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The role of miR-155 in cigarette smoke-induced pulmonary

inflammation and COPD

E. G. De Smet', H. P. Van Eeckhoutte’, F. Avila Cobos?, E. Blomme', F. M. Verhamme', S. Provoost’, S. E. Verleden?, K. Venken*®, T. Maes',

G. F. Joos', P. Mestdagh?, G. G. Brusselle' and K. R. Bracke'

Chronic obstructive pulmonary disease (COPD) is a highly prevalent respiratory disease characterized by airflow limitation and
chronic inflammation. MiR-155 is described as an ancient regulator of the immune system. Our objective was to establish a role for
miR-155 in cigarette smoke (CS)-induced inflammation and COPD. We demonstrate increased miR-155 expression by RT-gPCR in
lung tissue of smokers without airflow limitation and patients with COPD compared to never smokers and in lung tissue and
alveolar macrophages of CS-exposed mice compared to air-exposed mice. In addition, we exposed wild type and miR-155 deficient
mice to CS and show an attenuated inflammatory profile in the latter. Alveolar macrophages were sorted by FACS from the
different experimental groups and their gene expression profile was analyzed by RNA sequencing. This analysis revealed increased
expression of miR-155 targets and an attenuation of the CS-induced increase in inflammation-related genes in miR-155 deficient
mice. Moreover, intranasal instillation of a specific miR-155 inhibitor attenuated the CS-induced pulmonary inflammation in mice.
Finally, elastase-induced emphysema and lung functional changes were significantly attenuated in miR-155 deficient mice. In
conclusion, we highlight a role for miR-155 in CS-induced inflammation and the pathogenesis of COPD, implicating miR-155 as a

new therapeutic target in COPD.

Mucosal Immunology (2020) 13:423-436; https://doi.org/10.1038/s41385-019-0241-6

INTRODUCTION
Chronic obstructive pulmonary disease (COPD) is a highly
prevalent respiratory disease with cigarette smoking as the main
risk factor." It is the fourth leading cause of death in the world?
and it is estimated that its morbidity and mortality rate will
increase even further in the following years.> Many mechanistic
concepts leading to the development of COPD have been
proposed. A prominent pathological feature of COPD is the
presence of chronic exaggerated inflammation in the lungs after
exposure to cigarette smoke (CS).* Chemokine and cytokine
signaling pathways are essential for the influx of immune cells
involved in this process. In addition, the accumulation of these
inflammatory cells contributes to pulmonary damage as endo-
genous anti-proteinases cannot neutralize the high concentrations
of proteases, such as neutrophil elastase and MMP12, that are
released.’ On top of this, oxidative stress caused by CS activates
transcription factors such as nuclear factor kB (NFkB), which
enhances the inflammatory response by positively regulating the
expression of pro-inflammatory genes.®

MicroRNAs (miRNAs) are short, non-coding single stranded RNA
molecules that are involved in the regulation of gene expression.
They are known to play a role in many fundamental biological
processes, including immunity and inflammation. MicroRNA-155
(miR-155) is described as an ancient regulator of the immune
system.” MiR-155 is expressed in cells of both the innate and

adaptive immune system, where its expression is low under
normal homeostatic conditions and becomes induced upon
stimulation®'" Studies with miR-155 deficient animals have
established a role for miR-155 in the inflammatory response,
given that miR-155 deficiency confers protection against various
experimental (auto-)immune disorders.'*™'®

MiR-155 deficiency has already been described as beneficial in
models of allergic airway inflammation, where miR-155 is
necessary for interleukin (IL)-33 induced innate lymphoid cell
(ILC) type 2 expansion, eosinophilic airway inflammation and
allergen-induced maturation and T cell priming of dendritic cells
(DCs)."~" Next to its role in T cells, miR-155 has also been linked
to macrophage function.?°~>> Macrophages play a major role in
orchestrating the inflammatory response in COPD;** activated
macrophages from COPD patients excessively release inflamma-
tory mediators such as IL-1(, IL-6, tumor necrosis factor (TNF),
CXCL1 and CCL2,** as well as matrix metalloproteases (such as
MMP-9 and MMP-12).%>2°

In miRNA profiling studies, we have previously reported
increased expression of miR-155 in lungs of smokers without
airflow limitation and patients with mild to moderate COPD*” as
well as in lungs of CS-exposed mice.?® In the present study, we
have validated these results in a larger cohort, including also
patients with severe to very severe COPD. Since the functional
role of miR-155 in the pathogenesis of COPD has not yet been
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investigated, we exposed wild type and miR-155 KO mice to CS
and quantified different inflammatory cell types, chemokines
and cytokines in the bronchoalveolar lavage (BAL) fluid and
lungs. In addition, to gain insight in the genes and pathways
affected by miR-155 deficiency, we sorted alveolar macrophages
by FACS from the different experimental groups and analyzed
their gene expression profile by RNA sequencing. Furthermore,
we treated mice with a specific miR-155 inhibitor and
investigated the effect on CS-induced inflammation. Finally, to
elucidate the role of miR-155 in development of pulmonary
emphysema and lung functional changes, we investigated wild
type and miR-155 deficient mice in an elastase model of
emphysema.

RESULTS

MiR-155-5p expression in lungs of never smokers, smokers
without airflow limitation, and patients with COPD

We evaluated the expression of hsa-miR-155-5p (further referred
to as miR-155) in lung tissue of 92 human subjects, including 18
never smokers, 26 smokers without airflow limitation, 34 patients
with COPD GOLD II, and 14 patients with COPD GOLD IlI-IV.
Subject characteristics are reported in Table 1. MiR-155 expression
was significantly increased in lung tissue of smokers and patients
with COPD compared to never smokers. In addition, the
expression in COPD GOLD lll-IV patients was significantly higher
compared to smokers and COPD GOLD Il patients (Fig. 1a).
Furthermore, in COPD patients miR-155 expression was signifi-
cantly and inversely correlated with the severity of airflow
limitation (forced expiratory volume in 1s (FEV1) % predicted
and FEV1/ forced vital capacity (FVC) post-bronchodilator) and
with diffusing capacity of the lung for carbon monoxide (DLco)
(Fig. 1b-d). These data thus demonstrate that pulmonary
expression of miR-155 is increased in smokers and is further
amplified in patients with severe COPD.

