Antifibrotic efficacy of nintedanib in a cellular model of
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ABSTRACT

Objective. Nintedanib is approved for
the treatment of idiopathic pulmonary
fibrosis (IPF) and was demonstrated to
slow disease progression in patients with
IPF by reducing decline in forced vital
capacity by 50%. Recently, nintedanib
has been reported to exert anti-fibrotic
activity on systemic sclerosis (scleroder-
ma, SSc) skin fibroblasts and to diminish
skin and lung fibrosis in mouse models.
The goal of the present study was to de-
termine the effects of nintedanib on a
cellular model of SSc-associated inter-
stitial lung disease (ILD).

Methods. Study was performed using
lung fibroblasts (LF) isolated from five
patients with SSc-ILD and from three
control subjects.

Results. Nintedanib inhibited LF pro-
liferation and migration in a concen-
tration- and time-dependent manner.
The proliferation rate of LF stimulated
with PDGF in the presence of nint-
edanib was reduced 1.9-fold within 24
h as compared to cells stimulated with
PDGF alone. Migration of SSc-ILD LF
incubated with 100 nM nintedanib was
reduced from 62.8+12.5% to 39.1+9.0%
in the presence of PDGF and from
38.2+7.9% to 26.6+7.2% in serum-free
medium. Nintedanib attenuated PDGF -
induced Ca®* efflux, reduced a-SMA
promoter activity and a-SMA protein
expression. Furthermore, nintedanib
blocked PDGF-induced differentia-
tion of normal LF to myofibroblasts,
reduced production of collagen and fi-
bronectin, and decreased contractility
of SSc-ILD LF in both floating and fixed
collagen gels.

Conclusion. Our data demonstrate sig-
nificant antifibrotic efficacy of nintedanib
in SSc-ILD LF suggesting that nintedanib
has the potential not only to prevent but
also to reverse the increased activity of
LF consequently attenuating excessive
lung fibrosis observed in SSc-ILD.

Introduction

Pulmonary fibrosis is the end-stage of
many chronic lung diseases includ-
ing systemic sclerosis (scleroderma,
SSc) associated interstitial lung disease
(SSc-ILD) and idiopathic pulmonary fi-
brosis (IPF). The conceptual process of
fibrogenesis in pulmonary fibrosis in-
volves the presence of alveolar damage,
followed by the release of fibrogenic
factors, induction of myofibroblasts,
accumulation and excessive deposition
of extracellular matrix (ECM) proteins,
the net result of which is severe lung
dysfunction and mortality. In vitro stud-
ies have consistently shown that fibro-
blasts isolated from SSc patients retain
their pro-fibrotic phenotype for several
passages in cell culture and can be used
as a model system for understanding
the nature of persistent fibrosis (1, 2).
Platelet-derived growth factor (PDGF)
is a major mitogen for mesenchymal
cells and the strongest identified prolif-
erative stimulus for fibroblasts (3).In the
human lung, PDGF is produced mainly
by alveolar macrophages and epithelial
cells (3, 4). Five different isoforms of
PDGF ligands (PDGF-AA, PDGF-BB,
PDGF-CC, PDGF-DD, PDGF-AB)
and two PDGF receptor (R) isotypes
(PDGFR-a. and PDGFR-[3) with three
different PDGFR dimers (PDGFR-o/a.,
PDGFR-0/f3 and PDGFR-f/B) have
been described (3). PDGF ligands are
elevated in epithelial cells and alveolar
macrophages of IPF patients (5) and in
bronchoalveolar lavage fluid (BALF)
from scleroderma patients (6).
Nintedanib interferes with the ATP-
binding pocket of several tyrosine ki-
nase receptors including PDGFR, fibro-
blast growth factor receptors (FGFR),
and vascular endothelial growth factor
(VEGFR) (7, 8). Nintedanib was dem-
onstrated to inhibit proliferation and
migration and to reduce smooth muscle
a-actin (a-SMA) and ECM proteins in
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lung fibroblasts (LF) from IPF patients
(9-12). Recently, nintedanib was also
reported to inhibit the endogenous and
cytokine-induced activation of sclero-
derma skin fibroblasts and to dimin-
ish skin fibrosis in several SSc mouse
models (13).

The present study was designed to
investigate effects of nintedanib on
LF isolated from SSc-ILD patients or
control cells treated with profibrotic
agents, such as TGFf} and PDGF.

