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Abstract

Objectives. Post-infectious bronchiolitis obliterans (PiBO) is a rare,
chronic disease initiated by severe infection and followed by
perpetuating inflammation and obliteration of the small airways.
MicroRNAs (miRNAs) have been proposed to play a central role as
epigenetic regulators, which control resolution and prevent the
uncontrolled progress of inflammation. The aim of this study was
to define biomarkers on the level of post-transcriptional gene
regulation in order to characterise PiBO. Methods. A total of 39
patients with well-defined PiBO and 31 controls from two centres,
Barcelona, Spain, and Frankfurt, Germany, were analysed by next-
generation sequencing (NGS). The evaluation of the biological
targets of the miRNAs was performed by pathway enrichment
analysis and protein—protein interaction network analysis
respectively. Results. Patients with PiBO had significantly lower
lung function values and increased airway inflammation in
induced sputum as indicated by total cell counts, neutrophils, IL-
18, IL-6, IL-8 and TGF-p compared to controls. Next-generation
sequencing analysis revealed a total of 22 dysregulated miRNAs,
which passed significance threshold for Padj < 0.001 with 17 being
upregulated and 5 being downregulated. Of these dysregulated
miRNAs, miR-335-5p, miR-186-5p, miR-30b-5p and miR-30c-5p were
further validated using qRT-PCR. Interestingly, these miRNAs are
functionally implicated in cytokine-cytokine receptor interaction,
TGF-B signalling and FoxO signalling pathway and significantly
correlated with lung function values (FEV1). Conclusion. Our
results demonstrate an aberrant miRNA expression profile in PiBO,
which impacts pathways responsible for the regulation of
inflammation and fibrosis. The defined miRNAs are useful
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biomarkers and should be assessed as potential target in the field
of miRNA therapeutics.

Keywords: fibrosis, inflammation, microRNA, post-infectious
bronchiolitis obliterans

INTRODUCTION

Post-infectious bronchiolitis obliterans (PiBO) is a
rare, chronic pulmonary disease characterised by
inflammation and fibrous wall thickening of the
bronchioles, narrowing their lumens and restricted
air circulation, which emerges after severe
pulmonary infection.’? Although the pathogenesis
of PiBO is still largely unclear, the lack of resolution
of the ongoing inflammation seems to be an
important part of the disease process. A
pathomechanism with a predominant neutrophilic
inflammation in the bronchioles together with
increased concentrations of inflammatory cytokines
has been proposed.>* This inflammation stimulates
the migration of fibroblasts and myofibroblasts
into the luminal exudate, resulting in intraluminal
granular tissue formation. Thus, the new tissue
formation can lead to a complete occlusion of the
small airways.” Recent observations in induced
sputum of PiBO patients demonstrated ongoing
neutrophilic inflammation without termination.®
This unresolved inflammation in PiBO and the
identification of endogenous control mechanisms
in the inflammatory response is of critical
importance.

Studies in other immune-mediated lung diseases
such as asthma, cystic fibrosis, idiopathic
interstitial pneumonia or COPD suggest an
epigenetic dysregulation of the immune response
to external and internal stimuli.” The post-
transcriptional regulation by microRNAs (miRNAs)
is a central epigenetic mechanism.®2 MiRNAs are a
highly conserved group of small (22-25
nucleotides), relatively stable, non-coding RNA
molecules, which control gene expression
primarily via mRNA silencing.® Dysregulation of
miRNA expression leads to aberrant gene
expression and might be responsible for
pathological conditions.’® In this regard, miRNA
expression profiles might have the potential as
biomarkers in inflammatory lung diseases.

However, so far, only limited data about miRNA
expression in PiBO exist. Therefore, the aim of the
present study was to investigate the regulation of
inflammation and fibrotic processes in the context
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of miRNA expression. A study cohort of Spanish
and German patients with PiBO was investigated
to overcome biases in regional and lifestyle
factors. Clinical, laboratory and computational
analyses were performed to identify relevant
miRNAs, which have the potential as biomarkers
in PiBO and which should be investigated as
targets for new therapies.

RESULTS

In total, 39 patients with PiBO and 31 controls
from the Children’s Hospitals in Barcelona and
Frankfurt were enrolled into the study (Table 1).
No differences were found in age or gender
between the sites. Two patients from the
Frankfurt cohort had to be excluded from the NGS
analysis. No blood for NGS was available from one
patient. One patient sample had to be removed
from the data analysis because of too-low reads.