MiR-155-5p expression is increased in lung tissue and alveolar
macrophages of mice exposed to CS

To measure the effect of CS exposure on the expression of mmu-
miR-155-5p (further referred to as miR-155), we performed RT-
dPCR on lung tissue of WT mice exposed to air or CS for four or
24 weeks and on alveolar macrophages sorted from WT mice
exposed to air or CS for 4 weeks. MiR-155 expression was
significantly increased in lung tissue and in FACS sorted alveolar
macrophages of mice exposed to CS compared to air-exposed
mice (Fig. 1f-g). Importantly, after 4 weeks of CS-exposure the
increase in miR-155 was more prominent in alveolar macrophages
than in lung tissue, with a fold change of 4.6 versus 1.6,
respectively.

MiR-155 deficiency attenuates CS-induced inflammation

To evaluate the role of miR-155 in CS-induced inflammation,
we exposed WT and miR-155 knock-out (KO) mice to 4 weeks of
air or CS. In BAL of miR-155 KO mice, the CS-induced increase in
numbers of neutrophils, CD11b™ and CD103™ DCs and CD8"
and CD4" T lymphocytes was significantly attenuated com-
pared to WT mice (Fig. 2c—g). Intracellular staining for IFN-y, IL-
13 and IL-17 within the CD4" T lymphocyte population
demonstrated an increase after CS exposure of all T helper
(Th1, Th2, and Th17) subsets in WT mice, with the highest
increase in the Th1 and Th17 subpopulations. Mice deficient for
miR-155 showed a significantly attenuated increase of these
three T helper subsets upon CS exposure compared with WT
mice (Fig. 2h—j). Likewise, in lung tissue of miR-155 KO mice,
the CS-induced increase in percentages of CD11b™ and
CD103" DCs and CD4%, CD69'CD4", and CD69"CD8" T
lymphocytes was significantly attenuated compared to WT
mice (See Supplementary Fig. S1).
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MiR-155 deficiency attenuates cytokine and chemokine levels in
BAL and lung tissue after 4 weeks of CS exposure

Given the attenuated increase in inflammatory cell types in the
BAL fluid and lung tissue of miR-155 KO animals, we measured the
expression of various chemokines and cytokines involved in the
differentiation and recruitment of these inflammatory immune
cells (Supplementary Tables S1-S3). The CS-induced increase in
CXCL1, CCL2, TNF, IL-6, IL-1B3, IFN-y, and IL-17A protein expression
in the BAL fluid of WT mice was significantly attenuated in the
miR-155 KO mice (Fig. 3). In addition, also in lung tissue, the
increase in IL-6 and TNF protein expression and CXCL1, CXCL2,
CCL2, and IL-6 mRNA expression in CS-exposed WT mice was
significantly attenuated in miR-155 KO mice (Supplementary
Tables S2-S3).

Gene expression profiling of sorted alveolar macrophages from air
and CS-exposed WT and miR-155 KO mice

To gain insight in the genes and pathways affected by miR-155
KO, alveolar macrophages from air and CS-exposed WT and miR-
155 KO mice were FACS sorted (gated as CD45"SiglecF*CD11c*
cells) and poly-A™ RNA sequencing was performed on 5 mice per
group (NCBI GEO ID: GSE137653). A heat map showing the
differential gene expression in the four groups is depicted in
Fig. 4a. This heat map demonstrates that the CS-induced
differential expression of many genes in WT mice is less
pronounced in miR-155 KO mice, recapitulating the attenuation
of the inflammatory profile in BAL and lung tissue. Additionally,
mice from the four groups (air and CS-exposed WT and miR-155
KO mice) were grouped based on similarities in the alveolar
macrophages’ expression profile, revealing an accurate separation
between the gene expression profile of macrophages from
smoke-exposed WT and miR-155 KO mice (Supplementary Fig. S2).

CS-exposure results in differential expression of 656 genes in
WT macrophages (upregulation of 421 and downregulation of 235
genes) and 415 genes in miR-155 KO macrophages (upregulation
of 275 genes and downregulation of 140 genes) (abs(log2FC) >1
and p-value < 0.05, Supplementary Fig. S3).

When comparing the expression profile of macrophages from
air-exposed WT and miR-155 KO mice, eight genes were
significantly lower expressed and ten genes were significantly
higher expressed in the miR-155 KO macrophages, including four
predicted targets of mmu-miR-155: cyclin-dependent kinase-like 2
(cdkl2); ATPase, class V, type 10D (atp10d); endothelin converting
enzyme 1 (ece1) and Ras association (RalGDS/AF-6) domain family
member 6 (rassf6) 2° (abs(log2FC) =1 and p-value < 0.05, Fig. 4b).

After CS-exposure 38 genes were lower expressed and 15 genes
were higher expressed in the miR-155 KO macrophages compared
to the WT macrophages (Table 2, Fig. 4c). Five of the significantly
higher expressed genes were predicted targets of mmu-miR-155:
cdkl2; atp10d; rassf6; y-aminobutyric acid B receptor 1 (gabbr1)
and solute carrier family 10 member 6 (slc10a6).>° Rassf6, a
predicted target of miR-155 and a known NF-kB inhibitor®
showed a non-significant downregulation after CS-exposure in WT
macrophages, but showed up to 40-fold higher levels in miR-155
KO macrophages (Fig. 5a). However, a luciferase reporter assay
could not confirm rassf6 as a direct target of miR-155 (data not
shown). Interestingly, the CS-induced upregulation of several
inflammatory genes and other genes previously linked to COPD
pathogenesis, including chemokine-like receptor 1 (Cmklr1); Clga
(complement component 1, g subcomponent, alpha polypeptide);
a disintegrin and metallopeptidase domain 19 (adam19) and
matrix metallopeptidase 12 (mmp12) was significantly attenuated
in miR-155 KO macrophages, compared to WT macrophages
(Fig. 5b-e).

