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ABSTRACT

Objective. Interstitial Ilung disease
(ILD) is a key driver of mortality in
patients with systemic sclerosis (SSc).
A lack of approved treatments encom-
passes a high unmet medical need. Nin-
tedanib has recently been approved for
treatment in SSc-associated ILD (SSc-
ILD) following SENSCIS®, a Phase III
clinical trial showing that nintedanib
slows the loss of pulmonary function in
patients with SSc-ILD relative to pla-
cebo, as measured by annual rate of
decline in forced vital capacity over 52
weeks. The aim of this study was to com-
pare the activity of nintedanib and my-
cophenolate mofetil (MMF) in a trans-
genic Fra2 mouse model of SSc-ILD.
Methods. Fra2 transgenic mice were
treated with MMF or nintedanib. Hae-
matoxylin and Eosin and Sirius Red
staining were used to identify pulmonary
fibrosis and vascular remodelling in
whole lung sections. Fibrosis was quan-
tified by Ashcroft scoring, fold change in
fibrotic area, and hydroxyproline. Ki67,
SM22a., CD31, and caspase-3 staining
was used to quantify proliferating vas-
cular smooth muscle cells and apoptotic
endothelial cells.

Results. Nintedanib effectively amelio-
rated pulmonary vascular remodelling
and fibrosis in Fra2 transgenic mice.
Pulmonary fibrotic and vascular remod-
elling parameter scores and the apop-
tosis of dermal endothelial cells were
significantly reduced compared with
vehicle-treated Fra2 transgenic mice.
Treatment with MMF had only mild an-
tifibrotic effects and no effect on pulmo-
nary vascular remodelling.
Conclusion. In this model of SSc-ILD,
nintedanib ameliorated pulmonary fi-
brosis, remodelling of pulmonary vas-
culature, and the apoptosis of endothe-
lial cells. In contrast, MMF had minor
effects on pulmonary fibrosis and no
effects on vascular manifestations.

Introduction

Systemic sclerosis (SSc) is a systemic
fibrosing orphan disease that can cause
uncontrolled fibrosis of the skin and in-
ternal organs (1). A portion of patients
go on to develop fibrosis of the lungs,
or SSc-associated interstitial lung dis-
ease (SSc-ILD) (2-5). ILD is the lead-
ing cause of morbidity and mortality
among SSc patients (3). SSc-ILD is
driven by autoimmune, vascular, and
fibrotic components, which represent
the three hallmarks of the disease (3,
5). The autoimmune and vascular pro-
cesses are thought to precede the ac-
cumulation of extracellular matrix pro-
teins produced by pathologically acti-
vated fibroblasts (3). The latest insights
into the complex pathogenic processes
of SSc were reviewed by Orlandi et al.
(6).

Currently, nintedanib is the only ap-
proved treatment for SSc-ILD (7), but
other treatments are used off-label.
Mycophenolate mofetil (MMF) is an
immunosuppressant increasingly used
in Europe in several countries and fre-
quently used in the United States as an
off-label treatment for SSc-ILD. MMF
improved measures of lung function
in SSc-ILD over 2 years from base-
line in the Scleroderma Lung Study II
(8) and may work through the inhibi-
tion of T and B lymphocyte prolifera-
tion, a key process in the autoimmune
component of pathology (4, 9). Its ef-
fects on fibrosis and vascular remodel-
ling in SSc-ILD have not been reported.
Nintedanib is an antifibrotic drug that
has recently been approved for use in
SSc-ILD and is already being used to
treat idiopathic pulmonary fibrosis (5,
7). It is a tyrosine kinase inhibitor that
binds to platelet-derived growth factor
(PDGF) receptors o and [3, vascular
endothelial growth 1-3 factor recep-
tors, fibroblast growth factor receptors
1-3, transforming growth factor beta
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receptor 1, colony stimulating factor 1
receptor, and SRC family kinases such
as lymphocyte-specific protein tyrosine
kinase Lck (5, 9, 10). Nintedanib in-
hibits the proliferation, migration, and
contraction of lung fibroblasts, and at-
tenuates the differentiation and migra-
tion of profibrotic fibrocytes and the
transformation of lung fibroblasts to
myofibroblasts (11). The antifibrotic
effects of nintedanib were also associ-
ated with impaired M2 polarisation of
monocytes and reduced numbers of M2
macrophages (5). Nintedanib has also
been shown to reduce inflammatory
mediators such as tumour necrosis fac-
tor-alpha (TNF-a), interleukin (IL)-6,
IL-1p, C-X-C motif ligand 1, C-C motif
ligand 2, and macrophage chemotactic
protein-1 (12-14). It has been suggested
that the anti-inflammatory effects of
nintedanib arise from its inhibition of
fibroblasts, inducing paracrine inhibi-
tion on angiogenesis and macrophage
migration and polarisation (13). These
pathways are thought to be involved in
the pathogenesis of fibrosis, and thus
could be potential targets for SSc-ILD
treatment (3, 5).