Materials and methods

Materials

Nintedanib esilate (powder) was ob-
tained from Boehringer Ingelheim
Pharma GmbH & Co KG, Biberach,
Germany (clinical grade); nintedanib
was solubilised in water to receive
100 mM stock solution and stored at
-20°C in 100 pl aliquots covered by
aluminum foil. PDGF-BB and TGFf1
were purchased from R&D Systems
(Minneapolis, MN, USA); pirfenidone,
anti-o-SMA and anti-f-actin antibodies
were obtained from Sigma-Aldrich (St.
Louis, MO, USA); type I collagen from
rat tail tendon was purchased from BD
Bioscience (Bedford, MA, USA), anti-
type I collagen antibody was purchased
from SouthernBiotech (Birmingham,
AL,USA).4’-6-Diamidino-2-phenylin-
dole (DAPI) and BCA™ protein assay
were obtained from Pierce (Rockford,
IL, USA). Anti-fibronectin antibody
and FITC-conjugated goat anti-mouse
antibody were obtained from Santa
Cruz Biotechnology (Santa Cruz, CA,
USA); Quick Cell Proliferation Assay
was acquired from BioVision Research
Products (Mountain View, CA, USA).

Cell culture

LF were derived from de-identified
lung tissues obtained at autopsy from
five SSc-ILD patients who fulfilled the
2013 ACR/EULAR classification cri-
teria for SSc (14) and had clinical and
radiographic evidence of pulmonary fi-
brosis. The diagnosis of SSc-ILD was
confirmed by histological examination
of postmortem lung tissue. Normal lung
fibroblasts were isolated from three
age-matched individuals who died from
non-pulmonary causes. Lung tissue was
diced (0.5 x 0.5 mm pieces) and cul-
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tured in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco, Grand Island,
NY, USA) supplemented with 10% fe-
tal bovine serum (FBS), 2 mM l-glu-
tamine, 50 pg/ml of gentamicin sulfate,
and 5 pug/ml of amphotericin B at 37°C
in 10% CO,. Medium was changed eve-
ry three days to remove dead and non-
attached cells until fibroblasts reached
confluence. Monolayer cultures were
maintained in the same medium. LF
were used between second and fourth
passages in all experiments. Viability
of all cells used in the study was con-
firmed by ApoSENSOR™ cell viability
assay or trypan blue cell counting assay
as previously described (15).

RNA isolation and RT-PCR analysis

Cells were cultured in the absence or
presence of PDGF-BB and nintedanib
in serum-free medium for 24 hours and
subjected to total RNA extraction with
the RN A Isolation Kit from Qiagen (Va-
lencia, CA, USA) according to manu-
facturer’s recommendations. RNA
purity and amount isolated was deter-
mined by spectrophotometric analysis.
Reverse transcription was performed
with the SuperScript II First-Strand
Synthesis Kit from Invitrogen (Carls-
bad, CA, USA) and RT-PCR was per-
formed with SYBR Green PCR Master
Mix Kit from Bio-Rad (Hercules, CA,
USA). PCR primers, synthesised by
Eurofins Genomics (Louisville, KY,
USA) were as follows: PDGFR-f3 for-
ward GCTGTTGCTGTCTCTCCTGT,
PDGFR- f reverse CAGGTCAGAAC-
GAAGGTGCT; PDGFR-o forward
GCCTAATCCTCTGCCAGCTT,
PDGFR-a reverse ACTGCCA GCT-
CACTTCACTC; collagen type I
forward CCAGAAGAACTGGTA-
CATCAGCA, collagen type I reverse
CGCCATACTCGAACTGGAAT;
fibronectin forward CTGACAGCT-
CATCCGTGGTT, fibronectin reverse
CTGAGCTGGTCTGCTTGTCA;
Glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) forward GGTCTC-
CTCTGACTTCAACA, GAPDH re-
verse AGCCAAATTCGTTGTCAT-
AC. RT-PCR was performed on a
Bio-Rad MyIQ single color Real-Time
PCR detection system under the fol-
lowing conditions: 95°C for 3 min,

followed by 35 cycles at 95°C for 30
sec and 60°C for 1 min. Relative dif-
ferential expression of genes was cal-
culated using the method described by
Pfaffl (16) with GAPDH serving as a
housekeeping gene. Product size of the
gene-specific transcripts was routinely
confirmed by agarose gel.