Gene set enrichment analysis

We performed gene set enrichment analysis (GSEA) analysis using
the 13225 genes that were expressed in sorted alveolar
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Table 1. Characteristics of study population (RT-gPCR study) (n = 92).

Never smokers Smokers without COPD COPD GOLD I COPD GOLD lil-IvV
Number 18 26 34 14
Gender ratio (male/female) 6/12# 19/7# 31/3# 8/6#
Age (years) 65 (56-70) 63 (55-70) 66 (58-69)§ 56 (54-60)*§t
Current-/ex-smoker - 16/10 22/12 0/14
Smoking history (PY) 0 (0-0) 28 (15-45)% 45 (40-60)*§ 30 (25-30)*t
FEV, post (L) 2,7 (2.3-3.2) 2,7 (2.3-3.3) 2.0 (1.8-2.4)*§ 0.7 (0.7-0.9)*§%
FEV, post (% predicted) 102 (92-116) 95 (93-112) 68 (61-75)*§ 26 (20-32)*§t
FEV,/FVC post 78 (75-83) 75 (71-79)* 56 (53-60)*§ 32 (27-35)*§t
DLco (% predicted) 90 (80-105) 80 (61-102) 67 (51-87)* 35 (33-41)*§t
Kco (% predicted) 103 (88-123) 91 (68-107)* 87 (62-108)* 59 (50-65)*§t
ICS (yes/no) 0/18# 1/254# 15/19# 13/14#
PY pack years, FEV, forced expiratory volume in 1s, FVC forced vital capacity, DLco diffusing capacity of the lung for carbon monoxide, ICS inhaled
corticosteroids
Data are presented as median (IQR)
Mann-Whitney U test: *P < 0.05 versus never smokers; §P < 0.05 versus smokers without COPD; tP < 0.05 versus COPD GOLD I
Fisher's exact test: #P < 0.001

macrophages to discover pathways and functions associated with
smoke exposure and/or with miR-155 expression. Smoke-exposure
resulted in enrichment of genes involved in metabolic pathways
(oxidative phosphorylation, metabolism of xenobiotics, amino
sugar and nucleotide sugar metabolism, galactose metabolism,
proteasome, lysosome, steroid biosynthesis, etc.) and in prolifera-
tion (DNA replication, P53 signaling pathway) in both WT and miR-
155 KO macrophages. However, many of these pathways had a
lower enrichment score in CS-exposed miR-155 KO macrophages
compared to CS-exposed WT macrophages. This was also true for
genes involved in pro-inflammatory immune signaling pathways,
such as cytokine-cytokine receptor interaction and the chemokine
signaling pathway (Supplementary Tables S4-S6).

Inhibition of mmu-miR-155-5p in the lungs of air and CS-exposed
mice

By intranasal instillation of an LNA modified mmu-miR-155-5p
inhibitor or a scrambled control we investigated the effect of miR-
155 inhibition on CS-induced inflammation. Upon inhibition of
miR-155 the numbers of DCs and CD4" and CD8* T cells in the
BAL fluid of CS-exposed mice were significantly lower compared
to the scrambled control (Fig. 6d—f). In addition, CCL2 protein
levels in the BAL fluid, as measured by ELISA, were significantly
lower in mice treated with a miR-155 inhibitor compared to mice
treated with scrambled control (Fig. 6g). Importantly, miR-155
expression was almost completely undetectable in lungs of mice
treated with the miR-155 inhibitor, demonstrating a successful
inhibition (Fig. 6h).

Elastase-induced pulmonary emphysema is attenuated in miR-155
deficient mice
To investigate the effect of miR-155 deficiency on development of
pulmonary emphysema and lung functional changes we intra-
tracheally administered porcine pancreatic elastase (PPE) to mice.
In a first protocol we quantified emphysema and inflammation in
BAL fluid 7 days after a single intratracheal instillation of elastase.
Elastase-induced development of emphysema, as measured by an
increased mean linear intercept (Lm), was significantly attenuated
in miR-155 KO mice (Fig. 7a-e). Also, the increase in BAL
neutrophils, DCs, and lymphocytes upon instillation of elastase
was attenuated in miR-155 KO mice (Fig. 7f-h).

In a second protocol mice received an instillation of elastase for
three consecutive weeks and were subjected to in vivo lung
function measurements 7 days after the third and last instillation
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of elastase. Importantly, the elastase-induced increase in com-
pliance and reduction in elasticity, were significantly attenuated in
miR-155 KO mice (Fig. 7i, j). Moreover, the left-upward shift in the
pressure volume-loops of elastase-treated mice (which is reminis-
cent of emphysema), was also significantly attenuated in miR-155
KO mice (Fig. 7k).

DISCUSSION

In this translational study we first demonstrated increased
expression of miR-155 in lungs of smokers and patients with
(moderate and especially severe) COPD, as well as in lungs and
alveolar macrophages of CS-exposed mice. Next, we showed that
CS-induced pulmonary inflammation is significantly attenuated in
miR-155 deficient mice, since key inflammatory cells, cytokines,
and chemokines are reduced in BAL fluid of CS-exposed miR-155
KO mice. RNA sequencing in alveolar macrophages revealed
differential expression of miR-155 targets in alveolar macrophages
according to genotype (WT versus miR-155 KO) and/or exposure
(air versus CS). Intriguingly, we discovered an attenuation of the
CS-induced increase in key genes involved in the pathogenesis of
COPD (encompassing proteases MMP12 and ADAM19) in alveolar
macrophages of miR-155 deficient mice. In addition, intranasal
instillation of a specific miR-155 inhibitor attenuated the CS-
induced pulmonary inflammation in mice. Finally, miR-155
deficiency also protected against elastase-induced emphysema
and lung functional changes.