The Phase III SENSCIS® trial found
that nintedanib slowed pulmonary
function decline by 44% compared with
placebo in patients with SSc-ILD, as
measured by the annual rate of decline
in forced vital capacity (FVC) over 52
weeks (2). In the trial, nearly half of the
patients treated with nintedanib also
received MMF (2); however, patients
receiving MMF must have been on a
stable dose for at least 6 months to con-
tinue into the trial. This has the poten-
tial to complicate the interpretation of
the results in patients receiving MMF,
as those receiving MMF who were
not on a stable dose and were possibly
more likely to worsen were excluded
from the study (2).

The aim of this study was to compare
the activity of nintedanib and MMF on
vascular, fibrotic, and inflammatory fea-
tures of SSc-ILD using the established
fos-related antigen-2 (Fra2) transgenic
(tg) mouse model of SSc-ILD. This
model was chosen as it recreates key
findings of SSc such as destructive and
proliferative vasculopathy, inflamma-
tion, and widespread fibrosis (15).
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Fig. 1. Treatment with nintedanib prevents pulmonary fibrosis in Fra2 tg mice with reduced Ashcroft
score, fibrotic area, and hydroxyproline content, whereas MMF has minimal effects.

Fra2 tg mice were treated with MMF 100 mg/kg or 150 mg/kg once daily or nintedanib 50 mg/kg
twice daily and compared with wild-type mice. The Ashcroft score (A) and the fibrotic area (B) were
determined in lung sections and the hydroxyproline content (C) in lung tissue samples.

Data are presented as median + range of 6 animals per group.

MMEF: mycophenolate mofetil; tg: transgenic.

Material and methods

Compounds and formulation
Nintedanib (batch no. 67653, Boehring-
er Ingelheim, Ingelheim, Germany)
was used at a dose of 50 mg/kg and
administered in a volume of 0.1 mL
ultra-pure H,O orally (p.o.) twice daily
(bid). MMF (order number: S1501, lot
number: S150107, Selleck Chemicals,
Munich, Germany) was administered
p.o. in doses of 100 and 150 mg/kg in
0.1 mL once daily (qd) (16). MMF was
dissolved in a vehicle containing: 0.861
mL benzyl alcohol, 0.376 mL Tween
80 and 0.5g carboxymethylcellulose in
100 mL distilled water at pH 3.5.

Fra2 tg mice

Fra2 tg mice were treated with nin-
tedanib or MMF at 9 weeks of age,
and mice were sacrificed at an age of
16 weeks. There were six mice in each
group, consisting of four females and
two males, and wild-type littermates
were used as controls. Nintedanib and
MMF were administered p.o. and con-
trol specimens received vehicle treat-
ment. The study groups were as fol-
lows: control group (wild-type mice
receiving vehicle solution); tg, sham-
treated group (Fra2 tg mice also receiv-
ing vehicle solution); treatment group
1 (Fra2 tg mice treated with 100 mg/
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kg qd MMF); treatment group 2 (Fra2
tg mice treated with 150 mg/kg qd
MMF); and treatment group 3 (Fra2 tg
mice receiving nintedanib at 50 mg/kg
bid). The current line of Fra2 tg mice,
which was generated with new con-
structs and by a new embryo transfer in
2016, does not develop skin fibrosis as
compared with wild-type littermates.
Our current line develops progressive
pulmonary fibrosis, and SSc-like vas-
cular disease with the proliferation of
pulmonary vascular smooth muscle
cells (VSMCs) and apoptosis of micro-
vascular endothelial cells (ECs).