Pulmonary function

As expected, measurement of lung function
parameters showed a significant reduction of FVC
[patients (F) 76.3 (range 54.5-94.2%; P < 0.001);
patients (B) 80.6 (range 49.3-98.4%; P < 0.01);
controls 90.8 (range 73.9-102.7)], FEV1 [patients
(F) 59.8 (range 40.2-96.9%; P < 0.001); patients (B)
62.0 (range 29.03-99.0%; P < 0.001); controls 97.4
(range 73.5-116.4%)], FEV1/FVC [patients (F) 0.7
(range 0.4-1.0%; P <0.001); patients (B) 0.7
(range 0.4-1.0%; P < 0.001); controls 0.9 (range
0.7-1.0%)] and FEF75 [patients (F) 25.1 (range 9.2—
195.7%; P < 0.01); patients (B) 52.1 (range 7.1-
97.9%; P < 0.001); controls 107.4 (range 41.3-
184.7%)] among patients with PiBO compared to
controls (Table 1, Supplementary tables 3-5). This
was true for patients from the Frankfurt cohort as
well as for patients from Barcelona.

Bronchial inflammation

To assess airway inflammation, induced sputum
was analysed for inflammatory cells and mediators
in the Frankfurt patient and control group. In the
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Table 1. Lung function of patients with post-infectious bronchiolitis obliterans from Frankfurt (F) and Barcelona (B) compared to controls

Controls Patients (F) Patients (B)
N 31 19 20
Age (years) 14 (7 to 28) 13 (6 to 28) 13 (6 to 20)
Sex (m/f) 19/12 13/6 11/9
FVC (%) 90.8 (73.9 to 02.7) 76.3*** (54.5 to 94.2) 80.6** (49.3 to 98.4)
FVC (z score) —0.77 (-2.23 t0 0.24) —2.04***(-3.84 to —0.46) —1.68** (—=4.11 to —1.30)
FEV1 (%) 97.4 (73.5t0 116.4) 59.8*** (40.2 t0 96.9) 62.0%** (29.3 t0 99.0)
FEV1 (z score) —0.54 (=2.20 to —1.41) —3.42*** (-4.86 to —0.25) —3.08*** (-5.64 to —0.08)
FEV1/FVC 0.9 (0.7 to 1.0) 0.7*** (0.4 to 1.0) 0.7*** (0.4 to 1.0)

FEV1/FVC (z score)
FEF75 (%)
FEF75 (z score)

0.33 (=2.26 to 2.49)
107.4 (41.3 to 184.7)
0.21 (=2.30 to 2.01)

—2.19%** (-4.45 t0 2.19)
25.1** (9.2 to 195.7)
—3.20*** (=5.03 to 2.07)

—3.58%** (=450 to 1.42)
52.1%** (7.1 to 97.9)
—1.70%** (=5.30 t0 0.1)

Values are expressed as percentage and z score (median and range). FEF, forced expiratory flow; FEV1, forced expiratory volume in 1s; FVC,
forced vital capacity. *P < 0.05, **P < 0.01, ***P < 0.001, significant to controls.

patient group, neutrophils and inflammatory
cytokines such as IL-1p, IL-6 and IL-8 were
significantly increased compared to controls

(Figure 1a-e). In addition, TGF-B, which is an
essential cytokine for the induction of the fibrotic
response, was significantly increased in induced
sputum of PiBO patients (Figure 1f).

miRNA expression

Differences in the global miRNA expression
between 37 PiBO patients and 31 controls from

Barcelona and Frankfurt were successfully
assessed. Analysis revealed ~158 Mio reads with an
average read count per sample of 2 323 748 reads
per miRNA. Overall, 877 miRNAs were detected in
at least one peripheral blood sample, of which
288 had 5 or more reads in each sample and 538
miRNAs were detected with 5 or more reads in at
least 50% of the samples. The groups showed no
differences (ANOVA P-values > 0.1) with respect
to age, sex, site, RNA quality and read depth.
Statistical analysis revealed a total of 22
dysregulated miRNAs passing the significance
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Figure 1. Bronchial inflammation. (a) Neutrophils and (b) macrophages as well as the inflammatory cytokines (c) IL-1p, (d) IL-6, (e) IL-8 and (f)
TGF-B were analysed in induced sputum from patients with PiBO (n = 14) and healthy controls (n = 13) by cell differentiation and cytometric