High levels of miR-155 have been reported in various immune
diseases and related animal models.'*'”3'32 Ppathogen and
damage-associated molecular patterns (PAMPs/DAMPs),'® alar-
mins,>> inflammatory stimuli'® and hypoxia,** which are all
present after smoke exposure and in COPD, are reported to be
responsible for induction of miR-155 expression. In large miRNA
profiling studies, we previously demonstrated increased miR-155
expression in smokers without airflow limitation and in patients
with mild to moderate COPD,?” as well as in mice exposed to CS.?
In the present study we confirm and expand these results by
demonstrating a significantly higher miR-155 expression in
patients with severe to very severe COPD. Furthermore, we show
that miR-155 expression levels in COPD patients are significantly
and inversely correlated with parameters of airflow limitation
(FEV,, FEV,/FVC) and diffusion capacity of the lungs (DLco). In
addition, we report that the CS-induced increase in miR-155
expression is more prominent in mouse alveolar macrophages,
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To investigate the functional role of miR-155 in CS-induced cytes®' This suggests that high levels of miR-155 in pro-
inflammation, we exposed WT and miR-155 KO mice to 4 weeks of inflammatory immune cells are able to induce chemokine
CS. Data on inflammatory cell numbers and mediators in the BAL production. Activated macrophages from COPD patients release
fluid and lungs reveal an attenuated inflammatory profile in CS- more of these inflammatory mediators such as IL-1(3, IL-6, TNF,
exposed mice when miR-155 expression is absent. CXCL1, and CCL2.** Also in the murine model of COPD these

SPRINGER NATURE ‘%, SOCIETY FOR MUCOSAL IMMUNOLOGY Mucosal Immunology (2020) 13:423 -436



The role of miR-155 in cigarette smoke-induced pulmonary inflammation and...

E.G. De Smet et al.

Fig. 1 Hsa-miR-155-5p expression in never smokers, smokers without airflow limitation and patients with COPD and correlation with
lung function parameters. Mmu-miR-155 expression in total lung tissue and sorted alveolar macrophages of air and cigarette smoke-
exposed WT mice. Hsa-miR-155 levels measured by RT-gPCR in lung tissue of never smokers (n = 18), smokers without airflow limitation (n =
26), patients with COPD GOLD Il (n = 34) and patients with COPD GOLD IlI-IV (n = 14). Data were analyzed using the standard curve method
and expression of hsa-miR-155-5p was calculated relative to the expression of a small nucleolar RNA (RNU48) (a). Spearman correlation
analysis in COPD patients of hsa-miR-155-5p levels with post-bronchodilator values of forced expiratory volume in 1 s (FEV,) (b), and the ratio
of FEV, to forced vital capacity (FEV,/FVC) (c), carbon monoxide diffusing capacity (DLco) (d) and the ratio of DLcg to alveolar volume (Kco) (e).
Mmu-miR-155-5p levels measured by RT-gPCR in lung tissue of WT mice exposed to air or cigarette smoke for four or 24 weeks. Data were
analyzed using the standard curve method and expression of mmu-miR-155-5p was calculated relative to the expression of two endogenous
control genes (SNORD68 and SNORD95) (n=7-8 animals/group) (f). Mmu-miR-155-5p levels measured by RT-qPCR in sorted alveolar
macrophages (gated as CD45" SiglecF"CD11c™) of WT mice exposed to air or cigarette smoke for 4 weeks. The expression of two endogenous
control genes (snoRNA-55 and U6 snRNA) was measured and the AACt-method was used to calculate the expression of mmu-miR-155-5p
< (n =7-8 animals/group) (g). Data are expressed as mean + SEM (**P < 0.01, ***P < 0.001).
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Fig. 2 Inflammatory cell numbers in the bronchoalveolar lavage fluid of WT and miR-155 KO mice exposed to air or cigarette smoke for
four weeks. Total BAL cells (a) and measurement by flow cytometry of alveolar macrophages (b), neutrophils (c), CD11b™* dendritic cells (d),
CD103" dendritic cells (e), CD8" T lymphocytes (f), CD4" T lymphocytes (g) and T helper subsets, Th1 (h), Th2 (i) and Th17 (j) in the
bronchoalveolar lavage fluid of WT and miR-155 KO mice exposed to air or cigarette smoke for 4 weeks (n = 7-8 animals/group). Gating
strategy: Macrophages: CD45%SiglecF"CD11c™; Neutrophils: CD45'CD11cSiglecFCD11b*Ly6GtLy6C™; CD11b* Dendritic cells:
CD457CD11c"SiglecFMHCIMCD11b";  CD103"  Dendritic  cells:  CD45"CD11c"SiglecFMHCIMCD103"; CD8" T  lymphocytes:
CD45"CD5"TCRPTCD8™; CD4" T lymphocytes: CD45"CD51TCRBTCD4*; Th1 lymphocytes: CD45YCD5"TCRpTCD4"IFNy™; Th2 lymphocytes:
CD457CD5"TCRPTCD4"IL13™; Th17 lymphocytes: CD457CD5 " TCRETCD4"IL17. Data are analyzed with the Kruskal-Wallis and Mann-Whitney
U test and expressed as mean + SEM (*P < 0.05, **P < 0.01, ***P < 0.001).

Mucosal Immunology (2020) 13:423-436 SPRINGERNATURE  (ggg) SOCIETY FOR MUCOSAL IMMUNOLOGY

427



The role of miR-155 in cigarette smoke-induced pulmonary inflammation and...

E.G. De Smet et al.