Histological evaluation

of pulmonary fibrosis

Whole lungs were excised, fixed in 4%
formalin for 6 hours and embedded in
paraffin. 5 um sections were cut and
stained with Sirius Red. Images were
captured using a Nikon Eclipse 80i mi-
croscope (Nikon, Badhoevedorp, Neth-
erlands). Histological changes of pulmo-
nary fibrosis were quantified by Ashcroft
scoring (17). In addition, whole lung
sections were stained with Sirius Red
(Sigma-Aldrich, Munich, Germany),

and fibrotic area was determined as the
percentage of Sirius Red-covered area
per total area using ImageJ (V. 142q,
National Institutes of Health, USA) as
reported in previous studies (18-22).

Hydroxyproline assay

The amount of collagen protein was
determined via hydroxyproline assay.
After digestion of the right upper lobe
in 6 M hydrogen chloride for 3 hours at
120°C, the pH of the samples was ad-
justed to 6 with 6 M sodium hydroxide.
Afterwards, 0.06 M chloramine T was
added to each sample and incubated for
20 minutes at room temperature. Fol-
lowing this, 3.15 M perchloric acid and
20%  p-Dimethylaminobenzaldehyde
were added and samples were incubat-
ed for an additional 20 minutes at 60°C.
The reaction was quenched by putting
the samples on ice for 4 minutes. The
absorbance was determined at 557 nm
with a Spectra MAX 190 microplate
spectrophotometer.

Evaluation of vascular remodelling
in pulmonary arteries in Fra2 tg mice
The degree of luminal occlusion of pul-

monary arteries was examined by man-
ually counting the numbers of arteries
with occluded lumina as described
previously (5, 23). The percentage of
proliferating VSMCs was evaluated
by triple-staining for 4”,6-diamidino-2-
phenylindole (nuclear staining), Ki67
(proliferation marker), and SM22a
(smooth muscle cell marker).

Assessment of microvascular

changes in the skin of Fra2 tg mice
The percentage of apoptotic ECs in the
skin of mice was determined by dou-
ble-staining for CD31 (EC marker) and
active caspase-3 (5, 23).

Determination of inflammation
mediators

Snap frozen lung tissue samples of
about 100 mg were homogenised in
1 mL of tissue protein extraction rea-
gent, T-PER™ buffer (Thermo Fisher
Scientific, Schwerte, Germany) contain-
ing Pierce protease inhibitor (Thermo
Fisher Scientific) using a Precellys®
tissue homogenizer (Bertin Instruments,
Montigny-le-Bretonneux, France). Ho-
mogenates were spun at 10,000 g for 5

A) Wild type B)

C) Frazig+ MMF
100 mg/kg

Fig. 2. Representative images of haematoxylin and Eosin-stained lung sections at 40-fold magnification.

D) Fra2tg+ MMF
150 mg/kg

Fra2tg

E) Fra2tg +
nintedanib 50 mg/kg

Wild-type mice (A) were compared with Fra2 tg mice (B) treated with mycophenolate mofetil (MMF) 100 mg/kg (C) or 150 mg/kg (D) once daily or nint-
edanib 50 mg/kg (E) twice daily. Representative images of haematoxylin and eosin-stained sections of lungs at 40-fold magnification.

MMF: mycophenolate mofetil; tg: transgenic.
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A) Wild type

C) Fra2tg + MMF
100 mg/kg

D) Fra2tg + MMF
150 mg/kg

Fig. 3. Representative images of Sirius Red-stained lung sections at 40-fold magnification.
Wild-type mice (A) were compared with Fra2 tg mice (B) treated with MMF 100 mg/kg (C) or 150 mg/kg (D) once daily or nintedanib 50 mg/kg (E) twice
daily. Representative images of Sirius Red-stained sections of lungs at 40-fold magnification.