Measurements of the intracellular
calcium (Ca**) level

Cells were seeded (~30,000 cell/150 pl/
well) in 96-well, clear-bottomed black
microplates (Corning Costar Corp.,
Cambridge, MA, USA) 18 h before the
experiments. On the day of assay, cells
were washed with PBS, serum starved
for 3 h, and incubated with or without
nintedanib (100 nM) for 30 min fol-
lowed by incubation in the dye-loading
HEPES buffer for another 2 h. During
the data run, cells were challenged with
or without PDGF-BB, and fluorescence
signals were recorded simultaneously
for 30 min with one-second interval
using the fluorometric imaging plate
reader (FLIPR) system (Molecular
Devices Corp., Sunnyvale, CA, USA)
equipped with an electron multiplying
charge-coupled device camera and Mo-
lecular Devices ScreenWorks® system
control software.

Quick cell proliferation assay

and cell counting

LF (10%well) were cultured in 96-well
plates in a final volume of 100 ul/well
DMEM in the absence or presence of
PDGF-BB and nintedanib. After 24
hours of incubation, 10 ul/well tetra-
zolium salt WST-1 in Electro Coupling
Solution (ECS) was added, and cells
were incubated for another two hours
under standard culture conditions.
Plates were then placed for 1 minute on
a shaker, and the optical density (OD)
of each well was determined using a
micro plate reader set to 450 nm.

For cell counts lung fibroblasts were
detached from six-well plates, and a
0.5 ml aliquot of cell suspension was
diluted in 9.5 ml of Isoton II solution
for counting in Z1 Coulter particle
counter (Coulter Electronics, Hialeah,
FL, USA). The number of cells per
dish was calculated based on a dilution
factor that was identical for all groups.
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Preparation of cell extracts

and immunoblotting

Normal and SSc LF on 100-mm dishes
were washed with ice-cold PBS and
lysed with ice-cold lysis buffer (10
mM Tris, 10 mM EDTA, 1% Nonidet
P-40, 0.5% deoxycholate, 0.1% SDS,
pH=7.4). Protein concentration was
determined by BCA™ protein assay
in accordance with the manufacturer’s
instruction. For each sample, 40 pg of
protein was denatured, subjected to
SDS-polyacrylamide gel electropho-
resis and analysed by immunoblotting
with appropriate antibodies. The im-
munoblots were then stripped and re-
blotted with anti-f-actin antibody as a
loading control.

Cell migration “scratch” assay

LF were cultured to form a monolayer
on 6-well plates coated with fibronec-
tin (10 pg/ml). Cells were serum de-
prived overnight and then mechani-
cally “wounded” by scraping with a
Fisherbrand ready-tip (size 1-200 pl).
Cell monolayers were washed twice
with PBS and incubated with or with-
out nintedanib, PDGF, and cell prolif-
eration inhibitor 5-Fluorouracil (Sigma,
Saint Louis, MO, USA). After 6 hours
of incubation fibroblasts were washed
with PBS and stained by Diff-Quick
Solution. Pictures were taken at 2.5 X
magnification. Migration rate was cal-
culated by counting the cells that cross
into the “scratch” area and presented as
a percentage of total cells on identical
“non-scratch” area (100%).

Luciferase assay

LF were cultured in 24-well plates,
transfected with human a-SMA pro-
moter luciferase reporter construct
(generously provided by Dr. Gerard
Elberg, University of Oklahoma Health
Sciences Center, USA) using Effect-
ene Transfection Reagent. In order to
standardise for transfection efficiency,
cells were co-transfected with green
fluorescent protein (GFP) plasmid. The
cells were incubated with or without
PDGF, TGFf1, and nintedanib for 24
h and lysed in Passive Lysis Buffer ac-
cording to the Promega luciferase assay
system protocol. The luciferase activity
of the cell lysates was measured with
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luciferase substrate using a luminom-
eter. Data are expressed as relative fire-
fly luciferase signal normalised by the
GFP signal for each individual analysis.
Each sample was analysed in triplicate.

Collagen gel contraction assays
Collagen lattices were prepared with
type I collagen from rat tail tendon ad-
justed to a final value of 2.5 mg/ml with
0.01% acetic acid. LF at a concentra-
tion of 2.5 x 10° cells/ml were suspend-
ed in collagen (1.25 mg/ml of collagen)
and aliquoted into 24 well plates (300
ul/well). Collagen lattices were poly-
merised for 45 minutes in a humidified
10% CO, atmosphere at 37°C followed
by incubation with DMEM containing
10% FBS for 4 hours. For floating gel
experiments, polymerised gels were
gently released from the underlying
culture dish followed by overnight in-
cubation in serum-free medium and
treatment with or without nintedanib
and PDGF. For fixed gel experiments,
gels remained attached to tissue culture
dishes for the duration of the experi-
ment. To determine the degree of colla-
gen gel contraction, pictures were taken
after 24 and 48 hours with a digital
camera. Measurement of the diameter
of each gel in millimeters (mm) was re-
corded as the average values of the ma-
jor and minor axes. Calculation of gel
contraction was presented as difference
between diameters of wells and con-
tracted gels. In some experiments, col-
lagen gels were collected, digested with
collagenase and analysed by Western
blot using anti-SM-a actin and 3-actin
antibodies.