428

200 -

800 ~

o A o Ar
® Smoke e Smoke
= | Sk —~ 600 A Lot A
g 150 . g
g y 2
= ]
- i N ] .
) 100 _.|._ d 400
8 ' . S
- o° ;:'
<
@ 50 %0 - @ 200 T
° ——
o | e JL
2 L] Kk Kk
0 %00 ©o° 0 o e
WT miR-155 KO WT miR-155 KO
c d
o A 5000 715 A
®  Smoke ® Smoke
8000 - o —
o 4000 - . *
£ E '
5
=, 6000 - =
g g 3000 +
w "l" ©
g -
—, 4000+ . = 2000 4 N
< o° . <
[11] o e o _L °
2000 {1 S - 1000 y .
00 o Q q_ O.
o© 090 oo oo 5
0 0 1Boa500 O350 a®
WT miR-155 KO WT miR-155 KO
e f
500716 A 250 15 A
e Smoke e Smoke
400 - o 200 4 « *
— — L4
E E
£ 300 £ 150 - .
@ Iy
5 . : .
= 200 4 = 100 A
- -
- T - 1
: 1 : L
1004 . . 50 o . o .
o ° e (<2 o o6 °
0 y%] |5_l_—| 0 ,—_'_£:—| = ==
WT miR-155 KO WT miR-155 KO
g
60010 Ar
® Smoke .
= : .
E 400
e .
S 3 )
A\ 0%
S ] & || [ e
A ——
g 5 ela-
° ° °®
0
WT miR-155 KO

Fig.3 Effect of miR-155 deficiency on cytokine/chemokine protein levels in BAL supernatants. CXCL1 (a) and CCL2 (b) protein levels in BAL
supernatants were measured by ELISA in WT and miR-155 KO mice upon 4 weeks of air or cigarette smoke exposure. TNF (c), IL-6 (d), IL-1p (e),
IFN-y (f), and IL-17A (g) protein levels in BAL supernatants were measured by cytometric bead array in WT and miR-155 KO mice upon 4 weeks
of air or cigarette smoke exposure (n = 6-8 animals/group). Data are analyzed with the Kruskal-Wallis and Mann-Whitney U test and expressed
as mean = SEM (*P < 0.05, **P < 0.01, ***P < 0.001).
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Fig. 4 Poly-A" sequencing of sorted alveolar macrophages from WT and miR-155 deficient mice. Alveolar macrophages were sorted as
CD457SiglecF*CD11c* from bronchoalveolar lavage of WT and miR-155 KO mice exposed to 4 weeks of air or cigarette smoke (n =5 mice/
group). Gene expression analysis of sorted alveolar macrophages was performed by use of poly-A* sequencing. Genes showing log2 fold-
change differences >1 (in absolute value) between the different pairwise comparisons and with Benjamini-Hochberg adjusted p-values
smaller than 0.05 were considered differentially expressed. Heatmap showing differentially expressed genes in any of the four pairwise
comparisons (a). Volcano plots of the comparison air-exposed (b) and CS-exposed (c) WT and miR-155 KO mice. Log10 adjusted p-values are
plotted against log2 fold change and differentially expressed genes are marked in blue.

mediators are significantly increased in the BAL fluid of CS-
exposed compared to air-exposed mice. In the BAL fluid of CS-
exposed miR-155 KO mice, the increase in both the chemotactic
mediators and the inflammatory cell numbers is attenuated
compared to WT mice, confirming miR-155s role as a pro-
inflammatory non-coding RNA.

MiR-155 expression is increased in macrophages upon inflam-
mation and is known to play an important function in these
immune cells.'%?%-223135740 Gjyen the high expression of miR-155
in alveolar macrophages in our study and the crucial function of
this cell type in COPD pathogenesis, we performed RNA
sequencing of FACS sorted alveolar macrophages from WT and
miR-155 KO mice exposed to air or CS and analyzed their
expression profile in order to gain insights in the pathways
affected by miR-155. GSEA of the sorted alveolar macrophages
indicates that immune signaling pathways are downregulated in
miR-155 KO macrophages. Likewise, differential expression
analysis demonstrates increased expression of various inflamma-
tory genes in WT compared to miR-155 KO mice.

C1qa and cmlkr1 are very highly increased in WT macrophages
upon CS, while there is almost no increase in miR-155 KO

Mucosal Immunology (2020) 13:423-436

macrophages. Clga is, next to its function as a recognition
component and initiator of the inflammatory complement
cascade, also involved in apoptotic cell clearance.*’ Cmkir1
functions as a receptor for the chemoattractant chemerin and
our research group previously demonstrated that cmklr1 KO mice
show an attenuated inflammatory response upon CS exposure.*?
Also, the induction of mmp12 is significantly attenuated in miR-
155 KO macrophages. Mmp12 is critically involved in the
development of emphysema, as witnessed by the fact that
mmp12-deficient mice are not susceptible to emphysema despite
long-term exposure to CS.*? In addition, mmp12 is important for
the release of TNF from the cell membrane, generating a
biologically active mature protein.** Another interesting gene
differentially expressed between CS-exposed WT and miR-155 KO
mice is ADAM19. Polymorphisms in this gene are associated with
airflow limitation (FEV,/FVC), suggesting a role for ADAM19 in
pulmonary function.*

When investigating the predicted miR-155 targets that are
increased in miR-155 KO macrophages, rassf6 is of particular
interest since it is an inhibitor of the NFkB.>® MiR-155 has already
been described to target kB-Ras1, another NF-kB inhibitor, leading

o
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Table 2. Differential gene expression between CS-exposed WT and miR-155 KO macrophages.