bead array, respectively. *P < 0.05, **P < 0.01, ***P < 0.001.
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threshold of Padj <0.001 (195 miRNAs for
P < 0.05), of which 17 were upregulated and 5
downregulated (Figure 2a, Supplementary table 2).
Of these dysregulated miRNAs, miR-1287-5p, miR-
335-5p, miR-5695, miR-30b-5p, miR-186-5p, miR-
190b, let-7f-1-3p, miR-30c-5p, MiR-26a-2-3p, miR-
4677-3p and miR-199a-5p share dysregulated
expression after separate analyses of the two
centres (Figure 2b; Supplementary figure 1a and
b). Of these, four miRNAs were successfully
confirmed by TagMan gPCR namely miR-335-5p,
miR-30b-5p, miR-186-5p and miR-30c-5p
(Figure 2c-f). These four were considered in the
further computational analysis. The expression
levels for miR-1287-5p, let-7f-1-3p and miR-199a-5p
only showed a tendency between patients and
controls, and no differences were found for miR-
5695, miR-26a-2-3p and miR-4677-3p
(Supplementary figure 1c-h). Expression of miR-
190b could not be detected using TagMan in most
of the samples.

KEGG pathway analysis

To identify the contribution of the miRNAs to
biological processes, KEGG pathway enrichment
analysis has been performed, and targets of the
individual miRNAs were assessed. In total, four
miRNAs of interest were predicted to be involved
in 34 pathways including cancer, cell signalling,
cell proliferation and apoptosis, cell—cell
interaction; cytokine—cytokine receptor interaction
(P < 0.05); and TGF-B signalling pathway (P < 0.05)
and target 3775 genes (Figure 3). Shared targets
for miR-186-5p and miR-30b/c-5p were ST3GALS5,
LRRC3C, PLXNA1 and LPCATI.

Single analysis of the individual miRNAs
concentrating on inflammatory processes revealed
that 61 target genes of miR-335-5p are strongly
involved in cytokine-cytokine receptor interaction
(P < 0.0009), 20 target genes of miR-186-5p are
strongly involved in the TGF-p signalling pathway
(P < 0.0002), and 18 target genes of miR-30b-5p
and miR-30c-5p are strongly involved in the FoxO
signalling pathway (P < 0.0095) respectively
(Table 2; Supplementary figure 2).

Protein-protein interaction in inflammation

Based on the KEGG analysis, we used the STRING
web server to visualise the network of the
protein—protein interaction of the miRNA targets
involved in cytokine—cytokine receptor interaction,
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TGF-p signalling pathway and FoxO signalling
pathway (Figure 4). Network analysis showed a
strong interaction of the target proteins between
the pathways (PPl enrichment P-value < 1.07'9).
Three targets, TGFB2, TGFBR1 and TGFBR2, were
located in all three pathways; IL-6 and EGFR were
located in cytokine-cytokine receptor interaction;
and 11 targets, ACVR1, ACVR2B, AMHF, BMP2,
BMPR1A, BMPR1B, BMPR2, GDF5, INHBA, INHBB
and INHBE, were located in cytokine-cytokine
receptor interaction and in the FoxO signalling
pathway. Most important, we identified the
inflammatory cytokines IL-1A, IL-6 and CXCL8 (IL-
8) as well as TGFB2.

Knockdown of miR-335-5p, miR-186-5p, miR-
30b-5p and miR-30c-5p enhances IL-6 protein
levels in A549 cells

To demonstrate the functional output in altering
protein expression and in order to validate the
role of miR-335-5p, miR-186-5p, miR-30b-5p and
miR-30c-5p as regulators of IL-6 expression, we
measured the secretion of IL-6 in a lung epithelial
cell inflammation system. As shown in Figure 53,
an increase of IL-6 secretion of A549 cells was
evident after the separate inhibition of miR-335-
5p, mMiR-186-5p, MiR-30b-5p and miR-30c-5p and
after the inhibition of all four miRNAs at every
level of CM stimulation. Combination of these
experiments comparing fold change of IL-6
secretion of the inhibited miRNAs with the
respective CM stimulation showed that IL-6
expression after inhibition of the four miRNAs
separately as well as in the knockdown of all four
miRNAs simultaneously was significantly increased
(miR-335-5p, 1.23 + 0.04; miR-186-5p, 1.23 + 0.04;
miR-30b-5p, 1.34 + 0.08; miR-30c-5p, 1.22 + 0.05;
all  miRNAs inhibited together, 2.46 + 0.43;
P < 0.05; Figure 5b).

miRNA expression of miR-335-5p, miR-186-
5p, miR-30b-5p and miR-30c-5p in induced
sputum

miRNA expression in induced sputum samples of
PiBO patients was compared with miRNA profile
of age-matched healthy individuals (Figure 6a).
miR-335-5p and miR-186-5p were significantly
upregulated in sputum of PiBO patients compared
to controls (miR-335-5p controls 1.74 + 0.1, PiBO
2.36 + 0.22, miR-186-5p controls 637.5 + 120.5,
PiBO 1849 + 503.8; P < 0.05). No significant
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Figure 2. Global miRNA expression of PiBO patients (n = 36) and controls (n = 30). (a) Volcano plot showing 877 detected miRNAs, of which
195 were significant dysregulated at nominal level P < 0.05 and 22 were significant with a Padj < 0.001. (b) Intra-centre evaluation of the
dysregulated miRNAs. Intersections shows miRNAs with Padj < 0.05 in the individual analysis of the respective centre. Only these miRNAs were
used for further analysis. (c-f) Expression levels of miR-335-5p, miR-30b-5p, miR-186-5p and miR-30c-5p confirmed by TagMan gPCR analysis.