MMF: mycophenolate mofetil; tg: transgenic.

E) Fra2 tg +
nintedanib 50 mg/kg

minutes and the supernatants were used
to determine protein concentration by
Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific). Samples with 500
pg of protein were used to determine
interferon-y, interleukin (IL)-1p, IL-2,
IL-4, IL-5, IL-6, IL-10, IL-12p70, KC-
GRO, and TNF-a by means of a multi-
array ELISA assay (Meso Scale Discov-
ery, Rockville, Maryland) according to
the manufacturer’s instructions.

Statistics

All data are presented as median +
range, and differences between the
groups were tested for their statistical
significance by ANOVA and non-para-
metric Kruskal-Wallis test for multiple
comparisons (GraphPad Prism Ver-
sion 8.3 GraphPad Software, LLC).
p-values of less than 0.05 were consid-
ered statistically significant and are ex-
pressed as follows: *p<0.05; **p<0.01;
*##%p<0.001; ***%*p<0.0001.
Experiments were conducted with full
compliance with local, national, ethi-
cal, and regulatory principles and local
licensing regulations. All experiments
were approved by the governments of
Mittelfranken and Unterfranken.
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Results

Nintedanib ameliorates pulmonary
fibrosis in Fra2 tg mice, whereas
MMF has minimal effects

The wild-type control group had a me-
dian Ashcroft score of 0.3. The change
in the fibrotic area and in the hydroxy-
proline concentration in the lung tissue
was normalised to the baseline values
of the wild-type control group. In the
sham-treated Fra2 tg group the Ashcroft
score was significantly (p<0.0001) in-
creased to a median of 4.15, the fibrotic
area increased 6-fold (p<0.0001), and
the hydroxyproline content 2-fold
(p<0.0001), altogether indicating pro-
found lung fibrosis. Nintedanib (50
mg/kg bid) effectively ameliorated
pulmonary fibrosis in Fra2 tg mice by
halving the Ashcroft score (p=0.0074)
and significantly reducing the fibrotic
area (p=0.0066) and the hydroxypro-
line content (p=0.0049). Treatment of
Fra2 tg mice with doses of 100 mg/
kg qd or 150 mg/kg qd of MMF had
only mild antifibrotic effects that did
not yield statistical significance across
all three outcomes (Fig. 1). These fi-
brotic changes are represented in Fig-
ure 2 (showing haematoxylin and eosin

staining of lung sections) and Figure 3
(showing Sirius Red staining of lung
sections). In both sets of images, the
fibrotic formations in the Fra2 tg mice
compared with the wild type and how
the histology is more preserved with
nintedanib treatment compared with
MMF treatment can be seen already
macroscopically.

Nintedanib reduces vascular
remodelling in lungs of Fra2 tg mice
Compared with wild-type mice the pro-
liferation of pulmonary VSMCs in Fra2
tg mice increased by <4-fold (p=0.0006)
(Fig. 4A). The resulting thickening of
the vascular walls led to a significant,
<7-fold increase (p=0.0005) of occlud-
ed pulmonary vessels in Fra2 tg mouse
lungs (Fig. 4B). Treatment of Fra2 tg
mice with nintedanib significantly de-
creased the number of proliferating VS-
MCs (p=0.0073) close to the baseline
level of wild-type animals (Fig. 4A).
Consequently, nintedanib also signifi-
cantly reduced the number of occluded
pulmonary vessels in Fra2 tg mice as
compared with vehicle-treated Fra2 tg
mice (p=0.0316) (Fig. 4B). No effect on
the proliferation of pulmonary VSMCs
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and vascular occlusion was observed
with MMF at doses of 100 mg/kg qd or
150 mg/kg qd (Fig. 4A and B).