Full name logFC adj.P.val
Areg Amphiregulin 4.554871295 0.019838775
Slfn5 Schlafen 5 4.353014048 0.043287057
Dhrs9 Dehydrogenase/reductase (SDR family) member 9 4.09739982 0.007115874
Thy1 Thymus cell antigen 1 4.072835002 0.014869036
Clga Complement component 1, g subcomponent, alpha polypeptide 3.850648794 0.03182286
Argl Arginase 1 3.842642876 0.016280018
Ccl7 Chemokine (C-C motif) ligand 7 3.500535857 0.027693009
Cmklrl Chemokine-like receptor 1 3.482566416 0.04423197
Gpcl Glypican 1 3.448654561 0.048050746
Tnfsf8 Tumor necrosis factor (ligand) superfamily, member 8 3.447791401 0.012131543
Tcf7 Transcription factor 7 3.401424707 0.037690132
Bink B cell linker 3.382809764 0.039783275
Tmem176a Transmembrane protein 176A 3.346217899 0.038885121
Bpifal BPI fold containing family A, member 1 3.310948505 0.040826333
Tm4sf19 Transmembrane 4L six family member 19 3.269041995 0.040826333
Oaslg Oaslg 2'-5' oligoadenylate synthetase 1G 3.163291158 0.016963123
Ccl2 Chemokine (C-C motif) ligand 2 2.787600853 0.023747795
Stbd1 Starch binding domain 1 2.684533061 0.013985503
Stab1 Stabilin 1 2.644164504 0.03073374
Adam19 A disintegrin and metallopeptidase domain 19 2.493580603 0.047282169
Egri Early growth response 1 2315669725 0.013729936
Kcnn4 Potassium intermediate/small conductance calcium-activated channel, subfamily N, member 4 231373034 0.03182286
7r Interleukin 7 receptor 2.301429172 0.021883581
Stap1 Signal transducing adaptor family member 1 2.17965702 0.017764318
Slamf7 SLAM family member 7 1.955779445 0.018503067
Cc7 Chemokine (C-C motif) ligand 17 1.900853907 0.003096901
Ngo1 NAD(P)H dehydrogenase, quinone 1 1.900618537 0.039415491
Mmp12 Matrix metallopeptidase 12 1.785582158 0.003295582
Cer5 Chemokine (C-C motif) receptor 5 1460653867 0.043356738
Rbpj Recombination signal binding protein for immunoglobulin kappa J region 1.31519403 8.83E-05
Apoe Apolipoprotein E 1.193182156 0.020087308
Crif2 Cytokine receptor-like factor 2 1.190694334 5.57E-05
Abi3 ABI gene family, member 3 1.181426998 0.005396541
H2.Eb1 Histocompatibility 2, class Il antigen E beta 1.159181416 0.028683421
Awat1 Acyl-CoA wax alcohol acyltransferase 1 1.130987573 0.003843032
Cxcl16 Chemokine (C-X-C motif) ligand 16 1.115306591 0.029746291
Scd1 Stearoyl-Coenzyme A desaturase 1 1.083412923 1.61E-06
Idua Iduronidase, alpha-L 1.04583766 1.25E-05
Cdkl2 Cyclin-dependent kinase-like 2 —1.080541203 8.28E-05
Crim1 Cysteine rich transmembrane BMP regulator 1 —1.528354895 0.03182286
Sdk1 Sidekick cell adhesion molecule 1 —1.718722704 0.002973382
Gabbr1 y-aminobutyric acid B receptor 1 —1.737620707 0.00317609
Bend4 BEN domain containing 4 —2.911261744 0.000857833
Rplp0.ps1 Ribosomal protein, large, PO, pseudogene 1 —3.686139093 0.033420139
Gm32098 Predicted gene, 32098 —3.769794542 0.03182286
Acacb Acetyl-Coenzyme A carboxylase beta —3.885530266 0.00317609
Gm14165 Predicted gene, 14165 —4.35232473 0.008003129
Gm9625 Predicted gene, 9625 —4.405631927 1.63E-09
Myo18b Myosin XVllib —5.63251712 0.000725636
Slc10a6 Solute carrier family 10 member 6 —6.264293953 0.00032407
Rassf6 Ras association (RalGDS/AF-6) domain family member 6 —7.113025745 8.51E-07
Gm8730 Predicted gene, 8730 —8.73347261 2.62E-09

adj.P.Val adjusted p-value, CS cigarette smoke, FC fold change, KO knock-out, WT wild type

Genes showing log2 fold-change differences >1 (in absolute value) and with Benjamini-Hochberg adjusted p-values smaller than 0.05 were considered
statistically significant differentially expressed. Genes upregulated in CS-exposed WT macrophages compared to miR-155 KO macrophages have positive fold-
change values. Genes upregulated in CS-exposed miR-155 KO macrophages compared to WT macrophages have negative fold-change values
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Fig. 5 Expression levels of a subset of differentially expressed genes in sorted alveolar macrophages from WT and miR-155 deficient
mice. Expression levels of rassf6 (a), cmkir1 (b), c1ga (c), adam19 (d) and mmp12 (e) in alveolar macrophages from WT and miR-155 KO mice
upon 4 weeks of air or cigarette smoke exposure, represented as fold change compared to air-exposed WT mice for which the mean
expression is set as value 1 (n = 5 animals/group). Genes showing log2 fold-change differences greater than 1 (in absolute value) between the
different pairwise comparisons and with Benjamini-Hochberg adjusted p-values < 0.05 were considered differentially expressed.

to increased expression of G-CSF and TNF.*® However, by
luciferase reporter assay we could not confirm rassf6 as a direct
target of miR-155. Nevertheless, decreased NF-kB expression, due
to increased expression of rassf6, in CS-exposed miR-155 KO mice
could still contribute to the attenuated inflammatory profile in
these mice. Additional studies are needed to elucidate the miR-
155/rassf6/NF-kB axis in the pathogenesis of COPD.

To overcome the effects of constitutive miR-155 KO mice, that
lack miR-155 from birth, we instilled a miR-155 inhibitor in the
lungs of WT mice during exposure to air or CS. This resulted in a
significantly attenuated increase after CS-exposure of DCs and
CD4" and CD8' T lymphocytes compared to mice receiving a
scrambled control, suggesting a therapeutic potential of miR-155
inhibition in the pathogenesis of COPD.