***P < 0.001.

© 2022 The Authors. Clinical & Translational Inmunology published by John Wiley & Sons Australia, Ltd on behalf of
Australian and New Zealand Society for Immunology, Inc.

2022 | Vol. 11 | e1376
Page 5



miRNA in post-infectious bronchiolitis obliterans RP Duecker et al.

® Pathways in cancer

B MAPK signaling pathway
M Cytokine-cytokine receptor interaction
uch kine signaling pathway

B Focal adhesion

® Regulation of actin cyt

B Calcium signaling pathway

B Wnt signaling pathway

¥ Protein processing in endoplasmic reticulum
B Leukocyte transendothelial migration
¥ Neurotrophin signaling pathway

= Insulin signaling pathway

= Axon guidance

¥ Influenza A

 ErbB signaling pathway

¥ TGF-beta signaling pathway

¥ Prostate cancer

© Glioma

 Chronic myeloid leukemia

" ECM-receptor interaction

other miRNAs
. .
L 2 s ?,
(b) Aokl 1o,
-« e .‘o [ oi?P ¢
. . \‘.:qr ,-."..
. /

miRNAs

targets
shared targets

targets in cytokine-cytokine
receptor interaction
@ targets in TGF-P signaling

Figure 3. Interaction of the dysregulated miRNAs. (a) Circle chart of Kyoto encyclopaedia of genes and genomes (KEGG) pathway analysis based
on microRNA signature was performed with miRNet (miRTarBase v8.0) for all the identified miRNAs together. (b) Dissected miRNA-target
interactions and functional associations through network-based visual analysis (miRNet). miR-335-5p, miR-30b-5p, miR-186-5p and miR-30c-5p
regulate 3775 genes, four of which are shared targets (red dots). Targets involved in cytokine-cytokine receptor interaction (blue dots) and in
TGF-B signalling (green dots) are shown.
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Table 2. miRNA targets in inflammation

miRNA in post-infectious bronchiolitis obliterans

miRNA Targets database KEGG pathway P-value Genes
miR-335-5p TarBase v7.0 Cytokine-cytokine receptor interaction 0.0009 61
miR-186-5p microT-CDS (5.0) TGF-beta signalling pathway 0.0002 20
miR-30b-5p microT-CDS (5.0) FoxO signalling pathway 0.0095 18
miR-30c-5p microT-CDS (5.0) FoxO signalling pathway 0.0095 18

differences could be detected for miR-30b-5p and
miR-30c-5p.

Expression of miR-335-5p, miR-186-5p, miR-
30b-5p and miR-30c-5p correlates with the
lung function parameter FEV1

Next, we performed correlation analyses to
investigate the relationship between circulating
miRNA expression in the blood and lung function
parameter such as forced expiratory volume in 1s
(FEV1). Expression of miR-335-5p, miR-186-5p, miR-
30b-5p and miR-30c-5p significantly correlated with
FEV1 (miR-335-5p P < 0.001, r = —0.4345, miR-186-5
P <0.01, r=-0.3582, miR-30b-5p P < 0.001,
r=-0.4322, miR-30c-5p P < 0.01, r=-0.3990,
Figure 6b) of PiBO patients and healthy controls.

DISCUSSION

A potent role of miRNAs in the regulation of
resolution circuits of inflammation has been
proposed."” MicroRNAs are regulatory factors
involved in most biological processes and have to be
considered to play a key role in the development and
manifestation of inflammatory lung diseases, such as
CF, IPF, COPD, PiBO and asthma.'”” Unresolved
neutrophilic inflammation also contributes to the
chronicity of lung disease in PiBO.*®'3 This prompted
us to use global NGS to get deeper insights into post-
transcriptional regulation of gene expression in
patients with PiBO. As described, PiBO patients
exhibited impaired pulmonary function parameters
as it has been described previously.'*' Airway
inflammation in induced sputum was confirmed by
increased  neutrophils  and  pro-inflammatory
cytokines such as IL-1B8, IL-6 and IL-8 in German
samples.® In addition, we detected increased TGF-p
levels in the sputum of the patients pointing to
fibrotic processes in the bronchial tissue.'®

In  accordance with increased levels of
neutrophils and pro-inflammatory cytokines such
as IL-1B8, IL-6 and IL-8 in induced sputum, our

© 2022 The Authors. Clinical & Translational Inmunology published by John Wiley & Sons Australia, Ltd on behalf of
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analysis identified four aberrant miRNAs, miR-335-
5p, MiR186-5p, miR-30b-5p and miR-30c-5p, which
are involved in inflammatory and fibrotic
processes such as cytokine-cytokine receptor
interaction, TGF-p and FoxO signalling.