a-SMA expression and organisation
assay

Human LF were cultured to subconflu-
ence on glass slides in DMEM contain-
ing 10% FBS, after which medium was
changed to serum-free medium. Cells
were stimulated for 24 hours with or
without PDGF in the presence or ab-
sence of nintedanib. After incubation,
cells were washed with cold PBS, fixed
in methanol at -20°C for 4 min and
washed with cold PBS twice followed
by incubation with a-SMA antibody
(1:500) for 1 hour at room temperature.
Cells were washed three times with

cold PBS, incubated with Alexa Fluor
488 anti-mouse IgG (1:200) and DAPI
(1:10 000) for 1 h at room temperature,
then washed with cold PBS, air-dried,
covered and sealed. Images were ac-
quired with an Olympus IX71 fluores-
cence microscope equipped with objec-
tive x60/1.42 and Olympus Slidebook
4.1 software.

Statistical analysis

Statistical analyses were performed
with KaleidaGraph 4.0 (Synergy Soft-
ware, Reading, PA, USA) and Graph-
Pad Prism 7 statistical software (Graph-
Pad Software, Inc. La Jolla, CA, USA).
All data were analysed using ANOVA
with Tukey HSD post-hoc testing or
paired t-test. The results were consid-
ered significant if p<0.05.

Human samples statement

The research presented in this report is
qualified as “Not Human Subjects Re-
search” in accordance with the Medical
University of South Carolina Institu-
tional Review Board (MUSC IRB). All
de-identified specimens were received
from the MUSC Multidisciplinary
Clinical Research Center under the re-
search proposal Pro00021985.

Results

Characterisation of PDGF receptors
in scleroderma lung fibroblasts

LF express both PDGFRs, PDGFRa
and PDGFRP (3, 17). To determine
which of PDGFR dominates in LF, we
measured mRNA of PDGFRs in normal
and scleroderma LF. We found that the
amount of PDGFRa mRNA exceeds
5.27x1.6-fold the amount of PDGFRf}
mRNA in SSc-ILD fibroblasts and
6.65+1.14-fold in normal LF (Fig. 1).
This increase is statistically significant
(p<0.005).

One of the early cellular events initiated
by PDGF is a rapid, transient elevation
in cytoplasmic Ca** (3). The ability of
nintedanib to affect PDGF-induced in-
tracellular Ca®* was determined using a
FLIPR cellular system. Acute increase
of intracellular calcium was observed
immediately upon PDGF administra-
tion in both control- and nintedanib-
treated groups, without any signifi-
cant difference in all studied cell lines.
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Fig. 3. Nintedanib inhibits PDGF-induced cell proliferation in a concentration-dependent and time-de-
pendent manner. LF from patients with SSc-ILD were incubated with nintedanib at different concentra-
tions and stimulated + PDGF-BB and incubated for 24 h (A). PDGF-BB-stimulated cells were incubated
+ nintedanib at 100 nM for up to 96 h (B). Data are presented as mean + SD. The asterisk represents
statistically significant differences (p<0.05) between cells treated with nintedanib vs. non-treated cells

(A) or between cells stimulated with PDGF and nintedanib vs. cells only stimulated with PDGF (B).

However, the intracellular calcium in
non-nintedanib treated cells maintained
higher fluorescent levels in the pres-
ence of PDGF, which were significantly
reduced (p<0.0001) in the nintedanib-
treated group. A second peak repre-
sents a delayed calcium efflux which
was observed at the 60 sec time point
equal to 604.26+40.3 RFU in SSc and
511.5£77.26 RFU in normal LF. Nint-
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edanib significantly (p<0.0001) reduced
PDGF-induced delayed calcium efflux
reducing its value at the 60 sec time point
to 455.58+46.09 RFU and 334.3+36.24
RFU in SSc-ILD and control lung fibro-
blasts, respectively (Fig. 2).