Mucosal Immunology (2020) 13:423-436

Given that the expression of miR-155 is the highest in end-stage
COPD and correlates significantly with lung function parameters
of both airflow limitation and diffusing capacity, it is important to
demonstrate the effect of miR-155 deficiency on lung function
changes and development of emphysema. To this end, we
intratracheally administered PPE to mice, mimicking the effects of
elastases released by inflammatory cells during the chronic
inflammation in COPD. Elastase-induced development of emphy-
sema and increase in BAL neutrophils, DCs and lymphocytes was
significantly attenuated in miR-155 KO mice. Moreover, in vivo
lung function measurements revealed that the elastase-induced
increase in compliance and reduction in elasticity as well as the
left-upward shift in the pressure-volume-loops of elastase-treated
mice (which is reminiscent of emphysema) were significantly
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Fig. 6 Inflammatory cell numbers in the bronchoalveolar lavage fluid of air or cigarette smoke-exposed WT mice treated with a miR-155
inhibitor or scrambled control. Measurement by flow cytometry of total BAL cells (a), macrophages (b), neutrophils (c), dendritic cells (d),
cD4at T lymphocytes (e) and cpst T lymphocytes (f) and measurement by ELISA of CCL2 (g) in the bronchoalveolar lavage fluid of WT mice
exposed to air or cigarette smoke for 4 weeks and intranasally instilled two times a week with a LNA-modified miR-155 inhibitor or scrambled
control (n = 7-8 animals/group). Mmu-miR-155 levels measured by RT-qPCR in lung tissue of C57BL/6 mice exposed to air or cigarette smoke
for 4 weeks and treated two times a week with an LNA-modified miR-155 inhibitor or scrambled control (n = 6-7 animals/group) (h). Data are
analyzed with the Kruskal-Wallis and Mann-Whitney U test and expressed as mean + SEM (*P < 0.05, **P < 0.01, ***P < 0.001).

attenuated in miR-155 KO mice. Together, these results demon- of the CS-induced increase in inflammation and proteases-related
strate that miR-155 deficiency not only impacts pulmonary genes in miR-155 deficient mice. Finally, using the elastase model
inflammation but also histological and lung functional changes. of emphysema, we demonstrate that miR-155 deficiency not only
However, studying the effect of miR-155 deficiency on histological impacts pulmonary inflammation, but also histological and lung

changes induced by chronic exposure to CS remains an important functional changes.
research question.
In conclusion, we investigated the role of miR-155 in CS-
induced inflammation and COPD. We demonstrated elevated METHODS
expression of miR-155-5p in lungs of smokers and patients with Human lung tissue study population
COPD, as well as in lungs and alveolar macrophages of CS- Hsa-miR-155-5p expression was quantified by RT-gPCR in a
exposed mice. Next we showed that miR-155 plays a key role in study population of 92 subjects. In this study population 18

CS-induced pulmonary inflammation, which is significantly never smokers, 26 smokers without airflow limitation and 48
attenuated in miR-155 KO mice and in WT mice treated with a COPD patients were included (Table 1). Patients were consid-
specific miR-155 inhibitor. RNA sequencing in alveolar macro- ered as having COPD when their post-bronchodilator forced

phages revealed differential expression of miR-155 targets expiratory volume in 1s [FEV;] on forced vital capacity [FVC]
according to exposure and genotype, highlighting an attenuation ratio was below 0.70. When patients had quitted smoking for
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Fig. 7 Elastase-induced emphysema, inflammation and lung functional changes are attenuated in miR-155 deficient mice. Representative
images of hematoxylin and eosin stained lung tissue of single PBS and porcine pancreatic elastase (PPE)-instilled C57BL/6 wild type (WT) and
miR-155 knock-out (KO) mice (magnification x200). PBS-instilled WT mice (a), PPE-instilled WT mice (b), PBS-instilled miR-155 KO mice (c) and
PPE-instilled miR-155 KO mice (d). Measurement of mean linear intercept (Lm) in lungs of single PBS and PPE-instilled wild type (WT) and miR-
155 KO mice (e). Measurement by flow cytometry of neutrophils (f), dendritic cells (g) and T-lymphocytes (h) in the bronchoalveolar lavage
fluid of WT and miR-155 KO mice after a single PBS or PPE instillation (data are analyzed with the Kruskal-Wallis and Mann-Whitney U test).
Measurement by FlexiVent of compliance (i), elasticity (j) and pressure volume loops (k) of WT and miR-155 KO mice after three consecutive
PBS or PPE instillations (*significantly different pressure-volume ratio at that given pressure, between WT and miR-155 KO PPE-instilled mice,
as measured with a student t-test).

more than 1 year, they were defined as ex-smokers. Patients subjects. For this study, approval was received from the medical
who experienced exacerbations within 2 months before the ethics committee of the Ghent University Hospital (2016/0132)
study were excluded, leaving only COPD patients with stable and the University Hospital Gasthuisberg (551577).

disease in the study population. In addition, patients receiving

chemotherapy or radiotherapy in the last 6 months, patients Mice

with a diagnosis of mesothelioma, asthma or an infection of the B6.Cg-Mir155™"1R%/) (miR-155 KO) mice were obtained from the
upper or lower respiratory tract in the preceding 4 weeks were Jackson Laboratories (Bar Harbor, ME, USA) and bred at Charles
also excluded from the study. The lung resection specimens River (L'Arbresle Cedex, France). C57BL/6 (wild type, WT) mice
were obtained from 78 patients receiving surgery for solitary were obtained from Charles River. Male and female (for the lung
pulmonary tumors (Ghent University Hospital, Ghent, Belgium) function measurements) mice were used for the experiments. The
and from 14 explant lungs of end-stage COPD patients under- mice were kept in a 12h light-dark cycle and provided with a
going lung transplantation (University Hospital Gasthuisberg, standard diet and chlorinated tap water ad libitum. The local
Leuven, Belgium). Lung tissue from the resection specimen at ethics committee for animal experimentation of the faculty of
maximum distance from the tumor was collected by a Medicine and Health Sciences (Ghent University Hospital, Ghent,
pathologist and frozen at —80°C in RNA later until further Belgium) approved all in vivo manipulations (ECD14/76 and
analysis. Written informed consent was obtained from all ECD18/121).
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CS exposure

Mice were exposed to CS, as described previously.”’~>° Briefly,
mice (n=8-9 mice/group) were exposed whole body to the
tobacco smoke of five cigarettes (Reference Cigarette, 3R4F,
University of Kentucky, Lexington, KY, USA) without filter and this
four times a day with 30 min smoke-free intervals, 5 days a week
for 4 weeks (subacute exposure) or 24 weeks (chronic exposure).
Control mice were exposed to air.