The role of these miRNAs in the regulation in
inflammatory processes was confirmed by our
in vitro experiments, showing that knockdown of
miR-335-5p, miR-186-5p, miR-30b-5p and miR-30c-
5p enhances IL-6 protein levels in stimulated A549
cells. In their function as post-transcriptional gene
regulators, miRNAs inhibit the translation or
transcription of inflammatory target mRNAs. The
downregulation of these miRNAs leads to an
increase in protein synthesis. In their study, Long
etal."” impressively demonstrated that
upregulation of miR-335 has protective effects
against sepsis-induced myocardial injury and that
downregulation reverses the protective effect.
Several studies have connected miR-335-5p to the
activation of pathways, which are directly related
to inflammation and the TGF-p pathway.'®2° This
is highly supported by our laboratory and
computational  findings, which show the
involvement of miR-335-5p in the cytokine and
chemokine network, which interacts closely with
the TGF-8 pathway and reflects the bronchial
inflammatory and fibrotic processes in PiBO. Our
analysis demonstrated that miR-335-5p induces
the secretion of various pro-inflammatory
chemokines/cytokines including IL-1«, IL-6 and IL-8
as well as targeting members of the TGF-
signalling such as TGFf2, TGFBR1 and TGFpR2. In
this regard, upregulation of miR-335-5p reduced
inflammation in a chronic rhinosinusitis mouse
model.’ In addition, confirmation of modelling
pathway analyses was proved by Du et al.,>° who
showed that miR-335-5p inhibits TGF-f1-induced
epithelial-mesenchymal transition in non-small-
cell lung cancer via ROCK1. Beside the tight
connection of miR-335-5p and the TGF-p pathway,
we also found ROCK1 as part of the protein-
protein interaction.

2022 | Vol. 11 | e1376
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Expression of miR-335-5p has been found to be
decreased in parenchymal lung fibroblasts from
current smokers and to be reduced in the serum
from patients with Parkinson's disease,
investigating miRNAs targeting cell death and/or
inflammation pathways.'®?' In contrast, in our
present study miR-335-5p expression was elevated
in blood samples from PiBO patients compared to
controls. This fact might be because of the nature,
quality and duration of the inflammation in PiBO,
which drives the expression of miR-335-5p
without significant effect on the resolution of
inflammation. However, the high expression of
miR-335-5p qualifies this specific miRNA as a
potential marker for inflammation in PiBO.

Beside miR-335-5p, NGS analysis also showed a
highly significant differential expression of miR-
186-5p and of the miR-30 family members, miR-
30b-5p and miR-30¢-5p. mIiR-186-5p has been
shown to impact regulation of proliferation and
apoptosis strongly and has been proposed to be
involved in the pathogenesis of COPD.???3 To our
knowledge, this is the first study, which connects
directly increased miR-186-5p expression in
association with fibrotic processes and TGF-p
signalling. TGF-p controls proliferation,
differentiation and other functions including
inflammation and fibrosis.>* Dysregulation of the
TGF-p  pathway results in activation of
myofibroblasts, excessive production of
extracellular matrix (ECM) and inhibition of ECM
degradation.?® Early extracellular matrix changes
and changes in VEGF/VEGFR2 axis have been
demonstrated to be associated with the
development of bronchiolitis obliterans syndrome
(BOS) after lung transplantation or hematopoietic
stem cell transplantation.?®?’ Like in BOS, patients
with PiBO undergo fibrotic processes after lower
respiratory tract infection, which is in line with our
findings of TGF-f concentrations in induced sputum
in our patient cohort.®® Moreover, VEGF A was
found to be a target of miR-335-5p. Interestingly,
we identified a group of bone morphogenetic
proteins (BMPs) and their receptors, ACVRI,
ACVR2B, BMP2, BMPR1A, BMPR1B and BMPR2,
located in cytokine—cytokine receptor interaction
and the FoxO signalling pathway, which are also
members of the transforming growth factor-p (TGF-
p) family.?® Alteration in BMP-signalling has been
linked to immune regulation, autoimmunity and
infection diseases.>° Moreover, BMPs such as TGF-
1 and FGF-p2 as well as BMP-4 and BMP-7 are

2022 | Vol. 11 | e1376
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increased in obliterative airway remodelling in
transplanted and non-transplanted lungs.?" Thus,
our findings support the hypothesis that BMPs are
important players in the pathomechanism of
airway remodelling.