Effect of nintedanib on
lung fibroblast proliferation
We measured the effect of nintedanib

on PDGF-induced LF proliferation
using a quick cell proliferation assay.
Basal OD unit levels of viable sclero-
derma LF cultured in serum-free me-
dium (SFM) were in the range of 0.29
- 0.43 with an average of 0.37+£0.05
OD. PDGF increased cell proliferation
2.1-fold within 24 hours (Fig. 3A). At
concentrations of 30, 100, and 300 nM
nintedanib had no significant effect on
unstimulated SSc lung fibroblast pro-
liferation. Only at a concentration of 1
#M, nintedanib significantly (p<0.05)
reduced unstimulated SSc lung fibro-
blast proliferation from 0.37+0.05 OD
to 0.2+0.04 OD. However, PDGF-
induced cell proliferation was inhib-
ited by nintedanib in a concentration-
dependent manner, reaching statistical
significance at 100 nM, 300 nM and
1uM (Fig. 3A).

Additionally, we measured time-
dependent effects of nintedanib on
PDGF-induced proliferation of SSc
LF. Cells cultured in 1% FCS were
stimulated with PDGF (40 ng/ml) with
or without nintedanib (100 nM) for 24
h, 48 h, 72 h, and 96 h. LF incubated
with 1% FCS were used as a control.
The effect of 100 nM nintedanib alone
was similar to that observed in control
cells (data not shown). The prolifera-
tion rate of cells stimulated with PDGF
was increased two-fold within 24 h and
further increased 3.4-fold within 96 h.
Nintedanib significantly (p<0.01) in-
hibited PDGF-induced proliferation
of SSc LF at all-time points measured.
The proliferation rate of cells stimu-
lated with nintedanib and PDGF was
reduced 1.9-fold within 24 h, 2.1-fold
within 48 h, and 2.5-fold within 72 h
and 96 h as compared to cells stimu-
lated with PDGF alone (Fig. 3B).

Effect of nintedanib on LF migration

To study effects of nintedanib on mi-
gration of SSc-ILD fibroblasts we
utilised a scratch assay that measures
cell migration toward the injured sites.
The migration rate of SSc-ILD fibro-
blasts in SFM was 38.2+7.9% in six
hours. PDGF further increased the
migration rate of SSc-ILD fibroblasts
to 62.8+12.5%. Nintedanib decreased
basal and PDGF-induced migration of
SSc-ILD fibroblasts in a concentration-
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centrations and stimulated + PDGF-BB or TGFf for 24 h. A representative immunoblot is presented.

dependent manner (Fig. 4). The migra-
tion rate in scleroderma LF incubated
with 100 nM nintedanib was signifi-
cantly (p<0.05) reduced to 39.1+9.0%
in the presence of PDGF and to
26.6+7.2% in SEM (Fig. 4).

Effects of nintedanib on ECM

proteins (collagen type I and
fibronectin) in SSc-ILD fibroblasts

To establish whether nintedanib would
interfere with the expression of the
ECM proteins, we incubated sclero-

derma lung fibroblasts with nintedanib
in the presence and absence of PDGF
(40 ng/ml) or TGFB (2.5 ng/ml) for
24 hours followed by measurement of
mRNA levels of collagen type I and
fibronectin. Nintedanib reduced basal
levels and PDGF- and TGFp-induced
collagen type I and fibronectin mRNA
in a concentration-dependent man-
ner in SSc-ILD LF. However, in our
study a statistically significant effect
was not observed at a concentration of
nintedanib below 300 nM (Fig. 5 A-D).

Note that pirfenidone at a concentration
of 100 uM had no effects on either col-
lagen or fibronectin mRNA expression
in SSc-ILD fibroblasts. Immunoblot-
ting experiments further confirmed that
nintedanib at a concentration of 300
nM reduces basal as well as TGF[3- and
PDGF-induced protein levels of colla-
gen type I and fibronectin expression in
SSc-ILD LF (Fig. 6).

