(4):2347-52.

Akdis M, Burgler S, Crameri R, Eiwegger T, Fujita H, Gomez E, et al.
Reviews and feature article: interleukins, from 1 to 37, and interferon-y:
Receptors, functions, and roles in diseases. J Allergy Clin Immunol.
2011;127(701-21):e70.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Page 13 of 13

Sawant KV, Poluri KM, Dutta AK, Sepuru KM, Troshkina A, Garofalo RP, et al.
Chemokine CXCL1 mediated neutrophil recruitment: role of glycosami-
noglycan interactions. Sci Rep. 2016;6:33123.

Karube Y, Tanaka H, Osada H, Tomida S, Tatematsu Y, Yanagisawa K, et al.
Reduced expression of Dicer associated with poor prognosis in lung
cancer patients. Cancer Sci. 2005;96(2):111-5.

Perry MM, Lavender P, Kuo CHS, Galea F, Michaeloudes C, Flanagan JM,
et al. DNA methylation modules in airway smooth muscle are associated
with asthma severity. Eur Respir J. 2018;51(4):1701068.

Calin GA, Dumitru CD, Shimizu M, Bichi R, Zupo S, Noch E, et al. Frequent
deletions and down-regulation of micro-RNA genes miR15 and miR16
at 1314 in chronic lymphocytic leukemia. Proc Natl Acad Sci USA.
2002;99(24):15524-9.

Ong J, Woldhuis RR, Boudewijn IM, van den Berg A, Kluiver J, Kok K, et al.
Age-related gene and miRNA expression changes in airways of healthy
individuals. Sci Rep. 2019;9:3765.

Johansson K, Malmhall C, Ramos-Ramirez P, Radinger M. MicroRNA-155
is a critical regulator of type 2 innate lymphoid cells and IL-33 signaling
in experimental models of allergic airway inflammation. J Allergy Clin
Immunol. 2017;139(3):1007-16.

Okoye IS, Czieso S, Ktistaki E, Roderick K, Coomes SM, Pelly VS, et al.
Transcriptomics identified a critical role for Th2 cell-intrinsic miR-155 in
mediating allergy and antihelminth immunity. Proc Natl Acad Sci USA.
2014;111(30):E3081-90.

Kim RY, Horvat JC, Pinkerton JW, Starkey MR, Essilfie AT, Mayall JR, et al.
MicroRNA-21 drives severe, steroid-insensitive experimental asthma by
amplifying phosphoinositide 3-kinase-mediated suppression of histone
deacetylase 2. J Allergy Clin Immunol. 2017;139(2):519-32.

Huo X, Zhang K, Yi L, Mo Y, Liang Y, Zhao J, et al. Decreased epithelial
and plasma miR-181b-5p expression associates with airway eosinophilic
inflammation in asthma. Clin Exp Allergy. 2016;46(10):1281-90.

Maes T, Cobos FA, Schleich F, Sorbello V, Henket M, De Preter K, et al.
Asthma inflammatory phenotypes show differential microRNA expres-
sion in sputum. J Allergy Clin Immunol. 2016;137(5):1433-46.

Polosa R, Puddicombe SM, Krishna MT, Tuck AB, Howarth PH, Holgate ST,
et al. Expression of c-erbB receptors and ligands in the bronchial epithe-
lium of asthmatic subjects. J Allergy Clin Immunol. 2002;109(1):75-81.
Takeyama K, Fahy JV, Nadel JA. Relationship of epidermal growth factor
receptors to goblet cell production in human bronchi. Am J Resp Crit
Care. 2001;163(2):511-6.

Hassan M, Jo T, Risse PA, Tolloczko B, Lemiere C, Olivenstein R, et al. Airway
smooth muscle remodeling is a dynamic process in severe long-standing
asthma. J Allergy Clin Immunol. 2010;125(5):1037-45.

Joseph T, Look D, Ferkol T. NF-kappa B activation and sustained IL-8
gene expression in primary cultures of cystic fibrosis airway epithelial
cells stimulated with Pseudomonas aeruginosa. Am J Physiol-Lung C.
2005;288(3):L471-9.

Mori N, Qishi K, Sar B, Mukaida N, Nagatake T, Matsushima K, et al.
Essential role of transcription factor nuclear factor-kappa B in regulation
of interleukin-8 gene expression by nitrite reductase from Pseudomonas
aeruginosa in respiratory epithelial cells (Retracted article. See vol. 79, pg.
3473, 2011). Infect Immun. 1999;67(8):3872-8.

Burke SJ, Lu DH, Sparer TE, Masi T, Goff MR, Karlstad MD, et al. NF-kappa
B and STAT1 control CXCL1T and CXCL2 gene transcription. Am J Physiol-
Endoc M. 2014;306(2):E131-49.

Andrews AL, Holloway JW, Holgate ST, Davies DE. IL-4 receptor alpha

is an important modulator of IL-4 and IL-13 receptor binding: impli-
cations for the development of therapeutic targets. J Immunol.
2006;176(12):7456-61.

Lavoie-Lamoureux A, Moran K, Beauchamp G, Mauel S, Steinbach F,
Lefebvre-Lavoie J, et al. IL-4 activates equine neutrophils and induces

a mixed inflammatory cytokine expression profile with enhanced
neutrophil chemotactic mediator release ex vivo. Am J Physiol-Lung C.
2010,299(4):L472-82.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Reduced expression of miR-146a in human bronchial epithelial cells alters neutrophil migration
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Materials and methods
	Patient samples
	Cell culture, stimulation and transfection of HBECs
	RNA isolation, cDNA synthesis and RT-qPCR
	ELISA and neutrophil chemotaxis assay
	In situ hybridization (ISH)
	Statistical analysis

	Results
	The expression of miR-146a is reduced in bronchial brush specimens and is in negative association with the number of neutrophils in the airways of patients with asthma
	The expression of miR-146a-influenced chemokines is increased in the airway epithelial cells from patients with neutrophilic asthma phenotype
	Pro-inflammatory cytokines induce the expression of miR-146a in HBECs
	Overexpression of miR-146a leads to decreased expression of pro-inflammatory chemokines, diminished expression of airway remodeling associated growth factors and moderate increase in interferon response genes
	miR-146a inhibits the expression of secretable factors needed for neutrophil migration

	Discussion
	Conclusions
	Acknowledgements
	References