Further impact on inflammation and on TGF-$
signalling, controlling the expression of SMAD2 and
TGFBR1, has been described for the miR-30
family.3>33 Increased miR-30b expression inhibits
endothelial cell capillary morphogenesis through
upregulated TGF-p2 expression.>* In addition, miR-
30c attenuates atrial fibrosis via inhibition of
proliferation, differentiation, migration and collagen
production by targeting TGFBR2.3®> Our KEGG
pathway analysis revealed that upregulated miR-30b
and miR-30c were highly associated with the FoxO
signalling pathway. FoxO family members have been
increasingly recognised to be involved in chronic
inflammation and immune homeostasis.>® FOXO1
transcription factors affect a number of cell types
that are important in the host immune response
including the mucosal dermis, macrophages and
neutrophils.3” Overexpression of FOXO1 enhances
neutrophil-mediated inflammation by increasing
inflammatory expression of TNF-a and IL-1p. Recent
studies have been shown that FOXO1 is involved in
cystic fibrosis-related diabetes.® Accordingly, the
network analysis of miR-30 targets shows TGF-f2,
TGFBR1 and TGFfR2, which connects cytokine-
cytokine receptor interaction and the TGF-p pathway.
The data are underlined by the fact that the shared
targets for miR-186-5p and miR-30b/c-5p, LPCAT1,
LRRC3C, PLXNA1 and ST3GALS5 are also involved in
inflammatory and fibrotic processes respectively.3®*?

Dysregulated miRNAs have been identified as
biomarkers for various inflammatory lung
diseases.’ Although several miRNAs, miR-21, miR-
29a, miR-103 and miR-191, have been suggested as
biomarkers for BOS, the significance of circulating
miRNAs for the diagnosis PiBO is still unclear.**%*
Our study confirms some of the dysregulated
miRNAs in BOS, such as miR-29a, miR-146a, miR-151,
miR-181b and others, but clearly highlighted miR-
335-5p, miR186-5p, MiR-30b-5p and miR-30c-5p as
possible new biomarkers for PiBO. In addition, the
strong correlations between the expression of these
miRNAs and FEV1 underline their role as new
biomarkers in the identification of PiBO patients.

In conclusion, our study identifies four miRNAs,
namely miR-335-5p, miR-186-5p, miR-30b-5p and
miR-30¢-5p, which impact pathways responsible
for the regulation of inflammation and fibrosis in

© 2022 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of
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é~ Cytokine-cytokine receptor interaction hsa04060
@ TGF-beta signaling pathway hsa04350

o FoxO signaling pathway hsa04068

Figure 4. Interaction of miRNA targets. STRING diagram of target protein-protein interaction of the miR-335-5p target proteins in cytokine-
cytokine receptor interaction (red bullets), miR-186-5p protein targets in the TGF-B signalling pathway (green bullets) and miR-30b/c-5p target
proteins in the FoxO signalling pathway (blue bullets). Lines indicate interaction evidence.
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A549 cells. (a) IL-6 expression was assessed in A549 cells after 24-h stimulation with three different cytokine mixtures (CM1, CM2 and CM3) and
inhibition of the four miRNAs using cytometric bead array against positive control (CM; n = 3). (b) IL-6 expression is illustrated as Fold Change
combining all three CM stimulations together after inhibition of the four miRNAs separately and taken all four miRNAs together (n = 3).
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Figure 7. Overview of the study design. Clinical, laboratory and computational analysis, which were performed in the present study.

PiBO. The identified miRNAs should be considered
as novel biomarkers, which can support disease
diagnosis and amplify treatment options.
Moreover, we consider these newly identified
miRNAs as subjects for further investigations,
with promising potential in the field of miRNA
therapeutics.

METHODS

Study design

Figure 7 gives an overview of the study design, which
consists of clinical and laboratory as well as computational
analyses. Clinical and laboratory analysis included lung
function tests, cell differentiation and cytokine analysis in
induced sputum, and miRNA analysis in the peripheral
blood by next-generation sequencing (NGS). A systematic
bias in miRNA regulation because of regional and lifestyle
factors was excluded by using two study cohorts from
Germany and Spain, respectively, and data were validated
by TagMan PCR. Combined KEGG pathway enrichment
analysis of all the identified miRNAs was performed in total
(combined analysis) to detect common targets and in
individual miRNAs (single analysis) to detect miRNA specific
targets. Finally, identified targets were visualised in a
protein-protein interaction (PPI) network.