Effects of nintedanib on a-SMA in LF

SSc-ILD fibroblasts or myofibroblasts
are characterised by expression of a
contractile isoform of actin, a-SMA.
To investigate the regulation of the
a-SMA promoter in lung fibroblasts,
we performed a luciferase reporter as-
say. We observed that PDGF increases
transcriptional activity of a-SMA pro-
moter 2.48+0.61-fold in normal lung
fibroblasts (Fig. 7A) and 1.9+0.38-
fold in SSc-ILD fibroblasts (Fig. 7B).
Nintedanib at a concentration of 100
nM had no effect on basal levels of
the a-SMA promoter, but significantly
(»<0.05) reduced PDGF-induced tran-
scriptional activity of a-SMA in nor-
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Fig. 7. Nintedanib attenuates a-SMA promoter activity, mRNA and protein expression in LF. LF were cultured in SEM, incubated + nintedanib (NTB) at 100
nM and stimulated + PDGF-BB (40 ng/ml) for 24 h or + TGFf (1 ng/ml) for 7 days. PDGF-induced a-SMA promoter activity was determined by luciferase
assay in normal (Nml) LF (A) and in SSc-ILD LF (B). PDGF-induced relative a-SMA mRNA expression is depicted in (C) and protein expression in (D).
TGFp-induced a-SMA protein expression is presented in (E). Data are mean + SD of three independent experiments. The asterisk represents statistically sig-
nificant differences (p<0.05) between cells stimulated with PDGF or TGF and nintedanib versus cells treated with PDGF or TGF alone.
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Fig. 8. Nintedanib inhibits a.-SMA expression and organisation in SSc-ILD LF. LF from three different
patients with SSc-ILD were cultured in SFM and incubated + nintedanib (NTB) at 100 nM for 24 h.
Representative immunohistochemistry slides from the different SSc-ILD cell lines show a-SMA stain-
ing in red and DAPI in blue (A). Representative immunoblots and densitometric analysis of immunob-
lots from 3 independent experiments are presented in (B). The asterisk represents statistically significant
differences (p<0.05) between cells treated with nintedanib vs. untreated cells.

mal (Fig. 7A) and SSc lung fibroblasts
to 1.5+0.35-fold and 1.15+0.2-fold, re-
spectively (Fig. 7B).

PDGF had no significant effect on
0-SMA mRNA in SSc-ILD fibroblasts
(data not shown), but increased the lev-
els of a-SMA mRNA 1.41+0.25-fold
over basal level in normal lung fibro-
blast (Fig. 7C). Nintedanib at a concen-
tration of 100 nM significantly (p<0.05)
decreased PDGF-induced a-SMA
mRNA from 1.41+0.25-fold over ba-
sal level to 0.99+0.27-fold over basal
level in normal lung fibroblasts. Simi-
larly, nintedanib significantly (p<0.05)
reduced PDGF-induced a-SMA protein
from 100.1+31.1 densitometry units
(DU) to 20.6+£16.8 DU in normal lung
fibroblasts (Fig. 7D).

To investigate effects of nintedanib on
TGFp-induced a-SMA, we cultured
normal lung fibroblasts for 7 days in
serum-free DMEM supplemented with
or without nintedanib (100 nM) and
TGFp (1 ng/ml). Expression of a-SMA
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protein was studied by immunoblotting
and consequent densitometry analysis.
We observed that prolonged exposure
of normal lung fibroblasts to low con-
centration of TGF[ results in 2.18-
fold increase of a-SMA protein from
60.1+20.8 DU to 130.9+25.7 DU. Nint-
edanib significantly (p<0.05) decreased
TGFp-induced a-SMA protein reduc-
ing it to 66.8+27.2 DU (Fig. 7E).

Experiments using immunofluorescent
staining further confirmed that PDGF
had no significant effects on a-SMA in
SSc-ILD fibroblasts (data not shown).
However, nintedanib at a concentra-
tion of 100 nM reduced the expres-
sion and organisation of a-SMA in all
studied SSc-ILD cell lines from 3 dif-
ferent donors (SSc-ILD-1, -2 and -3)
(Fig. 8A). Immunoblotting experiments
confirmed that 24-h exposure of nin-
tedanib at a concentration of 100 nM
leads to significant (p<0.05) reduction
of a-SMA protein in SSc-ILD fibro-
blasts (Fig. 8B). Using densitometric
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Fig. 9. Nintedanib inhibits contraction of colla-
gen gels populated with LF in a concentration-
dependent manner. Contraction of normal (Nml)
LF embedded in a floating collagen matrix was
stimulated with PDGF + nintedanib (NTB) at
100 nM (A). SSc-ILD LF embedded in a floating
collagen matrix (B) or a fixed matrix (C) con-
tracted spontaneously. Nintedanib in a concen-
tration-dependent manner significantly inhibited
the contraction. Data are presented as mean+SD
of three independent experiments. The asterisk
represents statistically significant differences
between cells stimulated with nintedanib vs. un-
stimulated cells (p<0.05).

analysis of a-SMA immunoblots, we
found that nintedanib reduced a-SMA
protein from 121.4+32.2 to 93.1+27.1
DU in SSc-ILD-1, from 164.6+28.2 to
97.7£25.7 DU in SSc-ILD-2, and from
156.0+41.8 to 82.3+29.4 DU in SSc-
ILD-3 cell lines.