Nintedanib reduces the number of
apoptotic cells in skin of Fra2 tg mice
Figure 5 shows the immunohistochem-
istry of using nuclear staining with
DAPI (blue), the EC marker, CD31
(red), and the apoptosis marker cas-
pase-3 (green), with the double-staining
indicating apoptotic microvascular ECs.
Here, a >4-fold increase in apoptotic
ECs in the skin of Fra2 tg mice was seen
compared with the wild-type control
group (p<0.0001) (Fig. 4C). Treatment
of Fra2 tg mice with nintedanib signifi-
cantly reduced apoptosis of microvascu-
lar ECs (p<0.0066), whereas MMF had
no effect at either dose (Fig. 4C).

No effect on inflammatory

mediators in this model

The levels of the inflammation markers
IL-1pB, -2, -4, -5, -6, -10, -12p70, KC-
GRO, and TNF-a were determined in
lung tissue homogenates of the lungs
to get an impression about the contri-
bution of inflammation in the outcome
of the study. No significant increases in
inflammatory markers were detected
in Fra2 tg mice control compared with
wild-type mice at the end of the experi-
ment in Week 16. Consequently, both
MMF and nintedanib treatment did not
change the cytokine levels in the lung
tissue of the Fra2 tg mice (Supplemen-
tary Fig. 1A-B).

Discussion

This study compared the effect of nin-
tedanib and MMF on vascular and fi-
brotic features of SSc-ILD using an
established Fra2 tg mouse model of
the disease. Our results confirm that
nintedanib was able to reduce or pre-
vent fibrotic and vascular changes in
Fra2 tg mice. In direct comparison to
nintedanib, MMF treatment resulted in
limited improvements of the pathogen-
ic SSc-ILD features of the model. In
patients with SSc, pulmonary fibrosis is
reported to be a leading cause of death
(24). Using semi-quantitative Ashcroft
scoring for lung fibrosis, quantitative
histological Sirius Red staining to de-
tect collagen deposition, and hydroxy-
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Fig. 4. Nintedanib inhibits proliferation of VSMC, occlusion of pulmonary arteries, and apoptosis of
microvascular endothelial cells in Fra2 tg mice, whereas MMF has no effects.
Fra2 tg mice were treated with MMF 100 mg/kg or 150 mg/kg once daily or nintedanib 50 mg/kg twice

daily and compared with wild-type mice. In lung

tissue sections, proliferating VSMCs were quantified

by immunostaining for Ki67 and CD31 (A). Percentage of occluded vessels was determined in lung
tissue sections stained with haematoxylin and eosin (B). Apoptotic microvascular endothelial cells in
the skin were quantified by immunostaining for caspase-3 and CD31 (C).

Data are presented as median + range of 6 anima

Is per group.

MMEF: mycophenolate mofetil; tg: transgenic; VSMC: vascular smooth muscle cells.

proline as a marker for collagen in lung
tissue, we conclusively demonstrated
strong antifibrotic activity for nint-
edanib but only very limited (non-sig-
nificant) activity for MMF. In addition,
in our previous study (5), a simultane-
ous dose-dependent reduction by nint-
edanib of the fibrotic area detected by
Sirius Red staining, hydroxyproline
content and myofibroblast count by
alpha smooth muscle actin staining
was demonstrated in lungs of Fra2 tg
mice in a similar experimental setting.
Hence, we assume a similar parallel
reduction of the myofibroblast count

by nintedanib in the lungs of the Fra2
tg mice in this study. A mechanistic
explanation for the reduction by nint-
edanib of lung fibrosis in Fra2 tg mice
is given by the explorations of Atanel-
ishvili et al. (25) in lung fibroblasts
from patients with SSc. Nintedanib
reduced migration and proliferation of
SSc lung fibroblasts. Nintedanib also
blocked the differentiation of lung fi-
broblasts to myofibroblasts, reduced
production of collagen and fibronectin,
and decreased contractility.