In vivo perturbation of mmu-miR-155-5p in air and CS-exposed
mice

Mmu-miR-155-5p was inhibited in lungs of mice exposed to air or
CS for 4 weeks. 10 mg/kg of a locked nucleic acid (LNA) modified
mmu-miR-155-5p inhibitor or a scrambled control (both from
Exigon, Vedbaek, Denmark) was intranasally instilled two times a
week to mice exposed to air or CS for 4 weeks. The day after the
last air or CS-exposure, BAL fluid was collected and analyzed.

Intratracheal instillation of porcine pancreatic elastase

Porcine pancreatic elastase (Sigma-Aldrich, Missouri, USA) was
intratracheally administered with a dose of 0.5U/25g of body
weight, dissolved in 50 pl sterile PBS, following two protocols. In
the first protocol, emphysema and inflammatory cells in BAL fluid
were quantified 7 days after a single intratracheal instillation of
elastase. In the second protocol mice received an instillation of
elastase for 3 consecutive weeks and were subjected to in vivo
lung function measurements (by FlexiVent) 7 days after the third
and last instillation of elastase.

BAL and cell count

BAL fluid was obtained as previously described.”' In summary, a
tracheal cannula was placed and lungs were lavaged six times:
three times using 300ul HBSS without Ca’"™ and Mg?",
supplemented with 1% Bovine Serum Albumin and three times
with 1 ml HBSS without Ca®* and Mg, supplemented with 0.6
mM EDTA. After the lavage fractions were pooled, total BAL cells
were counted using a Biirker chamber and differential cell counts
were obtained by May-Griinwald-Giemsa staining on cytocentri-
fuged preparations.

Lung function measurements

Using the Flexivent System (SCIREQ, Montreal, Canada), baseline
lung function was examined invasively in tracheostomised
anaesthetized mice.>® Pancuronium bromide (Inresa, Freiburg,
Germany) was administered via the jugular vein to induce a
neuromuscular blockade. The mice were ventilated with an
average breathing frequency of 150 breaths/minute. After the
mice were stable, dynamic compliance and elasticity were
measured using a ‘snapshot perturbation’” manoeuvre and
pressure-volume (PV) loops were generated.

Lung harvest and preparation of single-cell suspensions

After BAL was performed, the pulmonary and systemic circulation
was rinsed with saline supplemented with 5 mM EDTA. The small
lobe of the right lung was used for RNA extraction. The middle
lobe was used for preparation of lung homogenate (See Supple-
mentary Information for more details). The major lobe was
minced, digested and subjected to red blood lysis to obtain a
single cell suspension. Cells were counted using a Z2 particle
counter (Beckman-Coulter, Fullerton, CA, USA). The left lung was
used for histology, as previously published.*’

Emphysema

The mean linear intercept (Lm), a measurement of alveolar
airspace enlargement, was quantified (as previously described®’)
to evaluate pulmonary emphysema. This quantification was
performed on haematoxylin and eosin (H&E) stained lung sections
using image J software.

SPRINGER NATURE o SOCIETY FOR MUCOSAL IMMUNOLOGY

Flow cytometric analysis and cell sorting

Inflammatory cells in BAL fluid and lung single cell suspensions
were quantified using flow cytometry (FACS LSR Fortessa, BD
Biosciences, San Diego, CA, USA). For details regarding the
staining and gating of the samples see Supplementary
Information.

RNA extraction
RNA extraction of total lung and of FACS sorted alveolar
macrophages was performed with the miRNeasy Mini Kit (Qiagen).

Quantification of miR-155-5p expression in lung tissue and FACS
sorted alveolar macrophages and mRNA transcript levels in lung
tissue

MiR-155-5p and mRNA expression levels were quantified by RT-
gPCR by use of a Lightcycler 96® SW 1.1 instrument (Roche, Basel,
CH). See Supplementary Information for more details.

Cytometric bead array/measurement of cytokines

The Mouse Enhanced Sensitivity Cytometric Bead Array (BD
Biosciences) was used to measure protein levels of cytokines in
BAL fluid and lung homogenate of mice. Different capture bead
populations, each with distinct fluorescence intensities and coated
with antibodies specific for IL-13, IL-6, IL-10, IL-17A, TNF and IFN-y
were mixed and incubated with test samples or standards.
Afterwards this mixture was incubated with PE-conjugated
detection antibodies and acquisition of sample data was done
using the FACS LSR Fortessa flow cytometer and analyzed using
the FCAP Array Software (both BD Biosciences).

ELISA

CCL2, CXCL1 and CCL20 protein levels were determined in BAL
fluid supernatant and lung homogenate of mice using commer-
cially available ELISA kits (R&D systems, Minneapolis, MN, USA)
following the manufacturer’s intructions.

Sequencing of FACS sorted alveolar macrophages and data
processing

PolyA™ RNA sequencing libraries were prepared using the TruSeq
mRNA library prep kit (lllumina, San Diego, CA, USA) according to
the manufacturer’s instructions. A total of 25 ng of RNA was used
as input for polyA selection, followed by fragmentation, reverse
transcription and PCR amplification. Libraries were quantified and
pooled for single-end sequencing on a NextSeq 500. For details
regarding the analysis see Supplementary Information.

Statistical analysis

Statistical analysis was performed with Sigma Stat Software (SPSS
version 25, Chicago, IL, USA). Following tests were performed:
Kruskall-Wallis followed by post hoc Mann-Whitney U. P-values <
0.05 were considered significant. Normalization, log2-
transformation into counts per million (logCPM) and differential
gene expression analyses of the sequencing data was performed
using the R statistical programming language (version 3.5.1) and
the limma package (version 3.38.2°%).
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