Effect of nintedanib on contraction

of collagen gels populated with
SSc-ILD and normal LF

PDGF induced significant (p<0.05)
contraction of floating collagen gels
populated with normal LF (from
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2.92+0.83mm to 6.16+1.63mm, Fig.
9A). However, PDGF had no effects
on fixed collagen gels populated with
normal LF nor on either fixed or floated
collagen gels populated with SSc-ILD
LF. Nintedanib at concentration of 100
nM significantly (p<0.05) inhibited
PDGF-induced contraction of floating
collagen gels populated with normal LF
from 6.16+1.63 mm to 3.03+1.17 mm.
Normal LF cultured either in fixed or
floated collagen gels and incubated
with nintedanib alone contracted to a
similar extent as cells in SFM (data not
shown). In contrast, SSc-ILD LF char-
acterised by inherently high contractile
activity constricted notably less in the
presence of nintedanib. We observed
that nintedanib decreases contrac-
tile activity of SSc-ILD LF in a con-
centration-dependent manner in both
floated and fixed collagen gels. SSc-
ILD fibroblasts cultured within float-
ed collagen gels contracted those by
9.13+2.24 mm. A significant inhibition
of floated collagen gel contraction by
nintedanib was observed starting at 30
nM (6.43+1.81 mm, p<0.05), further
reducing collagen gel contraction at
concentrations of 100 nM (4.78+1.33
mm), 300 nM (3.73+1.55 mm), and 1
uM (3.9+1.64 mm) (Fig. 9B). Basal
contractile activity of fixed collagen
gels populated with SSc-ILD LF was
10.23+£3.32 mm. Nintedanib reduced
the contractile activity of SSc-ILD LF
within fixed collagen gels starting at
100 nM (6.18+1.87 mm, p<0.05), dem-
onstrating further activity at concentra-
tions of 300 nM (5.13+2.24 mm), and
at [uyM (4.02+1.91 mm) (Fig. 9C).

Discussion

Fibroblasts are one of the most abun-
dant cells in fibrotic tissues. They play
a critical role in SSc-ILD as well as in
many other types of pulmonary fibro-
sis. Our laboratory and many others
have demonstrated that fibroblasts iso-
lated from fibrotic lesions retain their
pro-fibrotic phenotype and can be used
as a cellular model to study the antifi-
brotic mechanisms of newly developed
pharmaceuticals (1, 15, 18). Herein we
report antifibrotic effects of nintedanib
in LF isolated from SSc-ILD patients.
Nintedanib is a potent intracellular in-
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hibitor of several receptor tyrosine ki-
nases including PDGFRs (7, 8), which
abundantly occupy the surface of mes-
enchymal cells including fibroblasts (3,
17). We observed that control and SSc-
ILD LF express significantly higher
amount of PDGFRa mRNA as com-
pared to PDGFR[3 mRNA. Nintedanib
has no effect on the expression of PDG-
FRs (data not shown), yet it significant-
ly reduced PDGF-stimulated delayed
calcium efflux. Quiescent cells maintain
Ca?* at relatively low levels through the
activity of Ca* pumps on the plasma
membrane or on the endoplasmic retic-
ulum. In response to excitatory stimula-
tion, Ca** is elevated by the opening of
Ca*-permeable ion channels on those
membranes. Ca’* influx can contribute
to the remodelling of cell-dense tissue
by coordinating the activity of myofi-
broblasts (19). Mukherjee et al. demon-
strated that calcium waves induced in
human pulmonary fibroblasts either by
TGFp or PDGF markedly amplify the
gene transcription of connective tissue
matrix proteins (20, 21).
PDGF-induced Ca?* influx can also
contribute to cell migration (22). Cell
migration is a fundamental cellular pro-
cess for normal development and ho-
meostasis of tissues and organs. Fibro-
blasts of normal stroma are relatively
stationary despite the absence of archi-
tectural boundaries such as basement
membranes. Pulmonary fibroblasts iso-
lated from SSc-ILD patients are charac-
terised by enhanced migratory capacity
and, when cultured on fibronectin ma-
trix, can be used as an in vitro model to
study the migration of myofibroblasts
to foci of lung fibrosis (23). Signalling
through the PDGF/PDGFR axis is a key
feature of enhanced migration (24). In
agreement with this, our data demon-
strate that SSc-ILD fibroblasts migrate
faster in the presence of PDGF as com-
pared to SFM without PDGF. Impor-
tantly, nintedanib effectively reduced
basal and PDGF-induced migration of
SSc-ILD fibroblasts in a concentration-
dependent manner.