Patients

Patients with PiBO and controls were recruited from the
Vall d'Hebron Hospital Universitari, Barcelona, Spain, and
from the Department for Children and Adolescents, Goethe
University Frankfurt, Germany, from October 2015 to April
2019. The diagnosis of PiBO was made according to
National Institutes of Health Clinical Centre (NIH-CC), and
new onset of changes on HRCT including mosaic pattern,
hyperinflation and bronchial wall thickening.*®

© 2022 The Authors. Clinical & Translational Inmunology published by John Wiley & Sons Australia, Ltd on behalf of
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Prior to the start of the study, the subjects or their legal
guardians had to sign the informed consent form. The
study was approved by the Ethics Committee of the Goethe
University Frankfurt (166/16) and is registered by
ClinicalTrials.gov Identifier: NCT02627833.

Blood samples using the PAXgene Blood RNA System for
miRNA were collected and all patients performed lung function
tests. Induced sputum was collected and processed from the
Frankfurt patient cohort and stored until analysis (Figure 7).

Pulmonary function tests

Baseline lung function tests were assessed at both centres
using the same body plethysmograph (VIASYS Healthcare
GmbH, Hoechberg, Germany). The following parameters
have been recorded: FVC, FEV1, FEV1/FVC and FEF.
Reversibility was defined as positive with a post-
bronchodilator change of > 12% and 200 mL.

Sputum cell differentiation and
inflammatory mediators

Sputum cell differentiation®® and analysis of inflammatory
cytokines/chemokines by cytometric bead array were
performed as described previously.”” Samples were
measured with a BD FACS Array™ cytometer (BD
Biosciences-Pharmingen, USA). FCAP Array Software (BD
Biosciences-Pharmingen) was used to analyse the data.

miRNA sequencing and analysis

The PAXgene Blood miRNA Kit (Qiagen, Hilden, Germany)
was used to extract total RNA, including miRNA, from
peripheral blood and sputum samples according to the
manufacturer’s recommendations. Nanodrop Lite
spectroscopy (Thermo Scientific, Dreieich, Germany) was
used to determine RNA concentration, and the Agilent RNA
6000 Nano kit and Agilent 2100 Bioanalyzer was used to
determine RNA integrity (RIN) (Agilent Technologies, Santa

2022 | Vol. 11 | e1376
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Carla, CA, USA). The QlAseq miRNA Library Kit was used to
create  miRNA  libraries  (Qiagen). Finally, = c¢DNA
concentrations were determined using the Qubit dsDNA
Assay Kit, Qubit Assay Tubes and a Qubit 3.0 Fluorometer
(Thermo Fisher Scientific, Dreieich, Germany). DNA quality
was verified using Agilent High Sensitivity DNA Reagents
with High Sensitivity DNA Chips and an Agilent 2100
Bioanalyzer (Agilent Technologies). Libraries were frozen at
-20°C until miRNA sequencing.

Next-generation sequencing was performed using MiSeq
Reagent Kit v3, PhiX Sequencing Control v3 and MiSeq™
Desktop Sequencer (lllumina Inc., San Diego, USA). Data
were preprocessed using the Qiagen Web Portal service,
which converts coverage files into raw count matrices
(https://geneglobe.qgiagen.com/de/analyze). Differential
expression analysis was performed in RStudio 1.2.1335
(https://cran.r-project.org/) as previously described.*® Fdr
correction was applied to each miRNA that passed the
DESeq quality threshold, and miRNAs were considered to
be < 0.05 with Paje. miRNAs with Padj < 0.001 were used
for further analysis.

miRNA validation by TagMan gPCR

Next-generation sequencing-based expression levels of the
following miRNAs were validated by TagMan ¢gPCR
(TagMan® Advanced miRNA Assays; Thermo Fisher): hsa-
miR-1287-5p, hsa-miR-335-5p, hsa-miR-5695, hsa-miR-30b-
5p, hsa-miR-186-5p, hsa-miR-190b, hsa-7f-1-3p, hsa-miR-30c-
5p, hsa-miR-26a-2-3p, hsa-miR-4677-3p and hsa-miR-199a-5p
as described previously.*®* miR-24-3p was used as
endogenous control based on low variance and high
abundance over control samples (Supplementary table 2).
cDNA preparation was performed by extending 5 ng t-RNA
at the 3’ end of mature transcripts through poly (A)
addition. The 5 ends were extended by adapter ligation,
followed by universal reverse transcription and
amplification using the TagMan® Advanced miRNA cDNA
Synthesis Kit and a thermal cycler (GeneAmp Cycler PCR
Systems 9700 v3.12., Thermo Fisher). The thermocycler
programme for RT cycles was programmed according to the
manufacturer’s instructions. For gPCR, 5 uL of a 1:10 (vv, in TE
buffer) diluted ¢DNA was introduced to the oligonucleotide.
StepOnePlus Real-Time PCR Systems and StepOnePlusTM
software were used to perform gPCR (Thermo Fisher
Scientific). Evaluation was performed by the 2724% method in
Expression Suite software v1.1 (Fisher Scientific).