The vascular pathology in SSc com-
prises hyperplasia of the vessel intima,

Clinical and Experimental Rheumatology 2021
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Wild type

C) Fra2tg+ MMF
100 mg/kg

D) Fra2tg+ MMF
150 mg/kg

¢ 4

Fig. 5. Representative images of skin sections stained for active caspase-3 in endothelial cells.
Fra2 tg mice were treated with MMF 100 mg/kg or 150 mg/kg once daily or nintedanib 50 mg/kg twice daily and compared with wild-type mice.
Representative images of immunohistochemically stained sections of lungs at 40-fold magnification are shown. Nuclear staining was performed with DAPI

(blue), endothelial staining with anti-CD31 antibodies (green), and apoptosis by active caspase-3 (red).

MMF: mycophenolate mofetil; tg: transgenic.

E) Fra2 tg +
nintedanib 50 mg/kg

fibrosis of the media and adventitia, and
proliferation of smooth muscle cells in
the vessel wall. In addition, EC apopto-
sis occurs in SSc and has been shown to
trigger the fibrotic pathology (26).

The quantitative analysis of the pro-
liferation of VSMC in the lung, as in-
dicated by the reduced fold change in
cells stained for SM22a (smooth mus-
cle cell marker) and Ki67 (proliferation
marker), showed a significant attenua-
tion by nintedanib and consequently
a significantly reduced number of oc-
cluded arteries in the lungs of Fra2 tg
mice. In a previous study in Fra2 tg
mice, we demonstrated elevated vas-
cular endothelial growth factor levels
in the serum of Fra2 tg mice, which
were normalised by nintedanib treat-
ment in a similar experimental setting
(5). Cucina et al. (27) described that
vascular endothelial growth factor in-
creases the proliferation of VSMC co-
culture with ECs, which might explain
the reduction of VSMC proliferation
by nintedanib. In addition, nintedanib
also significantly reduced the apopto-
sis of microvascular ECs in the skin
of Fra2 tg mice, as indicated by CD31

Clinical and Experimental Rheumatology 2021

(EC marker) and active caspase-3 (ap-
optosis marker) double-staining.

In contrast, MMF failed to have any
significant effect on proliferative and
destructive vasculopathy. Treatment
with nintedanib initiated at the onset of
vascular disease ameliorated vascular
remodelling and may be beneficial in
managing the vascular pathology in pa-
tients with SSc-ILD. In summary, these
data suggest that nintedanib may have
an antifibrotic and vascular remodel-
ling impact in SSc-ILD, supporting the
findings of a previous study where nin-
tedanib proved to be effective in reduc-
ing dermal and pulmonary fibrosis in
the same Fra2 mouse model (5).

Fra2 belongs to the AP-1 family of tran-
scription factors, which is activated by
prominent profibrotic mediators such as
TGFf and PDGF (28). Transgenic over-
expression of Fra2 in mice results in the
development of microvascular disease
and lesions characteristic of pulmonary
arterial hypertension at an age between
9 and 12 weeks (15). The lesions are fol-
lowed by the development of fulminant
fibrosis of the lungs, skin, and heart (5).
In diseased Fra2 tg lungs, peribronchial

and perivascular inflammatory infiltrates
were described (29). Although mRNA
expression of inflammatory mediators
IL-4, -5, -6, -13, and eotaxin were re-
ported to be increased in the bronchoal-
veolar lavage of Fra2 tg mice compared
with wild-type animals, only IL-6, -13
and eotaxin protein levels were signifi-
cantly elevated in the lung tissue of these
animals (30). In our study the Fra2 tg
mouse model does not show a prominent
inflammation pathology in the lung at
Week 16, which is reflected by compara-
ble levels of inflammatory cytokines in
the lungs of control wild-type and Fra2
tg mice. The cytokine levels detected in
the lung tissues in this study are in good
agreement with previous findings except
for IL-6 and IL.-13 (29, 30). Hence, anti-
inflammatory activity by MMF or nin-
tedanib could not be determined in this
animal model of SSc-ILD.