LF derived from SSc-ILD patients are
characterised by increased prolifera-
tive capacity and by high expression of
ECM proteins such as collagen type I
and fibronectin (2, 25 - 27). PDGF is

a major mitogen for mesenchymal cells
and the strongest identified prolifera-
tive stimulus for fibroblasts (3-5, 24),
whereas TGFf is a major inducer of
0a-SMA and ECM genes and proteins in
scleroderma fibroblasts (26, 28). Here
we demonstrate that nintedanib inhib-
its the proliferation of SSc-ILD LF in
both concentration- and time-depend-
ent manners. Additionally, we show
that nintedanib downregulates collagen
and fibronectin in scleroderma LF and
inhibits a-SMA protein induced in nor-
mal lung fibroblasts by prolonged expo-
sure to low concentrations of TGFf3.
Activated LF, or myofibroblasts, iso-
lated from SSc patients retain their
pro-fibrotic phenotype for several pas-
sages in cell culture (1, 2) and when
cultured in collagen gel matrices, can
be used as a model system for under-
standing the nature of persistent fibrosis
in scleroderma. Contraction of floating
collagen gels is considered to resemble
more closely the initial phase of fibrosis
and reflects the induction of the myofi-
broblast phenotype by various growth
factors (18, 29). In contrast, attached or
fixed collagen gels serve as a model of
the late phase of excessive scarring and
reflect the direct ability of proteins to
enhance contraction of already formed
a-SMA fibers through mechanical
stress (18, 29). We observed that PDGF
had no effect on either fixed or floated
collagen gels populated with SSc-ILD
LF. However, nintedanib reduced basal
contractile activity of SSc-ILD LF in
a concentration-dependent manner in
both floating and fixed collagen gels.
Similarly, nintedanib significantly re-
duced expression and organisation of
a-SMA in SSc-ILD LF.

We speculate that the profound effect
of nintedanib on contractile activity of
SSc-ILD fibroblasts might be explained
by the direct interference of nintedanib
with a-SMA protein. Monomeric or
globular (G-actin) a-SMA, like any
other actin, exists in cells in ATP-bound
forms (30). SSc-ILD fibroblasts coordi-
nate the formation of a-SMA filament
(F-actin) networks from a general cyto-
plasmic pool of monomeric a-SMA at
the correct time and place to regulate
crucial cellular events such as motil-
ity or contractility. The initiation of

Clinical and Experimental Rheumatology 2019



Nintedanib in systemic sclerosis lung fibroblasts / I. Atanelishvili et al.

a-SMA polymerisation or organisation
in stress fibers is primarily controlled
by signalling pathways of various profi-
brotic growth factors, including PDGF
(2, 31, 32), or by mechanical stress
(33). The polymerisation itself occurs
by addition of ATP-bound G-actin to
the dynamic barbed end of a forming
filament (30). We hypothesise that nin-
tedanib might directly interfere with
0a-SMA-ATP-bound pocket affecting
a-SMA interaction with actin-binding
proteins and generation of contractile
forces. Alternatively, nintedanib could
induce degradation of a-SMA in scle-
roderma lung myofibroblasts similar
to staurosporine-induced cleavage of
a-SMA in myofibroblasts reported by
Nakazono-Kusaba et al. (34). Further
studies clarifying regulation of a-SMA
by nintedanib in lung myofibroblasts
will be necessary.

To our knowledge this is the first work
to investigate effects of nintedanib on
LF isolated from SSc-ILD patients. The
effectiveness of nintedanib in SSc LF in
our study is comparable to antifibrotic
efficacy of this drug in SSc skin fibro-
blasts (13) and in LF from patients with
IPF published by others (9-12). Our
data demonstrate that nintedanib at a
concentration as low as 100 nM inhibits
proliferation, migration, and ECM pro-
tein in SSc LF. Additionally, our data
suggest that nintedanib might be more
effective in SSc lung myofibroblasts as
compared to IPF lung myofibroblasts.
In the current study, we show that nin-
tedanib reduces a-SMA protein in SSc
lung myofibroblasts at a concentration
of 100 nM, while previously published
studies by others in IPF lung myofi-
broblasts showed a-SMA inhibition by
nintedanib at much higher concentra-
tions (10, 11). The concentration of 100
nM is especially important as it is with-
in the range of the clinical exposure of
nintedanib. The Cmax determined in
patients in clinical studies after steady-
state standard dosing of nintedanib at
150 mg bid is 59 - 74 nmol/L (35-37).
Antifibrotic effects of nintedanib in SSc
LF at the clinically relevant concentra-
tions suggest efficacy of nintedanib in
scleroderma patients and further advo-
cates this drug as a potentially effective
antifibrotic treatment against SSc-ILD.
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