Pathway enrichment analysis of target
genes and protein-protein interaction
network

Kyoto encyclopaedia of genes and genomes (KEGG)
pathway analysis based on microRNA signature was
performed with miRNet (miRTarBase v8.0) for all the
identified miRNAs together and with DIANA-mirPath v.3.0
to detect targets of individual miRNAs.*® For DIANA-
mirPath v.3.0, three different algorithms, namely, TarBase
v.7.0, microT-CDS and TargetScan 7.0, were manually
screened for pathways involved in inflammation and targets
were selected according to the highest P-value. Targets of

2022 | Vol. 11 | e1376
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the candidate miRNAs in relation to inflammation revealed
cytokine—cytokine interaction, TGF-p signalling pathway and
FoxO signalling pathway. Targets were grouped together,
and analysis of networks was conducted using the software
tool String v.10 (https:/string-db.org/) with standard
parameters for visualising target interaction networks.

Knockdown of hsa-miR-335-5p, hsa-miR-186-
5p, hsa-miR-30b-5p and hsa-miR-30c¢-5p in
A549 cells

Human lung epithelial cell line A549 was cultured with 10%
foetal calf serum (FCS) (Sigma-Aldrich, Taufkirchen,
Germany) and 1% penicillin—streptomycin (Life
Technologies, Darmstadt, Germany). Cells were seeded at
2 x 106 cells at 37°C in a humidified atmosphere containing
5% CO,. For in vitro experiments, A549 cells were detached
from tissue culture flasks by accutase™ cell isolation
solution (Sigma-Aldrich Chemie). 25 000 cells per 96 wells
were seeded in medium without penicillin/streptomycin.

Cells were stimulated with a pro-inflammatory cytokine
mixture (CM) containing 4 U mL™" IFN-y, 0.5 U mL™" IL-1p and
0.2 ng mL™" TNF-a (CM1); 40 U mL™" IFN-y, 5 U mL™" IL-1p and
2 mL™" TNF-a (CM2); and 400 mL~" IFN-y, 50 U mL™" IL-1p and
20ng mL' mL™"  TNF-« (CM3) (Peprotech, Hamburg,
Germany). For miRNA knockdown, cells were reversely
transfected with either miRVana anti-hsa-miR-335-5p, anti-
hsa-miR-186-5p, anti-hsa-miR-30b-5p and anti-hsa-miR-30c-
5p (Thermo Fisher) at 20 nm, using Lipofectamine RNAIMAX
(1:1 v/v; Invitrogen, Karlsruhe, Germany) in Opti-MEM®
media (Thermo Fisher). mirVana miRNA Inhibitor Negative
Control (Thermo) was used as a negative control (in
Figure not shown) and the sole cytokine mixture stimulation
(CM) without miRNAs served as positive control. The effect of
transfection of miRNA inhibitors on IL-6 protein was assessed
at 48 h after transfection via cytometric bead array.

Statistics

Expression levels of miRNAs, determined by gPCR, are
presented as relative quantification (RQ) of gene
expression, whereas the rest of the data are presented as
median (10-90 percentile). All experiments have been
carried out at least three times. Differences between groups
were determined by one-way ANOVA (multiple groups)
with post hoc Bonferroni analysis. The comparison of the
two groups was performed by Mann-Whitney U test. For
the correlation analysis, we used the Spearman test.
Calculations were performed with RStudio 1.2.1335 (https:/
cran.r-project.org/) or GraphPad Prism 7 software (GraphPad
software, La Jolla, California) and Excel (Microsoft Office,
Minchen, Germany). Statistical significance was defined as
P < 0.05.

Sample size estimation

Sample size calculations were based on previous results
published by our group.® In this study, 20 children and
adolescents with PiBO were compared with 20 age-matched
controls. As described, we found significant differences in

© 2022 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of
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lung function parameters as well as neutrophils and
cytokines in induced sputum.® Since no reports on miRNAs in
relation to inflammation in PiBO are available, we assumed
that two cohorts with 20 patients for the measurement of
miRNAs are sufficient for an explorative investigation.
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