The results of the recent SENSCIS trial
indicate the clinical potential of nint-
edanib in patients with SSc-ILD (2).
In SENSCIS, treating patients with
SSc-ILD with nintedanib (about half of
them receiving background MMF) re-
sulted in a reduction of the adjusted rate
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change in FVC by 41 mL (p=0.04) com-
pared with placebo. Based on our own
findings, we postulate that this change
in patient outcome may be a result of
the impact of nintedanib on fibrotic and
vascular changes seen in SSc-ILD.
MMF was explored in patients with
SSc-ILD in the Scleroderma Lung
Study (SLS) II (8); however, no pro-
spective placebo-controlled study was
conducted with MMF. A similar trial
(SLS I) compared cyclophosphamide
against placebo. Although there are
methodical limitations in comparing
participants from different trials, treat-
ment with MMF was associated with
improvements in FVC% predicted, pre-
dicted diffusing capacity of the lungs for
carbon monoxide, and dyspnoea over 2
years, when comparing placebo from
SLS I with the active MMF treatment
group of SLS II (31). This potential
clinical efficacy could not be described
by the Fra2 mouse model. There are a
number of explanations for the limited
effects of MMF in this model compared
with its effects in SSc-ILD patients. It
might be because there are differences
in the type of inflammation seen in this
model compared with SSc itself; for in-
stance, there is evidence of macrophage-
dependent fibrosis in the mouse model
(5, 32) and MMF is not thought to di-
rectly target macrophages. The model
may also have a partially inflammation-
independent mechanism (33). MMF,
which is assumed to exert immunosup-
pressive activity on B cells and T cells
(34), seems to have only marginal direct
antifibrotic activity and inhibitory activ-
ity on vascular remodelling.

Our study was conducted on a Fra2 tg
mouse model of SSc-ILD and may not
accurately represent the effects of both
drugs on their targets when compared
with the human disease. Another po-
tential limitation is that the model did
not show a prominent T- and B- cell
contribution and inflammation pathol-
ogy, thus we were not able to determine
the effects of nintedanib and MMF on
immune and inflammatory pathways.
We may expect MMF to have some
positive effect in regulating inflamma-
tion and B-cell biology. The SENSCIS
trial showed some beneficial outcomes
of MMF in patients with SSc-ILD;

S-140

however, our model suggests MMF is
not effective in slowing fibrosis. This
discrepancy may be accounted for by
anti-inflammatory effects unable to be
shown here, or through the mechanism-
related dependency of Fra2 tg mice on
alternative macrophage activation (32),
which is not targeted by MMF, but is
inhibited by nintedanib (5). The Fra2 tg
mouse line used for this study did not
show pronounced enough skin fibrosis
to evaluate treatment responses for nint-
edanib and MMF. This is different to our
previous study (5), where a significant
reduction of skin fibrosis by nintedanib
was demonstrated. Nintedanib also
improved skin fibrosis in three other
mouse models reflecting features of SSc
(21). Similar explorations to assess the
activity of MMF on skin fibrosis and in
models of SSc with a prominent inflam-
matory component would be interesting
for follow-up studies. The focus of this
study was to unravel the differences in
the modes of action between nintedanib
and MMF. It was not feasible to com-
bine nintedanib and MMF treatment
because large animal numbers would
be necessary to demonstrate significant
differences between three treatment
groups. Recent clinical results demon-
strated that nintedanib reduced the rate
of decline in FVC both in patients who
had not taken mycophenolate and in
patients who had taken a stable dose of
mycophenolate for =6 months prior to
randomisation (35).

The improved vascular effects of nin-
tedanib compared with MMF seen in
this study shows that it can be consid-
ered to be disease-modifying in this
model. Now that nintedanib is approved
for use in SSc-ILD, it will be interesting
to confirm that the effects shown in pre-
clinical and clinical models are able to
help patients in the real world.

Conclusion

Nintedanib ameliorates pulmonary fi-
brosis, proliferation of pulmonary VS-
MCs, and apoptosis of microvascular
ECs. In contrast, MMF has minor ef-
fects on pulmonary fibrosis and no ef-
fects on vascular manifestations. Over-
all, we have shown that nintedanib and
MMF may have different effects on
vascular manifestations of SSc.
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